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ONLINE RESOURCES Vil

THERE'S MORE ONLINE!

Visit edrolo.com.au to access a complete set of video lessons, and thousands
of interactive questions and answers.

VIDEO LESSONS

Each lesson in this book has a

corresponding online video that /K =
further unpacks each and every |:||:|

concept.

/

10 force vectors 33111 1 Taking right as the positive direction: 6+ 3+(-41=5N
OVERVIEW SN
& Sum; ———p
quantity, f avector Is elther positive
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wactor irection defined
THEDRY DETAILS
Farces quantities, having a mag fon. The Sl unit for force is the I have labelled the magnitude of the vector.
newlon, I in one dimension, the direction can either be positive or negative. The definition
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Newton's second law 33,133
OVERVIEW
Mowton's second law I5: the acceleration of an object ks squalto the net force applied
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THEORY DETAILS
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Every exam-style questionin this
book has an even more detailed oue D 3
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learn all the steps required to solve it.

There are also online static worked
solutions and interactive checklists.
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QUESTIONS

There are hundreds of questions in this book, and these questions can also
be found and completed online. Answering your textbook questions online
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Need help? Email our school support team at: \
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Practical
investigations

1A Asking questions, identifying 1D Representing and analysing data

variables, and making predictions
1E Gradients of lines of best fit

1B Scientific conventions

1C Collecting data

This chapter willintroduce and develop the key science skills, which are applicable to all
practical, research, and investigation tasks throughout Units 1-4. In particular, these skills will
build the foundation of knowledge that you will use to conduct the practical investigation for
Unit 4 AOS 3. To do this, we will examine the key knowledge dot points related to Unit 4 AOS 3 in
combination with the key science skills outlined in the study design.

Key knowledge

e independent, dependent and controlled variables

e the characteristics of scientific research methodologies and techniques of primary qualitative and
quantitative data collection relevant to the selected investigation, including experiments (gravity,
magnetism, electricity, Newton’s laws of motion, waves) and/or the construction and evaluation
of a device; precision, accuracy, reliability and validity of data; and the identification of, and
distinction between, uncertainty and error

methods of organising, analysing and evaluating primary data to identify patterns and
relationships including sources of uncertainty and error, and limitations of data
and methodologies

models and theories, and their use in organising and understanding observed phenomena and
physics concepts including their limitations

the nature of evidence that supports or refutes a hypothesis, model or theory

the conventions of scientific report writing and scientific poster presentation, including physics
terminology and representations, symbols, equations and formulas, units of measurement,
significant figures, standard abbreviations and acknowledgment of references




The development of a set of key science skills is a core component of the study of VCE Physics
and applies across Units 1 to 4 in all areas of study. In designing teaching and learning programs

and in assessing student learning for each unit, teachers should ensure that students are
given the opportunity to develop, use and demonstrate these skills in a variety of contexts
when undertaking their own investigations and when evaluating the research of others. As the

complexity of key knowledge increases from Units 1 to 4 and as opportunities are provided
to undertake investigations, students should aim to demonstrate the key science skills at a
progressively higher level.

Key science skills

Develop aims and questions, formulate hypotheses and make predictions
Plan and undertake investigations

Comply with safety and ethical guidelines

Conduct investigations to collect and record data

Analyse and evaluate data, methods and scientific models

Draw evidence-based conclusions

Communicate and explain scientific ideas



1A ASKING QUESTIONS, IDENTIFYING
VARIABLES, AND MAKING PREDICTIONS

‘Why’ is a great question to ask. Why is the sky blue? Why do things fall? Why do dark objects
that have been left in sunlight become hotter than light objects?

Science is the process of asking questions and seeking explanations for how the universe
behaves so that we can make informed and accurate predictions. Physics is the part of
science that focuses on the most fundamental features of the universe: inanimate matter and
energy. This lesson will explain the scientific method as a process of seeking explanations to
questions by testing predictions involving different variables.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design key knowledge dot points
e independent, dependent and controlled variables

e the characteristics of scientific research methodologies and techniques of primary qualitative and quantitative data
collection relevant to the selected investigation, including experiments (gravity, magnetism, electricity, Newton’s laws of
motion, waves) and/or the construction and evaluation of a device; precision, accuracy, reliability and validity of data; and
the identification of, and distinction between, uncertainty and error

e models and theories, and their use in organising and understanding observed phenomena and physics concepts including
their limitations

Study design key science skills dot points

e determine aims, hypotheses, questions and predictions that can be tested

e identify independent, dependent and controlled variables

e systematically generate, collect, record and summarise both qualitative and quantitative data

e explain how models are used to organise and understand observed phenomena and concepts related to physics, identifying
limitations of the models

Key knowledge units

The scientific method 433.1
Variables 43.1.1&4.3.3.8
Theories and models 4.3.6.1

No previous or new formulas for this lesson

Definitions for this lesson

controlled variable avariable that has been held constant in an experiment in order to test the
relationship between the independent and dependent variables

dependent variable avariable that the experimenter measures, which is predicted to be affected
by the independent variable. Dependent variables are plotted on the vertical axis of graphs

hypothesis a proposed explanation that predicts a relationship between variables and can be
tested through experimentation

independent variable the variable that the experimenter manipulates (selects or changes), which
is predicted to have an effect on the dependent variable. Independent variables are plotted on the
horizontal axis of graphs

model (scientific) arepresentation of a physical process that cannot be directly experienced

observation the acquisition of data using senses such as seeing and hearing or with
scientific instruments




1A THEORY

qualitative data data that cannot be described by numerical values
quantitative data data that can be described by numerical values

theory (scientific) an explanation of a physical phenomenon that has been repeatedly confirmed
by experimental evidence and observation

The scientific method 4.3.3.1
OVERVIEW

The scientific method is a way of reasoning. It is a process of collecting and analysing
information to disprove incorrect explanations about the world. This process provides great
confidence in explanations about the world which have not been disproved.

THEORY DETAILS

The scientific method is a process which begins with the idea that all possible explanations
for an observation could be true unless (and until) they are disproved. The process then
follows a sequence of logical steps to gather information in order to test an explanation,
known as the ‘hypothesis’. That is, we try to disprove the hypothesis. If, after multiple rigorous
attempts to do this, the hypothesis has not been disproved then we have greater confidence
that it is a correct explanation for our observations. This determination to disprove our own
explanations is what makes scientific conclusions so powerful.

This section outlines the general process of following the scientific method, along with
descriptions of its application to an example experiment for each step (indicated in the right
hand column).

Step 1: Observe and question

We observe a physical phenomenon and ask ‘why does this
happen?’ Sometimes we need to break the question into more
specific parts such as ‘what are the factors that affect...?’

When we have answered this question, we could move to the
question of why the identified factors have the effect that they do.

Step 2: Formulate a hypothesis

A hypothesis should make a testable prediction by describing the
effect of changing one variable on another variable.

To ensure the hypothesis meets this requirement, it can help to
follow a structure such as:

® |f [describe predicted physics principles] then [describe
the predicted change to the dependent variable] when [the
independent variable] is increased.

® |tis predicted that [increasing/decreasing][independent
variable] will [increase/decrease][dependent variable] because
[describe predicted relationship between independent variable
and dependent variable].

Step 3: Experiment (test the hypothesis)

In performing an experiment, only an independent variable
should be deliberately changed. The dependent variable should
then be measured. All other variables (controlled variables) should
be kept constant.

We record our method in detail so that another experimenter could
attempt to replicate it in order to verify our results.

Lesson 1C will further explain this section of the scientific method.

For example, we put a large jug of water and a small jug of water
into the same freezer, and we observe that the water in the larger
jug takes longer to freeze than the water in the smaller jug.

We ask ‘what are the factors that affect how long it takes to
freeze water?’

We consider which conditions were (or could have been) different
between the two jugs.

® The largerjug had a greater total surface area of water.

® The larger jug had a greater volume of water.

® The jugs might have had different initial temperatures.

® The jugs might have been made from different materials.
We decide that the different surface area might be the best
explanation for the different freezing times.

So we formulate a hypothesis: ‘If the time taken for water to freeze
is directly related to its total surface area, then the time taken for a
fixed volume of water to freeze will increase when its surface area
increases.

We measure the time it takes to freeze water in a variety of different
shapes that have different surface areas but we try to keep all of the
following conditions constant: water volume (250 cm3), initial water
temperature (20°C), freezer temperature (-18°C), and container
material (silicone).

We use nine different values of surface area. Using a greater number
of different values of the surface area will give us greater confidence
in any trends we observe.

We take five measurements of the freezing time for each value of
the surface area and then calculate the average time for each.

The example results are shown in Table 1.
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Table 1 Example results for the time taken for water to freeze with different surface areas

Surface area
(cm?)

Time to freeze (minutes)

Trial1 Trial 2 Trial 3 Trial 4

200 299 287 295 297
300 254 268 260 274
400 230 244 224 240
500 197 207 213 201
600 170 188 190 170
700 169 157 161 159
800 148 128 136 140
900 113 115 127 123
1000 87 103 91 97

Step 4: Analyse and conclude

Time to freeze (minutes)

We should present information in a way that makes it clear what (if
any) relationship exists between the variables in our experiment.
Plotting graphs of the dependent variable versus the independent
variable is a useful visual way of identifying relationships.

We try to make conclusions based on the analysis as to whether the
data supports the hypothesis.

We acknowledge any factors that may have affected our results
which we could not control or any uncertainty in our results.

We can never have complete certainty that the conclusion is true
because there may be variables which we did not correctly control
or even recognise.

Lessons 1D and 1E will further explain this section of the
scientific method.

300 + {
250 +
200 + t

150 4 { I

100 +

Trial 5 Average
307 297
264 264
232 234
217 207

182 180

149 159

138 138

107 117

107 97

We choose to represent the data on a graph (see Figure 1), with the
surface area on the horizontal axis and the average time to freeze
on the vertical axis.

We notice that the time for the water to freeze seems to decrease as
surface area increases.

We conclude that our results do not support our hypothesis that
‘increasing the surface area of water will increase the time it takes
to freeze’.

Even though we kept the volume constant, there may have been
other differences in the geometry for each value of the surface area
such as the existence/angles of corners.

I

200 400 600 800
Surface area (cm?)

Figure 1 Agraphical representation of the data from Table 1

Step 5: Share the results

We make our results (and the method we used) public for other
experimenters to view.

1000

If other experimenters conduct their own experiments freezing
water and find similar results, then we become increasingly
confident that increasing surface area decreases the time taken for
water to freeze.
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Variables 4.3.1.1 & 4.3.3.8
OVERVIEW

An independent variable is a variable that the experimenter directly and intentionally
changes. A dependent variable is a variable that the experimenter measures. A controlled
variable is a variable which is kept constant. Variables can be described by a numerical value
(quantitative) or described by non-numerical characteristics (qualitative).

THEORY DETAILS

In order to conduct a valid experiment according to the scientific method, we need to
investigate the relationship between variables: what happens to variable Y when we change
variable X? To have confidence in the relationship between variables, we need to make sure
that any other conditions which might affect the results are kept constant.

e Anindependentvariable is a variable that the experimenter directly and intentionally
changes (to have particular chosen values) in order to determine what (if any) effect it has
on the dependent variable. For the results of an experiment to be valid, we should change
only one independent variable at a time.

e Adependentvariable is a variable that the experimenter measures in order to determine
whether it is affected by (dependent on) the independent variable.

e Acontrolled variable is a variable which is kept constant to avoid potentially affecting the
results for the dependent variable.

Table 2 Classification of the variables used in the example experiment which was described in the context of the
scientific method

Variable classification Example(s)
Independent variable Surface area of water/ice
Dependent variable Time taken to freeze
Controlled variable Volume of water

Initial temperature of water
Temperature of freezer
Container material

Quantitative data

Quantitative data describes any data which can be easily described with numerical values.
Surface area, time, volume, and temperature are all properties which should be described by
quantitative data.

Qualitative data

Qualitative data describes any data which cannot be (easily) described with numerical values.
The material from which a container is made may be more easily described by non-numerical
data (such as silicone) and so it would typically be considered qualitative data. Note that if
we wanted to describe the material in greater detail then we would use quantitative data: the
relevant physical properties of the material (such as thermal conductivity and density) are all
best described with quantitative data.

Theories and models 4.3.6.1

OVERVIEW

In science, a theory is an explanation which is widely accepted to be true due to consistent Hypothesis
and repeated observations which support the explanation. Models are often used in science

to help explain a theory by building on concepts which we already understand.
Obervations

THEORY DETAILS repeatedly
L . . support
When the predictions made by a hypothesis have been tested many times, and the results hypothesis

consistently support the hypothesis, then the scientific community will consider the
hypothesis to be true with a high degree of confidence. At this point, the explanation is now
considered a scientific theory. Theory

Figure 2 The progression of
a possible explanation from a
hypothesis to a theory
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Remember that in science we can never say something is correct with complete certainty.
Any explanation must be considered possible until it has been disproved. An example of this
is the explanation of gravity. Issac Newton developed a universal law of gravitation, which
was considered to be a correct theory for over 200 years (and which we will study in chapter
5 since it makes very accurate predictions in most situations). However, Albert Einstein
developed an alternative explanation which has been shown to make correct predictions
even in the situations where Newton’s explanation failed. Einstein’s explanation is the theory
of general relativity.

Models simplify concepts for us to understand more easily when the concepts cannot be
directly experienced or observed, especially when the details of the concept are complex. [ * 7 " 70 :
In general, all models have limitations and it is important to understand what they are. For ~ [-....ovvnnn :.::
example, we usually model matter as being continuous because this is consistent with what e
we see and feel. This model is useful for most applications relevant to our lives. However,our | -cceoeeeeee -
understanding of atomic theory tells us that matter consists of atoms, which are discreteand [~~~ """ """
the mass of each atom is concentrated at the nucleus with mostly empty space around it. Figure 3 (a) Our brains model
This reality is important if we are dealing with physics at very small scales when we should no  solid objects as continuous matter

longer model matter as being continuous. but (b) if we draw the locations of

where the matter is concentrated,
Examples of models we use in VCE Physics are field models for gravity, electricity, and we see the object is mostly empty
magnetism; and wave and particle models for light and matter. space. This diagram is not to scale.
Theory summary

KEEN TO INVESTIGATE?

YouTube video: Matthew Rath - Neil
Degrasse Tyson Analogy for the
Scientific Method
https://youtu.be/6FvSXI2iBcA

e The scientific method is a way of reasoning in order to create correct
theories about how the world works by testing whether or not a
hypothesis is supported by observations.

e Ahypothesis is a proposed explanation which makes testable
predictions about the relationship between variables.
YouTube video: Seabala - Feynman on

Scientific Method
e Adependentvariable is observed or measured by the experimenter. https://youtu.be/EYPapE-3FRw

e Anindependentvariable is directly changed by the experimenter.

e Acontrolled variable is kept constant to avoid affecting the

. . YouTube video: Sprouts - The Scientific
observations or measurements of the dependent variable.

Method: Steps, Examples, Tips, and Exercise
e Ascientific theory is a widely accepted explanation - it is the https://youtu.be/yiohwFDQTSQ

progression of an explanation from a hypothesis that has been
confirmed with high confidence.

e Scientific models are representations which help explain
physical theories.

1A Questions

THEORY REVIEW QUESTIONS Question 2

Question 1 For each of the following concepts relating to thermal

physics, choose whether it is best described as a scientific
theory, a scientific model, or an observation/measurement.

A student proposes the following statement as a hypothesis:
‘The time taken for a ball to fall from a height of 1.0 metre is

1.0 second. a Aglass of water has a temperature of 18°C.

Which of the following best explains why this is a b Heat flows from hot objects to cold objects.

bad hypothesis? ¢ Temperature is a measure of the average translational
A Itisincorrect. kinetic energy of the particles in a region.

B It does not provide an explanation or predicted Question 3

relationship between variables.
For each of the following three descriptions, choose whether
it best describes an independent variable (1V), dependent

It does not start with ‘It is predicted that... variable (DV), or a controlled variable (CV).

a Avariable which is observed and measured.

C Itdoes not make a prediction.

b  Avariable which is intentionally kept constant.

¢ Avariable which is intentionally and directly changed.



1A QUESTIONS

Question 4

What is true about a scientific model? Select all that apply.
A Ascientific model is always correct.

B Ascientific model can correctly represent physical
processes in certain situations.

A scientific model is never correct.

A scientific model provides a simplification of something
that cannot be directly experienced.

Question 5

For each of the following variables, choose whether it is
better described by quantitative data or qualitative data.

a The brand of tennis ball dropped from a height
b The height from which a ball is dropped

¢ Theelectric current flowing through a resistor
d The material from which a parachute is made

e Thespring force applied to a block

EXAM-STYLE QUESTIONS
This lesson

Question 6 (7 MARKS)

Students conduct an experiment in which they drop balls
with varying masses from a fixed height with an initial speed
of zero and they measure the time it takes for the ball to
reach the ground.

a Identify the independent variable in this experiment.
(1 MARK)

b Identify the dependent variable in this
experiment. (1 MARK)

¢ Identify the two controlled variables in this experiment.
(2 MARKS)

d Thestudents then conduct a second experiment where
they drop the same ball from a variety of heights, and
they use a radar gun to measure the speed of the ball
just before it hits the ground.

For this second experiment, identify the new
independent variable, dependent variable, and
controlled variable. (3 MARKS)

Adapted from 2017 VCAA Exam Section B Q9b

Question 7 (1 MARK)

Which one of the following best describes a hypothesis?

A Anexplanation that has been rigorously tested and
considered to be correct with a high level of confidence

A true statement

An explanation that can be tested and needs supporting
evidence to be considered true

D Arepresentation that helps to make concepts easier
to understand

Adapted from 2017 VCAA Exam Section A Q19

Question 8 (1 MARK)

Which one of the following best describes a scientific theory?

A Anexplanation that has been rigorously tested and
considered to be correct with a high level of confidence

A true statement

An explanation that can be tested and needs supporting
evidence to be considered true

D Arepresentation that helps to make concepts easier
to understand

Question 9 (1 MARK)

Which one of the following best describes a scientific model?

A Anexplanation that has been rigorously tested and con-
sidered to be correct with a high level of confidence

A true statement

An explanation that can be tested and needs supporting
evidence to be considered true

D Avrepresentation that helps to make concepts easier
to understand

Question 10 (2 MARKS)

Students plan to conduct an experiment to determine the
effect of slope angle on the final speed of a cart with a fixed
mass. They intend to release the cart from the top of the
slope, which has a fixed length, and use a radar gun to record
the speed at the bottom.

Write a hypothesis for this investigation using an ‘If...then...
when... statement.



1B SCIENTIFIC CONVENTIONS

Scientific conventions such as Sl units and the correct treatment of significant figures in
physics let us efficiently convey information, not only about the values we measure,
but also about the precision of those values.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design key knowledge dot point

e the conventions of scientific report writing and scientific poster presentation, including physics terminology and
representations, symbols, equations and formulas, units of measurement, significant figures, standard abbreviations and
acknowledgment of references

Study design key science skills dot point

® process quantitative data using appropriate mathematical relationships, units and number of significant figures

Key knowledge units

Units of measurement 4.39.1

Significant figures 4.3.9.2

No previous or new formulas for this lesson

Definitions for this lesson

magnitude the size or numerical value of a quantity without sign (positive or negative)
or direction

Slunit the accepted standard unit used for measuring a quantity. It is an abbreviation of
“le Systéme international d’unités”

significant figures all the digits in a measurement that are confidently known

Units of measurement 4.3.9.1
OVERVIEW

The Sl system of measurement is used globally as the preferred system of S
measurement for scientific contexts. It is comprised of the Sl units - the units Z
the scientific community has decided to express physical quantities in terms of.

THEORY DETAILS

We use units of measurement as a standard reference for the magnitude of
different quantities so that different physical objects and processes can be
compared. There are many different systems of measurement used in different
countries and contexts. Examples include the International Nautical system
(fathoms, nautical miles) and the imperial system (inch, foot, yard, mile).

The system of units used in scientific disciplines is the International System of

Units (abbreviated to SI from the French name Systeme International). In most

cases, the values used in physics formulas must be measured in Sl units. This

system comprises seven ‘base’ units which are defined in terms of physical Image: AlexMx/Shutterstock.com

constants or processes. For example, the metre is defined by the speed of light, ~ Figure 1 3D rendering of the IPK (International

h dis defined by the f f t iti . . 133 Prototype of the Kilogram). The kilogram was the

the second is defined by the frequency of energy transitions in caesium-133, last unit to be defined in terms of a physical object.

and the kilogram (as of May 20, 2019) is defined by Planck’s constant. Prior to 2019, it was defined by the mass of the IPK,
a cylinder made of platinum and iridium that was
keptin avault in France.
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Table 1 The base Sl units and their symbols

Quantity Unit name Symbol
Time second s
Length metre m

Mass kilogram kg
Electric current ampere A
Temperature kelvin K
Amount of substance mole mol
Luminous intensity candela cd

The kelvin, candela, and mole will not be used in VCE Physics Units 3/4.
All other Sl units are derived from the base Sl units. That is, they are formed by multiplying or
dividing the Sl units. They are appropriately called 'derived Sl units".

Table 2 The derived Sl units and their symbols. The equivalent base Sl units in this table are not required
knowledge for VCE Physics.

Quantity Unit name Symbol Equivalent base Sl units
Frequency hertz Hz SEL

Force newton N kg m s™2

Energy joule J kg m?s72

Power watt W kg m?s73

Electric charge coulomb C sA

Voltage volt % kgm?2s3A!

Resistance ohm Q kg m?2s3A72

Magnetic flux weber Wb kgm?s2A!

Magnetic flux density tesla T kgs2A™?

Velocity and acceleration do not have their own dedicated Sl units. Instead they each use an
equivalent base Sl unit. These units are required knowledge for VCE Physics.

Table 3 The equivalent base Sl units for velocity, or speed, and acceleration

Quantity Equivalent base Sl units
Velocity ms1
Acceleration ms2

When an answer is asked for in Sl units, this encompasses both base units and derived units.

The order of magnitude of an Sl unit can be adapted through prefixes. These indicate the
factor by which the value should be multiplied. For example, one nanometre is 10™ metres.

Table 4 The Sl prefixes. This information is included in the VCE Physics exam formula sheet.

Symbol p n K m k M G
Prefix pico nano micro milli kilo mega giga
Order of magnitude 10712 107° 1078 1073 103 108 10°

The Sl unit for mass (the kilogram) is a special case since it has a prefix already within
its name ('kilo'). Prefixes are put in front of ‘grams’ instead. For example, one milligram
expressed in Sl units would be 1076 kilograms.
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Examples:
9.0pm=9.0x10"12m
3Ms=3x10%s
2.3x10°mJ=2.3x10%)

USEFUL TIP

We can gain a lot of clues about physics problems from unit analysis. For example, if
we see the unit for velocity is m s™* (metres divided by seconds), that indicates that the
formula for velocity will contain some length variable divided by some time variable.
Similarly, if we forget the unit for frequency is hertz, but we remember that frequency is
calculated as the reciprocal of the period (f=%) where period is measured in seconds,
we can determine that an equivalent unit for frequency is s™%.

Significant figures 4.3.9.2
OVERVIEW

Significant figures are all the digits in a value that convey how well that value is confidently
known. The number of significant figures in a number can be determined using a set of rules.
Large and small numbers should be expressed in scientific notation so that they are written to
an appropriate number of significant figures.

THEORY DETAILS

Significant figures indicate to what degree we know a value is correct. For example, if we have
a number with two significant figures, that indicates to the reader that we are not confident
in the value of that number past those first two digits. This ties heavily into the concept of
uncertainty which will be explored in lesson 1C.

There is a certain set of conventions taken in how we write numbers in VCE Physics so that the
reader can understand how confident we are in our values.

e Leading zeros are never significant

e All non-zero digits are always significant

e Trailing zeros are always significant

e Zeros between digits are always significant

In summary, all digits are significant except for leading zeros in VCE Physics.
Scientific notation

We can use scientific notation to express large numbers to the correct amount of significant
figures. We write numbers in scientific notation in the following form: m x 10" where m is a
positive number less than 10 (such as 5 or 4.56) and n is an integer (such as =6 or 17). All the
digits in m should be significant.

We use scientific notation for two reasons.

Firstly, it allows us to write very large and very small numbers with only a few digits (consider
how we would write 6.67 x 107! without using scientific notation). This is especially
important in physics, as we often work on quantum (very small) or astronomical scales.

Secondly, scientific notation allows us to write large numbers even if they have a small
number of significant figures. For example, if we write a distance measurement as 2000 m
(4 significant figures), it implies that the measurement is confidently known to the nearest
metre. But if our measurement was taken to the nearest 100 m, then we should write the
measurement as 2.0 x 103 m (2 significant figures).
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USEFUL TIP

When converting from standard notation to scientific notation, the magnitude of nis the
number of digits between the space after the first significant digit and the decimal place.

If the first significant digit is before the decimal . -
place,.mov‘e thg deC|m‘al'p.lacen digits to‘the left. 5600000 58%10°"
If the first significant digit is after the decimal place,

: Fpr : n=-4 n=-4
\r/l;(l)l:/: :Shsedgi?ivm:;.l place n digits to the right (the n 06508 R 3% 104
Table 5 Examples of how to write numbers using scientific notation

Number Scientific Significant Number Scientific Significant
notation figures notation figures

230 2.30 x 102 3 0450.2 4.502 x 102 4

0.00067 6.7x107* 2 0.3700 3.700x 107* 4

5.034 5.034 x 10° 4 7.00x 1078 7.00x 107° 3

2x107° 2x1076 1 37 3.7x10! 2

Significant figures in calculations

e When two values are being added or subtracted, the number of decimal places
in the answer should match the value from the addition/subtraction with the fewest
decimal places

e When two values are being multiplied or divided, the number of significant figures
in the answer should match the value from the multiplication/division with the fewest
significant figures

These rules allow the results of our calculations to express the correct level of confidence
given the level of certainty in the numbers with which we started.

Examples:

5+5=10 (final answer has 0 decimal places as 5 has 0 decimal places)

7x4=3x10! (final answer has 1 significant figure as 7 and 4 both have 1 significant figure)
34.477 +2.31=36.79 (final answer has 2 decimal places as 2.31 has 2 decimal places)
34.477 x 2.31=79.6 (final answer has 3 significant figures as 2.31 has 3 significant figures)

Note: in worked answers in this book, we will provide additional significant figures in each
line of working as it is good practice to do so to ensure accuracy in the final answer and

it will make it easier for you to check your working. We will give the answer to the correct
number of significant figures.

USEFUL TIP

Calculations should be rounded to the correct amount of significant figures only in the
last step. Otherwise, rounding during working can resultin an incorrect answer.

Theory summary

e Slunits are used in scientific contexts, and most physical formulas require Sl units to be
used to attain correct values.

- Prefixes can be added to Sl units to indicate different orders of magnitude.
e Significant figure rules:
- Alldigits are significant except leading zeros in VCE Physics.

e Numbers can be written in scientific notation by writing in the form m x 10".

USEFUL TIP

The significant figures
given for constants
in the VCE Physics
formula sheet limit
the amount of
significant figuresin
exam questions. For
example, any
question involving
€=3.0x108ms™
will be limited to 2
significant figures.

11
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1B Questions

THEORY REVIEW QUESTIONS

Question 1

Identify the number of significant figures in the
following numbers.

400

7

300.20
5.98 x 108
00345.2
1.00034
0.0045678
0.4500
3.00x107®

S @ = o o N T 9

Question 2

Write the following numbers in scientific notation.
3000 (accurate to 2 significant figures)

2600 000 (accurate to 2 significant figures)
59 800 (accurate 3 significant figures)

0.24

0.00045

0.000000060

= 0o QO N T 9

Question 3

Compute the following mathematical results following
correct significant figure conventions.

a 355+10.1

b 654.2+0.34

¢ 54.678-5.3974
d 7+45

e 70-98

f 69.95+0.063
Question 4

Compute the following mathematical results following
correct significant figure conventions.

3.4x8.23
9.45 +300

539 x 23
(3.56x10%) x4.7
10+0.003

0430 x 54.21

= 0o O N T 9

Question 5

Express the following quantities in terms of Sl units and in
scientific notation.

a 3.2kJ

b 8.0pA

¢ 750nm
d 500ms
e 0.300pug
f 54MQ
Question 6

Select which of the following are Sl units. Select all that apply.
miles
metres cubed (m?3)

litres

A

B

C

D grams
E celcius
F pounds
G hours

H

seconds

light years

J  volts

K electronvolts
L

ohms

EXAM-STYLE QUESTIONS
This lesson

Question 7 (5 MARKS)

In each of the following cases, provide your answers to the
appropriate number of significant figures.

a Calculate the magnitude of the net force actingon a
block. The mass of the block, m, is measured to be 250 g
and the magnitude of its acceleration, a, is measured
to be 3.0 m s72. The net force can be calculated using
Fpet =Ma. (2 MARKS)

b  Calculate the average speed for the journey of a cyclist
who takes 22.0 seconds to ride a distance of 132 m along
aroad and a further 56 m along a footpath. Average

total distance

speed is calculated using speed = time

. (3 MARKS)



1C COLLECTING DATA

Can we know any measurement in physics with absolute certainty? What are the important
elements of designing experiments?

The ability to properly conduct experiments and gather data is an essential part of science. In
this lesson we will discuss important considerations when collecting data: error, uncertainty,
accuracy, precision, reproducibility, and repeatability.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines of
identifying variables, analysing data best fit
and making predictions

Study design key knowledge dot point

® the characteristics of scientific research methodologies and techniques of primary qualitative and quantitative data
collection relevant to the selected investigation, including experiments (gravity, magnetism, electricity, Newton's laws of
motion, waves), and/or the construction and evaluation of a device; precision, accuracy, reliability and validity of data; and
identification of, and distance between, uncertainty and error

Study design key science skills dot points

e select and use equipment, materials and procedures appropriate to the investigation, taking into account potential sources
of error and uncertainty

e take a qualitative approach when identifying and analysing experimental data with reference to accuracy, precision,
reliability, validity, uncertainty and errors (random and systematic)

e explain the merit of replicating procedures and the effects of sample sizes to obtain reliable data

Key knowledge units

Error 4.3.3.2
Uncertainty 4.3.3.3
Precision and accuracy 4.3.3.4
Validity 4.3.3.5
Repeatability and reproducibility 4.3.3.6

No previous or new formulas for this lesson

Definitions for this lesson

accuracy a relative indicator of how well a measurement agrees with the ‘true’ value of
a measurement

error the difference between a measured value and its ‘true’ value
human error see personal error

personal error mistakes in an experiment’s design, execution or analysis caused by a lack of care
that negatively impact or invalidate the conclusions of an experiment

precision a relative indicator of how closely different measurements of the same quantity agree
with each other

random error the unpredictable variations in the measurement of quantities

reliability a qualitative description of how likely it is that another experimenter can perform an
experiment and find the same results within a small range

repeatability the closeness of agreement of results when an experiment is repeated by the same
experimenter under the same conditions (using the same equipment and in the same lab)

reproducibility the closeness of agreement of results when an experiment is repeated by a
different experimenter under slightly different conditions (using their own equipment and lab)

systematic error a consistent, repeatable deviation in the measured result from the actual results,
often due to a problem with the experimental design or calibration of equipment
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uncertainty a quantitative indicator of a range that the ‘true’ value of a measurement should lie within

validity the qualitative appraisal of how well an experiment measures what it is intended to measure

Error 4.3.3.2

OVERVIEW

Error refers to the difference between a measured value and its ‘true’ value.
THEORY DETAILS

Personal error

Personal errors are mistakes in an experiment’s design, execution, or analysis caused by a
lack of care that negatively impact or invalidate the conclusions of an experiment. Personal
error can also be called human error. Examples of personal errors include contaminating

samples, breaking equipment, and using the wrong formula in data analysis.

Data that has been impacted by personal error should be discounted.

Systematic error

Systematic errors are errors that uniformly affect the accuracy of data in an experiment.

An uncalibrated weighing scale is an example of a cause of systematic error since each
measurement would differ from the true value by a consistent amount. Parallax error,

which occurs when an analogue scale is read at an angle to the display, is another cause of

systematic error.

On a graph that is supposed to have a trend pass through the origin, having a non-zero

y-intercept is usually an indicator of systematic error. This can be seen in Figure 1.

The effect of systematic errors cannot be improved by taking the average of multiple

measurements because all the measurements will consistently be affected in the same way.
The cause of any systematic error that is identified should be fixed and the experiment

repeated. Possible sources of systematic errors that cannot be removed, or were not
identified during the experiment, should be analysed in the discussion section of an

experimental report when they are present.
Random error

Random error is the unpredictable variation in the measurement of quantities. In
general, random errors can be reduced but not entirely avoided.

Any physical measurement will have an associated random error which is caused
by uncontrolled variations in the conditions of an experiment between each trial.
Try and measure the time it takes to drop a ball from a fixed height three times
and you will find a slightly different result each time!

Random errors commonly originate from readings that are between the intervals
of a measuring device or from taking a measurement when the values on a
measuring device are fluctuating. Random errors greatly affect the precision

and accuracy of measurements. Random errors can be reduced by choosing
equipment and methods that will result in less variation, such as using a timer
that is activated by an automatic sensor rather than a person timing with a
stopwatch. The effect of random errors can be reduced by using an averaged
result from repeated measurements.

The effect of random errors can be seen on a graph by data points sitting above
and below their trendline, as seen in Figure 1.

Figure 1 Plots of two experiments measuring
a relationship between the same two variables.
The ‘true’ relationship is linear and passes
through the origin. The measurements plotted
in blue have been affected by systematic error
since all measurements are consistently above
the ‘true’ values. All measurements have been
affected by random error.
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Uncertainty 4333
OVERVIEW

Uncertainty is an indicator of a range that the ‘true’ value of a measurement should lie within.

THEORY DETAILS
Uncertainty

Uncertainty is an unavoidable part of experimentation and taking measurements. This means
that there is always a level of doubt in the accuracy of a measured value. Uncertainty is not

a “bad” thing. In fact, it is incredibly important to be honest with the level of uncertainty

in scientific measurements so that there can be an appropriate level of confidence in the
conclusions of an experiment.

Having uncertainty in measurements is unavoidable due to how measurements vary
when repeated (random error). In fact, uncertainty can be thought of as an estimate of the

maximum random error associated with a measurement. By using equipment with smaller X+U
intervals - such as a ruler with millimetre markings rather than centimetre markings - the
level of uncertainty in an experiment can be reduced, but not eliminated. —— | Truex?
Uncertainty can be expressed as an absolute uncertainty (in the same units as the x — | Measured value
measurement) or as a percentage of the measurement. For example, a measurement of
5.0 cm with an uncertainty of 0.2 cm can be written as: L | Truex?
e 5.0+0.2 cm (absolute uncertainty); or
X-U — True X?

e 5.0 +4% (relative/percentage uncertainty)

Absolute uncertainties should be expressed to one significant figure, and the measured value
should be quoted to the place value of the uncertainty. Place value refers to the ‘tens’ place, ] o

. R . R . . . Figure 2 A quantity is measured
ones’ place, ‘tenths’ place. For example, if a measurement of 600 m is taken with a measured  5he x+ U This indicates the

uncertainty of 10 m, the measurement should be written as 6.0 x 102+ 0.1 x 102 m. ‘true’ value of a measured quantity
Xshould lie within the range of
Uncertainty in an individual measurement due to a measuring device uncertainty U around X. It should

not be assumed that the measured
The uncertainty in the value measured by a measuring device is half of the smallest increment  value Xis the ‘true’ value.

on the measuring device. For example, on a digital scale that gives values to the nearest
0.01 kg, the uncertainty is £0.005 kg. If a ruler has measurement intervals of 0.001 m, the
uncertainty is £0.0005 m. The measured value should have the same lowest place value as
the uncertainty. For example, using this ruler, the side of this box should be recorded as
5.40+£0.05cm.

0 1 2 3 4 5 6 7 8 9 10
cm

Figure 3 Abox being measured by a ruler. The smallest increment on the ruleris 0.1 cm.

Uncertainty in the average of multiple measurements

As measurements will vary each time they are recorded due to the effects of random errors,
measurements should be repeated multiple times and averaged in order to find a more
accurate estimate of the ‘true’ measurement.

The uncertainty of multiple measurements depends on how much difference there is in the
measured values. In VCE Physics, when calculating the uncertainty in the average of multiple
measurements, the uncertainty can be taken as the magnitude of the difference between
the average value of the measurements and the most extreme measurement (the individual
measurement which is furthest from the average).
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Worked example

Calculate the average net force and associated uncertainty of a ball being kicked by a
student based on the force data in the table.

Trial 1 2 3 4 5
Net force (N) 20.0+0.1 20.6+0.1 19.8+0.1 18.2+0.1 20.4+0.1
Average net force = ZUIIL2UCE 12'8 Ll 22U 19.8N

Difference between average and most extreme value: [19.8 - 18.2|=1.6 N2 N
Note that we round 1.6 up to 2 because the uncertainty should be given to one significant figure.

Therefore, average net force is20+ 2 N

When there is uncertainty in an average value due to multiple measurements and an
uncertainty in individual measurements due to the measuring device, we should always
take the larger value of uncertainty.

Worked example

Calculate the average net force and associated uncertainty of a ball hitting a wall based on
the force data in the table.

Trial 1 2 3 4 5

Net force (N) 20.0+0.5 20.0+0.5 20.0+0.5 20.5+0.5 20.5+0.5

20.0+20.0+20.0+20.5+20.5 _
z =

Average net force = 20.2N

Difference between average and most extreme value: [20.5-20.2|=0.3 N
Note that the uncertainty of an individual value (0.5 N) is larger than this uncertainty.

Therefore, average net force is 20.2 + 0.5 N

Precision and accuracy 4.3.3.4
OVERVIEW

Precision and accuracy are very specific concepts in physics. Precision describes how closely
different measurements of the same quantity agree with each other. Accuracy describes how
well the set of measurements relates to the ‘true’ value. They are both relative measures.

THEORY DETAILS

Precision is an indicator of how well a set of measurements agree with each other. It can
be thought of as a measure of the spread or range of data - a bigger range is less precise. It
is a relative indicator. A set of measurements cannot be ‘precise’, it can only be more or less
precise than another set of measurements.

The precision of a set of measurements can be improved by having good experimental
technique and using measuring devices with smaller uncertainties. Note that these are
methods for reducing the size of random errors. In this sense, precision is closely related
to random error.

USEFUL TIP

When asked to identify a more precise set of measurements, identify the set with the
smallest range (maximum value - minimum value).
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Accuracy is an indicator of how well a measurement agrees with the ‘true’ value of a
measurement. This ‘true’ value is the value that would be measured if it were possible to
take measurements with no errors. Like precision, a measurement cannot be objectively
‘accurate’, it can only be more or less accurate than another measurement.

The accuracy of a measurement can be improved by reducing systematic errors in the
experimental design and choosing equipment and methods that will result in less random
error. In this sense, accuracy is related to both systematic errors and random errors.

Accuracy can also be applied to sets of measurements. If the average of a set of
measurements is closer to the ‘true’ value than the average of another set of measurements,
then it is more accurate than that other set.

The accuracy of a set of measurements can be improved by increasing the number of
measurements since the variations from the ‘true’ value of individual measurements will tend
to offset each other when an average is taken from a large enough set. In this sense, taking
multiple measurements can reduce the effect of random error (but it does not reduce the
random error itself).

USEFUL TIP

When asked to identify a more accurate set of measurements, identify the data set with
an average that is closer to the ‘true’ value.

Validity 4.3.35
OVERVIEW

Validity in an experiment refers to whether an experiment actually measures what it intends
to measure. The validity of an experiment depends on the experimental design, how the
experiment is conducted, and how the results are processed and analysed.

THEORY DETAILS

An experiment is valid if it is able to successfully measure what it aims to measure. The validity
of an experiment can be impacted before, during, and after performing an experiment.

Table 1 Some requirements for an experiment to be valid before, during, and after an experiment.
This list is not exhaustive.

Time period Elements necessary to be valid
Before the ® Experiment is designed so that there is only one independent variable.
experiment ® Experiment is designed so that it can measure the dependent variable.
® Experimentis designed to minimise systematic error and personal error.
® Sample sizes are appropriately large enough (this is more relevant in
psychological experiments).
® All necessary assumptions for analysis (such as simplifications) are addressed in the
design of the experiment.
During the ® Observer bias is minimised.
experiment ® No controlled variables are allowed to change.
® All steps of the scientific method are followed.
® The experiment measures the correct dependent variable.
® Appropriate equipment is used.
® No personal error impacting results.
After the ® All datais processed correctly.
experiment ® Alldataisincluded and explained. Data cannot be arbitrarily selected to produce the
(data analysis) desired trend.

Any outliers are addressed in discussion and are included in the initial data.

Results are examined, and the possibility of other causal relationships are considered.
Correlation between two variables is not automatically assumed to mean causation.

® Experimentis able to be repeated and reproduced.
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Repeatability and reproducibility 4.3.3.6
OVERVIEW

The reliability of an experiment is a qualitative description of how likely it is that another
experimenter can perform an experiment and find the same results within a small range, and
itis primarily tested through an experiment’s repeatability and reproducibility.

THEORY DETAILS

In order for the results of an experiment to be deemed reliable enough to draw strong
conclusions, the experiment must be repeatable and reproducible.

Repeatability refers to the closeness of agreement of results (the precision) when an
experiment is repeated by the same experimenter under the same conditions (using the same
equipment and in the same lab).

Reproducibility refers to the closeness of agreement of results (the precision) when an
experiment is repeated by a different experimenter under slightly different conditions (using
their own equipment and lab).

Reproducibility is especially important because comparing results with a different
experimenter helps reveal bias, systematic errors, or experimental flaws that impact the
validity of an experiment.

The vital nature of reproducibility to draw conclusions is why the publication of the
experimental reports in peer-reviewed journals is a key part of physics research. The validity
of the experiment is then assessed in the publication process and it provides the necessary
information for other experimenters to reproduce the experiment.

Table 2 Conditions for repeatability versus reproducibility

Repeatability Reproducibility
Experimenter Same Different
Conditions (lab, equipment) ~ Same Different

Theory summary
e There are three kinds of experimental errors:
1. Personal error - mistakes in an experiment’s design, execution or analysis

2. Systematic error - a consistent, repeatable deviation in the measured result from
the actual results

3. Random error - the unpredictable variations in the measurement
of quantities

e Uncertainty is an indicator of a range that the ‘true’ value of a measurement should
lie within.
- Uncertainty in a measuring device is half the smallest measuring increment.

- Uncertainty in the average of multiple measurements can be taken as the magnitude
of the difference between the most extreme measurement and the average value.

e Precision and accuracy are relative measures describing the spread of a set of measured
values and how well the set of measurements relates to the ‘true’ value.

- A more precise set of measurements will have a smaller range of measurements.
Precision is related to random error.

- A more accurate set of measurements will have an average of the set of measurements
closer to the true value. Accuracy is related to both systematic error and random error.

e Anexperimentisvalid if it is able to measure what it intends to measure.

e Repeatability and reproducibility are qualities that describe how well the results of a
repeat of an experiment agree with the original experiment.

KEEN TO
INVESTIGATE?

VCAA Measurement

in science
https://www.vcaa.vic
.edu.au/curriculum/
vce/vce-study-designs/
Physics/advice-for-
teachers/Pages/
Measurementin
ScienceOverview.aspx
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1C Questions

THEORY REVIEW QUESTIONS

Question 1

Choose whether the following statements are true or false.

a Avalue measured in an experiment can be known with
complete certainty.

b  Uncertainty is always a “bad” thing.
Uncertainty is unavoidable.

d Datathatis known to have been affected by personal
error should be kept and treated to be as valid as all
other data.

e Datashould be manipulated until the uncertainty is as
small as possible.

f  Systematic error is often caused by poor calibration
of equipment.

g Random error will always occur.

h  Random error can be reduced by using more
precise equipment.

i Theuncertainty in the average of multiple
measurements is the magnitude of the difference
between the most extreme value and the average value.

j  Asingle set of measurements can be accurate and precise.

k  Observer bias makes an experiment invalid.

L Validity in an experiment is determined only by the
experimental design.

m  An experiment being reproducible increases the
reliability of its conclusions.

EXAM-STYLE QUESTIONS
This lesson

Question 2 (1 MARK)

The best description of experimental uncertainty in a
measurement is

A how confident a scientist feels while performing
data analysis.

B aquantitative estimate of the random error associated
with the measurement.

C thedifference between a measured value and its
‘true’ value.

D the process of repeating a measurement to
improve reliability.

Adapted from 2018 VCAA Exam Section A Q18

Question 3 (1 MARK)

Which of the following is a true statement about uncertainty?
A Repeated measurements can eliminate uncertainty.

B  Personal error should be included when
calculating uncertainty.

C The ‘true’ value lies exactly in the middle of the range
indicated by the uncertainties.

D Using more precise equipment can reduce the level
of uncertainty.

Question 4 (1 MARK)

Which of the following statements about repeating readings
is correct?

A Repeating readings reduces the effect of systematic error.
B Repeating readings reduces the effect of random error.

C  Repeating readings increases the effect of
systematic error.

D Repeating readings has no effect on random error.

Adapted from 2018 VCAA NHT Exam Section A Q20

Question 5 (1 MARK)

Which of the following statements about systematic and
random errors is incorrect?

A Systematic errors affect all data points equally.
B Systematic errors are unavoidable.

C Random errors affect all data points.
D

Random errors are unavoidable.

Question 6 (1 MARK)

Which of the following is true about reproducibility
and repeatability?

A Arepeatable experiment will always produce results that
agree with the original experiment when performed by a
different experimenter.

B  When the results of an experiment are published, they
are deemed repeatable, reliable, and reproducible by
the scientific community.

C  Reproducibility helps to discover bias and experimental
flaws in the original experiment.

D Areproducible experiment may not produce the same
results if the second experimenter does not use the exact
same equipment.

Question 7 (1 MARK)

Arshya and Thanushi measure the voltage across a resistor in
the same circuit on separate occasions.

Arshya takes the following readings: 3.40V, 4.20V, 3.70 V,
and 4.00V (average 3.85V).

Thanushi takes the following readings: 2.60V, 3.80 V, 3.60 V,
and 5.00 V (average 3.75 V).

The true value of the voltage is 3.70 V.
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Which of the following statements best describes these sets
of measurements?

A Both sets of results are equally precise.

B  Arshya’s results are more accurate than Thanushi’s results.
C Both sets of results are equally accurate.

D Thanushi’s results are less precise than Arshya’s results.

Adapted from 2017 VCAA Exam Section A Q18

Question 8 (1 MARK)

Some students set up the photoelectric effect to measure the
value of Planck’s constant which has a well established value
of 6.63 x 10734 J s. They take five measurements, as follows:

e 667x10734Js
e 659x1073Js
e 663x10734Js
o 654x1073Js
e 672x1073Js

A reasonable measurement uncertainty for the students
to citeis

A 0.09x1073s
B 0.05x10734s
C 0.07x107*Js
D 0.005x10734Js

Adapted from 2017 VCAA Sample Exam Section A Q9

Use the following information to answer Questions 9-12.

Four students take a measurement of the length between
two lenses. The measurements are then indicated as dots

on aruler (as shown on the diagram). The true value of the
distance between the lenses is also indicated on the diagram.

Student A Student B Student C Student D
o (o] o o

v

True value

Adapted from 2019 VCAA NHT Exam Section A Q19

Question 9 (1 MARK)

Which student has results that are relatively accurate but
relatively imprecise?

A StudentA
B StudentB
C StudentC
D StudentD

Question 10 (1 MARK)

Which student has results that are relatively precise but
relatively inaccurate?

A StudentA
B StudentB
C StudentC
D StudentD
Question 11 (1 MARK)

Which student’s results are the least accurate?
A StudentA

B StudentB
C StudentC
D StudentD
Question 12 (1 MARK)

Which student’s results are the most precise and accurate?
A StudentA

B StudentB
C StudentC
D StudentD
Question 13 (1 MARK)

What is the best estimate for the uncertainty in this voltmeter?

Kr 200 300 400 x
100 \\\\\\‘H//// 500
o\\\\\\\\ ’ ////////600

\ J/

N J

A 20V

B 10V

C 5V

D 1V

Question 14 (2 MARKS)

What is experimental uncertainty? Identify one method by
which experimental uncertainty can be reduced.

Adapted from 2019 VCAA NHT Exam Section B Q8a

Question 15 (2 MARKS)

Taking multiple measurements of the same quantity will not

reduce the systematic error or random error in any individual
measurement. Why, then, can taking multiple measurements
improve the accuracy of experimental results?



Question 16

(8 MARKS)

1C QUESTIONS

Sam and Jess perform an experiment and measure the
following frequencies of a wave. The true value of the

frequency is known to be 64 Hz.

Trial 1 Trial 2 Trial 3 Trial 4
Sam 68 Hz 76 Hz 54 Hz 66 Hz
Jess 79 Hz 81 Hz 60 Hz 64 Hz

a Calculate the average of Sam’s results and the average of

Jess’ results. (2 MARKS)

b  Calculate the range of Sam’s results and the range of
Jess’ results. (2 MARKS)

¢ Commenton the accuracy of Sam and Jess’ results.
(2 MARKS)

d Commenton the precision of Sam and Jess’ results.
(2 MARKS)

Question 17 (5 MARKS)

Claire designs an experiment to determine how the mass
of a ball impacts the time it takes for the ball to go down a
ramp. There is a stopper at the end of the ramp. Consider
the options below and indicate which options (when added
individually to this experimental design) would result in the
experiment (including experimental method, analysis, and
conclusions) being invalid.

21

The mass of the ball is varied between 5 kg and 10 kg in
1 kg increments.

Children’s bowling balls are used as the 5 kg and 6 kg balls,
small bowling balls are used for the 7 kg and 8 kg balls and
large bowling balls are used as the 9 kg and 10 kg ball.

Atimer is used to measure the ball as it goes down the
ramp. The timer is started when the ball is released and
stopped when the ball hits the stopper.

The length of the ramp, starting position of the ball,
ramp material, and the angle of elevation of the ramp
are kept constant throughout the experiment.

Claire accidentally breaks the ramp by dropping one of
the bowling balls on it and continues with the experiment.

Claire stops the timer a bit after the ball hits the stopper
so that the data better aligns with the trend she is seeing.

Data is analysed to plot mass on the horizontal axis and
time on the vertical axis.

An obvious outlier result is excluded from the data in
Claire’s report and left unmentioned.

Claire concludes that having a shorter time for the ball
to go down the ramp results in the mass of the ball
being greater.

Another student, Sally, is able to repeat Claire’s
experiment and get the same results.



1D REPRESENTING AND ANALYSING DATA

The analysis stage of a scientific investigation is when conclusions about the world can
be made. It involves the identification of trends in data, making allowances for errors

and uncertainties, in order to determine the nature of the relationship (if any exists)
between the dependent variable and the independent variable. This lesson explores the
conventions of graphing data and drawing lines and curves of best fit. Understanding
these conventions is critically important for clearly and correctly communicating the data
from a scientific investigation.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representingand 1E Gradients of lines
identifying variables, analysing data of best fit
and making predictions

Study design key knowledge dot points

® methods of organising, analysing and evaluating primary data to identify patterns and relationships including sources of
uncertainty and error, and limitations of data and methodologies

e the nature of evidence that supports or refutes a hypothesis, model or theory

e the conventions of scientific report writing and scientific poster presentation, including physics terminology and
representations, symbols, equations and formulas, units of measurement, significant figures, standard abbreviations and
acknowledgment of references

Study design key science skills dot point

e organise, present and interpret data using tables, line graphs, correlation, line of best fit, calculations of mean and fitting an
appropriate curve to graphical data, including the use of error bars on graphs

Key knowledge units

Plotting data 4.3.5.1&4.393

Drawing lines and curves of best fit 4352 &43.7.1

No previous or new formulas for this lesson

Definitions for this lesson

curve of best fit a curved line that indicates the relationship between the independent and
dependent variables on a graph. It must pass through the uncertainty bars of all data points

line of best fit a straight line that indicates the relationship between the independent and
dependent variables on a graph. It must pass through the uncertainty bars of all data points

linearise the process of transforming data through mathematical operations so that, when
graphed, a line of best fit can be drawn through the data

trendline see line of best fit or curve of best fit

Plotting data 4.3.5.1 &4.3.9.3
OVERVIEW

Graphs can be plotted from tables of data. There are conventions that should be
followed for labelling the graph, choosing a scale for each axis, and plotting uncertainty
bars. Data can also be linearised before it is graphed to help understand the relationship
between variables.




1D THEORY

THEORY DETAILS
Generating a table of data
To collect data we must:

e take multiple trials of each measurement.
e average these measurements so there is one dependent result for each tested quantity of
the independent variable.

e calculate uncertainties of the final values appropriately using the ‘uncertainty in the
average of multiple measurements’ process discussed in lesson 1C.

This data should be represented in a table.

To explore these concepts, we use the example of an experiment that investigates the
relationship between the time it takes for a block to slide down a ramp and the angle of the
ramp. The length of the ramp is fixed at 1.0 metre and the block starts from rest. The data for
this example is shown in Table 1.

Table 1 Data collected and analysed in an experiment investigating how the time for a block
to slide down a ramp varies with the angle of the ramp

Time for block to slide down ramp (+ 0.1 s)

Angle (+5°) Average time (s)
Trial 1 Trial 2 Trial 3
10 3.2 3.5 3.4 3.4+0.2
20 2.4 2.5 2.4 24+0.1
30 1.8 2.1 2.0 2.0+0.2
40 1.8 1.8 1.7 1.8+0.1
50 15 1.7 1.6 16+0.1
60 1.4 1.5 1.5 1.5+0.1

We use the table to create a list of points that should be graphed to analyse the relationship
between the independent variable and dependent variable. The first listed coordinate

in a point corresponds to the independent variable and the second corresponds to the
dependent variable.

In this example, the independent variable is the angle of the ramp and the dependent variable
is the average time for the block to slide down the ramp. As such, the points to be plotted are:

(10, 3.4), (20, 2.4), (30, 2.0), (40, 1.8), (50, 1.6), (60, 1.5).

Graphing conventions

There are several conventions that must be followed to correctly present scientific data
on a graph.

Labelling:

¢ The independent variable should be plotted on the horizontal axis.

e The dependent variable should be plotted on the vertical axis.

e Thevariables should be labelled on the relevant axis with their respective units.

e The graph title should generally be of the form ‘[dependent variable] versus
[independent variable]’.

Scales on axes:

e Each axis should have a consistent scale so that the intervals between grid lines on an
axis represents a constant value.

e The scale on each axis should be chosen so that the data points take up the majority of
the available graph space (the data points should cover more than 50% of each axis).

e The axis can (but does not have to) indicate a power of ten on the scale by which all values
on that axis should be multiplied.

USEFUL TIP

In an exam, marked
axes and a grid will

be provided but you
will usually need to
choose an appropriate
scale. When answering
graphing questions
from this book, itis
suggested to sketch
answerson graph
paper to get practice
in choosing an
appropriate scale to
fit a given grid and
data set.

23



24 UNIT 4 | AOS 3 | CHAPTER 1: PRACTICAL INVESTIGATIONS

Using uncertainty bars Uncertainty
in dependent
An uncertainty bar (or error bar) is a line with an end cap that indicates the size of the variable

uncertainty in a given value. Horizontal uncertainty bars are the uncertainty in the independent
variable and vertical uncertainty bars are the uncertainty in the dependent variable. The
combination of the horizontal and vertical uncertainty bars indicates a rectangular area where

the ‘true’ value may be. Uncertainty in
. . . . . independent

The uncertainty value quoted is added to both sides of the point so that the distance between variable

the two end caps of an uncertainty bar is twice the uncertainty. If measurement uncertainties  Figure 1 An example point with

are stated, uncertainty bars should be plotted on the graph. horizontal and vertical uncertainty
bars. The yellow area indicates a

Using these principles, an appropriate graph for the data from Table 1 is shown in Figure 2. range where the ‘true’ value might
be located.

Title ——

Time for block to slide down ramp versus ramp angle

Horizontal uncertainty bars
¥

K—» D (independent variable)
Units of g‘
dependent © 3
variable c
2
[=]
o
3 Vertical uncertainty bars
= 4 (dependent variable)
] 2 /
]
/ Lo Smooth curve of best fit (passes
Dependent < through all uncertainty bars)
o
variable b

\TITH

Consistent scale
(major gridlines

increase by 1) 10 20 30 40 50 60 70
Consistent scale > Ramp angle ()
(major gridlines Independent t Units of independent
increase by 10°) variable variable

Figure 2 An annotated graph of the data from Table 1

Linearising data

Linearising data is the process of transforming one or both of the independent and
dependent values so that, when graphed, the points have a line of best fit. This is valuable
because it can help us to determine the mathematical form of an unknown relationship
between two variables.

Examples of how a variable (x) can be transformed include raising it to a power (x2), taking
the square root (v/x) or taking the reciprocal (%)

y y

yvsx yvsx yvsx
5 5 5
4 4 4
3 3 3
2 2 2
1 1 1

0.5 1 l 1.5 2 25 X 5 10 l 15 20 25 X 1 2 l 3 4 5 x

y y Vs x? Y yvsVx y yvsi

5 5 5
4 4 4
3 3 3
2 2 2
1 1 1

x2 VX i

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 X

Figure 3 Examples of how different graphs can be linearised by transforming the independent variable. A straight
line of best fit that passes through the origin means that the variables on the axes are proportional to each other.
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If a variable is transformed appropriately and the result is a linear relationship, this indicates
a proportionality relationship between the variables plotted. For example, if there is a straight
line of best fit when a variable y is graphed against the square root of another variable (v/x),
we can write that y « v/X or y = k v/X (where k is a constant, which represents the gradient

of the linearised graph). Note that similar transformations can be made to the dependent
variable in order to linearise data and establish a relationship such as 1/y « x.

Worked example

A student collected data on the distance travelled (d) by a ball that starts from rest and
rolls down a ramp for different amounts of time (t). The angle of the ramp is fixed.

a Plot a graph of the data with a curve of best fit. Assume the uncertainty in distance and

time are negligible.

b Linearise the data and plot a graph to show that d « t2.

Time, t (s) Distance, d (m)
1.0 0.5

2.0 2.0

3.0 4.5

4.0 8.0

I550) 123

a  Plotting this data results in the following graph:

d(m)
Distance versus time for ball rolling down a ramp

As the graph is curved, it is difficult to directly determine
arelationship between d and t, so we linearise the data.

b To linearise the data, calculate the values of t2
Ensure that the units undergo the same transformation
(s becomes s2).

t2 (s2) Distance d (m)
1.0 0.5

4.0 2.0

9.0 4.5

16 8.0

25 12.5

Now draw a graph with t2 on the horizontal axis
instead of t:

d(m)
dversus t?

14
12

10

t?(s?)
5 10 15 20 25 30
This data now fits a straight line of best fit. This indicates
we have successfully linearised our data, which supports
the relationship d « t2.
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Drawing lines and curves of best fit 4.3.5.2 & 4.37.1
OVERVIEW

Lines of best fit and curves of best fit are straight and curved lines respectively that indicate
the relationship between the independent and dependent variables on a graph. To be a valid
indicator of the relationship between variables, a line or curve of best fit must pass through
the uncertainty bars of all points.

THEORY DETAILS

Aline or curve of best fit indicates the relationship between two variables. Lines and curves of
best fit can also be called ‘trendlines’.

Lines and curves of best fit must meet the following requirements:

e Must pass through the uncertainty bars of all points (it does not need to pass through the
specific data point)

e Should be smooth

e Should not be forced to pass through the origin

e Should not be forced to pass through the first and/or last point (or any point on the graph)

e Should not extend significantly beyond the region of the points

The reason for not forcing the line or curve of best fit through the origin, first point, or last point is
that all data points are equally important. Forcing it through one of these points would incorrectly
give that point more importance than the other data points when determining the overall trend.

Aline or curve of best fit that does not pass through the origin when it is expected to do so
can indicate a systematic error in the experiment.

USEFUL TIP

When using a computer program to create a graph, choose a ‘scatter plot’ and then add
a trendline. Do not choose a plot that connects the data points dot-to-dot.

y y
5 5 [
4 4
13 3
e
2 2
1 1
> X g
1 2 3 4 5 1 2 3 4 D

If a straight line cannot be drawn so that it passes through all the uncertainty bars, there
cannot be a line of best fit, so the trend would be better represented by a curve of best fit

(see Figure 4). If a line of best fit can be drawn, it indicates that the data may have a linear
relationship, but it is also possible that the uncertainty is too great or the spread of data is too
small to establish the true relationship.

A

(a) Time for block to slide down Time for block to slide down
ramp versus ramp angle ramp versus ramp angle

wv § w

o (=N

£ £

c 20 ©

c f=

s E

3 S

o 15 )

h e

5 x 2

S 10 8

4 4
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8 S

Ne) e

s’ 8

Q []

£ ..L...:....:....:....:....:=Ra"Ipo £ bt
1 2 3 4 5 ¢ angle() 1 2 3 4 5 ¢ ansle()

Figure 4 (a) The line of best fitis not valid as it does not pass through the uncertainty bars of all points.
(b) The curve of best fit is valid as it passes through the uncertainty bars of all points.
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Theory summary

Graph labelling:

The independent variable should be plotted on the horizontal axis.
The dependent variable should be plotted on the vertical axis.
The variables should be labelled on the relevant axis with their respective units.

The graph title should generally be of the form ‘dependent variable versus
independent variable’.

Scales on axes:

Each axis should have a consistent scale so that the intervals between grid lines on an axis
represents a constant value.

The scale on each axis should be chosen so that the data points take up the majority of
the available graph space.

The axis can (but does not have to) indicate a power of ten on the scale by which all values
on that axis should be multiplied.

Line and curve of best fit requirements:

Must pass through the uncertainty bars of all points (it does not need to pass through the
specific data point)

Should be smooth

Should not be forced to pass through the origin

Should not be forced to pass through the first and/or last point (or any point of the graph)
Should not extend significantly beyond the region of the points

1D Questions

THEORY REVIEW QUESTIONS

Question 1

Question 2

For each of the following graphs, decide whether the data

could be fitted with a line of best fit.

The following graphs show different sets of data. Which graph
has the most appropriately scaled axes for its set of data?

a4 bn

v
y

v
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Question 3

Question 5

(6 MARKS)

A student creates a graph according to the graphing
conventions with the data points (5, 3), (10, 6), and (20, 9).
The scales on the axes have then been removed. Which of the
following could be the student’s graph?

A 4 B a4

v
v

v

EXAM-STYLE QUESTIONS
This lesson

Question 4 (3 MARKS)

Jake and Sally record the data shown in the table below.

Distance Uncertainty Force between | Uncertainty in
between in distance charges force between
charges between (1073 N) charges
(10712 m) charges (1073N)
(10712 m)

0.50 +0.05 0.92 +0.02

0.60 +0.05 0.64 +0.02

0.80 +0.05 0.36 +0.02

1.00 +0.05 0.24 +0.02

1.20 +0.05 0.16 +0.02

A student is part way through plotting a graph of the sine

of an angle of refraction versus the sine of the angle of
incidence for an experiment investigating index of refraction.
The uncertainty in measuring the sine of the angle of
incidence is negligible and the constant uncertainty in
measuring the sine of the angle of refraction is indicated on
one graphed data point.

'

Sine of angle of refraction
®

v

Sine of angle of incidence
a Describe the steps that must be taken to determine if
this graph can have a line of best fit. (2 MARKS)

b  Use the process you described in part a to determine if
this graph can have a line of best fit. (1 MARK)

Adapted from 2017 VCAA Sample Exam Q17f

Using this data:

e Plot the force between charges versus distance
between charges.

e Draw uncertainty bars for each data point.
e Draw a curve of best fit.

Include labels and scales for both axes.

Adapted from 2018 VCAA NHT Exam Section B Q10

Question 6 (6 MARKS)

Amelia places a single lightbulb into a circuit and varies the
voltage of the power supply. She then measures the current
passing through the bulb at each voltage.

She collects the following data:

Voltage, V (+0.5V) Current, / (+0.1A)
1.0 15
2.0 2.5
3.0 3.3
4.0 3.8
5.0 4.0

a Draw a graph of this data with uncertainty bars and a
line or curve of best fit as appropriate. (5MARKS)

b  Anohmic resistor will have a line of best fiton a
graph of its current versus voltage. Is this light bulb an
ohmic resistor? (1 MARK)



Question 7

(12 MARKS)

1D QUESTIONS 29

Question 8 (13 MARKS)

Michael studies the radius of the circular path, r, taken by
an electron when it travels through a magnetic field with

magnetic field strength B. Michael believes that r %

Claire is investigating the relationship between the power
rating (P) of various light bulbs and the current (/) that is
measured to flow through the light bulbs when switched on
in a simple circuit with a constant 230 V power supply. Her

Magnetic field | Uncertainty in | Radius, Uncertainty hypothesis is that P « /2. She records the following data:
strength, B (T) | magnetic field | r(1072m) in radius,
strength, B (T) r (1072 m) Power rating, P (+ 0.5W) | Measured current, / (+ 5 mA)
0.010 +0.005 2.3 +0.1 4.0 18
0.020 +0.005 11 0.1 8.0 35
9.5 42
0.030 +0.005 0.8 +0.1
14.5 63
0.040 +0.005 0.6 +0.1
20.0 87
0.050 +0.005 0.5 +0.1

a Plotagraph of the data recorded in the table above.
Include uncertainty bars and a curve of best fit
as appropriate. (5 MARKS)

b Calculate the values of% and hence plot the graph of r

versus é. Include vertical uncertainty bars (horizontal

uncertainty bars are not required), and include a line or
curve of best fit as appropriate. (6 MARKS)

¢ IsMichael’s hypothesis that r o % supported by his
experimental data? (1 MARK)

a  Plotagraph of current versus power based on the data
above recorded in the table above. Include uncertainty
bars and a line or curve of best fit as appropriate. (5 MARKS)

b  Transform this data by calculating values of /2 and hence
plot a graph that could support Claire’s hypothesis. Only
plot horizontal uncertainty bars, and include a line or
curve of best fit as appropriate. (6 MARKS)

¢ IsClaire’s hypothesis that P « 12 supported by the data?
Explain your answer with reference to the graphs created
in partaand partb. (2 MARKS)



1E GRADIENTS OF LINES OF BEST FIT

The gradient of data that displays a linear relationship is often a physically significant
value which represents the constant rate of change between the two quantities being
analysed. This lesson explains how to correctly calculate the gradient from experimental
data, and how to interpret the physical meaning of a gradient.

1A Asking questions, 1B Scientific conventions 1C Collecting data 1D Representing and 1E Gradients of lines
identifying variables, analysing data of best fit
and making predictions

Study design key knowledge dot point

® methods of organising, analysing and evaluating primary data to identify patterns and relationships including sources of
uncertainty and error, and limitations of data and methodologies

Study design key science skills dot points
® process quantitative data using appropriate mathematical relationships, units and number of significant figures

® organise, present and interpret data using tables, line graphs, correlation, line of best fit, calculations of mean and fitting an
appropriate curve to graphical data, including the use of error bars on graphs

Key knowledge units

Calculating the gradient of a line of best fit 43.5.3

The meaning of a gradient 4.3.5.4

Formulas for this lesson

Previous lessons New formulas
. Y7y,
No previous formulas in this lesson gradient = X2 _Xl
2 "1

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

gradient the graphical representation of the rate of change of one variable with respect
to another

Calculating the gradient of a line of best fit 4.3.5.3
OVERVIEW

On a graph, the gradient (or slope) is the ratio of the change in the variable on the
vertical axis to the change in the variable on the horizontal axis. When a line of best fit is
appropriate for a set of data, the gradient should be calculated from points on the line

rather than from specific data points. \
801

THEORY DETAILS

Straight line graphs have a constant gradient, which means that the 60+
dependent variable (on the vertical axis) will increase or decrease by a
fixed amount for every unit increase in the independent variable (on the
horizontal axis). Consider Figure 1, which shows the speed of an object that
has been released from rest and is in free fall without air resistance.

The object’s speed increases by a fixed amount, 9.8 m s™1, for each second 20+

-1
that passes. This means the gradient is 9.8 m s2 (98%) So when the

49ms

Speed (ms™)

Yem LD

time increases by 5.0 seconds, the speed increases by 5.0 x 9.8 =49 m s71, ' ' '
2 4 6 8
Time (s)

Figure 1 Speed vs time graph for an object in free fall
without air resistance




1E THEORY

We can calculate the gradient of a straight line from two points on the line:

. 7y
gradient = xi = Xi

(x;,y;) = a point on the line of best fit, (x,, y,) = another point on the line of best fit

The change in the vertical axis values (y, - y; ) is often called the ‘rise’ and the change in the
horizontal axis values (x, - x;) is often called the ‘run’.

There are some important points to emphasise for calculating the gradient of a line of best fit:

e We should choose points that are far apart. This reduces the effect of any errors that
we make when reading the points from the graph, which improves the accuracy of the
gradient calculation. This is shown in Figure 2, where the red and blue data points have
the same error when compared to the ‘true’ values, but the gradient that would be
calculated using the blue data points is more accurate than the gradient that would be
calculated using the red data points.

e We should ignore the measured data points and use only points that are on the line
of best fit.

e Check the scale on each axis and apply a scale factor if applicable (see Worked example 1).

units on vertical axis
unitson horizontal axis *

e The units of the gradient are given by

F 3
80T
1 7 ————  ‘True’relationship
—~ 60T /° e
o ] .
E 1 i Relationship corresponding to the
2 20 _'_ T T T ] ===== gradient that would be calculated
g ] if blue points were used
0
1 T 5 Relationship corresponding to the
20-.- ,"/' ————— gradient that would be calculated
if red points were used

v

Time (s)

Figure 2 Asmall error when reading points from a graph can lead to a large error in the calculation of
the gradient if the two points are close together.

Worked example

Find the gradient of this current versus voltage graph.

20

5

10

Current (A)

1 2 3 4 5 6
Voltage (10°V)

31
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Pick two points on the line that are far apart and use them to calculate the gradient.

(x,,¥,) = (4.8 x 10%, 18) |\

20

15

(x,,y,) =(1.3%10%5)

10

Current (A)

Voltage (10%V)

Remember to include the scale factor on the horizontal axis in the calculation of the run.

YTy 18-5
gradient = X,7X, ~ (4.8-1.3)x103

gradient=3.7x10 3AV™!

The meaning of a gradient 4.3.54

OVERVIEW

A gradient is a rate of change. For a line of best fit for physical data, this rate of change often
represents a meaningful physical quantity.

THEORY DETAILS

In its most general form:

e Apositive gradient means that, when the independent variable increases, the
dependent variable also increases.

e Anegative gradient means that, when the independent variable increases, the
dependent variable decreases.

e The greater the magnitude of the gradient, the more the dependent variable will increase
(or decrease) per unit increase in the independent variable.

The gradient represents the change in the vertical axis variable divided by the change in the

A
horizontal axis variable (gradient= Ey) If itis known that the line passes through the origin,
then this is equivalent to the vertical axis variable divided by the horizontal axis variable

(gradient=¥). We can determine the physical meaning of a gradient from an equation
relating the two variables and the context of the physical situation.

changeinspeed py
changeintime ~ At

acceleration is given by a = % Therefore we can conclude that the gradient in Figure 1 is

From Figure 1, gradient = We also know that the magnitude of

equal to the magnitude of acceleration.

USEFUL TIP

It is common for an exam question to ask us to use the gradient from a line of best fit to
determine the experimental value of a known constant. It is important that we do use
the gradient of the line of best fit for the experimental data in these cases, rather than
the known value.
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Worked example

The electric force that acts between two charges can be calculated from the equation
ka,q,
f'2
charges, and r is the distance between the charges.

F=

, Where k=28.99 x 109 N m2 C"2is a constant, g, and g, are the magnitudes of the

Scientists undertake an experiment where they measure the electric force that acts
between two charges as the distance between the charges varies. They plot the data for

Fvs 712 and draw a line of best fit as shown. The line of best fit has a gradient of 4.5 N m2.

20
15

10

Force (N)

It is known that one of the charges has a value g, =2.0 x 1075 C. Use the gradient to calculate the
value of the other charge, q,.

AF
C-
A(ﬁ)

kq,q
From the relationship F= rlz 2= r_lz x kq,q,, we can see that F> 0 when r_lz >0, so the line

The gradient represents

should pass through the origin.

Hence, gradient = % =kq,q,
72

45=8.99%x109%2.0x107°xq,

q,=2.5x107°C

Note that, due to the uncertainty bars of each data point, there are a range of possible lines
of best fit which could be used with a range of gradients and, hence, a range of possible
values for g,.

Theory summary
e Gradients can be calculated by finding two points on the line of best fit and substituting

Yo7V
XXy

them into the formula: gradient =
- Points should be chosen that are far apart on the line.

e By dividing the variables of the vertical axis by those of the horizontal axis, we can
determine what the gradient represents.

e |[ftheline passes through the origin then the gradient represents a constant of
proportionality, which can be a physical constant.
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THEORY REVIEW QUESTIONS Question 3

Question 1 Data is collected for the force due to gravity (F,) acting on

objects with different masses (M,, M,). The data is plotted
on a set of axes with Fg on the vertical axis and M, on the

A gradient is calculated for the graph. This gradient is:

Y N

horizontal axis, and an appropriate line of best fit is drawn.
. e . GM1 Mz
The equation that relates these quantities is Fg= P

What would the gradient of the line of best fit represent?

A GMr?
GM,
B =
- GM,
- cC —=
A positive and constant. r2
B negative and constant. D GMr
C positive and increasing.
EXAM-STYLE QUESTIONS
D negative and decreasing.
This lesson
Question 2

Question 4 (2 MARKS)

Which two data points from those identified on the graph
(P, Q,R, S, and T) would be the best choice to calculate the
gradient of the line of best fit?

A student uses a set of scales to measure and record the force
due to gravity for a range of masses and produces a line of
best fit as shown. It is known that the force due to gravity is
related to mass by the equation Fq=mg.

20
T—>
100
+—Ss
=
2
>
© 60
)
i)
10 «—R g
]
o 40
L
]
('
Q—»
5 20
+—p
2 4 6 8 10
Mass (kg)
1 2 3 4 5 6

Use the gradient of the line of best fit to calculate the value of
g determined in this experiment.
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Question 5 (5 MARKS)

Data is collected for an experiment in which a cart travels
with constant speed along a circular path. The net force
acting on the cart, F, can be calculated from the equation
F=@
revolution, m is the mass of the cart (kg), and r is the radius
of the roundabout (m). The data is plotted on a set of axes

, Where T is the time it takes to complete one

with F on the vertical axis and % on the horizontal axis. A line

of best fit for the data is produced as is shown.

25
20
15

10

Force on cart (N)

1 2 3 4 5
1

72(57)
a Calculate the gradient of the line of best fit. (2 MARKS)

b If the radius of the circular path is 1.0 m, find the mass
of the cart. (3 MARKS)

Question 6 (5 MARKS)

The radius of the circular motion of a charged particle which

is moving perpendicularly through a magnetic field is given

by the equation r= %, where m is the mass of the charged

particle (kg), v is the speed of the particle (m s71), q is the
charge of the particle (C), and B is the strength of the mag-
netic field (T). The graph shows a trendline for data which
has been collected in an experiment involving an electron
moving through a magnetic field (the data measurements are
not shown).

30
25
20

15

Radius (10 m)

10

1 2 3 4 5
Speed (10°m ™)

Calculate the gradient of the line of best fit. (2 MARKS)

b  Given thatan electron has a charge of 1.6 x 107*° C and
the magnetic field used has a strength 8.7 x 1074 T, use
the gradient to find the mass of an electron. (3 MARKS)

Question 7 (6 MARKS)

CJ conducts an experiment to measure the speed of a cricket
ball just before it hits the ground when released from rest at
various heights. She finds the balls fall with the relationship
v=1/2gh where vis speed (m s71), his height (m),and g
represents the magnitude of the acceleration due to gravity
(ms™).

25
20

15

10

Speed at ground (ms™)

Copy the graph and draw a line of best fit. (2 MARKS)

b  Usethe line of best fit to calculate the magnitude of the
acceleration due to gravity. (4 MARKS)



UNIT 4 | AOS 3 | CHAPTER 1: PRACTICAL INVESTIGATIONS

CHAPTERTQUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

A scientist measures the speed of light accurately to 3 significant figures. If the exact speed of light is 299 792 458 m 571,
what was the measurement taken by the scientist?

A 29x108mst B 299x108mst C 3.0x108ms?! D 3.00x108ms™!

Question 2

Which of the following includes only Sl units?
A Seconds, newtons, grams

B  Metres, seconds, kilograms

C Volts, kilojoules, watts
D

Centimetres, joules, grams

Question 3

This ruler is used to measure the length of a metal |||||||||I|I|||||||I|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||
block. Whlch of the following is the best measure of the TR N S S S T T S
uncertainty of this ruler? cm

A 0.1cm B 0.5cm C 1.0cm D 0.05cm

Question 4

Which of the following statements is correct?

A Repeating an experiment can reduce systematic error.

B  Repeating an experiment can reduce random error.

C Repeating an experiment can reduce both systematic and random error.
D Repeating an experiment cannot reduce systematic or random error.

Adapted from 2017 VCAA Exam Section A Q20

Use the following information to answer Questions 5 and 6.

Four students are trying archery for the first time and take four shots each, aiming at the centre of the target. The results
of their attempts are shown on the targets.

A B c D
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Question 5

Which student produced results that were accurate but imprecise?

A StudentA B StudentB C StudentC D StudentD

Question 6

Which student produced results that were precise but inaccurate?
A StudentA B StudentB C StudentC D StudentD

Adapted from 2019 VCAA NHT Exam Section A Q20

Question 7

Which of the following best describes a hypothesis?

A Anexplanation that is widely accepted by the scientific community

B Anexplanation thatis supported by a body of scientific evidence

C Apossible explanation that will need to be supported by experimental evidence
D Anexplanation derived from a mathematical formula

Adapted from 2017 VCAA Exam Section A Q19

Question 8

A student measures the resistance of a resistor as 500 kQ. What is the number of significant figures in this measurement?
A 1 B 2 c 3 D 6

Question 9

Which of the following best describes a scientific model?

A Adescription of a physical process that has been directly observed through experiment
B  Arepresentation of a physical process that cannot be directly experienced

C A method for how an experiment will be conducted
D

A scaled down version of a larger object

Question 10

Gwen and Arthur are taking measurements of the velocity of a ball. Gwen obtains the following readings: 2.1 ms™1,
25ms 1 23ms, 24ms™ 1.7m s (average 2.2 m s71). Arthur obtains the following readings: 2.2 ms™, 3.5 ms™,
1.2ms™1, 2.6 ms™t 2.5ms! (average 2.4 m s71). The true value of the ball’s velocity is 2.4 m s™1. Which one of the
following statements is most correct?

A Gwen’s results are more accurate than Arthur’s results.
B Both sets of results are equally accurate.

C Gwen’s results are more precise than Arthur’s results.
D Both sets of results are equally precise.

Adapted from 2017 VCAA Exam Section A Q18

Question 11

A student measures the thickness of a thin wire as 0.000540 m. The number of significant figures in this measurement is
A 2 B 3 C 6 D 7

Adapted from 2018 VCAA NHT Exam Section A Q18
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Question 12

Which of the following best describes a scientific theory?
A Apossible explanation of a physical observation that is currently lacking experimental evidence
B  Ahypothesis that describes the formation of physical phenomena that have not yet been proven

C An explanation of a physical phenomenon that has been repeatedly confirmed by experimental evidence
and observation

D Aspeculative guess as to the cause of a physical observation that is widely accepted by scientists

Question 13

Given that net force is equal to the product of mass and acceleration, the unit equivalent to newtons (N) is:

A kgms™?

B kgmst

C mA

D kgA

Question 14

The diagram shows a properly calibrated ammeter with its needle pointing / \
e N

close to a current of 170 A. Which of the following is the best measure of the 200 390 400

uncertainty of this reading? 100\\ \\\\\” ””/// ///500

A 10A 0 \\\\\\\\\ ///////// 600

B 5A \\x\\\\\ A ////%//

CcC 1A

D 05A S 4
Adapted from 2018 VCAA Exam Section A Q19 K j
Question 15

Anne is designing an experiment to calculate the impact of light intensity on current in the photoelectric effect. She
changes the intensity of light as measured relative to a maximum value (20%, 40%, 60%, 80%) in each trial. She repeats
the experiment three times at each intensity level and averages the current readings taken with the ammeter. She uses a
red laser for the 20% and 40% light intensity and a green laser for the 60% and 80% light intensity. She ensures that the
ammeter is zeroed and calibrated before the experiment.

This experiment is invalid. Which of the following is the best description of its invalidity?

A Changing light intensity and the colour of the light means that there is more than one independent variable in
this experiment.

Averaging the readings of each trial introduces the possibility of human error in the calculations.
Calibrating the ammeter will be a source of systematic error in the experiment.

Anne does not have the correct measuring device to measure the current in the circuit.

Question 16

Which of the following statements about reproducibility and repeatability is false?

A Repeatability refers to the ability of an experiment to be performed again a short while later by the same
experimenter with the same equipment and produce the same results.

B Reproducibility refers to the ability of a different experimenter to perform the same experimental method again
using the same equipment to produce different results.

An experiment may not be repeatable or reproducible if it used small sample sizes or too few trials.

Reproducing experiments is a method of checking for undisclosed systematic errors in the method of the
first experiment.
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Question 17

In the course of one experiment investigating voltage in a circuit, a student
e consistently reads an analogue voltmeter from an angle causing parallax error (error 1);
e finds that the voltage across a resistor varies in each trial with the same independent variable values (error 2); and

e incorrectly averages the three values by accidentally dividing by 4 instead of 3 (error 3).

Identify the kinds of errors.

Error 1 Error 2 Error3
A Personal Systematic Random
B Systematic Random Personal
C Personal Random Systematic
D Systematic Systematic Personal

SECTIONB

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 18 (5 MARKS)

A student releases a ball with a mass of 1.0 kg from rest at the top of a fixed ramp of length 1.5 m. The student measures
the speed of the ball at 1 second intervals. They repeat the experiment three times with the same ball and average the
results of the speed at each time interval.

a Identify one example of each of the following kinds of variables:
i Independent variable (1 MARK)
ii Dependentvariable (1 MARK)
iii Controlled variable (1 MARK)
b The student produces this graph of the results of their experiment.
Speed (ms™)
2.off

1.5¢
1.0t

0.5¢

4 4 4 +— Time (s)
0.5 1.0 1.5 2.0

Use this graph to calculate the magnitude of the acceleration of the ball given that acceleration can be found using

the formulaa = M. (2 MARKS)

At
Question 19 (12 MARKS)
A student is examining the power loss in a transmission line to Power loss P (W) Current / (A)
understand the effect of changing the current on the resulting power
loss. The uncertainty in the power loss is 50 W. She recorded the data 450 3.0
in the table. 800 4.0
a Calculate the values of 12 (in units of A2) and add them as a 1250 5.0
column to a copy of this table. You should provide these values 1800 6.0

to a suitable number of significant figures. (2 MARKS)
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b Identify whether current is an independent, dependent, or controlled variable. (1 MARK)

¢ Plotagraph of Pversus /2.

Remember to use an appropriate scale, include the correct uncertainty bars for P values, label each axis correctly,
and draw a line of best fit. (6 MARKS)

d Therelationship between power and current is P = /2R, where P is the power (W), / is the current (A) and R is the
resistance (Q). Using the line of best fit in part ¢, determine the value of the resistance of the transmission line
in ohms. (3 MARKS)

Question 20 (16 MARKS)

An electrical engineer is testing Coulomb’s law, which is an electromagnetic law that describes the force between two
charged bodies.

The electrical engineer changes the separation between two charged spheres and measures the electrostatic force. The
amounts of charge on the two spheres are kept constant.

As a ‘pilot study’ of this experiment, the engineer measures the force between two charged metal spheres that are
held 6.54 mm apart. Write this distance in Sl units and scientific notation. (2 MARKS)

Identify one example of an independent variable, dependent variable, and controlled variable in this
experiment. (3 MARKS)
The data recorded by the engineer is recorded in the table below. Calculate the values ofr—l2 in units of m™2 and add

them as a column to a copy of this table. (2 MARKS)

Separation r (mm) Force (N)

10.0 6.90x107%7
20.0 1.73x 10727
30.0 7.67%x107%8
40.0 431x107%8

Hence plot a graph of F versus r_lz

Remember to use an appropriate scale, label each axis correctly, and draw a line of best fit. (5MARKS)

ka,q,

2
newtons (N), g, is the charge of one body in coulombs (C), g, is the charge of the second body in coulombs (C), and
ris the separation between the bodies in metres (m). k is a constant called Coulomb’s constant.

The relationship described by Coulomb’s law is given by F = , where Fis the force between the two bodies in

The value of g, is 5.00 x 1072° C and the value of g, is 1.50 x 10721 C.

Use the line of best fit in part d to determine the value of Coulomb’s constant, k, that would be obtained in this
experiment. Give your answer in N m2 C™2. (4 MARKS)



In this unit students explore the importance
of energy in explaining and describing the

physical world. They examine the production
of electricity and its delivery to homeUns.
Students consider the field modelas a
construct that has enabled an understanding
of why objects move when they are not
apparently in contact with other objects.
Applications of concepts related to fields
include the transmission of electricity over
large distances and the design and operation
of particle accelerators. They explore the
interactions, effects and applications of
gravitational, electric and magnetic fields.

.' Imagé: Aphelleon/Shutterstock.com { : ‘

Students use Newton’s laws to investigate
motion in one and two dimensions, and are
introduced to Einstein’s theories to explain
the motion of very fast objects. They consider
how developing technologies can challenge
existing explanations of the physical world,
requiring a review of conceptual models and
theories. Students design and undertake
investigations involving at least two
continuous independent variables.

.
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UNIT 3

AOS3

. How fast can things go?

S
’

L

In this area of study students use Newton’s laws
of motion to analyse relative motion, circular
motion and projectile motion. Newton’s laws of
motion give important insights into a range of
motion both on Earth and beyond. At very high
speeds, however, these laws are insufficient to
model motion and Einstein’s theory of special
relativity provides a better model. Students
compare Newton’s and Einstein’s explanations
of motion and evaluate the circumstances in
which they can be applied. They explore the
relationships between force, energy and mass.

Outcome 3

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




UNIT 3 AOS 3, CHAPTER 2

Force and motion

2A Kinematics recap 2E Banked circular motion
2B Forcesrecap 2F Vertical circular motion

2C Inclined planes and connected 2G Projectile motion
bodies

2D Basic circular motion

Key knowledge

e investigate and apply theoretically and practically Newton’s three laws of motion in situations
where two or more coplanar forces act along a straight line and in two dimensions

investigate and analyse theoretically and practically the uniform circular motion of an object

2
moving in a horizontal plane: (Fnet=%), including:

— avehicle moving around a circular road

— avehicle moving around a banked track

— anobject on the end of a string

model natural and artificial satellite motion as uniform circular motion

investigate and apply theoretically Newton’s second law to circular motion in a vertical plane
(forces at the highest and lowest positions only)

investigate and analyse theoretically and practically the motion of projectiles near Earth’s surface,
including a qualitative description of the effects of air resistance

Image: Sky Antonio/Shutterstock.com



2A KINEMATICS RECAP

The content in this lesson is considered fundamental prior knowledge from Unit 2. It can be
used as revision or to bridge understanding for students who have not studied Unit 2 Physics.

This lesson examines the basic quantities of motion (displacement, velocity, and
acceleration), distinguishes between vector and scalar quantities, and introduces the
constant acceleration equations which will be heavily used throughout Chapter 2.

2A Kinematics 2B Forces recap 2C Inclined 2D Basic circular 2E Banked 2F Vertical 2G Projectile
recap planes and motion circular motion circular motion motion
connected bodies

Key knowledge units

Quantities of motion 2.1.2.1

Constant acceleration equations 2.1.2.2

Formulas for this lesson
Previous lessons New formulas

*

No previous formulas in this lesson v=u+at

* s=ut+%at2
L s=vt—%at2
* v2=u?+2as

+ o=l
s—2(v+u)t

=As

V="ht

P\
9="nt

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

acceleration the rate of change of velocity per unit time (vector quantity)
displacement the change in position of an object (vector quantity)

distance the total length of a given path between two points (scalar quantity)
scalar quantity a quantity that has only magnitude (size)

speed the rate of change of distance per unit time (scalar quantity)

vector quantity a quantity that has magnitude (size) and direction

velocity the rate of change of displacement per unit time (vector quantity)

Quantities of motion 2.1.2.1
OVERVIEW

Distance and displacement provide information about the physical position of an object.
Velocity and speed provide information about the rate at which the object's position changes.
Acceleration measures the rate at which the object’s velocity changes.




2A THEORY

THEORY DETAILS
Vectors and scalars

A scalar quantity only has magnitude. A vector quantity has both a magnitude and an
associated direction.

The direction component of a vector can be expressed in a variety of ways, such as stating

a direction in words (like ‘left’ or ‘east’) or applying sign conventions. The most common
convention is to assign one direction as positive and the opposite as negative. The problems in
this chapter will deal with one dimensional and two-dimensional motion. In these problems,
itis generally best to define one direction in the y-axis (generally ‘up’) and one direction in the
x-axis (generally ‘right’) as positive and define the opposite directions as negative.

Displacement and distance
Distance is the total length of a path travelled between two points. It is a scalar quantity.

Displacement, in comparison, is the shortest path between two points. It is the distance “as
the crow flies”. Displacement is a vector quantity, so it always has an associated direction.

The Sl unit for distance and displacement is metres (m).

_t=10s

A
{k

distance=8m { 5m

displacement=-2m <4+——m———
Figure 1 For an object travelling from 0 m to -2 m on the illustrated path, the distance covered is8 m (5 m +3 m)
while the displacementis =2 m.
Velocity and speed
USEFUL TIP

To convertfromms—to
km h™%, multiply by 3.6.

Velocity is the rate of change of displacement with respect to time. It is a vector quantity.

Speed is the rate of change of distance with respect to time. It is a scalar quantity. Both

velocity and speed have the Sl unit of metres per second (m s™1).
) ) ) o . ) To convert from km h™?
In general, the velocity of an object for any given motion is not necessarily constant - it toms1, divide by 3.6.

can speed up and slow down (and change direction) throughout the motion. Therefore we
distinguish between average velocity (and speed) and instantaneous velocity (and speed).
Average velocity describes the constant velocity that an object would have in order to travel
between two points in a given time. The following formula is used to calculate the magnitude
of the average velocity.

V_§_$2_51
At

v = average velocity (m s™%), s = displacement (m), t = time (s)

The average speed will be equal to the magnitude of the average velocity only if the direction
of motion does not change.

Instantaneous velocity describes the velocity at an instant in time. The instantaneous
velocity can be calculated using the formula for average velocity if the velocity is constant.
Instantaneous speed is always equal to the magnitude of the instantaneous velocity.
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Worked example

David runs one lap around a circular track with a circumference of 100 m in 25 seconds.
a Calculate David’s average speed.

b Calculate David’s average velocity.

a d=100m,t=25s

_d_100 _ -1
S=3=55 =40ms

b s=0m (Asonefull lap is completed, David ends up back where he started)

t=25s
_As_0 _ -1
V=Rat=25-0mMs

Acceleration
Acceleration is the rate of change of velocity per unit of time. The Sl unit for acceleration is m s™.
We will only be considering cases of constant acceleration. Acceleration can be calculated
using the following formula:
Av_v-u
a =-—2= -
At t, -t

a = acceleration (m s72), v = final velocity (m s™), u = initial velocity (m s™), t = time (s)

Itis important to note that because velocity is a vector quantity, if the direction of an object’s
motion changes then the velocity is changing (even if the speed stays constant). This means
that an object changing direction is always accelerating.

If an object has an acceleration that is in the opposite direction to its motion, the velocity
will reverse direction over time. The point at which the velocity is zero indicates the position
where the object starts travelling in the opposite direction.

Worked example

Matt is riding on a tram that brakes over a duration of three seconds as it approaches a
pedestrian crossing. The initial velocity of the tram is 11 m s™* north and the final velocity
is 2 m s! north. What is the acceleration of the tram over this time?

Take north as the positive direction: u=11ms?1,v=2ms™ At=3s
_Av_v-u
9= At T At
_Av_2-11__ -2
=At-"3 -"3ms north
The acceleration is negative because it acts in the opposite direction to the velocity (which
is taken to be in the positive direction). Hence, the acceleration could also be decribed as
3 ms2south.

a

Constant acceleration equations 2.1.2.2

OVERVIEW

The constant acceleration equations are used to determine an unknown quantity of motion.
THEORY DETAILS

In analysing motion with constant acceleration, there are several equations which form a
‘toolbox’ that allow us to solve for either displacement (s), initial velocity (u), final velocity (v),
acceleration (a), or time (t) if we know three of the other parameters.

These are commonly known as the ‘SUVAT’ equations because of these variables.
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The derivation of these equations is not part of the VCE Physics course, but can be done
using the equations already given in this chapter.

v=u+at
- 1 .
s=ut+ 5 at
—yp_d 22
s=vt 5 at
vZ=u?+2as
_1
s=5 (v+u)t
s =displacement (m), u = initial velocity (m s7), v =initial velocity (m s™2),

a = acceleration (m s72), t = time (s)

Worked example
a  Peter runs with an initial velocity of 2.00 m s™! east and accelerates at -0.100 m s™2 east.
Calculate how far Peter runsin 16.0 s.

b Jodie walks with an initial velocity of 1.70 m s™1 north and accelerates at
0.100 m s~2 south until reaching a velocity of 0.100 m s™* north. Calculate how far
Jodie walked.

¢ Christopher has an initial velocity of 2.00 m s™! to the right but slows uniformly to a
final velocity of 0.500 m s™! to the right over a time of 10.0 s. Calculate Christopher’s
final displacement.

a Take east as the positive direction: t=2.00ms™,a=-0.100ms2,t=16.0s
s=ut+3at2=2.00x16.0+3x (-0.100) x 16.02=19.2m
Direction is not required for a distance.

b  Take north as the positive direction: u=1.70ms™,a=-0.100ms2, v=0.100 ms™*

v2=uy?+2gs .. 0.1002=1.70%2+2 x (-0.100) x s

_0.1002-1.702
2x(-0.100)

Direction is not required for a distance.

=144 m

¢ Takeright as the positive direction: u=2.00ms™,v=0.500ms™, t=10.0s

s=3(v+u)t=3(0.500+2.00) x 10.0 = 12.5 m to the right

Theory summary

e Displacement and distance provide information about the position of an object.
e Velocity and speed measure how an object moves.

e Acceleration measures the rate of change of an object’s velocity.

e Displacement, velocity, acceleration and time are linked by the constant acceleration
equations. These equations can be used to solve kinematic problems.

KEEN TO INVESTIGATE?

oPhysics ‘Uniform Acceleration in One Dimension: Motion Graphs’ simulation
https://www.ophysics.com/k4.html

oPhysics ‘Uniform Acceleration in One Dimension’ simulation
https://www.ophysics.com/k6.html

USEFUL TIP

When using the SUVAT
equations which
contain t? to solve

for time, you may
encounter a quadratic
equation to solve.

To avoid this, try using
v2=u?+2as and
v=u+ atto solve for
time instead.
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2A Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following is not a vector quantity?
A Displacement

B Speed
C Velocity
D

Acceleration

Use the following diagram to answer Questions 2 and 3.

3m

4m

Question 2

What is the distance covered travelling along the indicated
path from point A to point B?

A 3m
B 4m
C 5m
D 7m
Question 3

What is the magnitude of the displacement travelling from
point A to point B?

A 4m

B 5m

C 7Tm

D 12m
Question 4

What is the speed of a car travelling with an instantaneous
velocity of -10 m s™1?

A -10ms™
B -5ms!
C 5mst

D 10ms™!
Question 5

What is the speed of a car that travels a distance of 50 m in
10 seconds?

50ms™
50ms!
60ms!

0.20ms™t

O 0 w >

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

A swimmer swims one length of a 50 m pool with constant
velocity. If they take 20 seconds, what is the magnitude of
their velocity?

Question 7 (2 MARKS)

A car accelerates from 0 km h™! to 36 km h™1 in 2.0 seconds.
Calculate the magnitude of the acceleration of the carin m s™.

Question 8 (1 MARK)

Atoy car accelerates at 0.30 m s™2 over 6.0 s. If the toy car has
afinal speed of 2.0 m s™1, how far has the car travelled?

Question 9 (2 MARKS)

Calculate the final speed of the taxi driven by Donna if she
observes the initial speed of the taxi to be 4.0 m s™! and she
accelerates at 0.50 m s72 for 30 m.

Adapted from 2012 VCAA Exam Section A Q5c

Question 10 (2 MARKS)

Martha rides her bike down a hill, trying to go as fast as she
can. She starts at an initial speed of 3.0 m s, ends at a speed
of 17 m s™! and covers a distance of 30 m. How long does her
descent take?

Question 11 (3 MARKS)

Calculate the initial speed in km h™! of a truck that speeds up
to 60 km h™! over 3.6 seconds and a distance of 50 m.

Question 12 (2 MARKS)

Amy sleds down a hill. She starts at rest and accelerates at
3.0 m s72. It takes Amy 4.0 seconds to get to the bottom of
the hill.

a Calculate the length of the path she travelled. (1 MARK)

b Calculate Amy’s final speed at the bottom of
the hill. (1 MARK)

Question 13 (5 MARKS)

Yasmin and Bill are trying to see who can slide further

on a polished wood floor after taking a run-up. Yasmin’s
initial speed is 1.70 m s while Bill’s is 1.60 m s™L. Yasmin
decelerates (slows down) with a magnitude of 0.500 m s™2
whereas Bill decelerates at 0.400 m s™2. Who travels further?
Justify your answer with calculations.
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Question 14 (3 MARKS)

Clara takes 10 seconds to run up a flight of stairs comprised

of 15 steps. Each step is 30 cm tall. She slows down over the
10 seconds so that she is stationary when she gets to the top
of the stairs. Calculate Clara’s average vertical acceleration.

I3O cm
130 cm

N e
[ %

Image: ankomando/Shutterstock.com

Question 15 (4 MARKS)

Ryan starts jogging at 1.0 m s"! and accelerates at a rate of
0.30 m s™2 over a distance of 10 m. Graham starts slower,
jogging at 0.80 m st and accelerates at a rate of 0.40 m s72
over 5.0 seconds. Who ends up running at a faster pace?
Justify your answer.

Question 16 (2 MARKS)

A shark accelerates at 2.0 m s™2 from its initial swimming
speed of 1.5 m s7L, It is hunting a stationary fish 10 m away.
The fish intends to dart into a nearby cave (out of the shark’s
reach) 2.0 seconds after the shark starts accelerating. Can the
shark catch the fish?

Question 17 (11 MARKS)

Rose’s journey to the corner store is mostly flat but involves
one hill at the end. This question will calculate the total time
it takes for Rose to get to the store on her bike in sections.

a Calculate the time it takes Rose to travel the flat section
totalling 600 m in distance if she rides at a constant
speed of 2.5 ms™L. (2 MARKS)

b Calculate the time it takes for Rose to ascend
the 20 m path on the hill if she slows down at a rate
of 0.10 M s™2. (4 MARKS)

Calculate the time it takes for Rose to descend down
the hill if she speeds up at a rate of 0.60 m s™2. The path
down the hill is also 20 m long. (4 MARKS)

d Hence, calculate the total time it takes for Rose to ride to
the store. (1 MARK)

s ==

Key science skills

Question 18 (6 MARKS)

Rory records his displacement versus time as he walks a
distance of 5 m to the south and plots the following graph.

-~

10 +

Displacement (m)

—
Lo

2 4 6 8 10
Time (s)

a Calculate the gradient of the trendline. (2 MARKS)

b  Explain the physical interpretation of the gradient of
the trendline. (2 MARKS)

¢ Whatis the magnitude and direction of
Rory’s velocity? (2 MARKS)



2B FORCES RECAP

The content in this lesson is considered fundamental prior knowledge from Unit 2. It can be
used as revision or to bridge understanding for students who have not studied Unit 2 Physics.

This lesson revises knowledge of force vectors, including vector addition and subtraction in
one and two dimensions. The lesson also revises the study of forces, including Newton’s laws
of motion, the net force, the gravitational force, and the normal force.

2A Kinematics 2B Forces recap 2C Inclined 2D Basic circular 2E Banked 2F Vertical 2G Projectile
recap planes and motion circular motion circular motion motion
connected bodies
Key knowledge units
1D force vectors 3.3.1.1.1
2D force vectors 3.3.1.1.2
Net force 3.3.1.3.2
Newton’s first law 3.3.1.3.1
Newton’s second law 3.3.1.33
Newton’s third law 3.3.1.34
Gravitational force 3.3.14
Normal force 2.19.1

Formulas for this lesson

Previous lessons New formulas
No previous formulas in this lesson * Fnet =ma
Fg =mg

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

equilibrium the state of having all the forces acting on an object in balance which means the net
force on the object is zero

force apush ora pull with an associated magnitude and direction (vector quantity)

gravitational force the force experienced by an object due to the gravitational field of
another object

net force the vector sum of all forces acting on an object

Newton’s first law law that states an object will accelerate only if a non-zero net force (unbalanced
force) acts upon it

Newton’s second law law that states the acceleration of an object is equal to the net force applied
divided by the mass of the object being accelerated

Newton’s third law law that states that for every force there is a reaction force of equal magnitude
and opposite direction

normal force the contact force that acts between two objects with equal magnitude on each object
and at right angles to the contact surfaces
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1D force vectors 3.3.1.1.1 -F +F
“— —

Figure 1 Force vectors with
magnitude F in the negative (left)

OVERVIEW

Force is a vector quantity, and in one dimension the direction of a vector is either positive

or negative. and positive (right) directions. Here
the positive direction has been
THEORY DETAILS defined as to the right.

Forces are vector quantities, having a magnitude and direction. The Sl unit for force is the
newton, N. In one dimension, the direction can either be positive or negative. The definition
of which direction is positive should be explicitly stated. Positive direction is often defined as
upwards or to the right.

To add or subtract 1D force vectors simply add or subtract all forces, making sure to include
signs to indicate direction.

Worked example

Add these two vectors.

8N 14N
< >

Defining the positive direction to the right:
Vectorsum=14+(-8)=6 N

6N
—

2D force vectors 3.3.1.1.2
OVERVIEW

Forces in 2D can be resolved into their two 1D vector components to perform vector addition
and subtraction.

THEORY DETAILS

The direction of a 2D force vector can be defined by the angle from an axis, or a direction such
as ‘North-West’. 2D forces can be broken down into two 1D force components in each of the
force’s dimensions. The 1D components forming a 2D force can be either positive or negative,
depending on the definition of which directions are positive.

Trigonometry is used to determine the magnitude of a 2D force’s components. Pythagoras’
theorem and trigonometry is used to determine the magnitude and direction, respectively, of
a 2D force vector from its 1D components.

F=7/F2+F?
x Y USEFUL TIP
1 Fy To add or subtract
0 =tan F_
E X vectors (when drawn
E F, = Fcos(6) to scale) graphically
y F = Fsin(0 and to get an idea of
vy~ sin(6) the direction of the
s resulting vector, add by
5 joining vectors tip-to-
x tail. To subtract, flip the
Figure 2 Equations relating the magnitude, F, and angle, 8, of a 2D force vector with its components in the x-y plane vectorto be subtracted

S and join tip-to-tail.
To add or subtract 2D force vectors, break each 2D vector down into its 1D components and

add or subtract the components in each direction to form two new 1D components. Then
calculate the magnitude and angle of the 2D vector sum from its components.
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2 Worked example

a
b

Add force vectors A and B.

Subtract vector A from vector B.
y

Defining the positive directions as to the right and upwards.

Determine the x- and y-components:

A =-4.0x cos(45°) =-2.83 N

A =4.0x sin(45°) =2.83 N

B,=10x cos(50°) =6.43 N

B,=10x sin(50°) =7.66 N

Now add components:

A +B =-2.83+6.43=3.60N

Ay + By =2.83+7.66=10.49N

Use components to determine new 2D force vector:
A+B=13602+10.492=11N

Define the angle of the vector from the positive x-axis:

0 =tan1 (122 =7p°

Hence, A+ B=11N at 71° from the positive x-axis.

Using the tip to tail method, this sum looks like:

Net force 3.3.1.3.2
OVERVIEW

The net force acting on an object is the vector sum of all forces
acting on that object.

THEORY DETAILS

The resultant force found by adding all the forces acting upon
an object is the net force.
The net force is often denoted as F, ., = ZF.

b

Using the previously computed x- and y-components:
B, -A =6.43-(-2.83)=9.26 N

By —Ay =7.66-2.83=4.83N

Use components to determine new 2D force vector:
A+B=1/9.26+4.832 =10N

Define the angle of the vector from the positive x-axis:

—tan-1(4:83) _ge
6=tant (352 ) =28
Hence, B-A=10 N at 28° from the positive x-axis.
Using the tip to tail method with the subtracted vector
reversed, this difference looks like:

"

4l gl — F
engine | - ®

F

g

v

Figure 3 The net force on a caris the sum of all the forces acting upon the car.
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3 Worked example

Determine the net force acting on the plane.

A

1200N &= [ ssesssnssssssanssss
<

Define left and upwards as positive.
Calculate the sum of horizontal forces:

Fii pet = 1200 — 400 = 800 N

net ~

Calculate the sum of vertical forces:

Fy et = 1000 — 600 = 400 N

Foer= V8002 + 4002 = 894 N

Define the angle of the net force from the left horizontal axis.

6= tan"1(300 ) = 26.6°

Hence, F__, =894 N at 26.6° from the left horizontal axis.

> " net

A

F =894N

net

0 =26.6°
6
1202 N

[ sesessssserivwsases
<

Newton’s first law 3.3.1.3.1
OVERVIEW

Newton’s first law is: an object will accelerate only if a net force acts upon it.

THEORY DETAILS

Newton’s first law states that an object will accelerate only if there is a net force acting upon
it. If there is no net force acting, the object will either remain at rest or keep moving at a
constant velocity. This is known as being in equilibrium. An important conclusion of the law is
that an object can be moving even if there is no force being applied.

For example, a rocket in the vacuum of space and away from the influence of gravity can
move at a constant velocity without any force from its engine since there is no drag to slow it
down. The net force is zero, so it will remain at a constant velocity.
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Newton’s second law 3.3.1.3.3
OVERVIEW

Newton’s second law is: the acceleration of an object is equal to the net force applied
divided by the mass of the object.
THEORY DETAILS

Newton’s second law states that the acceleration of an object is equal to the net force applied
divided by the mass of the object. This gives the equation:

F

_ net
- m

This equation is rearranged into the formula:
Fret=ma

Ft = net force (N), m = mass (kg), a = acceleration (m s72)

Newton’s third law 3.3.1.3.4
OVERVIEW

Newton’s third law is: for every action force, there is a reaction force of equal magnitude
and opposite direction.

THEORY DETAILS

Newton’s third law states that for every force applied to an object, the object will apply a
reaction force of equal magnitude and opposite direction on the object applying the
action force.

For example, a rocket in the vacuum of space expels gases from its engine to accelerate. The
rocket exerts a force to accelerate the gases backwards, causing the gases to exert a force of
equal magnitude and opposite direction (forwards) on the rocket.

Forces on rocket by gases  Forces on gases by rocket

<

Figure 4 The action and reaction forces causing a rocket to accelerate in space

For a pair of equal magnitude forces on bodies A and B to be an action/reaction pair, one
force must be exerted on Aby B (FonAbyB) with the other force exerted on B by A (Fon BbyA).

Additionally, F, -F,

nAbyB: onBbyA*

Gravitational force 3.3.1.4

OVERVIEW

The gravitational force experienced by an object is given by Fg=mg, where g is the
gravitational field strength or acceleration due to gravity.

THEORY DETAILS

The force of gravity attracts masses towards each other. The acceleration of a mass due to
gravity is equal to the gravitational field strength g at the mass’ location. This quantity g
is also known as the acceleration due to gravity, and it is independent of the mass being
accelerated. At the Earth’s surface, the acceleration due to gravity is 9.8 m s™2. Applying
Newton’s second law, we find that the gravitational force on an object is given by:

Fg =mg
Fg = gravitational force (N), m = mass (kg), g = gravitational field strength/acceleration due to
gravity (N kg™t orms2)
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The reaction force (remembering from Newton’s third law that every action force has an
equal and opposite reaction force) for the gravitational force on a mass M, by another mass
M, is the gravitational force on M, by M. A skydiver experiencing a gravitational force towards
Earth is exerting an equal and opposite gravitational force on the Earth. However, because
the mass of the Earth is so large, the acceleration from the force is negligible.

Normal force 2.1.9.1

OVERVIEW

The normal force is the equal and opposite reaction force that results from an object being in
contact with and applying a force to another object.

THEORY DETAILS

When an object Ais in contact with another object B, it exerts a contact force on that object,

Fongbyar Remembering Newton’s third law, object B will exert an equal magnitude force on

object Ain the opposite direction, Fonabys: This force is known as the normal force, F,,. For an

object not accelerating, the normal force ensures that the net force on object A is zero, so it
remains in equilibrium.

Note that the gravitational force on an object and the normal force on an object are not an
action/reaction pair. Since gravitational force is not exerted on an object by the surface
providing the normal force these forces are not an action/reaction pair. The action/reaction
pair is the contact force and the normal force.

Theory summary
e Forces are vector quantities with Sl unit newtons, N.
e 1D vectors can have a positive or negative direction.
- Add or subtract 1D vectors using their direction signs.
e 2D vectors can be broken down into 1D components.
- Use 1D components to add or subtract 2D vectors.
e Newton’s laws:

- 1%t An object will not accelerate unless a net force is applied.

- 2"d: The acceleration of an object by a net force is equal to the net force divided by the
mass of the object.

- 3 Every action force has an equal and opposite reaction force.
e The gravitational force is Fg =mg.

e The normal force is the reaction force of an object in contact with another object.

KEEN TO INVESTIGATE?

oPhysics ‘Vector Addition and Subtraction’ simulation
https://ophysics.com/k2.html

oPhysics ‘Vector Components’ simulation
https://ophysics.com/k3.html
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Skydiver

Fon skydiver by Earth

Earth

Figure 5 The gravitational action
and reaction forces between

a skydiver and the earth. The
acceleration of the earth is
negligible due to its large mass.

F=F

N on object by ground

r 3

VAVAVAAVee

y

on ground by object

Figure 6 The normalforce acting
on an object A sitting on another
object B as a result of the contact
force on Bby A
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Question 1

UNIT 3 | AOS 3 | CHAPTER 2: FORCE AND MOTION

2B Questions

THEORY REVIEW QUESTIONS

Which option defines Newton’s three laws?

Newton’s 1st

Newton’s 2nd law

Newton’s 3rd law

A accelerate ifa
net force acts

reaction force of
equal magnitude and

law
An object For every action The acceleration of
will only force, thereisa an object is equal to

the net force applied
divided by the mass of

B accelerate ifa
net force acts

the net force applied
divided by the mass of

upon it. opposite direction. the object.
An object The acceleration of For every action
will only an object is equal to force, thereis a

reaction force of
equal magnitude and

upon it. the object. opposite direction.
An object will | The acceleration of For every action
be at rest if an object is equal to force, thereis a

C no net force the net force applied reaction force of
actsuponit. | divided by the mass of | equal magnitude and

the object. opposite direction.

An object The acceleration of For every action
will only an object is equal to force, thereis a

D accelerate ifa
net force acts
upon it.

the net force applied
multiplied by the mass
of the object.

reaction force of
equal magnitude and
direction.

Question 2

Which single vector best represents the sum of the vectors x
and y? Note that these vectors are drawn to scale.

X y
> o
A B
—p ——
c D
> °
Question 3

Which single vector best represents the difference of the
vectors w and z? Note that these vectors are drawn to scale.

/zl\/yl’/

Question 4

Which forces acting on this block contribute to the net force
acting on the sliding block?

Ffriction
-

F

N

Gravitational a

Gravitational a

o 0 w >

All three forces

/ /[ / VAVAVAVAR
VFg

None of these forces

nd normal force

nd friction force

Question 5

Which of these three suspended masses in a uniform
gravitational field has the largest gravitational force acting
upon it?

A

10 kg

A

4m

7 /777777

A MassA
B MassB
C MassC
D

All masses have equal gravitational force acting
upon them.

Question 6

The normal forceis a

A reaction to a contact force.

B reaction to a gravitational force.
C gravitational force.
D

nuclear force.
EXAM-STYLE QUESTIONS
This lesson

Question 7 (2 MARKS)

Draw the vector sum of the three forces shown and label the
magnitude of the resulting force.

6N
_—

3N
—_

4N
—

Question 8 (1 MARK)

Aforce of 70 N acts on a 30 kg stone. Assuming there is no
friction, determine the magnitude of the acceleration of
the stone.

Question 9 (1 MARK)

A 2000 kg race car accelerates at 30 m s™2 over a distance of
100 m. Determine the magnitude of the net force acting on
the race car at this time.
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Question 10 (2 MARKS)
700N

Explain how the gases expelled by a rocket engine in one 30°
direction accelerate the rocket in the opposite direction, even 900 N — 1y 100N
when in the vacuum of space.

. 30°
Question 11 (4 MARKS) 700 N

Determine the components of the two vectors A and B in the
xand y direction.

B
A
50N 60 N
35° 65°
Question 12 (2 MARKS)

a Determine the magnitude and direction of the net force
acting on the esky. (3 MARKS)

b  Determine the magnitude of the esky’s acceleration.
(1 MARK)

Question 15 (6 MARKS)

Determine whether the three forces acting on this ball
are able to hold it stationary. The forces can be made any
non-zero magnitude, but cannot change direction. Justify

your answer.
4—(&%
F, F,
Question 13 (6 MARKS)

Four forces are acting on a 1000 kg boat being towed behind
a car. The boat is not accelerating in the vertical direction.

a Whatis the gravitational force acting on the boat? Take
upwards as positive. (1 MARK)

b  Whatis the magnitude of the normal force acting on
the boat? (1 MARK)

¢ Why s there a normal force present in this scenario?
(2 MARKS)

d The chain pulling the boat acts with a force of 1000 N,
while air resistance acts on the boat with a force of
970 N. What is the magnitude of the net force acting on

the boat? (1 MARK)
/© @ © @ 0O \

e Determine the magnitude of the boat’s acceleration.
(1 MARK)

1000N

Question 14 (4 MARKS)

Rami is struggling to push an 18 kg wheelie bin over a rock
when his mother suggests he pull it over instead. Rami can
push and pull with the same force of 300 N. When pushing,
this force acts at 45° below horizontal. When pulling, the
force acts at 45° above the horizontal.

300N

% j >/45°
/D

a Taking upwards as the positive direction, calculate the
vertical component of the force Rami is exerting in
both cases. (2 MARKS)

b Calculate the sum of the gravitational force and the
vertical component of the force applied by Rami on the
wheelie bin in each case. (3 MARKS)

¢ Evaluate whether Rami should push or pull the bin over
the rock. (1 MARK)

Key science skills

Question 16 (4 MARKS)

Three friends are pulling a 70 kg esky full of kombucha
against a friction force of 100 N.

Joanna conducts an experiment where she records the
gravitational force acting on different masses and records her
datain a graph.

Force (N)
F 3
251

1
o
4]

!

0 0.5 1 1.5 2

> Mass (kg)
2.5

Plot a line of best fit on the graph. (2 MARKS)

b  Determine avalue for acceleration due to gravity, g, from
the graph. (2 MARKS)



2C INCLINED PLANES AND CONNECTED BODIES

When towing a trailer up a hill, what are the relevant forces and in what directions do they
act? This lesson develops the ideas of Newtonian mechanics and how they relate to the world
around us. We will build on previous lessons to investigate how forces and kinematics are
applied to inclined planes and connected bodies.

2A Kinematics 2B Forces recap 2C Inclined 2D Basic circular 2E Banked 2F Vertical 2G Projectile
recap planes and motion circular motion circular motion motion
connected bodies

Study design key knowledge dot point

e investigate and apply theoretically and practically Newton’s three laws of motion in situations where two or more coplanar
forces act along a straight line and in two dimensions

Key knowledge units

Forces on inclined planes 3.3.1.5
Connected bodies in tension 3.3.1.6.1
Connected bodies in contact 3.3.1.6.2

Formulas for this lesson

Previous lessons New formulas
2B * Fpee=ma F,s=mgsin(6)
2B Fg =mg

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

connected bodies two or more objects either in direct contact or attached by a string, rope,
or cable

friction aforce that resists the relative motion of two surfaces which are in contact
inclined plane a flat surface that is at an angle to the horizontal plane

tension a pulling or stretching force that acts through an object connecting two bodies; the
magnitude of the force on both bodies is the same

Forces on inclined planes 3.3.15

OVERVIEW

For an object on an inclined plane, the normal force will act perpendicular to the plane, the
gravitational force will act vertically downwards, and the net force will act down the plane.

THEORY DETAILS

We know that when an object rests on an inclined plane, such as a ball resting on a hill, it
will accelerate down that surface if it is able to overcome friction. There are two forces which
always act on an object on an inclined plane:

e The force due to gravity which acts vertically down Figure 1 The forces thatact on
. A o an object on aninclined plane. If
e The normal force which acts perpendicular to the inclined plane there is a frictional force it will act
-, - . . ite the direction of motion.
In addition, there may be a friction force which acts parallel to the plane and opposite the ?np&?jcgsefhe'ﬁcct'i%z; f@rie‘?:
direction of motion (if the object is sliding down the plane then the friction force acts up directed up the inclined plane
because the motion is down
the plane).
the plane.

These forces, when added together, result in a net force which acts parallel to the plane.
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The force due to gravity can be resolved (separated) into two components: one perpendicular
and one parallel to the inclined plane, as shown in Figure 2.

(a) (b)

r ?“\mg cos(0)
g “‘
s
,,‘/"‘mg sin(0)

Figure 2 (a) The vector components of the force due to gravity which are parallel and perpendicular to an inclined
plane. The angle between the force due to gravity and its component perpendicular to the plane is the same as
the angle of the inclined plane to the horizontal (8). (b) These components can replace the force due to gravity to
simplify the analysis of motion on inclined planes.

Fq

S
F . =the component of the force due to gravity acting down the slope (N), m = mass (kg),

=mgsin(0)

g = acceleration due to gravity (9.8 m s72), 8 = angle of incline (°)

An object on aninclined plane does not accelerate perpendicular to the plane because the
normal force has the opposite direction and equal magnitude to the component of the
gravitational force which is perpendicular to the plane, mg cos(6). Therefore the net force on
an object which is sliding down an incline has a magnitude given by F, , = mgsin(6) - F,.

et
USEFUL TIP

The net force and the components of the gravitational force are not forces in their own
right. Therefore if we are asked to draw ‘the forces acting on the object’ on an inclined
plane, we should not draw the net force or the components of the gravitational force

- we should draw only the normal force, the force due to gravity (vertically down), and
the friction force (if applicable). However, it is common for exam questions to ask us to
draw the net force as well.

Worked example

A body of mass 2.0 kg is placed on a plane inclined at 35° to the horizontal. The inclined
plane provides a constant frictional force of 4.0 N. Calculate:

a The magnitude of the normal force acting on the 2.0 kg mass.

b The magnitude of the acceleration of the 2.0 kg mass down the slope.

a The normal force will be equal to the component of the force due to gravity that is
perpendicular to the inclined plane (see Figure 2)

F\y=mgcos(6) =2.0 x 9.8 x cos(35°)
Fy=16N
b  The net force down the slope on the mass will equal the force acting parallel down the
inclined plane minus the frictional force
Frot=Fgs = Ff=mgsin(B) - F,=2.0x 9.8 x sin(35°) = 4.0
Fro= 724N
Free=ma .. 7.24=2.0%a

a=3.6ms?2

59
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Connected bodies in tension 3.3.1.6.1
OVERVIEW

When two or more bodies are connected by a string or similar object that is being stretched
or pulled, there is a tension force acting through the string in both directions. The two bodies
will have the same acceleration. Newton’s second law can be applied to whole connected
body systems, or to individual bodies in order to find the acceleration and forces.

THEORY DETAILS

When two or more bodies are connected by a string and there is a force (or forces) which acts
to separate the two bodies, there exists a tension force which acts in both directions pulling
the bodies together. In VCE Physics, the string will be considered massless. Figure 3 shows a
cart, A, which is experiencing a pulling force, F,, to the right and which is towing a block, B.
Both the cart and the block experience the tension force, T, which acts with equal magnitude
on both objects but in the opposite direction. In this case block B experiences a friction force,
but friction will not always be considered in VCE Physics.

T T

A 4
r 3

Figure 3 The horizontal forces involved for a cart, A, which is towing a block, B.

We can apply Newton’s second law, F, = ma, to any individual object or to the system of
connected bodies as a whole. The acceleration will have the same value in all cases. It is
important that we correctly consider the relevant forces and masses in each case.

When analysing the whole system, treat it as a single object:

e Ignore the tension forces which are considered ‘internal forces’ in this case because they
have the same magnitude in opposite directions, cancelling each other out.

e Use the sum of all the masses.
When analysing a single object within the connected system:

e Consider only the forces acting directly on that object, including the tension force.
e Use only the mass of that object.

(a) -

(c)

F

f

Figure 4 The relevant forces from Figure 3 when we analyse (a) the whole system, (b) only cart A, and (c)
only block B.

If we take right as the positive direction in Figure 4, we can see that the relevant equations
for considering

e thewholesystemaref  =F -F;andF  =(m,+mg) xa.
e onlycartAaref ,=F -TandF, ,=m,xa.
e onlyblockBareF, ,=T-FandF, ,=mgxa.
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Worked example

A cart of mass 6.0 kg tows a block of mass 4.0 kg. The cart is pulled by a force of 8.0 N and
there is a frictional force of 4.0 N acting on the block.

m,=4.0 kg m,=6.0 kg

4.0N

Calculate the magnitude of the acceleration of the cart.

b Calculate the magnitude of the tension force.

a Thecart and the block have the same acceleration. We do not yet know the tension force
which acts on both the cart and the block. We will analyse the whole system (cart and
block together) since this does not involve tension.

Consider the forces acting on the whole system: F, ,=F - F,=8.0-4.0=4.0 N
Apply Newton’s second law to the whole system: F ;= (m,+mg)xa .. 4.0=(6.0+4.0) xa

a=0.40ms2

b Now we can analyse either the cart or the block individually to find the tension force.
We will use the cart.

m,=6.0 kg

Apply Newton’s second law to the cart: F, ,,=m, xa=6.0x0.40=2.4 N
Consider the forces acting on the cartonly: F ,=F - T . 2.4=8.0-T
T=56N

We can make similar calculations when one of the connected masses is hanging over an edge
via a pulley as shown in Figure 5(a). The only difference is that the force due to gravity acting
on the hanging mass will replace the pulling force.

(a) T (b)

A

¢Fg:mﬂg

Figure 5 (a) The forces involved for a block, A, which is hanging and connected to a block, B, which is on a horizontal
surface. (b) For the purpose of calculations, this can be modelled with all forces acting in a horizontal direction.
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Connected bodies in contact 3.3.1.6.2
OVERVIEW

When two or more bodies which are in direct contact are pushed (rather than pulled) they
will exert contact forces on one another with respect to Newton’s third law, being of equal
magnitude but in opposite directions. The bodies will always have the same acceleration.

THEORY DETAILS

When two or more connected bodies which are in direct contact are pushed together, they
exert contact forces on each other. Figure 6 shows a pushing force, F , applied to two blocks
which are in contact. This pushing action will cause block A to exert a contact force on block
B, Fon g by a- AS PET Newton’s third law, block B will exert a contact force of equal magnitude
and opposite direction on block A, Fonaby B Friction is not shown in this case.

F

onAbyB Fan BbyA
]

I A B

Figure 6 The forces involved when connected bodies are in contact and an external force is applied. The bodies
exert forces on each other that are equal in magnitude but opposite in direction. F, 4 is the only force that acts

onBb;
on block B whereas block A experiences force £, and £, - e

Similarly to connected bodies in tension, we can apply Newton’s second law to any individual
object or to the system of connected bodies as a whole. The way we approach problems
involving connected bodies in contact is the same as for connected bodies in tension: the role
of the tension force is simply replaced by the contact forces.

(a) e r
| 1
| |
| 1
| 1

Fol |
—H A B |
| 1
(b)
onAbyB
FX
—> A
(c)
Fan BbyA
>
B

Figure 7 The relevant forces from Figure 6 when we analyse (a) the whole system, (b) only block A, and (c) only
block B.

If we take right as the positive direction in Figure 7, we can see that the relevant equations
for considering

e thewholesystemareF  =F andF = (m,+mgxa.

* onlycartAareF, ,=F —Fy .,

aandF =mgxa.

gand F,=m,xa.

e onlyblockBareF, ,=F,, Bby
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Worked example

Two blocks, A and B, which have a mass of 2.0 kg and 4.0 kg respectively are in contact and
are being pushed on a frictionless surface by a force of 12 N.

12N
— A B

m,=2.0kg m_=4.0 kg

Calculate the magnitude of the acceleration of the blocks.

b Calculate the magnitude of the force on block A by block B.

¢ Calculate the magnitude of the force on block B by block A.

a Wedo notyet know the contact force which acts on both blocks. We will analyse the
whole system (both blocks together) since this does not involve the contact force.
Consider the forces acting on the whole system: F ,=F =12 N
Apply Newton’s second law to the whole system: F .= (m,+mg)xa .. 12=(2.0+4.0) xa
a=2.0ms72

b

onAbyB
12N
m,=2.0kg
A
Apply Newton’s second law to block A: F, ,=m, xa=2.0x2.0=4.0 N
Consider the forces acting on block Aonly: F,,,=F, - Fonabys ~-40=12=Fy 1 p
Fonabys=8-0N

¢ The magnitude of the contact force acting on each block is the same:
FoanyA=8.O N

Theory summary

There are three forces that can act on an object on an inclined plane:

- The force due to gravity - acting vertically down

- The normal force - acting perpendicular to the inclined plane

- Afriction force (if applicable) - resists motion

The vector forces can be added to find the net force which will act down the inclined plane
with a magnitude given by F, .= mgsin(8) — F(if friction is applicable).

et
Newton’s second law can be applied to the whole system or individual components of
connected body systems to calculate acceleration and net force.

Tension is the force on an object by a string, rope or cable.

- The tension force will have the same magnitude but opposite direction for both
objects it is attached to.

- These two forces will cancel out when working with the whole connected body
tension system.

Connected bodies in contact experience an equal and opposite contact force which cancel
each other out when examining the whole system.

USEFUL TIP

When two bodies

are in contacton a
frictionless surface,
the net force on each
block will be directly
proportional to its
mass. So for a 3 kg and
6 kg block, the 6 kg
block will have a net
force twice as large as
the 3 kg block.

KEEN TO
INVESTIGATE?

oPhysics ‘Static and
Kinetic Friction on an
Inclined Plane’
https://www.ophysics
.com/f2.html
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2C Questions

THEORY REVIEW QUESTIONS

Question 1

A mass m lies on a plane that is inclined at 8 degrees to the
horizontal. The component of the force due to gravity that
acts parallel down the plane is equal to

A  mg.

B mgsin(0).

C mgcos().
1

D Emg

Question 2

Use arrows to draw all of the forces that act on the box in
the diagram as it accelerates down the plane. Assume
frictional forces apply. In addition draw the net force, F, ., as
a dotted line.

Consider the body as a single object.

Question 3

Two solid wooden blocks of different masses are in contact
and are being pushed by a constant force x on a smooth
frictionless surface. The larger mass is twice as heavy as the
smaller mass. The net force that acts on each body is

the same independent of the body’s masses.

B twice as much for the smaller mass relative to the
larger mass.

less for the larger mass compared to the smaller mass.

proportional to the masses of the two blocks.

Question 4

Atruck is accelerating whilst pulling a trailer forward
connected by a light inextensible string. The tension force in
the string acts

A backwards on the truck and forwards on the trailer.
B only backwards on the truck.

C only forwards on the trailer.
D

forwards on the truck and backwards on the trailer.

EXAM-STYLE QUESTIONS
This lesson

Question 5 (5 MARKS)

S.QV\%

15°

An object with a mass of 5.0 kg is on a plane inclined at an
angle of 15°. The surface is frictionless.

a  What is the magnitude of the normal reaction force, F),
acting on the object? (2 MARKS)

b  Whatis the net force acting on the object? (2 MARKS)

¢ Calculate the magnitude of the object’s acceleration.
(1 MARK)

Question 6 (3 MARKS)

Penny is using a tractor of 800 kg to tow a trailer with a mass
of 700 kg. The tractor and trailer accelerate at 1.20 m s™2.
Ignore the mass of the rope used to tow the trailer and the
effects of friction.

a  Whatis the driving force of the tractor? (1 MARK)
b Calculate the tension force between the trailer and
the tractor. (2 MARKS)

Adapted from 2011 VCAA Exam 1 Section A AoS 1Q1/2

Question 7 (4 MARKS)

Howard connects two masses M, (0.50 kg) and M, (0.25 kg)
with a string. The second mass is hanging off the edge of a
table and the string runs through a frictionless pulley. M, is
on a surface with a constant frictional force of 0.50 N and the
mass of the string is negligible.

M

2

0.25kg

a  Calculate the acceleration of M,. (2 MARKS)

b  Calculate the tension in the rope connecting the
two masses. (2 MARKS)

Adapted from 2010 VCAA Exam 1 Section A AoS 1Q3
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Question 8 (5 MARKS)

Two blocks, A and B, which have a mass of 2.0 kg and
6.0 kg respectively are in contact and are being pushed on a
frictionless surface by a force of 80 N.

a  Find the magnitude of the force on block A by
block B. (3 MARKS)

b  Whatis the direction and magnitude of the force on
block B by block A? (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q8

Question 9 (8 MARKS)

Amy is dragging two miniature pyramids each of mass
250 kg through sand which provides a frictional force of
100 N to each pyramid. T, and T, represent the tension force

that exists in the rope between Amy and the first pyramid and

between the two pyramids respectively. A rope will break if
its tension force reaches 1800 N.

250 kg 250 kg

AN

o Rope 1

5

—>» 100N —» 100N

a  Whatis the magnitude of T, when Amy is dragging the
pyramids at a constant speed? (1 MARK)

b Amy needs to be home for dinner and accelerates in
the direction of motion at 0.25 m s72. Calculate the
magnitude of T,and T,. (4 MARKS)

¢ Amy’sdinner has already been served for her and is
beginning to cool down. She increases her acceleration
to the point where one of the ropes break. Which
rope broke first and what was the magnitude of Amy’s
acceleration? (3 MARKS)

Adapted from 2012 VCAA Exam 1 Section A AoS 1Q5

Question 10 (3 MARKS)

b Thetable top is then removed and the blocks accelerate
downwards at g. What is the magnitude of force that
block B now exerts on block A? (1 MARK)

Adapted from 2019 VCAA NHT Exam Section B Q9

Question 11 (5 MARKS)

A 20.0 kg cart is placed on an inclined plane with 6 = 30.0°.
Assume that the cart is frictionless.

20 _()\k%

30.0°

a  Whatis the magnitude of the acceleration of the cart
down the slope? (2 MARKS)

b Thecartisreplaced with a 20.0 kg lead block. The block
accelerates down the slope at 0.50 m s72.

Determine the magnitude of the friction force acting on the
lead block. (3 MARKS)

Previous lessons

Question 12 (8 MARKS)

Block B has a mass of 3.0 kg and sits at rest on top of a table.
Block A has a mass of 2.0 kg and is resting on top of block B.

A
2.0kg

B
3.0 kg

a Calculate the magnitude and direction of the force
exerted on block A by block B. (2 MARKS)

Students Sheldon and Leonard roll a ball down a frictionless
hillinclined at 30.0° to the horizontal. The inclined plane of
the hill is 10.0 m long. The ball they use has a mass of 0.50 kg
and is released from rest. Once the ball reaches the bottom of
the hill it rolls onto a surface where there is a constant rolling
friction force of 0.75 N which stops the ball after y m.

30.0°

F 3
v

y

a Calculate the magnitude of the acceleration of the ball
as it rolls down the hill. (2 MARKS)

b  Whatis the speed of the ball when it reaches the bottom
of the hill? (2 MARKS)

¢ Calculate the distance, y, it takes for the ball to come to a
rest when it travels on the flat frictional surface. (3 MARKS)

d When the ballis at rest on the horizontal surface it
experiences a normal force which can be described as
‘the force on the ball by the ground?’. If this is considered
the ‘reaction force’, identify the ‘action force’ in relation
to Newton’s third law. (1 MARK)
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Key science skills

Question 13 (3 MARKS)

Chris and Liam are conducting an experiment where they are
attempting to measure the distance M, falls in one second
using a ruler with gradations every 5 cm. M, is connected to
M, by a light inextensible string over a frictionless surface.

M

1

X

X
I
I
I
I

7777777/%777777777

Comment on arandom error associated with their distance
measurements and two ways in which the effect of random
errors can be reduced.



2D BASIC CIRCULAR MOTION

Whenever a body travels in a circle, it is undergoing circular motion. Circular motion is always
caused by a net force called the centripetal force. This lesson examines the basics of circular
motion. More complex cases of circular motion will be explored in the next few lessons.

2A Kinematics 2B Forces recap 2C Inclined 2D Basic 2E Banked 2F Vertical 2G Projectile
recap planes and circular motion circular motion circular motion motion
connected bodies

Study design key knowledge dot points
e investigate and analyse theoretically and practically the uniform circular motion of an object movingin a
horizontal plane: (Fnet = mTVz ), including:
- avehicle moving around a circular road
- avehicle moving around a banked track
- anobjecton the end of a string

e model natural and artificial satellite motion as uniform circular motion

Key knowledge units

Circular speed 3.3.21
Centripetal acceleration 3.3.3.1
Centripetal force 3.3.2.2

Formulas for this lesson

Previous lessons New formulas
2mnr
* - —_
2B Fnet =ma v= T
« . _V2_A4m?r
a= r - T2
2)
_myv
Fnet - r

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

centripetal force the net force causing circular motion which is always directed towards the
centre of a body’s circular path

frequency the number of cycles completed per unit of time

period the time taken to complete one cycle

Circular speed 3.3.2.1

OVERVIEW

Circular speed is a quantity that measures the rate of distance travelled around a circular path
with respect to time.

THEORY DETAILS

The speed of a body undergoing uniform circular motion can be calculated as distance
divided by time. The total distance around a full circle is the circumference (C = 2mr) and
the time taken to complete a revolution is the period (7). This is also the inverse of the

frequency (T=%>.
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From this, we can derive the formula for circular speed:

_2mnr
V=T
v =circular speed (m s71), r = path radius (m), T = period (s)

Circular speed is a scalar quantity. The direction of motion (direction of instantaneous
velocity) at any point is always tangential to the circular path as seen in Figure 1.

Figure 1 The instantaneous velocity of an object in circular motion is always tangential to the circular path
(pointing in the direction of motion). The centripetal force and centripetal acceleration are always directed radially
inwards (at a right angle to the direction of motion).

Worked example

Calculate the speed of a car in km h™! that drives around a roundabout with a radius of
30.0 metres in 15.0 seconds.

r=30.0mand7=15.0s

_2mr _2mx30.0 _ =il
= =150 =12.5Tms

v=12.57%x3.6=452kmh™1

Centripetal acceleration 3.3.3.1

OVERVIEW

Centripetal acceleration is a vector quantity that measures the rate of change of the
instantaneous velocity when a body travels on a circular path.

THEORY DETAILS

e When a body is undergoing uniform circular motion, it is always accelerating towards the
centre of its circular path.

e Centripetal acceleration is always at a right angle to the instantaneous velocity
(see Figure 1).

e Theradially inward centripetal acceleration causes the direction of motion to
continuously change so that it is always tangential to the circular path.

The magnitude of centripetal acceleration can be calculated as follows.
_v2_an’r
- r - TZ
a = centripetal acceleration magnitude (m s™2), v = circular speed (m s™1), r = path radius (m),

T=period (s)

Note that any body undergoing circular motion is accelerating even if it has a constant speed.
This is because the velocity of the body must be changing since its direction changes. In VCE
Physics we will only ever deal with circular motion at constant speeds (known as uniform
circular motion).
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Worked example

Calculate the magnitude of the centripetal acceleration of a car that drives around a
roundabout with a radius of 30.0 m in 15.0 seconds.

4m?r

a usinga= 7z

2
b usinga= VT with values calculated in Worked example 1.

4m?r _ 4xm2x30.0

= = -2

a a7 5 15.02 526ms

b  From Worked example 1,v=12.57 ms™tand r=30.0 m.
_v2_12.572 _ o
="F=350 =526ms™

Centripetal force 33.2.2
OVERVIEW

The centripetal force is the net force that causes a body to undergo circular motion. It always
points radially inwards towards the centre of the circular path.

THEORY DETAILS

Centripetal force is the name for the net force when a body is in uniform circular motion. It is
not an individual physical force acting on a body, but the vector sum of all other forces.

When a caris driving in a circle, the centripetal force is the net force caused by friction
between the car tyres and the road. When swinging earphones in a vertical circle, the
centripetal force is the net force of the tension in the cord and the gravitational force. We can
also model orbital motion as circular motion. In this case, the centripetal force is the net force
caused by the gravitational force. Orbital motion is covered in more detail in Chapter 5.

By Newton’s second law, we know that F .= ma. Given that a body in circular motion is
accelerating radially inwards, there will be a net force on the body radially inwards.

2
By substituting the formula for centripetal acceleration (a = VT) into Newton’s second law
we can derive the equation for centripetal force:

E _mv?_ _4n’r
net~ r T2

Fet = centripetal force (N), m = mass of body (kg), v = circular speed (m s71), r= path radius (m),

T=period (s)

Like the centripetal acceleration, the centripetal force always points radially inwards. This
means it points directly to the centre of an object’s circular path.

Worked example

Calculate the magnitude of the centripetal force of a 700 kg car that drives around a
roundabout with a radius of 30.0 m in 15.0 seconds.

r=30.0m,m=700kg, T=15.0s

4m?r 4x1?x30.0

7 = 100X =3 =3.68x 103N

F=m
OR
From Worked example 1,v=12.57 ms!
r=30.0m, m=700 kg

_mv2 _700x12.572

= 3
F== 30.0 =3.68x10°N

69

Free-body
diagram F,

F —
s F_=F

v net ' friction

Figure 2 The centripetal force
acting on a car undergoing circular
motion on a flat track is caused

by friction between the tyres and
the road
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Theory summary
Formula
Circular speed/ =20
instantaneous velocity T
Centripetal @ _Vv2_4m?r
acceleration Ir T2
Centripetal force _mv:_ am?r
net r T2

UNIT 3 | AOS 3 | CHAPTER 2: FORCE AND MOTION

KEEN TO INVESTIGATE?

Direction

No direction/tangential

Radially inwards

Radially inwards

YouTube video: Crash Course - Uniform Circular Motion

https://youtu.be/bpFK2VCRHUs

Description

Rate of change of
position around a
circular path

Rate of change of
instantaneous velocity

Net force that causes
circular motion

YouTube video: The Science Asylum - Centrifugal Force Does NOT Exist

https://youtu.be/zHpAifN_2Sw

2D Questions

THEORY REVIEW QUESTIONS

Question 1

Identify the correct directions of circular speed, centripetal
acceleration and centripetal force.

Circular speed Centripetal Centripetal force
acceleration
A Tangential Radially inwards Radially inwards
B No direction Radially inwards Radially inwards
C Tangential No direction Radially inwards
D Radially inwards Tangential Tangential
Question 2

Instantaneous velocity in circular motion can be calculated by

A dividing the total circumference of the circular path by
the time taken to complete one revolution.

B multiplying 21 by the radius of the circle and the time
taken to complete one revolution.

C dividing the total circumference of the circular path by
the time taken to complete one revolution and including
the tangential direction.

D multiplying 2m by the radius of the circle and the time
taken to complete one revolution and including the
tangential direction.

Question 3

The best description of the centripetal force is

A
B

the product of a body’s mass and its acceleration.

the net force for objects undergoing circular motion,

which points radially inwards.

C theforce that points radially inwards for objects
undergoing circular motion.

D theforce that pointsin the direction of motion for
objects undergoing circular motion.

Question 4

When does a car not experience a centripetal acceleration?

A When it speeds up along a straight track
B When it travels around a roundabout at constant speed
C  Whenitturns around a corner following a circular path

at a constant speed

D None ofthe above
EXAM-STYLE QUESTIONS
This lesson

Question 5 (6 MARKS)

Identify the direction of the centripetal force of the body
undergoing circular motion. The centre of motion in each
case is indicated with a small black square.
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a u b
]
o
L
(1 MARK) (1 MARK)
c d
(1 MARK)
e L, e RN R f ./
’ \
’ \
1 R \
! @ Earth !
\ 1
\ ]
\ ’
3® Astronaut ’
N < _ rd
-~ ’. -
Direction of motion
(1 MARK) (1 MARK)

Adapted from 2013 VCAA Exam Section A Q5 and 2009 VCAA Exam 1 Section A Q13

Question 6 (1 MARK)

In a game of totem tennis, a tennis ball travels around the
central pole at a speed of 16 m s™L. The ball travels a circular
path with a radius of 1.5 m. The tennis ball has a mass

of 60 grams. Calculate the magnitude of the centripetal
acceleration of the ball.

O

Question 7 (1 MARK)

A bus with a mass of 15 000 kg drives around a roundabout
with a 45.0 m radius over a period of 30.0 seconds. Calculate
the magnitude of the centripetal force on the bus.

Question 8 (2 MARKS)

A student runs around a circular track with a radius of 50.0 m
at a speed of 8.00 m s™%. The student has a mass of 55.0 kg.

a Calculate the magnitude of the student’s
centripetal acceleration. (1 MARK)

b  Calculate the magnitude of the centripetal force
acting on the student. (1 MARK)

Question 9 (3 MARKS)

Abeetle is trying to cling on to the end of a rotor blade of a
helicopter rotating at a constant speed. The helicopter rotor
undergoes 8.00 revolutions per second. The rotor blades are
12.0 m long.

a Calculate the circular speed that the beetle must
theoretically endure. (2 MARKS)

b  Given that the beetle is unable to hold on to the blade,
in what direction will it travel if it lets go at the position
indicated in the diagram? (1 MARK)

D

Question 10 (3 MARKS)

A 600 kg car drives around a roundabout with a 60 m radius
at36 kmhL,

a Calculate the magnitude of the acceleration of
the car. (2 MARKS)

b  Calculate the magnitude of the centripetal force
experienced by the car. (1 MARK)
Adapted from 2009 VCAA Exam 1 Section A Q3

Question 11 (3 MARKS)

Calculate how long it takes for a car to turn right around a 90°
corner with a radius of 5.0 m if the car is driving at 15 m s,
Assume the car takes a circular path.
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Question 12 (7 MARKS)

Mars (radius 3.00 x 106 m) has two moons called Deimos and
Phobos. Deimos orbits Mars 2.30 x 107 m from the surface

of the planet. It takes 30.0 hours for Deimos to complete a
circular orbit of Mars.

a Calculate the orbital speed of Deimos. (3 MARKS)

b  Calculate the magnitude of the orbital acceleration
of Deimos. (1 MARK)

¢ Phobos takes 8.00 hours to orbit Mars, and orbits at a
speed of 2.00 x 103 m s7L. Calculate the orbital height of
Phobos above the surface of Mars. (3 MARKS)

Question 13 (2 MARKS)

Hafsah attaches a 0.30 kg ball to a 0.80 metre long string.
The string will snap if the tension is greater than or equal to
3.0 N. Hafsah then makes the ball move in a horizontal circle
on the frictionless floor, slowly increasing the ball’s speed.
Calculate the maximum speed the ball can reach before the
string will break.

Adapted from 2012 VCAA Exam 1 Section A Q7

Previous lessons

Question 14 (4 MARKS)

1.5kg ‘

115°

A 1.5 kg box starts at rest on a smooth ramp angled at 15°
behind a stationary truck. The box slides a distance of 2.0
metres down the ramp. Calculate the speed of the box when
it reaches the bottom of the ramp.

Question 15 (3 MARKS)

There is a force that acts upwards on each of the four legs of
a symmetrical 20.0 kg stool when it is placed on the ground.

a Identify the name of this force. (1 MARK)

b  Calculate the magnitude of the force on one leg. (2 MARKS)

i

Key science skills

Question 16 (2 MARKS)

Aarushi is measuring the radius of a circular model train track
to calculate the train’s circular speed. She uses this ruler and
measures the radius to be seven centimetres. Explain how to
identify the uncertainty in this measuring device and state
the uncertainty.

0
1
23,
S 6
7 8
9 10



2E BANKED CIRCULAR MOTION

Have you ever wondered why cycling events at the Olympics take place on banked
tracks in a velodrome? This lesson explores the physics of circular motion on banked
tracks and circular motion with conical pendulums.

2A Kinematics 2B Forces recap 2C Inclinedplanes | 2D Basiccircular 2E Banked 2F Vertical 2G Projectile
recap and connected motion circular motion circular motion motion
bodies

Study design key knowledge dot point

e investigate and analyse theoretically and practically the uniform circular motion of an object moving in a horizontal plane:
Fret= mTVZ, including:

- avehicle moving around a circular road

- avehicle moving around a banked track

- anobject on the end of a string

Key knowledge units

Banked tracks 3.3.2.3.1

Conical pendulums 3.3.2.3.2

Formulas for this lesson

Previous lessons New formulas
- =./F 2+F2
2B Fg mg FN' Fnet +Fg
2]
—mv .
2D Fret="r Fnet=FNsm(9)=than(9)

v=+/rgtan(0)

Definitions for this lesson

conical pendulum a mass on the end of a string which undergoes horizontal circular motion
design speed the speed on a banked track for which there is no sideways frictional force acting
on the vehicle

Banked tracks 3.3.2.3.1

OVERVIEW

Banked tracks are curved sections of a track for a vehicle commonly used in races.

They are useful because of a phenomenon called the ‘design speed’. A vehicle travelling at
the design speed of a banked track does not require a friction force between the tyres and
the road to provide the centripetal force.

THEORY DETAILS
Forces

In most real-world circumstances, a vehicle undergoing circular motion on a banked track
experiences three forces:

e The force due to gravity (Fg)
* Anormalforce (Fy)

e Asideways frictional force - not applicable to calculations in VCE Physics
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(a) (b)

/Wv

Figure 1 (a) A cyclist riding in a circle on a banked track at the design speed. (b) Thereis no
sideways frictional force so the centripetal force is equal to the horizontal component of the normal
force. The vertical component of the normal force is balanced by the force due to gravity.

_mv?

The net force is the centripetal force (F T ) It always points horizontally towards the

net
centre of the circular path of the vehicle (not the centre of the track at ground level).

When a vehicle is travelling at a certain speed, known as the ‘design speed’ (explored in the
next section), there will be no sideways force exerted on the vehicle by the track.

This condition will always apply to calculation questions in VCE Physics. In this case, the
relevant forces on the vehicle are as shown in Figure 1.

USEFUL TIP

The centripetal force is not a single force for banked circular motion. It is the resultant
(net) force due to the normal force and the force due to gravity. Therefore if we are asked
to draw ‘the forces acting on the vehicle’ in banked circular motion, we should not draw
the centripetal force - we should draw only the normal force and the force due to gravity.
However, itis common for exam questions to ask us to draw the net force as well.

If we apply trigonometry to the force triangle in Figure 1 we can derive the following formulas
for the net/centripetal force.

Foet=Fysin(0) =than(9)
F,ot = net/centripetal force (N), F,, = normal force (N), 8 = angle of banked track (°),
Fg = force due to gravity (N)

Similarly, we can apply Pythagoras’ theorem to the force triangle in Figure 1:

- 2 2
FN_ Fnet +Fg

F\ = normal force (N), F,, = net/centripetal force (N), Fg = force due to gravity (N)

USEFUL TIP

Do not confuse the relationships between forces for banked circular motion with

the relationships that apply to objects on inclined planes (lesson 2C). Although the
diagrams look similar, the relationships between the forces for banked circular motion
are different.

e The normal force is the hypotenuse of the force triangle for banked circular motion.

e The force due to gravity is the hypotenuse of the force triangle for objects on
inclined planes.
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Design speed

For a track banked at an angle 8, there is a corresponding speed for which the centripetal
force is generated solely from the horizontal component of the normal force (as in Figure 1).
We will generally refer to this speed as the ‘design speed’, but VCE exams usually describe it is
as the speed at which there is ‘no sideways force’.

Using the force triangle in Figure 1, we can relate the design speed of a banked track to the
track’s radius and angle of bank:

mv? 5
t r %4
tan(9):%=m—g=@
g

This can be rearranged to give the design speed formula:

v=1/rgtan(0)

v =design speed (m s™), r = radius of circular path (m), g = gravitational acceleration (m s72),
0 = angle of banked track (°)

From this formula, we can conclude:

e Astheslope angle increases, the design speed increases
e Asthe radius of the circular path increases, the design speed increases

Worked example

Calculate the speed required for there to be no sideways friction force when an athlete
cycles on a circular track with a 25 m radius banked at a 35° angle.

v=14/rgtan(b)
v=v25x9.8xtan(35°)

v=13ms!

Conical pendulums 3.3.2.3.2
OVERVIEW

Conical pendulums are set up like a standard pendulum (a mass hanging from a string) which
is then made to undergo horizontal circular motion. It is called a conical pendulum because
the string traces out the curved surface of a cone as the mass completes a revolution. While
VCE Physics exams do not use the term ‘conical pendulum’ (they usually describe ‘a ball

on a string moving in a horizontal circle’), it is a convenient term for our purposes. Conical
pendulums can be analysed in the same way as circular motion on banked tracks with
respect to the forces and speed.

THEORY DETAILS (a) g (b)

Another important kind of circular motion that involves
an angle is the conical pendulum. This is when an object 0
undergoes horizontal circular motion while it is suspended I ‘

from a string with a negligible mass. An example of this is the U

motion of the ball in a game of totem tennis (Figure 2).

An object undergoing circular motion on the end of a string @-

will experience two forces (when ignoring air resistance):

e The force due to gravity (Fg) —

e Atension force (T) - this has the same role as the normal [ F,=mg p )

force for circular motion on banked tracks

v

Figure 2 (a) The forces on a conical pendulum are tension and the force due
to gravity. (b) The centripetal force is equal to the horizontal component of
the tension force. The vertical component of the tension force is balanced by
the force due to gravity.
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The formulas that relate the forces for conical pendulums are the same as those for the
motion of vehicles on banked circular tracks, but we replace the normal force with the

tension force:

s F

net

— 2 2
e 7= \/ Fnet +Fg

=Tsin(6)=Fg

tan(0)

Similarly the formula for speed of the object on the end of the string is the same as the design
speed formula for a banked track: v=+/rgtan(0).

USEFUL TIP

If using equations involving trigonometry for conical pendulum questions, make sure to
use the angle between the string and the vertical line to the centre of the circular path.

Worked example

A mass is swung on a string from above in a horizontal circle with a radius of 1.0 m. It has a mass of 400 g and a speed of
1.3 m L. The string makes an angle of 9.8° to the vertical. Calculate the tension in the string.

Method 1 Method 2
T=+/F_2+F2 __Fret
\/Tg U= sin(@)
2
% 2 _ mv?
T ( i ) ) 7= sin(®)
N2 _ 0.400%1.32
T= \/(%) +(0.400x9.8)2 T=10xsin(©9.8)
T=4.0N r=40N
Theory summary
Banked track
Description A vehicle experiences a gravitational force, normal
force, and a friction force (if not at the design speed).
These add to form the net force, known as the
centripetal force.
Speed Design speed is calculated by v=+/rgtan(6)
Other speeds are possible at the same radius, but
would require a frictional force.
Hypotenuse of  The normal force is always the hypotenuse of the

force triangle

force triangle.

FN= \/ Fnet2+ng
__mg

Fy= cos(0)
_ _mv?

Fy= rsin(@)

KEEN TO INVESTIGATE?

oPhysics ‘Conical Pendulum: 3D’ simulation
https://www.ophysics.com/f5.html

oPhysics ‘The Conical Pendulum’ simulation
https://www.ophysics.com/f4.html

Method 3

Fg

~cos(@)
__Mmg
r= cos(0)

T= 0.400x9.8
c0s(9.8)

T=40N

T

Conical pendulum

A mass undergoing horizontal circular motion
experiences a gravitational force and tension.
These add to form the net force, known as the
centripetal force.

Speed of mass is calculated by v=4/rgtan(6)
This is the only speed possible for an object in circular

motion at that radius.

The tension is always the hypotenuse of the
force triangle.

T=/Foel2 +F2

n

__mg
= cos()

_ _mv?
= rsin(6)
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THEORY REVIEW QUESTIONS

Question 1

Which of the following forces is not expected to be presentin
a banked track problem?

A Force due to gravity

B Friction force
C Normal force
D Tension
Question 2

Which of the following forces is not expected to be involved
in a conical pendulum problem?

A Tension

B Normal force

C Force due to gravity
D Centripetal force

Question 3

Which of the following force triangles correctly shows the net
force and the forces acting on the bicycle?

"

Question 4

Which of the following statements is true regarding banked
circular motion questions?

A Bodiesin banked tracked problems are not accelerating.

B We only consider bodies with constant speeds in
circular motion.

C Thefriction force is always present in a banked
track question.

D Different equations need to be used to calculate the
speed in banked track and conical pendulum questions.

EXAM-STYLE QUESTIONS
This lesson

Question 5 (4 MARKS)

A cyclist rides around the banked track of a velodrome angled
at 35° to the horizontal in a circular path with a radius of 40 m.

a Calculate the speed they should ride at so that they
do not have to experience a sideways friction force to
maintain this path. (2 MARKS)

b Calculate the angle the banked track would have to
be for there to be no sideways friction force if they rode
at20 msL. (2 MARKS)

Adapted from 2017 VCAA Exam Section B Q7

Question 6 (7 MARKS)

A 1.2 kg mass is swung on the end of a string at a constant
speed of 2.0 m s™L. The radius of the circular path is 60 cm.
The string can be made longer or shorter if necessary.

a Draw adiagram indicating the forces acting on the mass.
Draw the net force with a dashed line. (3 MARKS)

b  Calculate the tension in the string. (2 MARKS)

¢ The speed of the mass is now changed. Calculate the
angle from the vertical to the string required for the
mass to have a constant speed of 1.5 m s™L. The radius of
the circular path is still 60 cm. (2 MARKS)

Adapted from 2016 VCAA Exam Section A Q2
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Question 7 (9 MARKS)

A 2000 kg car drives around a banked corner of a racing track
angled at 50° to the horizontal.

]

a Calculate the radius of the 50° path that would allow
them to drive without a sideways friction force at a
constant speed of 40 m s™L. (2 MARKS)

b Calculate the speed that would allow them to drive on
the 50° path with an 80 m radius without experiencing a
sideways friction force. (2 MARKS)

¢ Usearrows with solid lines to show the forces acting
on the car as it drives around the track in the situation
described in part b. In addition, use a dashed
arrow to show the net force acting on the car. Values
are not required. (2 MARKS)

d Calculate the magnitude of the net force on the car as it
drives on the 50° banked track at a speed of 40 ms™ on
a path with an 80 m radius. (1 MARK)

e Calculate the ideal angle of the banked track for a
40 m s~ speed and path with a radius of 80 m. (2 MARKS)

Question 8 (4 MARKS)

A 300 g yo-yo is swung in a horizontal circle from above.
The length of the yo-yo string is 0.70 m, and the radius of the
circleis 0.40 m.

<>

a  Calculate the magnitude of the net force on
the yo-yo. (2 MARKS)

b  Calculate the tension in the string. (2 MARKS)
Previous lessons

Question 9 (3 MARKS)

A child is playing with a swing ball (a toy where someone
jumps with one foot over a rod connected to a mass that is
spun in a circle by the other foot). The rod has a length of
60 cm and the ball at the end has a mass of 0.20 kg. The ball
takes 1.4 seconds to complete one horizontal revolution.

_____

a Calculate the magnitude of the centripetal acceleration
of the ball. (2 MARKS)

b  Calculate the magnitude of the centripetal force
experienced by the ball. (1 MARK)

Question 10 (3 MARKS)

A 0.30 kg trolley rolls down a 2.0 m frictionless ramp angled
at 10° to the horizontal until it hits a stopper at the bottom

of the ramp. The trolley is released from rest. Calculate the
speed of the trolley as it hits the stopper.

Trolley 0.30 kg

-~
-~
-~
-~

Stopper

Key science skills

Question 11 (9 MARKS)

Georgina is analysing the design speed of a small car around
several banked tracks with different radii. She measures

the following data. The uncertainty in radius measurements
is+1.0m.

Radius r (m) Velocity v(ms™) | v2(m?s7?)
5.0 5.32
10 7.52
15 9.21
20 10.6
25 11.9
30 13.0

a Calculate the values of v2 (the last column of the table)
to three significant figures. (1 MARK)

b  Plotagraph of v2 versus rincluding appropriate
uncertainties. Draw a line of best fit on the graph. (5 MARKS)

¢ Usethe gradient of the line of best fit from part b to
calculate the angle of the track given that the relationship
between radius and velocity is v2=rgtan(8). (3 MARKS)

Adapted from 2019 NHT VCAA Exam Section B Q8



2F VERTICAL CIRCULAR MOTION

If you have ever swung a bucket of water in a vertical circle you might know that the bucket
can be momentarily upside down without the water coming out. Similarly, a roller coaster

can complete a loop-the-loop without being supported by an upwards force. In this lesson we
bring circular motion into the context of vertical motion. This combines what we have learned

about circular motion with our knowledge of gravitational, normal and tension forces.

2C Inclined
planes and
connected bodies

2E Banked
circular motion

2D Basic circular
motion

2A Kinematics
recap

2B Forces recap

Study design key knowledge dot point

2F Vertical
circular motion

2G Projectile
motion

e investigate and apply theoretically Newton’s second law to circular motion in a vertical plane (forces at the highest and

lowest positions only)

Key knowledge units

Forces in vertical circular motion

3341

Zero normal force in vertical circular motion

3.34.2

Formulas for this lesson

Previous lessons New formulas

2B Fg=mg v=+/grwhenF,=0
2

2D *a=Y-
_mv?

2D Fnet_ r

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Forces in vertical circular motion 3.3.4.1
OVERVIEW

The study of vertical circular motion requires the careful addition and subtraction of forces.

The normal (or tension) force and the force due to gravity result in the centripetal force which

must point towards the centre of the circle.

THEORY DETAILS

In VCE Physics, the types of scenarios we have to consider are:

e objects on the top and outside of vertical circles (see Figure 1).

e objects on the top and inside of vertical circles (see Figure 2).

e objects on the bottom and inside of vertical circles (see Figure 3).

2
All three scenarios are governed by the same rules where the centripetal force, F, ., = mTV,

is the result of the force due to gravity, Fg, and the normal force, F,. For simplicity,

all equations in this lesson will treat the forces as magnitudes, meaning F,,,

Fg, and F, will
always be positive values.

The direction of the normal force will always act on the object away from the track and the
force due to gravity always acts downwards.
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Forces at the top and outside of vertical circles
This situation is often associated with carts, cars, and roller coasters.
For an object at the top and outside of a vertical circular track:

e the normal force acts upwards.

2
e the netforce, mTV, is downwards (towards the centre of the circle).
mv? =F -F Figure 1 An object moving on the
r g 'N top and outside of a vertical circle

Worked example

A cart of mass 10 kg is moving over a circular track with a radius of 5.0 m at a speed of
6.0 m s™L. Take the acceleration due to gravity to be 9.8 ms™2.

Calculate the magnitude of the normal force when the cart is at the top of the track.

my2 . 10x6.02 _
T:Fg_FN:mg_FN _,f—10X9.8—FN
Fy=26N

(Notice that the normal force in this case is less than when the cart is at rest on a horizontal
surface, which would be 98 N).

Forces at the top and inside of vertical circles

This situation is often associated with roller coasters completing loop-the-loops or objects
swinging on a string.

In situations involving strings the tension force is used instead of the normal force. Although
they are distinct forces, in these situations they can be treated as mathematically equivalent.

% 4— .......
- T
¥'N
(a) F b) s

Figure 2 (a) An object moving on the top and inside of a vertical circle. (b) This is equivalent to a ball on a string at
the top of its vertical circular motion.

For an object at the top and inside of a verticle circular track, or at the top of vertical circular
motion while attached to a string:
e the normal/tension force acts downwards.

2
e the netforce, %, is downwards (towards the centre of the circle).

mv2 _ mv2 _
° T_Fg-'-FN OR T—Fg+T

Worked example

A 2.00 kg ball is being spun at a velocity of 3.00 m s™ on the end of a rope that is 0.25 m v=3.00 M S q—=(....2.00 kg
long. Take the acceleration due to gravity to be 9.8 ms™2.

Calculate the tension force on the ball by the rope. f,
(o]
<)

mv2 _ _ . 2.00x3.002 _

T—Fg+T—mg+T..7o'25 =2.00x9.8+T

T=524=52N
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Forces at the bottom and inside of vertical circles

This situation is often associated with carts, cars, roller coasters, or objects swinging on a string.

(b) *

Figure 3 (a) An object at the bottom and inside of a vertical circle. (b) This is equivalent to a ball on a string at the
bottom of its vertical circular motion.

For an object at the bottom and inside of a vertical circular track, or at the bottom of vertical
circular motion while attached to a string:
e the normal/tension force acts upwards.

2
e the netforce, %, is upwards (towards the centre of the circle).

mv2 _ mv? _
° T_FN_Fg OR T—T—Fg

Worked example

A block of mass 20.0 kg slides down a circular dip of radius 50.0 m with no friction and
reaches a speed of 10.0 m s™1. Take the acceleration due to gravity to be 9.8 ms™2.
Calculate the normal force on the object when it is at the bottom of the dip.

mv2 _ _ . 20.0x10.0% _

T—FN—Fg—FN—mg ..T—FN—ZO.OX9.8

Fy=236=2.4x102N

(Notice that the normal force in this case is greater than when the block is at rest on a
horizontal surface, which would be 196 N).

Zero normal force in vertical circular motion 3.3.4.2
OVERVIEW

In vertical circular motion, when the centripetal force at the top of the circle is equal to the
force due to gravity, the magnitude of the normal (or tension) force acting on the object is
zero. This leads to a feeling of ‘zero gravity’ for a person undergoing such motion.

THEORY DETAILS

Consider the force equations for the motion of an object at the top of a circle (either on the
outside or inside):

2 2
M- =mg+F, OR T-=mg+T.

When the track does not exert a normal force (F = 0) or when there is no tension force (T=0),
2
we have: - =mg

This leads to the following relationship.

v=/gr

v=speed (ms™), r=radius (m), g = acceleration due to gravity (m s™2)

This formula applies when the normal or tension force is zero for any object at the top of
its vertical circular motion, whether the object is outside or inside a loop, or on a string.
However, the relevance of this speed and the words which can be used to describe it are
different in each situation.

e For an object at the top and outside of a vertical circle, it is the maximum speed at which
the object will remain in contact with the track.

e Foran object at the top and inside of a vertical circle, it is the minimum speed at which
the object will remain in contact with the track (or the minimum speed at which the string
will remain in tension).

10.0ms™?

81
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A person undergoing this motion may report having felt ‘zero gravity’. This is because we
are used to associating gravity with the normal force, which has the same magnitude as the
gravitational force when we are at rest on the ground. It is important to understand that:

the force due to gravity is not actually zero in this case.
this feeling is a result of the normal force being zero.

Worked example

A car drives over a hill that has a radius of 40 m. Calculate the maximum speed the car can
travel without leaving the road. Take the acceleration due to gravity to be 9.8 ms™2.

By asking for the maximum speed without leaving the road, we know to use the zero normal
force equation.

V=

V/GF = V9.8 %40

v=19.79 =20 m sLis the maximum speed the car can travel without leaving the road.

Theory summary
FNA
4
4 V |
9 y F,
v F
Iv

mTVZ:Fg—FN ’"7"2ng+5\,

The speed corresponding with a zero normal force at the top of vertical circular motion

can be found using v=+/gr .

On Earth, the term ‘zero gravity’ can refer to experiencing a lack of a normal force, rather

than the absence of a gravitational force.

KEEN TO INVESTIGATE?

YouTube video: Flipping Physics - Minimum Speed for Water in a Bucket Revolving in

a Vertical Circle
https://youtu.be/TIBcntHCXjQ

THEORY REVIEW QUESTIONS

Question 1

Question 2

Identify the direction of the net force in this scenario

assuming the cart is moving along the track and does not A
leave the track.

B
A Left
B Right ¢

Ig

D
C Up
D

Down Centre
[ )

The feeling of ‘zero gravity’ for a person is caused by

the lack of gravity present at the person’s location.
the person not experiencing a normal force.
the person rejecting the existence of gravity.

the person experiencing two balanced forces that hold it
perfectly in place.
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Question 3

In which of the following situations is there going to be
neither tension nor normal force?

A Acartistravelling at a speed inside the top of a loop
where the centripetal force and the force on the cart due
to gravity are equal.

B  Acargoesover a hill, which can be approximated to a
circle, and is on the verge of leaving the road.

C Astoneis connected to a rope and is spun vertically.
At the top of the spin it is travelling at a speed fast
enough to balance the force due to gravity on the stone
with its centripetal force.

D All of the above.

Question 4

The normal force acting on an object at rest on a horizontal
surface is 100 N. Compare the magnitude of the normal force
for the same object when it is moving

e atthetop and outside of a vertical circle.

e atthe bottom and inside of a vertical circle.

Top/outside (N) Bottom/inside (N)

Less than 100 Greater than 100

Greater than 100 100

Greater than 100 Less than 100

o 0o w >

100 Greater than 100

EXAM-STYLE QUESTIONS
This lesson

For all questions assume g =9.8 m s™2,

Question 5 (4 MARKS)

A car drives over a hill in the road which can be modelled as a
circle with a radius of 5.2 m at the top.

a Draw adiagram and include arrows to show the forces
on the car when it is at the top of the hill. The magnitude
of the forces is not required. (2 MARKS)

b Calculate the speed that the car must be travelling
at the peak of the hill in order to experience zero
normal force. (2 MARKS)

Question 6 (3 MARKS)

A 60 kg skier skis down a bowl-shaped ramp which has a
radius of 15 m. At the ramp’s lowest point, C, she is travelling
at18msL.

15m

a Copythediagram and draw an arrow to show the
direction of the net force on the skier at point C. The
magnitude of the force is not required. (1 MARK)

b  Calculate the magnitude of the force exerted by the bowl
on the skier at the point C. (2 MARKS)

Adapted from 2015 VCAA Exam Section A Q3

Question 7 (6 MARKS)

A motorcyclist of 80.0 kg is travelling around a loop-the-loop.
At the top of the loop he is travelling at 12.0 m s™ and reports
feeling zero gravity.

a  Calculate the radius of the loop which causes the
motorcyclist to report feeling ‘zero gravity’. (2 MARKS)

b Isthe motorcyclist experiencing a force due to gravity at
the top of the loop? Explain the motorcyclist’s experience.
(2 MARKS)

¢ The motorcyclist goes around a second loop of radius
12.0 m travelling at 16.0 m s™%. Calculate the magnitude
of the normal force applied at the top of the loop on
the motorcyclist. (2 MARKS)

Question 8 (3 MARKS)

Cart

Centre

Aroller coaster designer wants to know whether a cart
travelling at 9.0 m s™! at point T is safe to ride. Considering
the cart has a mass of 320 kg and the loop has a radius of
13.0 m, will the cart stay on the track if it is not supported by
an upwards force?

Question 9 (5 MARKS)

A ball of mass 3.2 kg is being spun in a perfect vertical circle
at the end of a string. The string has a length of 1.2 m.

m=3.2kg

a Calculate the minimum speed the ball must have at the
top of its arc so that the string remains taut. (2 MARKS)

b  Thestring will break at a tension of 150 N. If the ball is
travelling at 7.3 m s™! at the bottom of the arc, will the
string break? (3 MARKS)
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Previous lessons

Question 10 (3 MARKS)

Key science skills

Question 12 (3 MARKS)

Blocks A, B, and C have masses of 10, 20, and 5.0 kg
respectively. They are pushed along a frictionless surface and
stay in contact while moving. Calculate the magnitude of the

force F,, ChyB

20 kg

200N

Question 11 (2 MARKS)

Aball of mass 0.40 kg is spun horizontally on a frictionless
surface and is attached to a string of length 0.75 m with a break
strain of 12 N. The speed of the ball is gradually increased.
What is the speed of the ball when the string breaks?

Xanthe and Bryn are conducting an experiment where they
gradually increase the radius (r) of a vertically looped track
and record the minimum speed (v) required for a cart to
complete the loop.

a They choose to graph the variables v2 and r. Identify
which axis (vertical or horizontal) should be used for
each variable. Justify your answer. (2 MARKS)

b Ifthe datais accurate and recorded in Sl units, which of
the following values will be closest to the magnitude of
the gradient? (1 MARK)

A

B
C
D

0.10
3.1
4.9
9.8



2G PROJECTILE MOTION

Studying projectile motion allows physicists to predict the motion of objects that are
thrown, launched, or dropped - from bullets to cricket balls. We do this by separating
the vertical and horizontal parts of an object’s motion.

2A Kinematics 2B Forces recap 2C Inclinedplanes | 2D Basiccircular 2E Banked 2F Vertical 2G Projectile
recap and connected motion circular motion circular motion motion
bodies

Study design key knowledge dot point

e investigate and analyse theoretically and practically the motion of projectiles near Earth’s surface, including a qualitative
description of the effects of air resistance

Key knowledge units

Vertical motion of projectiles 3.3.5.2
Horizontal motion of projectiles 3.3.5.3
Linking vertical and horizontal motion of projectiles 3354
Effect of air resistance on projectiles 3.355

Formulas for this lesson

Previous lessons New formulas
2A *v=u+at v, =vcos(0)
2A 2 s=ut+%at2 v, =vsin(6)
Aoy 2 2

2A & s=vt—%at2 VeSv Sty
2A * v2=uy?+2as

x o1
2A $=3 (v+u)t

x , = 4s
2A V="t

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

air resistance the force of air particles resisting the motion of objects through the air. Also
known as the drag force in air

projectile an object that has been launched or dropped but does not experience a propulsion/
thrust force during its motion

range the maximum horizontal distance a projectile travels
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Vertical motion of projectiles 3.3.5.2
OVERVIEW

In order to solve projectile motion questions, we separate the vertical and horizontal
components and use the equations of constant acceleration. We will begin with modelling
vertical motion.

THEORY DETAILS

In VCE Physics we will ignore air resistance for any calculations involving projectile motion.
The vertical motion of a projectile without air resistance has a constant acceleration of
9.8 m s™2 downwards due to the force of gravity acting upon it. This means the vertical
motion follows the constant acceleration equations from lesson 2A.

We give the initial vertical velocity the symbol u, and the current/final vertical velocity v, .

It is conventional to take up as positive and down, the direction of acceleration due to gravity,
as negative. At the top of a projectile’s motion, its vertical velocity is zero.

It is important to remember that the displacement, s, is a measure of the change in position
between two points of motion. In the context of the vertical motion of a projectile, this means
that s measures the change in the vertical position (or change in height). It does not measure
the total distance travelled (see Figure 1).

When answering these questions we can use a system to find the constant acceleration
equation that applies to our situation. We first identify the three variables we know, and the
one we need to find. The equation that contains them all is the one we need to use to get to
our answer (Figure 2).

Example 1 Example 2
What do we have?
What do we need? S @@@@ @@ v @@
V=u+@d v=u+at
. . _ 1 _ 1
Clrc.le the corresponfjlng s=ut+5at? ©=witr 5 @7
variables. If all are circled,
we can use the equation. szvt—%atz S:vt—%atz
vZ=u?+2as v2=u?+2as
s=3(v+u)t s=2(v+u)t

Figure 2 Two examples of how to find the equations to use in your responses

Upwards initial vertical velocity

Without air resistance, any two projectiles with the same initial vertical velocity will reach the
same height at the same time regardless of their mass and horizontal velocity (see Figure 3).

t=4s t=4s
o o U
/ 7’
t=3s@-@t=5s t=3s@® '\t=55
1 ! / \
1 ! ’ AY
, \ / \
/
t=2s@ O-t=6s t=2s@ ® t=6s
1 ! , \
1 : , \
1 ! ' \
! \
t=1s ® @t=T7s t=1s-@® Ot=Ts
1 1
1 ! ] '
[} ! 1 “
1 ! !
\
TR — Ot=8s5-t=05@ @t=8s

Figure 3 Two balls are thrown with the same initial vertical velocities. The two balls have the same vertical
position at each pointin time.
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Figure 1 Vertical displacement
measures the change in the
vertical position of the projectile.
If we take upwards as positive,
then any motion which results in
the projectile finishing at a lower
position than it started will have a
negative vertical displacement.
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The vertical velocity at any time is equal in magnitude but
opposite in direction to the velocity at the point on the other
side of the arc (see Figure 4). For example, if a ball is thrown
upwards out of the girl’s hands at 10 m s, it will return moving
downwards back into her hands at 10 m s,

From the symmetry shown in Figures 3 and 4, we can make the
following conclusions for a projectile that lands at the same
height as that from which it was launched:

e The magnitude of the vertical component of the launch v,
velocity is equal to the magnitude of the vertical component
of the landing velocity (Yiaunch = ~Vianding)

e Thetime taken to return to the starting height is twice the time

taken to reach the maximum height (tg., =2 %t 0, peione)-

Note that this symmetry is a special case and occurs only when

Figure 4 Vertical velocity is equal in magnitude and opposite in
the projectile lands at the same height at which it is launched.

direction over the axis of symmetry, and zero at the maximum height.

Worked example

Aballis launched off the ground at an angle and has an initial vertical velocity of 19 m s™1
upwards. Ignore the effects of air resistance.

a How long does the ball take to get to the maximum height?
b  Find the maximum height the ball reaches.
¢ How longis the ballin the air?
a 0=-9.8ms2 u=19ms and at maximum height the b a=-98ms2 u=19ms v=0.Solve fors:
ball stops ascending so v = 0. Solve for t: @@@@
t
s WOWE@O®
v=u+at
V=u+@®
s=ut+%mtz
1
s=ut+5at?
s:vt—%at2
s=vt—%at2
V=u+2@0
v2=u?+2as
-1
1 $=3 (v+u)t
s=5(v+u)t
v2=u2+2as ..0=192+2x(-9.8)xs
v=u+at ..0=19+(-9.8) xt s
t=194=19s
¢ The ball takes twice as long to return to the ground as it
takes to reach a maximum height.
t=2x194=3.88=39s
Zero initial vertical velocity u,=0

When the initial vertical velocity is zero, the projectile must start at its
maximum height as it always accelerates downwards. We cannot use
symmetry here as there is no upwards path to compare with,

but this motion can be analysed using the same equations of .
constant acceleration.

Figure 5 The magnitude of the vertical velocity starts from
zero and increases (always pointing downwards) with time.
Note that v, represents the vertical speed just before hitting
the ground.
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Worked example

A rock is thrown horizontally off a cliff and it takes 6.0 seconds to hit the water. Take
upwards as positive. Ignore the effects of air resistance.

a  Find the vertical velocity of the rock before it hits the water.

b  Find the height from which the rock was thrown.

a a=-9.8ms2 u=0mstsincetherockis thrown horizontally, and t = 6.0 s. Solve for v:

v=u+at=0+(-9.8)x6.0=-58.8=-59 ms!

b  Usethe same known values to solve fors:
s=ut+3at?=0%6.0+3 % (-9.8)x6.02=-176.4=-1.8x 102 m

This value is the displacement of the rock from the cliff to the water (which is
downwards). This means the height is 1.8 x 102 m.

Horizontal motion of projectiles 3.3.5.3
OVERVIEW v,

The horizontal motion of a projectile is independent from its vertical

motion. When we ignore air resistance, there is no force acting upon a

projectile in the horizontal direction so we model projectiles as moving Vi Vx
with a constant horizontal component of velocity.

THEORY DETAILS

Just as we can exclude horizontal motion and forces when analysing

the vertical motion of a projectile, we exclude vertical motion and [y —
forces when analysing horizontal motion. There are no forces acting

upon the projectile in the horizontal direction which means the

horizontal velocity is constant (see Figure 6). This means there is no

need to distinguish between initial and final velocities in the horizontal Figure 6 The horizontal velocity is the same at all points.
direction (u, = v,).

Because velocity is constant in horizontal projectile motion, we use the equation

v= % to relate velocity, displacement and time. We can write this equation as v, =S—tx
by choosing to define the initial displacement and time as zero. This allows for a more

consistent use of notation between the horizontal and vertical motion.

Worked example

A football player is attempting to kick a goal from a distance 60 m. Her kick has an initial
horizontal velocity of 13 m s™L. Ignore the effects of air resistance.

a Whatis the ball’s horizontal velocity at its maximum height?

b Ifthe ball takes 5.0 s to land and is on target, determine whether or not it
reaches the goals.

a Asthe ball’s horizontal velocity never changes, it’s horizontal velocity will be 13 m s™ at
its maximum height.

b  Use the relationship between velocity, displacement, and time for a constant velocity.

_SX o — SX
V=T "13_ﬁ
s, =65m

The ball travels 65 m, so it will reach the goals.
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Linking vertical and horizontal motion of projectiles 3.3.5.4
OVERVIEW

The parabolic arc of a projectile’s motion relies upon its vertical acceleration due to gravity
and its constant horizontal velocity. Time is the only value which is common to both
directions of motion.

THEORY DETAILS

When solving a problem for projectile motion we will usually resolve (separate) the velocity, v,
into its horizontal (v,) and vertical (v) components so that we can analyse the horizontal and

vertical motion independently. We do this using trigonometry.

v, = horizontal component of velocity (m s™), v = velocity magnitude (m s™),

v, =vcos(6) T
|
|
|
0 = angle of velocity measured from the horizontal (°) |

l

|

v
VJ/
—_ H e e
v, =vsin(6) «————- — -—
v, = vertical component of velocity (m s™), v = velocity magnitude (m s™%), |
0 = angle of velocity measured from the horizontal (°) :
v
As with any vector in two dimensions, the magnitude of the velocity can be related to its Figure 7 Avelocity vector (v)
. , pointing at an angle 6 above the
components using Pythagoras’ theorem. horizontal is resolved into its

horizontal (v,) and vertical (vy) parts.
vi=y 2+ Vyz
v = velocity magnitude (m s™%), v, = horizontal component of velocity (m s71),
v,= vertical component of velocity (m s™)
Time is the only common value between the vertical and horizontal components of
projectile motion. This means we will often calculate the time for the projectile motion using

data in one direction (either vertical or horizontal motion) and then use this time to calculate
values in the other direction of motion.

The following ‘problem solving process’ can be used for projectile motion questions which
involve both the vertical and horizontal components of motion.

Problem solving process

1. Identify which direction (vertical or horizontal) defines the end of the
projectile motion.

2. Usethe appropriate equations for the direction identified in step 1 to calculate the
time for the projectile motion.

3. Use the time from step 2 to calculate the unknown value(s) required in the
other direction.

(a) (b) (c)

=== --==a ---v.=0
- y

- . . . .
e e I .7 Maximum height
. . S ’
’ ’ y 4

<« ”

Figure 8 Projectile motion which has an end defined by (a) its horizontal position, (b) its vertical position,
and (c) its vertical velocity.
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Worked example

A golfer hits a ball with a velocity of 20 m s~ at an angle of 30° above the horizontal. The
golf course is flat (the ground has the same height at all positions). Ignore the effects of
air resistance.

a Calculate the range of the ball.
b Calculate the height of the ball when it has travelled a horizontal distance of 15 metres.

¢ Calculate the ball’s velocity when it has travelled a horizontal distance of 25 metres.

In this question, we will take upwards as positive. All calculations will use unrounded values.

It is useful to resolve the initial velocity vector into its components at the beginning:

Horizontal velocity: u, = v = vcos(B)=20xcos(30°)=17.32 ms™1

Vertical velocity: u, =usin(6) =20xsin(30°) =10 m st

We will follow the previous ‘problem solving process’ for each part of this question.

a Theend of the projectile motion is defined by its vertical ¢ To provide the velocity of the ball, we need to provide
motion: when s, = 0 m (the ball hits the ground). both the magnitude and the direction (angle). This

means we need both the vertical and horizontal

Vertical motion: =-9.8ms™2,s =0m,u, =10ms™ .
7y Ty components of the velocity.

Solve for t. o o ] )
1, 1 X The end of the projectile motion is defined by its
s, = uyt +t5at° 0=10x (fry (-9.8) xt horizontal motion: when s, =25 m.
t=2.04s. Horizontal motion: v, =17.32 ms™, s, =25 m. Solve for t.
t=0is also a solution to the equation but it describes S . 25
the time when the ball leaves the ground, rather than V=% - 17.32=7%
when it lands. t=1.443s
Horizontal motion: v, =17.32m s71,t=2.04s. Solve for 8 Vertical motion: a=-9.8 m s2, uy, = 10ms L, t=1.443s.
S S, Solveforv,.
V=% - 17.32=542
. v, =u, +at . v, =10+(-9.8)x1.443
s,=35m. Therangeis 35 m. yov 4

v,=-4.15ms*
b The end of the projectile motion is defined by its
horizontal motion: when s, =15 m.

The diagram represents the velocity vector at this time
(not to scale).

Horizontal motion: v, =17.32m S s,=15m. Solve for t.

S
_2x . _15
V=% - 17.32=7

X

t=0.866s

Vertical motion: a=-9.8 m s2, u,=10m s, t=0.866s.

Solve fors.

s, =ut+ % at? - 5= 10X0.866+%x (~9.8) x 0.8662 Calculate the magnitude of the velocity.

= Ty A A 2- - -1
$,=4.99=5.0m. The ballis 5.0 m above the ground v \/VX vy V17.37+(-4.15)7 =17.8=18ms

when it has travelled a horizontal distance of 15 m. Calculate the direction (angle) of the velocity.

4.15
tan(6)=ﬁ

6=13°

The velocity of the projectile is 18 m s™! at an angle of
13° below the horizontal.
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Effect of air resistance on projectiles 3.3.5.5
OVERVIEW

Air resistance is a force applied by the air on a projectile, opposing its
motion through the air. It reduces the distance a projectile can travel in
both the vertical and horizontal directions.

No air resistance

THEORY DETAILS

Air resistance is a drag force. The force acts in the opposite direction
to the motion of the object and its magnitude (size) increases as the
velocity of the object increases. It acts to slow the object in both the
vertical and horizontal directions, leading to a reduced maximum height

and range (see Figure 9). Figure 9 Comparison of projectile trajectories with and
without the effects of air resistance

Air resistance

Theory summary

e \We separate the vertical and horizontal parts of a projectile’s motion.

e \Vertical motion:
- Thereis a constant acceleration downwards, due to gravity.
- Use the five uniform acceleration equations to describe the motion.
- At maximum height, the vertical velocity is zero.

e Horizontal motion:

- The horizontal velocity is constant.

s
- Usev, = TX to describe the motion.
e We use time to relate the horizontal motion to the vertical motion.

e Air resistance resists motion in both directions and causes a reduced range, slower speeds,
and an asymmetrical trajectory.

KEEN TO INVESTIGATE?

oPhysics ‘Projectile Motion’ simulation
https://ophysics.com/k8.html

PhET ‘Projectile Motion’ simulation
https://phet.colorado.edu/en/simulation/projectile-motion

YouTube video: Harvard Natural Sciences Lecture Demonstrations - Shoot-n-Drop
https://youtu.be/zMF4CD7i3hg

THEORY REVIEW QUESTIONS

Unless otherwise stated, ignore the effects of air resistance in Question 2
the following questions.

At which point is the horizontal velocity equal to the

Question 1 total velocity?

At which point is the vertical velocity zero? e--.__C

~
C o
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Question 3

A stone is thrown at an angle of 30° and lands 40 m away.
Its horizontal velocity when thrown was 10 m s™1. What is its
horizontal velocity just before it lands?

A 10ms™t
B 50mst
C 87mst
D -10ms™!
Question 4

By vector addition, determine which is the magnitude of the
velocity vector v considering its horizontal and vertical
components are 3.00 m s™Land 4.00 m s71, respectively.

A 1.00ms!
B 500ms™
C 7.00ms™
D

It cannot be calculated with the information given.

Question 5

Aball is thrown into the air at 30° with an initial velocity of
10 m s™! as per the vector diagram.
|

Which of the following correctly represents the horizontal
and vertical components of the ball’s initial velocity vector?

Horizontal velocity (ms™) Vertical velocity (ms™)
A 10xsin(30°) 10xtan(30°)
B 10xtan(30°) 10xsin(30°)
(o 10xsin(30°) 10 cos(30°)
D 10 % cos(30°) 10xsin(30°)

EXAM-STYLE QUESTIONS
This lesson

Question 6 (2 MARKS)

Neo is playing around with the settings in his Matrix
simulator which is powerful enough to simulate any and all
physics. He turns the air resistance off and kicks a football as
hard as possible, represented by the solid line. He then tries
again with air resistance back on.

Copy the diagram and draw a possible path of the football,
with air resistance applied, using a dotted line.

Question 7 (5 MARKS)

Jeremy is playing around with an air rocket. He launches
the rocket at an angle of 80° and records a maximum height
of 49 m.

a Calculate theinitial vertical velocity of the rocket. (2 MARKS)
b Calculate the rocket’s range. (3 MARKS)

Adapted from 2012 VCAA Exam 1 Section A AoS 1Q6

Question 8 (7 MARKS)

A cricket ball is hit with a velocity of 32.0 m s™! at an angle of
50.0° above the horizontal. Assume the ball is hit at ground
level and the cricket pitch is perfectly flat.

What is the maximum height the ball reaches? (2 MARKS)

b  The ball hits the wall of a stadium which is a horizontal
distance of 90 m away from where it was hit. At what
height does the ball hit the wall? (3MARKS)

¢ How far would the ball have travelled if it was not
blocked by the stadium wall and landed at the same
height from which it was hit? (2 MARKS)

Question 9 (6 MARKS)

Aballis launched horizontally from a table of height 1.2 m
with a speed of 7.00 m s™1.

a How far does the ball travel horizontally from the edge of
the table before hitting the ground? (3 MARKS)

b  Calculate the magnitude and direction of the velocity of
the ball just before it hits the ground. (3 MARKS)

Question 10 (3 MARKS)

Madeline throws a stone horizontally from the top of a
cliff. It hits the ground 80 m from the base of the cliff 5.0
seconds later.

Calculate the height of the cliff. (2 MARKS)

b  Madelineis wondering if she can hit a can placed 280 m
away from the base of the cliff. What magnitude of
horizontal velocity would she need to hit the can? (1 MARK)
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Question 11 (8 MARKS) Key science skills

Question 14 (4 MARKS)

Isaac tests his catapult’s effectiveness against enemy ships
by launching a 20.0 kg stone with a speed of 75 m s™! at an
angle of 40° above the horizontal into the ocean. The stone is
launched from the top of a cliff that is 62 m above the water.

A group of students use a mechanised slingshot to investigate
projectile motion. They each take five measurements of the
time taken for the projectile to land, which is shown in the
table. The true time taken in each case is 12.0 seconds.

Achol Bonnie Camara Donald

Timel(s) | 10.0 12.2 12.3 9.00
Time2(s) | 10.2 12.0 6.40 15.0
Time3(s) | 10.4 11.8 11.2 12.0
Time 4 (s) 10.3 11.9 11.4 13.5
Time5(s) | 10.3 12.2 4.50 10.5
Average (s) | 10.2 12.0 9.16 12.0

One of the students can be said to have produced a set of

~— ~— _ W . .
precise but inaccurate results.

Which student is this? Justif . S
a Calculate the maximum height, d, above the cliff that the a Ich studentis this? Justily your answer. (2 MARKS)

stone reaches. (2 MARKS) b Comment on the relative effect of random errors and

systematic errors on this student’s results. (2 MARKS
b  Calculate the horizontal distance to point A, which is at 4 ( )

the same height as the cliff. (3MARKS) Adapted from 2019 VCAA NHT Exam Section A Q20

¢ Theenemy’s boats can withstand stones with speeds
of up to 70.0 m s! without sinking. Find the speed of
Isaac’s stone as it hits the water and determine whether
a boat in this position would sink. (3 MARKS)

Previous lessons

Question 12 (2 MARKS)

A 1200 kg car rounds a corner on a flat road with a radius
of 20 m and maintains a speed of 40 m s™%. Calculate the
magnitude of the net force on the car.

Question 13 (2 MARKS)

Aloop is constructed with a radius of 9.0 m. Considering
the total mass of a cart and rider is 400 kg, calculate the
magnitude of the minimum velocity the cart must be
travelling at at point A so that it does not fall off the tracks.

Track loop

Adapted from 2009 VCAA Exam 1 Section A AoS 1Q12
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CHAPTER 2 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Atoy car of mass 1.5 kg is propelled forward by a net force of 3.0 N. What is the magnitude of the acceleration of the toy?
A 05ms? B 45ms™? C 20ms? D 15ms™

Adapted from 2017 VCAA Exam Section A Q7

Question 2

Four different forces act on a body simultaneously. F, =18 N, F, =34 N, F_=14 N and F
F,=26 N. What is the magnitude of the resultant force on the body? Force vectors in the
diagram are not drawn to scale.

A 20N F, < 0 > F,
B 22N

C 96N
D 89N M

Adapted from 2018 VCAA Exam Section A Q5

Question 3

Arace track is designed so that when cars go around a corner they do not exert any sideways friction force in order to
turn. The radius of the corner is 55 m and cars move around it at 60 km h™1. What is the bank angle of the corner?

A 62° B 27 c 10° D 6.4°

Question 4

In a roller coaster loop the loop, engineers have designed the track so that passengers will experience zero normal force
at the top of the loop. The loop has a radius of 7.0 m and the combined mass of the cart and passengers is 450 kg. What
speed must the cart be going at the top of the loop to achieve this?

A 83mst B 42ms?! C 67mst D 1llms?!

Question 5

Whilst making a geometric sculpture, a person places brick A of 5.0 kg on top of brick B of
4.0 kg as per the diagram. What is the magnitude and direction of 57

A 49 N downwards

B 39N downwards
C 49 Nupwards
D 39 Nupwards
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SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

An 18 N force is applied to block X (of mass 2.0 kg) which is in contact with block Y (of mass

4.0 kg) sitting on a smooth, frictionless surface. 18N y
Calculate the force on block Y by block X. — X

Adapted from 2018 VCAA Exam Section B Q8

Question 7 (4 MARKS)

A 1600 kg car is pulling a trailer that has a mass of 600 kg. The trailer is connected to the car through a metal coupling.
The car accelerates from rest at a rate of 0.50 m s™2,

a Calculate the time it takes for the car to have a speed of 10 m s™L. (2 MARKS)

b Thetrailer provides a constant resistance force of 1000 N. Calculate the tension in the metal coupling between the
car and the trailer. (2 MARKS)

Adapted from 2016 VCAA Exam Section A Q1

Question 8 (4 MARKS)

friction force acts on the block as it starts from rest and slides down the ramp. The

A 1.5 kg block s placed on a ramp at an angle of 20° to the horizontal. A constant
ramp is 1.5 m long and the block takes 5.0 s to slide to the bottom of the ramp. g

a Calculate the acceleration of the block. (2 MARKS)

b  Hence calculate the magnitude of the frictional force acting on

20°
the block. (2 MARKS)

Adapted from 2013 VCAA Exam Section A Q1

Question 9 (3 MARKS)

A physics student is investigating the concept of acceleration by connecting a 2.0kg

mass, m,, of 2.0 kg, and m,, of 0.50 kg with a string and letting the second mass L
hang over the edge of the table. Ignore the mass of the string and any

frictional forces.

a Calculate the acceleration of m,. (2 MARKS)

1

b  Calculate the tension in the string as the mass is falling. (1 MARK)

Adapted from 2013 VCAA Exam Section A Q2

0.50 kg

Question 10 (5 MARKS)

A child is swinging a ball attached to a string in a horizontal circle during break
time in school. Being an aspiring physicist, the child decides to take some
measurements. The length of the string is 1.16 m and the ball, which has a mass
of 0.50 kg, is moving in a circle of radius 0.40 mat 1.2 m s™%,

a Draw adiagram showing all the forces acting on the ball. Draw the net force

as a dashed line labelled F, .. (2 MARKS)

b  Calculate the tension in the string. (3 MARKS)

Adapted from 2016 VCAA Exam Section A Q2
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Question 11 (6 MARKS)
A giant M&M is rolled off a bench that is 1.5 m above the ground. It has a speed 6.0mst
of 6.0 m s™t when it leaves the bench. If the M&M hits the ground at a speed Q ’

greater than 7.0 m s™L it will shatter. Ignore all friction and resistance forces. |

a Calculate the horizontal distance that the M&M travels before it hits
the ground. (3 MARKS)

b Doesthe M&M tragically break when it hits the ground? (3 MARKS)

e
=
(5,
3

Question 12 (4 MARKS)

Lance is riding his bike around a circular banked track of radius 45 m to legally and
ethically win La Tour de Straya. Lance and his bike have a combined mass of 85 kg and
travel at 14 ms™L,

a Whatis the net force acting on Lance and in which direction does it act? (2 MARKS)

b  Calculate the correct angle of bank for there to be no sideways frictional force applied
by the track on the wheels. (2 MARKS)

Adapted from 2017 VCAA Exam Section B Q7

Image: Michal Sanca/Shutterstock.com

Question 13 (8 MARKS)

A ball of mass 1.50 kg is placed at the top of a hill with a 6.0 metre tall loop
at the bottom. The hill is 15 metres tall and is inclined at an angle of 45°. All
surfaces are frictionless.

Calculate the acceleration of the ball down the hill. (2 MARKS) L
oop

b Calculate the speed of the ball at the bottom of the hill. (3 MARKS) !
H 6.0m

¢ Calculate the minimum speed the ball must have at the top of the loop in
order to stay in contact with the loop. (1 MARK)

d Suppose the speed of the ball at the top of the loop is 13 ms™L.
Calculate the value of the normal force, F,, acting on the ball by the track
at this point. (2 MARKS)

Question 14 (9 MARKS)

Hundreds of years ago, a great wager occurred where a king bet a

poor village man that he could not create a cannon powerful enough u=50ms*

to launch a stone over his castle’s 50 m high walls. Luckily, the poor / Castle
village man has a keen understanding of projectile motion. He knows /. wall
that his cannon can launch the stone at 50 m s at an angle of 40° 20

above the horizontal, and that his cannon is 180 metres from the A -------------------- *l

king’s wall.

50 m

a Calculate the maximum height that the man’s stone will reach.
(2 MARKS)

b  Calculate how long it takes for the stone to travel the 180 m to the wall. (2 MARKS)
Calculate the speed of the stone projectile when it has travelled the distance to the wall. (2 MARKS)

d Should the village man take up the king’s wager? Justify your answer with calculations. (3 MARKS)
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UNIT 3 AOS 3, CHAPTER 3
Momentum and energy 03

3A Momentum and impulse 3D Gravitational potential energy
3B Kinetic energy, work and power 3E Strain potential energy

3C Elastic and inelastic collisions 3F Vertical spring-mass systems

Key knowledge
e investigate and apply theoretically and practically the laws of energy and momentum
conservation in isolated systems in one dimension

investigate and analyse theoretically and practically impulse in an isolated system for collisions
between objects moving in a straight line: FAt = mAv

investigate and apply theoretically and practically the concept of work done by a constant
force using:

— work done = constant force x distance moved in direction of net force
— work done = area under force-distance graph

analyse transformations of energy between kinetic energy, strain potential energy, gravitational
potential energy and energy dissipated to the environment (considered as a combination of heat,
sound and deformation of material):

- kinetic energy at low speeds: E, = %mvz; elastic and inelastic collisions with reference to

conservation of kinetic energy

strain potential energy: area under force-distance graph including ideal springs obeying
Hooke’s Law: E, =%kAx2

gravitational potential energy: B mgAh or from area under a force-distance graph and area
under a field-distance graph multiplied by mass

Image: daniel desmarais/Shutterstock.com



3A MOMENTUM AND IMPULSE

When a car applies its brakes or a truck crashes into a wall, different forces act on the object
to change its velocity. How do these forces relate to safety equipment such as airbags? This
lesson will explore the basics of momentum and impulse.

3A Momentum and 3B Kinetic energy, 3C Elastic and 3D Gravitational 3E Strain potential 3F Vertical spring-
impulse work and power inelastic collisions potential energy energy mass systems

Study design key knowledge dot points

e investigate and apply theoretically and practically the laws of energy and momentum conservation in isolated systems in
one dimension

e investigate and analyse theoretically and practically impulse in an isolated system for collisions between objects moving in a
straight line: FAt = mAv

Key knowledge units

Momentum 3.3.6.1

Impulse 3.3.13.1

Formulas for this lesson
Previous lessons New formulas

*

No previous formulas in this lesson p=mv

P;=P¢
* |=FAt
I=Ap =mAv

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
collision the coming together of two or more objects where each object exerts a force on the other

impulse the change in momentum of a body as the result of a force acting over a
time (vector quantity)

isolated system a collection of interacting objects for which there is no external exchange of mass
and energy

momentum a quantity for a body in motion which is equal to the mass of the body multiplied by
its velocity (vector quantity)

Momentum 3.36.1

OVERVIEW

Momentum is a vector quantity measured in kg m st or N s which is conserved in an isolated
system so that the momentum before a collision will be equal to the momentum after the
collision, p; = py.

THEORY DETAILS

The momentum of an object is equal to the mass of the object multiplied by its velocity.
The direction of momentum is the same as the direction of the velocity.




3A THEORY

p=mv
p =momentum (kg m s~ or N s), m = mass (kg), v = velocity (m s™)

A body that has a greater momentum will require more force and/or more time to stop, which
is why a truck takes longer to stop than a car moving at the same speed.

Worked example

A truck of mass 10 tonnes is driving north at 30 m s™1. What is the momentum of the truck?

1tonne=10%kg
p=mv=10x103x30=3.0x10°kgmstorNs

The momentum of the truck is 3.0 x 10° kg m s™ or N s to the north.

Conservation of momentum

The law of conservation of momentum states that any interaction or collision between two or
more bodies in an isolated system does not change the total momentum of the system. Hence
the initial momentum, p,, will be equal to the final momentum, p.

In VCE Physics, all calculation questions involving momentum will assume an isolated system
where momentum is conserved.

P;=P¢

p; = initial momentum (kg m slorNs), pg=final momentum (kg m slorNs)

Worked example

A toy truck of mass 200 g rolls along the ground at a constant speed of 2.0 ms™* when a
person places a coin onto the truck. The truck and coin have a combined mass of 250 g.
Ignore the effects of friction.

a Calculate the magnitude of the total momentum of the system before the coin is
placed on the toy truck.

b  Whatis the total momentum after the coin is placed on the toy truck?

¢ Calculate the speed of the truck and coin after the event.

a Theinitial momentum of the coin in the horizontal direction is zero. Hence, the initial
momentum of the system is equal to the momentum of the truck before the coin is
placed oniit.
p;=mv=0.200x2.0=0.40kgmstorNs

b  Use conservation of momentum: p; = p,
ps=0.40kgmstorNs

¢ pi=mv ..0.40=0.250 x v,
v,=1.6ms™

Impulse 3.3.13.1
OVERVIEW

Impulse (/) is a vector quantity that is equal to the change in momentum (Ap) of an object,
due to a constant (or average) force (F) that acts over a given time interval (At). It is measured
in kg m s or N's and has the same direction as the change in momentum.

THEORY DETAILS

When a collision occurs, the bodies involved experience a change in momentum due to the
forces that act between the bodies. This change in momentum is defined as impulse, /.
Hence impulse can have the unit kg m s™.
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I=A4Ap =mAv
I=impulse (kg ms™ or N s), Ap = change in momentum (kg m s™* or N s), m = mass (kg),
Av = change in velocity (m s™)

The direction of the impulse is always in the same direction as the change in momentum
and velocity.

A force must be involved in any collision between objects, and it is this force which is
responsible for the impulse.

Consider Newton’s second law, F = ma, which can be written as F = m%. By transposing

this equation we can write mAv = FAt. This leads to the following alternative method for
finding impulse.

I=FAt

I=impulse (kg m s~ or N s), F=force (N), At = change in time (s)

The direction of the impulse is always in the same direction as the force applied.

Itis important to note that this equation applies for situations where the force is constant.
If the force varies, then the Fin this equation is the average force. When calculating impulse
with a force and time, it is more common to use newton-seconds (N s) to measure the impulse.

With this understanding of the relationship between impulse and force, we can now interpret
the principle of momentum conservation as being equivalent to Newton’s third law. Consider
the two balls colliding in Figure 1. When ball A collides with ball B, there is a force on ball B by
ball A acting to the right and there is a force of equal magnitude on ball A by ball B to the left.
Since /= FAt and the change in time is the same, this means ball A gives ball B impulse to the
right and ball B gives ball A an equal magnitude of impulse to the left. This means Ap,=-Ap,
and so the total momentum of the system is constant.

ApAzFunAbyBAt ApB:FoanyA At= _FunAbyBAt: _ApA

»
>

A

F “ > F -F

onAbyB onBbyA ' onAbyB
kA/KB/

Figure 1 Each ball gives the other impulse with equal magnitude in the opposite
direction which means the total momentum is conserved.

Worked example
A stationary golf ball of mass 45 g is struck by a golf club. The time that the ballis in
contact with the club is 5.0 x 1073 s, and the ball has a final velocity of 95 m s™1 to the east.
a Calculate the change in momentum of the golf ball.
b Calculate the impulse experienced by the golf ball.

Calculate the impulse experienced by the golf club.

d Calculate the average force experienced by the golf ball during its contact with the
golf club.

a  Apy=mAv=m(v-u)=45x10"x(95-0)
Ap,, =428=43kgmsorNstothe east

b = APy =43kgmstorNstothe east
¢ yp="Dppy=43Nsorkgmstothe west
d o= Foyglt - 428=F,, x50x 1073

Fovg =86 102N to the east
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Impulse in collision safety

Consider the airbag in a car during a crash. If no airbag was present, a passenger’s head
would impact a solid object and the momentum of their head would reach zero extremely
quickly. An airbag will act to extend the impact, and their head’s momentum will decrease to

zero over a longer duration. Knowing that / = FAt, we can rearrange to find F = Ait The impulse
experienced with and without an airbag is equal since the change in momentum is equal.
However the airbag increases the time of the collision, At, decreasing the force experienced

by the head. Increasing the time of a collision is also the principle behind seat belts, helmets,
crumple zones, brakes, parachutes, and many other types of safety equipment.

Image: Sebastian Kaulitzki/Shutterstock.com

i - . - I
a = / -

Image: Sebastian Kaulitzki/Shutterstock.com

Figure 2 (a) A car crash without an airbag will result in large force on the driver as the impulse occurs over a
short duration. (b) An airbag acts to slow the collision and reduce the amount of force experienced by the driver.
THEORY SUMMARY

e Momentum is a vector quantity that is a product of a body’s velocity and its mass and is
measured inkgms™torNs.

-— p = mv
e The law of conservation of momentum states that the total momentum before a collision
will be the same as the total momentum after the collision within an isolated system.

- Pi=Pf

e Impulseis a vector equal to the change in momentum of an object due to a force which
acts over a given time.

- I=Ap=mAv
- I=FAt
e Impulse can be described in both kg ms™and N's.

e Thedirection of impulse is determined by the direction of the change in momentum or
the direction of a force causing the impulse.

KEEN TO INVESTIGATE?

YouTube video: Physics Girl - Stacked Ball Drop
https://youtu.be/2UHS883_P60

YouTube video: Professor Dave Explains - Impulse and Momentum
https://youtu.be/E13h1E_Pc00

YouTube video: Veritasium - Bullet Block Experiment
https://youtu.be/VWVZEAPXM4w
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3A Questions

THEORY REVIEW QUESTIONS

Question 1

Which option(s) can be used to measure impulse? Select all
that apply.

A mst

B Ns

C kgmst
D N
Question 2

Impulse is best described as

the change in the momentum of an object.

the average force experienced by an object.
C the change in the velocity of an object.

D thechange inthe velocity of an object over a given time.

Question 3

During a collision
A momentum is never conserved.

B momentum is conserved only if the objects after a
collision are travelling at the same speed.

C momentum is always conserved if the objects after the
collision are travelling in the same direction.

D momentum is always conserved in an isolated system.

Question 4

Two cars with equal mass are travelling down a road at

80 km h™! when the traffic lights in front of them turn red and
both cars stop. Car A decelerates very rapidly from 80 km h™!
to 0 km h™1, where as Car B slowly decelerates.

Relative to Car B, Car A experiences

A agreater magnitude of impulse.

B alesser magnitude of impulse.

C the same magnitude of impulse.
D

no impulse.

Question 5

After a collision between 2 objects, A and B, object A is found
to have a change in momentum of 10 kg m s™* to the left.
Which of the options best describes the momentum change
of object B after the collision?

A The momentum change of object B will be 10 kgm s7!
to the left.

B The momentum change of object B will be 10 kg m s™1
to the right.

The momentum change of object B will be zero.

There is not enough information to determine the
momentum change of object B.

EXAM-STYLE QUESTIONS
This lesson

Question 6 (2 MARKS)

A basketball of mass 0.25 kg is thrown to the right at a speed
of 4.0 m s™L. What is the momentum of the ball?

Question 7 (2 MARKS)

A pigeon with a mass of 0.20 kg is in flight with a momentum
of magnitude 0.50 kg m s7L. Calculate the speed of the pigeon.

Question 8 (4 MARKS)

Ayoung adult driving a Subaru WRX approaches an
intersection at a speed of 50 m s™1. A car pulls out in front
of the WRX which is forced to stop in 8.5 s. The driver and
Subaru have a combined mass of 1500 kg.

a Calculate the magnitude of the impulse experienced by
the car and driver. (2 MARKS)

b  Calculate the magnitude of the average force acting to
decelerate the car. (2 MARKS)

Question 9 (9 MARKS)

The included figure shows a car of mass 1.5 tonnes moving to
the right at a speed of 20 m s, and a truck of mass

7.5 tonnes moving to the right at a speed of 10 ms™L.

The two vehicles collide and stick together.

7.5tonnes 10ms*
—_

1.5tonnes 20ms™

i, B

a Calculate the magnitude and direction of the total
momentum of the car and truck when they stick
together after the collision. (2 MARKS)

b  Calculate the speed of the truck and car once they have
stuck together after the collision. (2 MARKS)

¢ State the magnitude, direction, and units of the impulse
given to the car by the truck during the collision. (3 MARKS)

d Whatisthe magnitude and direction of the impulse given
to the truck by the car during the collision? (2 MARKS)

Adapted from 2013 VCAA Exam Section A Q3

Question 10 (2 MARKS)

In a game of cricket, a ball of mass 85 g is struck by a bat over
aduration of 0.010 s. For a specific hit, the magnitude of the
impulse given to the ballis 2.90 N s.

What was the magnitude of average force exerted on the ball
by the bat?
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Question 11 (5 MARKS)

103

Question 13 (4 MARKS)

Students in a physical education class are exploring the
breaking point of rubber balls by striking them with a bat
whilst they are thrown. The physical education students also
possess a good knowledge of momentum and impulse, and
decide to calculate one of their failed attempts. They record
the included measurements.

Mass of ball 0.40 kg
Mass of bat 2.5kg
Speed of bat immediately before | 12ms™

striking ball (bat is stationary after collision)

Speed of ball immediately before | 20 m s™* (towards bat)

being struck

Speed of ballimmediately after 55ms™! (away from bat)

being struck

An angry teenager drops a bowling ball from rest, in order
to crush a frustrating optical illusion. The bowling ball falls
h metres before contacting the opticalillusion. The bowling
ball takes 0.50 s to make contact with the opticalillusion.
Takeg=9.8ms™2

2.0kg

®

A
1
1
1
1
hi
1
1
1
1
v

Average force between the ball 1.2x103N

and bat

Before the collision After the collision

JO

Batis ’
12ms?

20ms stationary 55ms”

a Calculate the magnitude of the impulse given to
the ball by the bat. Include an appropriate unitin
your answer. (3 MARKS)

b Calculate the time that the ball is in contact with
the bat. (2 MARKS)

Adapted from 2019 NHT VCAA Exam Section B Q7

=

a Calculate the distance h in metres.
Show your working. (2 MARKS)

b Calculate the speed of the bowling ball as it makes
contact with the optical illusion. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q7

Key science skills

Question 14 (8 MARKS)

Students conduct a physics experiment in which they use a
toy car moving at a known constant velocity with variable
mass, and collide it with another stationary car of known
mass. The students use a tape measure and a stopwatch to
measure the velocity of the second car. Due to the inaccuracy
of this method, the students estimate the uncertainty of

the final momentum to be + 3.0 kg m s™L. They record the
following data.

. Initial Momentum (kg ms™) Final Momentum (+3.0 kg ms™?)
Previous lessons
9 10
Question 12 (3 MARKS) 15 13
. S - S . 22 21
A clown at the circus is riding on a miniature bike in a circle of
radius 8.0 m. The floor of the circus is flat. The clown is able 26 28
to move at a constant speed of 3.0 m s™L. The clown and their 31 29

miniature bike have a combined mass of 110 kg.

a  Whatis the magnitude of the net force acting on the
clown and the miniature bike? (2 MARKS)

b  Copy theincluded diagram, and add an arrow to show
the direction of the net force on the clown and their
miniature bike. (1 MARK)

Clown on
miniature bike

Image: Graphiga Stock/Shutterstock.com

Adapted from 2009 VCAA Exam 1 Section A AoS 1Q3-4

a Onasetofaxes: (5MARKS)

e plotagraph of final momentum versus initial
momentum using the data in the table provided

e include appropriate uncertainty bars for the final
momentum values

e label each axis correctly
e include an appropriate scale
¢ Include a line of best fit

b  Usethe graph from part a to determine whether the
students’ data supports the law of conservation of
momentum. Explain your answer. (2 MARKS)

¢ Suggest a way in which students could reduce random
errors in their experiment. (1 MARK)



3B KINETIC ENERGY, WORK AND POWER

This lesson is primarily about the energy associated with motion, which is core to Unit 3 Area
of Study 3, and it provides grounding for the concept of energy which is a fundamental tool
for all aspects of physics.

3A Momentum and 3B Kinetic energy, 3C Elasticand 3D Gravitational 3E Strain potential 3F Vertical spring-
impulse work and power inelastic collisions potential energy energy mass systems

Study design key knowledge dot points

® investigate and apply theoretically and practically the concept of work done by a constant force using:
- work done = constant force x distance moved in direction of net force
- work done = area under force-distance graph

® analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential energy and energy
dissipated to the environment (considered as a combination of heat, sound and deformation of material):

- kinetic energy at low speeds: £, = %mvz; elastic and inelastic collisions with reference to conservation of kinetic energy
- strain potential energy: area under force-distance graph including ideal springs obeying Hooke’s Law: E, = %kAx2

- gravitational potential energy: E,= mgAh or from area under a force-distance graph and area under a field-distance graph
multiplied by mass

Key knowledge units

Kinetic energy 3.3.15.1
Work done 3.3.14.1
Power as the rate of change in energy 2.1.15.1

Formulas for this lesson

Previous lessons New formulas
No previous formulas in this lesson * KE= % mv?

W=Fs

_AE

P="at

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

energy ascalar quantity describing the ability to cause a physical change
kinetic energy the energy of an object due to its motion

power the rate of change in energy with respect to time

work the change in energy caused by a force acting on an object in a direction parallel to its motion

Kinetic energy 3.3.15.1
OVERVIEW

Kinetic energy is the energy associated with an object because of its motion. The Sl unit for all
types of energy is joules (J) and it is a scalar quantity - it does not have an associated direction.
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THEORY DETAILS

In classical physics, the kinetic energy of an object is related to its mass and speed by the
following formula:

=12
KE = 5 mv
KE = kinetic energy (J), m = mass (kg), v=speed (ms™)
Note that the VCE Physics Study Design uses the abbreviation E, for kinetic energy. For the

purposes of making an obvious distinction between different forms of energy, this book will
usually use KE.

The benefit of quantifying kinetic energy will become clear in the next section, which explores
the concept of work, and in later lessons in chapter 3 when we introduce other types of
energy which will allow us to apply the law of conservation of energy.

Worked example

A toy car with a mass of 500 g is travelling at 3.00 m s™1. Calculate the kinetic energy of the
toy car.

Convert all values into Sl units.
_ _ 500 _

m =500 g =7700 k& =0.500 kg

v=3.00ms?

-1 2
KE—zmv

KE = % x 0.500  3.002
KE=2.25

Work done 3.3.14.1
OVERVIEW

Work is the change in the energy of an object caused by a force. The Sl unit for work is
joules (J) and work is a scalar quantity.

THEORY DETAILS
Work as a change in energy

As we know from Newton’s first law, a change in the speed of an object (and therefore its
kinetic energy) must be caused by a force. Work is a measure of the change in energy caused
by a force. If given the energy of an object at two different locations, the work done can be
calculated by subtracting the object’s initial energy from the object’s final energy.

In this lesson we focus on the relationship between work and kinetic energy (where W = AKE).
However, as we will see in later lessons, work is done when a force changes any form of energy.

Worked example

A 1500 kg car is initially travelling at 10 m s and then speeds up to 30 m s™L. Calculate the
work done by the engine to speed up the car.

KE; =2 mu? =2 x 1500 x 102= 75 000 J
KE,=3 mv? =3 x 1500 x 302 = 675 000 J
W= KE, - KE,

W= 675000 - 75 000
W=6.0%10°J
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Work as the product of a force and displacement

Work can also be defined and calculated as:

W=Fs
W =work done (J), F = magnitude of constant force (N), s = distance moved in the direction
of force (m)

This equation gives a complementary definition of work which allows us to connect the ideas of
force and energy. It is equivalent to stating that the kinetic energy of an object can change only
when a force is applied parallel to the object’s motion so it either speeds up or slows down. It
also gives a more concrete understanding of energy as the ability or potential to do work.

In VCE Physics, we need to consider three situations where work is done by a constant force:

e |fthe distance moved is in the same direction as the applied force, energy is transferred
to the object. This means the final energy (and speed) is greater than the initial energy
(and speed). The work done will have a positive value.

e |fthe distance moved is in the opposite direction to the applied force, energy is
transferred from the object. This means final energy (and speed) is less than initial
energy (and speed). The work done will have a negative value.

e |fthe distance moved is perpendicular to the applied force, no work is done (W =0).

If the applied force was on an angle relative to the displacement (which we will not need to
consider in VCE Physics), then only the component of the force parallel to the displacement
would do work.

(a) (b)

reem ul

| |
) | |
| |
| |

»
»

Figure 1 (a) By pushing a box positive work is done as the box moves in the same direction as the force.
(b) When carrying a book horizontally 3 m to the right, no work is done as force and displacement are perpendicular.

Examples of work being done include:

e acar getting faster due to a driving force pushing the car in the direction of motion
(positive work done).

e acar getting slower due to a brake force pushing the car against the direction of motion
(negative work done).

e abucket being lifted up a well by a rope due to the tension force on the bucket by the rope
displacing the bucket upwards (positive work).

A person holding an object up in the air does not do work on that object (despite the fact
that they may feel tired) because the force they apply does not result in the displacement of
the object.

Multiple forces can do work on an object at once. If we push a box over a rough surface, the
force we apply will do work which transfers kinetic energy to the box. At the same time,
friction will act in the opposite direction and take kinetic energy away from the box. This
energy will generally dissipate as sound and thermal energy.
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Worked example

A person pushes a box across a horizontal surface by applying a force of 10 N in the
direction of motion while a frictional force of 4.0 N acts on the box in the opposite
direction. The box moves a distance of 5.0 m.

Calculate the work done on the box by the person.
b Calculate the work done on the box by friction.

¢ Calculate the total work done on the box.

a The motionisin the same direction as the force applied by the person so we should
expect a positive value for the work done on the box by the person.

Wp=Fps
Wp=10><5.0
Wp=50J

b The motionisin the opposite direction to the frictional force so we should expect a
negative value for the work done on the box by friction.

W,=Fs
W;=-4.0%5.0
W,=-20J

¢ Thetotal work can be calculated in two ways. We can use the contributions of work done

on the box by both the person and friction:

W,,,=50-20=30J

Alternatively we can use the net force in the formula for work done:
Wiot = FretS

W,,,= (10 - 4.0) x 5.0

W, =30J

This represents the total increase in kinetic energy of the box.

Itis important to understand that the equation we have introduced in this section applies
only to work being done by a constant force or to the average value of a changing force.

Calculating work from force-displacement graphs

When the force applied to an object is changing, the work done on the object can be
determined by the area under a force-displacement. It cannot be determined using W = Fs.

The explanation of why the work is equal to the area lies in integral calculus, which is beyond

the scope of the VCE Physics course.

USEFUL TIP

Ensure that you check the units of the axes when calculating the area under a graph. You
will need to convert units that are not in their SI form.
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Worked example

Calculate the work done on an object that moves 50 metres in a constant direction, with
an applied force that acts in the direction of motion and varies according to the force-
displacement graph shown.

Force (N)

Displacement (m)

Work = area under force-displacement graph

First, divide the graph into areas made of rectangles and triangles.

Force (N)

Displacement (m)

Calculate the area of each rectangle/triangle.

Ay

Ag=50%30=1500J

=%><10><50=250J

-1 -
Ac=5%20x10=100J

Ap=3%10%60=300J

D
Total area under graph =250 + 1500 + 100 + 300 = 2150

Total work =2150 J

Power as the rate of change in energy 2.1.15.1
OVERVIEW

Power is the rate of change of energy. The Sl unit for power is watts (W) which is equivalent to
joules per second (J s71). Power is a scalar quantity.

This knowledge unit is not explicitly included in Units 3 or 4 of VCE Physics butitis a
fundamental concept which could reasonably be integrated into assessments in Units 3 or 4.

THEORY DETAILS

Power is related to change in energy and time by the following formula.

_AE
P="At

P =power (W), E =energy (J), t=time (s)

Power can also be viewed as the rate of work being done (P = %) when the change in energy

is caused by a force.
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5 Worked example

An object gains 30 J of energy over the span of 1 minute. Calculate the power used during
this energy transfer.

AE=30J

At=1minute=60s

—LAE_30_
P=3f=60=-05W

Theory summary

e Kinetic energy is the energy of an object associated with its motion (KE= %mvz).

e Workis a change in energy caused by a force pushing parallel to the direction of motion
(W=Fs).
- When the force is in the same direction as motion, the work done is positive.
- When the force is opposite to the direction of motion, the work done is negative.

e [fan object has changed its kinetic energy, work has been done to the object.

e When the applied force is changing, work can be determined from the area under a
force-displacement.

e Power is the rate of work being done or the rate of change of energy (P = ﬁ—f)
3B Questions
THEORY REVIEW QUESTIONS Question 4
Question 1 Which of the following best shows the work done by a person
. . . o who applies a force of 35 N to open a sliding door a distance
Which of the following best gives the kinetic energy of an of2m?
object with a mass of 5.0 kg travelling at a speed of 8.0 m s71? ’
A 37J
A 20J
B 70J
B 80J
C 37Nm’
C 160J
D 70Nm™
D 640J
. Question 5
Question 2
. . L o F(N)
In which of the following scenarios is the individual not a
doing work on an object? 10 4
A Sam picks up clothes from the floor. g
B Jessholds a barbell above her head.
6 -
C Cassie pushes a pram.
D Tedopensasliding door. 1
2 4
Question 3
0 t t t t t t t t +—> s (m)
An object initially has 4 J of kinetic energy. A while later, it o 1 2 3 4 5 6 7 9
has 12 J of kinetic energy. How much work has been done on jgins the force-displacement graph, calculate the amount of
the object? work done.
A 3J A 25)
B 4J B 26
c 8/ c 52/
D 12J D 72J
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EXAM-STYLE QUESTIONS
This lesson

Question 6 (4 MARKS)

900 kg

Stationary 10ms™?

a Calculate the work that has been done on an initially
stationary car of mass 900 kg to get it moving at a speed
of 10 ms™L. (2 MARKS)

b Calculate the additional work that must be done
to increase the speed of the car from 10 ms™*
to20msL. (2 MARKS)

Question 7 (2 MARKS)

The combined mass of a cyclist and her bike is 80 kg.
Calculate the final speed of the cyclist if she is travelling at
12 ms™tand then does 10 240 J of work to increase her
speed. Ignore the effects of resistance forces.

80 kg

80 kg

Question 8 (4 MARKS)

a Acyclistriding with an initial kinetic energy of 6000 J
pedals such that the wheel pushes against the road with
a constant force of 130 N to increase her kinetic energy
to 13 540 J. Calculate the distance the cyclist travelled to
achieve this increase in kinetic energy. Ignore the effects
of resistance forces. (2 MARKS)

KE,=13540J

o

KE.=6000J

1430 N: s ‘i

b  Another cyclist riding with an initial kinetic energy of
9400 J applies a constant brake force to decrease his
kinetic energy to 4900 J over a distance of 70 m. What is
the magnitude of the braking force? Ignore the effects of
resistance forces. (2 MARKS)

KE,=4900 J

o

KE,= 9400 J

‘F. . 70m i

Question 9 (4 MARKS)

a Acarwith a mass of 1500 kg accelerates from a speed
0f 9.0 m s~ to 14 m s~ with a net force of magnitude
800 N. Calculate the distance over which the car
achieves this increase in speed. Use the concept of
work and energy. (2 MARKS)

1500 kg

1500 kg

9.0ms™? 14mst
S
|

800 N s

b  Acarwith a mass of 1200 kg slows from 20 m s™* to
12 m s™! by applying a constant brake force over a
distance of 64 m. Calculate the magnitude of the net
force applied to the car as it slows down. Use the
concept of work and energy. (2 MARKS)

1200 kg 1200 kg
20ms? 12mst
2
— 4 |
F oot 64m

< >

Question 10 (3 MARKS)

Brake tests for a new car are conducted where the same
brake force is applied in each trial (controlled variable) for
a car travelling at two different speeds. The distance to stop
is measured.

Initial speed Distance to stop
(independent variable) (dependent variable)
TrialA | 5mst 2m
TrialB | 15ms™? 18m

Explain why a car that is moving 3 times faster takes 9 times
the distance to stop, given that the same brake force is applied.
Use the concepts of work and energy in your explanation.

Question 11 (3 MARKS)

The graph shows the net force applied to a van with a mass
of 1600 kg which is initially moving at a speed of 8.0 m s™™.
The net force is in the direction of motion. Calculate the final
speed of the van after it has travelled 100 m.

I s

1200 +

1000 1

800 T

600 T

400 +

Net force on Van (N)

200 T

0 t t t t t t
0 20 40 60 80 100 120
Distance (m)

v
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Question 12 (3 MARKS)

A 1300 kg car passes through an intersection (which
corresponds to a distance of 0 metres on the graph shown)
at a speed of 36.0 km h™. The driver varies the application
of the accelerator so that the net force in the direction of the
car’s motion varies as shown in the graph. The distance is
measured from the intersection.

4
700 T
600 T
500 T
400 T
300 T+
200 T+

Net force on Van (N)

100 +

0 + + + + + + +—>
0 10 20 30 40 50 60 70
Distance (m)

Use the graph to calculate the speed of the car after it has
travelled 60.0 m.

Question 13 (3 MARKS)

Genevieve (60.0 kg) is riding a bike (20.0 kg), and she
increases her speed from 10.0 km h™ to 15.0 km h™! over
3.00 minutes on a flat road. Calculate the power exerted by
Genevieve. Ignore the effects of any resistance forces.

Question 14 (6 MARKS)

Aremovalist pushes a heavy box on a rough surface such that
the net force on the box is 50.0 N. The removalist pushes with
a power of 300 W for 30.0 seconds and moves the box 15.0 m.
There is a constant friction force acting against the motion of
the box causing energy to dissipate as heat.

a Calculate the magnitude of the force applied by
the removalist. (3 MARKS)

b  Calculate the magnitude of the friction force. (1 MARK)

¢ Calculate the amount of energy dissipated
as heat. (2 MARKS)

Previous lessons

Question 15 (5 MARKS)

A child is pulling a toy, which consists of two blocks
connected by string, along the ground. The mass of each
block is 0.50 kg and each block experiences a friction force
of 2.0 N.

T,and T, are the tensions in the strings as shown in
the diagram.

The child and the toy are moving towards the right.

Block 1 Block 2
String A (T)) String B (T,) .
0.5kg 0.5 kg
20N 20N
+——] +—]
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a  Calculate the magnitude of T, when the child is pulling
the blocks at constant velocity. (1 MARK)

b Thechild then accelerates at a rate of 0.80 m s™2.
Calculate the magnitude of T,. (2 MARKS)

¢ Thestrings will break if the tension reaches 10 N. The
child drags the blocks at an increasing acceleration until
one of the strings breaks. Calculate the magnitude of the
acceleration when this occurs. Assume that the friction
on each block remains the same (2.0 N on each). (2 MARKS)

Question 16 (7 MARKS)

A car drives at a constant speed of 3.0 m s around a
roundabout with a radius of 5.0 m. Inside the car there is a
ball with a mass of 0.15 kg hanging on a piece of string from
the roof.

5.0m

What is the magnitude of the net force on the ball? (1 MARK)

b  Copy the diagram of the ball on the string and draw
arrows to show the forces acting on the ball. Also include
a dashed arrow to show the net force on the ball. (2 MARKS)
Adapted from 2013 VCAA Exam Section A Q4a

¢ Explain how the forces acting on the ball cause the
net force. (2 MARKS)
Adapted from 2011 VCAA Exam 1 Section A AoS 1Q5

d Whatangle does the string make with
the vertical? (2 MARKS)

Key science skills

Question 17 (3 MARKS)

Mikaela, Sergio and Liam are investigating work and kinetic
energy. They measure the speed of a cart after a force has
been applied using a ruler and a stopwatch. Mikaela suggests
thatit is important to repeat the measurement to reduce

the effects of random error. Sergio agrees that they should
repeat the measurement, but he suggests this will reduce the
effects of systematic error. Liam suggests that repeating the
measurement will reduce the absolute uncertainty of each
measured value.

Evaluate each of these three claims.



3C ELASTIC AND INELASTIC COLLISIONS

In this lesson we will analyse collisions in one dimension and classify them as either elastic
orinelastic. We will investigate the conservation of momentum and determine the possible
changes in kinetic energy during collisions.

impulse work and power inelastic collisions potential energy energy

3A Momentum and 3B Kinetic energy, 3C Elastic and 3D Gravitational 3E Strain potential 3F Vertical spring-

mass systems

Study design key knowledge dot points

one dimension

graph multiplied by mass

Key knowledge units

e investigate and apply theoretically and practically the laws of energy and momentum conservation in isolated systems in

® analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential energy and energy
dissipated to the environment (considered as a combination of heat, sound and deformation of material):

- kinetic energy at low speeds: E, = % mv?; elastic and inelastic collisions with reference to conservation of kinetic energy
- strain potential energy: area under force-distance graph including ideal springs obeying Hooke’s Law: E :% kAx?

- gravitational potential energy: Eg= mgAh or from area under a force-distance graph and area under a field-distance

Elastic and inelastic collisions

3.3.6.2 & 3.3.15.6

Energy dissipation 3.3.15.5
Formulas for this lesson
Previous lessons New formulas
3A * p=mv No new formulas in this lesson
3A P;=Ps
* = l 2
3B KE = Smv
(*Indicates formula, or a similar version, is on VCAA formula sheet)
Definitions for this lesson
elastic collision a collision in which kinetic energy is conserved
energy dissipation the transfer of energy out of a system
inelastic collision a collision in which kinetic energy is not conserved
Elastic and inelastic collisions 3.3.6.2 & 3.3.15.6
OVERVIEW
USEFUL TIP

Momentum is conserved in all collisions. In elastic collisions kinetic energy is also conserved,
whereas in inelastic conditions kinetic energy is not conserved.

THEORY DETAILS

Total momentum is conserved in all collisions. This means that the sum of the initial
momenta of objects involved in a collision is equal to the sum of the final momenta of the
same objects after a collision.

Momentumisa
vector quantity. When
calculating the total
momentum before
and after a collision,
make sure to take into
account the direction
of movement.
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3C THEORY

Elastic collisions

In elastic collisions, kinetic energy is conserved. This means that the total kinetic energy of
the colliding objects before the collision is equal to the total kinetic energy of the objects after
the collision. As in all collisions, momentum is also conserved.

Not many everyday collisions are elastic: true elastic collisions only occur at a subatomic
level. However, collisions between very rigid objects like billiard balls are often close to
elastic collisions.

Inelastic collisions

During inelastic collisions, kinetic energy is not conserved. This means that the total kinetic
energy of the colliding objects before the collision is not equal to the total kinetic energy of
the objects after the collision, despite momentum still being conserved. Since kinetic energy
cannot be gained in a collision, the total kinetic energy after an inelastic collision will be less
than before the collision. This is because the kinetic energy lost in the collision is transformed
into other types of energy.

Most collisions in the real world are inelastic collisions, such as a car crash or football players
tackling each other.

Problem solving process
To solve common VCAA collision questions:
1 Calculate total momentum before collision.

2 Using the conservation of momentum and information provided, calculate the final
velocity of the colliding objects.

3 Calculate the total kinetic energy before and after the collision.

4 From the change in kinetic energy, determine if the collision conserved kinetic energy
(elastic) or did not (inelastic).

Worked example

113

Before collision

Figure 1 The total momentum
of objects involved in a collision
is the same before and after the
collision occurs.

USEFUL TIP

If the final total kinetic
energy is larger than
theinitial total kinetic
energy, you have
made a mistake in
your working.

Two 3000 kg train cars, car A and car B, are moving toward each other head on. Before they collide, car A is travelling to the

right at 3.00 m s~ and car B is travelling to the left at 4.00 m s™1.

Before the collision

3.00ms™ 400ms™
3000 kg — — 3000 kg

After the collision, the cars are joined together and move off as one.

After the collision

Calculate the final velocity of the joined cars.

b Isthe collision elastic or inelastic? Justify your answer with calculations.

a Define the right direction as positive.
Initial total momentum:
p=mv ..p,=m,xu,=3000x3.00=9000 kgms~*
Pg=Mg* Uy =3000x-4.00=-12000 kgms*

Piot=Pa* Pg=9000 - 12 000 =-3000 kg m s™! (negative value indicates direction is to the left)



114 UNIT 3 | AOS 3 | CHAPTER 3: MOMENTUM AND ENERGY

Final total momentum:
ps=p; . ps=-3000 kg m s! (negative value indicates direction is to the left)
Final velocity:

Ps=(M,+mg)x v, . =3000=(3000 +3000) x v,

_-3000 . . . o
V¢=13000+3000) - 0.500 m s™* (negative value indicates direction is to the left)

b Initial total kinetic energy:
KE, =3 m,u,?=3 x 3000 x 3.002 = 13 500 J

KEg =%mBuB2 =%x 3000 x 4.002 =24 000 J
KE,,, = KE,+ KEg = 13 500 + 24 000 = 37 500 J

Final total kinetic energy:

KE o = KE, + KEg =3 m v, + 2mgv,2 =2 x 2 x 3000 x 0.5002 = 750 J
Compare initial and final total kinetic energy:

KE;# KEftherefore itis aninelastic collision.

Note that kinetic energy is not a vector quantity. No matter the direction objects are travelling

before or after a collision, kinetic energy is always added to find the total.

Energy dissipation 3.3.15.5 i l
OVERVIEW

During inelastic collisions, the kinetic energy lost is dissipated from the objects in the form
of heat, sound, and the deformation of the objects.

THEORY DETAILS

During collisions where kinetic energy is not conserved (inelastic collisions), the energy lost
must be transformed into other forms of energy, since energy cannot just vanish.

44—

Imagine a tennis ball bouncing along the floor. With each bounce, the tennis ball loses kinetic

energy, which can be seen by the ball bouncing lower each time. We know that there will be

a sound produced as the ball bounces, and the energy required to produce this sound comes

from the kinetic energy of the ball. Additionally, there will be friction between the tennis ball (((Q)))
and the ground, which generates heat. This heat energy is also transformed from the initial

kinetic energy of the ball. Finally, with each bounce energy is transformed into deformation

of the tennis ball (changing its shape).

Due to processes like the ones seen in the tennis ball bounce, kinetic energy is dissipated into

other forms during inelastic collisions. To observe energy dissipation yourself, try rubbing Figure2 Energyis dissipated as

sound, heat, and deformation of

your hands together. The kinetic energy of your hands will be transformed into heat energy the tennis ball when it collides with
due to friction. the ground.
Theory summary

KEEN TO INVESTIGATE?

oPhysics ‘Momentum & Energy: Elastic and

Inelastic Collisions’ simulation
e Kinetic energy is not conserved (decreases) in inelastic collisions https://ophysics.com/e2.htm!

e The total momentum is conserved in all collisions

e Kinetic energy is conserved in elastic collisions

e When energy is not conserved, it is dissipated in the form of heat, sound

) : oPhysics ‘Momentum & Energy: Explosive
or object deformation

“Collisions”’ simulation
https://ophysics.com/e2a.html

PhET ‘Collision Lab’ simulation
https://phet.colorado.edu/sims/collision-
lab/collision-lab_en.html
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3C Questions

THEORY REVIEW QUESTIONS

Question 1

Choose the row that best describes types of collisions:

Collision Momentum Kinetic energy
conserved? conserved?

A Elastic Yes Yes
Inelastic Yes Yes

B Elastic Yes Yes
Inelastic Yes No

(o Elastic No Yes
Inelastic Yes No

D Elastic Yes No
Inelastic Yes Yes

Question 2

Question 4 (5 MARKS)

Which of the following statements is incorrect?

A Energy is a vector quantity. When calculating total
energy, you should keep in mind the directional sign.

B  Energy is ascalar quantity. When calculating total
energy, always add the various energies together.

C Momentum is a vector quantity. When calculating
total momentum, you should keep in mind the
directional sign.

D Energyis dissipated away from inelastic collisions.
EXAM-STYLE QUESTIONS
This lesson

Question 3 (8 MARKS)

Two whitetail bucks are charging towards each other and
collide head on during a territorial fight. Before the collision,
buck A has a mass of 110 kg and is moving at 8.00 m s™* to the
right, while buck B is 130 kg and is moving at 5.00 m s™* to
the left.

a Whatis the total momentum before the
bucks collide? (1 MARK)

b  What will be the total momentum after
the collision? (1 MARK)

¢  After the collision, buck A and B are locked together.
At what speed are the joined pair travelling? (2 MARKS)

d Calculate the initial total kinetic energy of the
two bucks. (2 MARKS)

e Calculate the final total kinetic energy of the
two bucks. (1 MARK)

f Isthe collision elastic or inelastic? (1 MARK)

Two runaway train cars collide and join together.

Before the collision

6.0ms™
10 tonnes

After the collision

3.0ms™
—_—

5.0 tonnes

a Calculate the final speed of the joined cars. (2 MARKS)

b Isthe collision elastic or inelastic? Use calculations to
support your answer. (3 MARKS)

Adapted from 2018 VCAA Exam Section A Q8

Question 5 (3 MARKS)

Two billiard balls collide during a game of pool. They each
have a mass of 0.35 kg and ball A has an initial speed of
4.0 m s~ before it hits the stationary ball B.

After the collision ball A is stationary. Find the final speed of
ball B and determine, using calculations, if the collision is
elastic or inelastic.
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Question 6 (3 MARKS)

Two blocks collide on a frictionless surface. Initially, a 4 kg
block is travelling to the right, before it collides elastically
with an 8 kg block.

Before collision

After they collide, the 8 kg block moves to the right and the
4 kg block moves to the left as shown in the diagram.

After collision

The magnitude of the momentum of the 8 kg block after
the collision is greater than the magnitude of the
momentum that the 4 kg block had before the collision.

Explain why the greater magnitude momentum of the
8 kg block is consistent with the law of conservation
of momentum.

Adapted from 2012 VCAA Exam 1 Section A AoS 1Q2

Question 7 (4 MARKS)

Previous lessons

Question 8 (2 MARKS)

A motorcycle rider drives around a banked circular track
which is angled at 25° to the horizontal. The rider’s circular
path has a radius of 50 m.

a Calculate the speed they should drive at so that they
do not experience a sideways frictional force while
maintaining this path. (1 MARK)

b  Calculate the required angle of the banked track for
there to be no sideways friction force if the rider drives at
30 m st along the same circular path. (1 MARK)

Question 9 (2 MARKS)

Calculate the impulse given to a 0.25 kg toy rocket when it is
accelerated from rest to 60 m s™! by a strong spring.

Key science skills

Question 10 (2 MARKS)

The behaviour of a golf ball and the club used to strike it is
being investigated. Treat the impact as an elastic collision
between the head of the golf club and the golf ball.

O—:

Golfclub/ \Golf ball

Four relevant measurements are recorded.

Mass of golf ball 48g

Initial speed of golf club head 30.00ms™t
Final speed of golf club head 24.74ms™t
Final speed of golf ball 54.74ms™t

Given that the golf ball was stationary before being hit,
calculate the mass (in grams) of the golf club head.

Five different momentum measurements are recorded.
Determine the number of significant figures used for each
of the values:

0.50001 kg m s71,0.00001 kg m s™%,0.500 kg m s71,
0.50 X 10" kgms™1,0.001 X 103 kgms™, 420 kgmssL.

Question 11 (2 MARKS)

Describe the gradient of this final momentum versus initial
momentum graph.

'y

3.80 T

3.50 1

3.40 +

Final momentum (kg m s™)

0 5 10 15 20 25 30
Initial momentum (kg m s™)



3D GRAVITATIONAL POTENTIAL ENERGY

This lesson will build on our understanding of work and energy from lesson 3B. Gravitational
potential energy is the energy associated with the position of an object within a gravitational
field. We will introduce the law of conservation of energy and use it as a convenient way to

relate the change in an object’s height to its associated change in speed.

Study design key knowledge dot point

multiplied by mass

Key knowledge units

3A Momentum and 3B Kinetic energy, 3C Elastic and 3D Gravitational 3E Strain potential 3F Vertical spring-
impulse work and power inelastic collisions potential energy energy mass systems

e analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential energy and energy
dissipated to the environment (considered as a combination of heat, sound and deformation of material):

- kinetic energy at low speeds: E, = % mv?; elastic and inelastic collisions with reference to conservation of kinetic energy

- strain potential energy: area under force-distance graph including ideal springs obeying Hooke’s Law: E = % kix?

- gravitational potential energy: E,= mgAh or from area under a force-distance graph and area under a field-distance graph

Gravitational potential energy 3.3.15.2
Conservation of energy 3.3.15.4
Formulas for this lesson
Previous lessons New formulas
3B * KE=3mv? * AGPE = mghh
3B W=Fs v=1/-2gAh+u?
(*Indicates formula, or a similar version, is on VCAA formula sheet)
Definitions for this lesson
gravitational potential energy the stored energy associated with the position of an object
in a gravitational field
Gravitational potential energy 3.3.15.2
OVERVIEW 251
Gravitational potential energy is the energy associated with the
position of an object within a gravitational field. We can calculate the =20+
change in gravitational potential energy when an object changes its >
height in the field with AGPE = mgAh. g 151
bo
THEORY DETAILS 8
(]
In lesson 3B we learned that work is done whenever a force is applied 3107
to an object in a parallel direction to its motion - such as the force due S
to gravity acting on a falling object - and it can be calculated from the € st
equation W = Fs or by the area under a force-displacement graph. For
a uniform gravitational field, the force due to gravity acting on a given : : : | I
object is constant. Figure 1 shows a force-displacement graph for a 2 4 6 8 10

2 kg object under the influence of a uniform gravitational field with
strength 9.8 N kg™L.

Height/vertical displacement (m)

Figure 1 Aforce-displacement graph for a 2 kg object. The
force due to gravity remains constant so the graph shows a
horizontal line. The shaded area represents the work done,
or the change in gravitational potential energy.
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We also know from lesson 3B that the work done is equal to the change in energy of an object
caused by a force. Gravitational potential energy represents the object’s potential to do work
due to its height in a gravitational field.

This means the area under a gravitational force-height graph will give us the magnitude
of the change in gravitational potential energy (W = AGPE). The change in height (vertical
displacement) of the object is h,~ h;= Ah. The force due to gravity is given by Fg=mg.

Since the area under the graph is a rectangle, we multiply the force (mg) with the change in
height (Ah) to get the change in gravitational potential energy.

AGPE = mgAh
AGPE = change in gravitational potential energy (J), m = mass (kg), g = acceleration due to
gravity (m s72), Ah = change in height (m)

Note that the VCE Physics Study Design uses the abbreviation E_for gravitational potential
energy. For the purposes of making an obvious distinction between different forms of energy,
this book will usually use GPE.

Worked example

A 2.0 kilogram ball is released from the top of a track with
an initial height of 5.0 m as shown in the diagram. Take the
acceleration due to gravity to be 9.8 ms™2,

As the question asks for the magnitide, we take a
positive value.

AGPE=59 J
10 .
Point C:
g We are given the mass m = 2.0 kg, acceleration due to gravity
g=9.8ms™?
E ] 20k ] Ah=h~h=0-5 - Ah=-5m
] A
B \ AGPE = mgh =2.0 % 9.8 x (-5)
as
D AGPE=-98)
2 e As the question asks for the magnitude, we take a
c positive value.
0 AGPE=98J

What is the magnitude of the change in gravitational
potential energy from point A to the points B, C, and E?

Point B:
We are given the mass m = 2.0 kg, acceleration due to gravity
g=9.8ms™?

Ah=h-h=2-5 :.Ah=-3m
AGPE =mgAh=2.0 x 9.8 x (-3)
AGPE=-59J

Conservation of energy 3.3.15.4
OVERVIEW

Point E:
We are given the mass m = 2.0 kg, acceleration due to gravity
g=9.8ms™>2

Ah=h;~h;=5-5 ..Ah=0m
AGPE=mgAh=2.0%9.8%0
AGPE=0

Energy is always conserved. This means that energy can be transformed from one type to another
but never be created or destroyed. Hence, the total energy in a system will remain constant.

THEORY DETAILS

To find the total energy of a system we must add together all the different types of energy in
the system. If kinetic energy and gravitational potential energy are the only relevant types of
energy in a system, the total energy would be given by the following equation: E, . = KE + GPE

total —

Since energy is conserved (the total energy must be constant) we can equate the initial and

final state giving us:
KE; + GPE, = KE;+ GPE,
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When finding GPE; or GPE;, we use the formula GPE = mgh where the height, h, is taken from
any point as long as it is consistent. For example, the height of a ball resting on a table could
be measured from the floor or from the top of the table (or from any other reference height);
it does not matter as long as we are consistent about the reference height.

We can expand the energy conservation equation by substituting in the values for
gravitational potential energy and kinetic energy giving us: %mu2 +mgh, = —%— mv?+mgh;.

By rearranging this equation we can find a formula for the final speed of an object moving in

a gravitational field, as long as kinetic energy and gravitational potential energy are the only
relevant types of energy:

v=14/-2gAh+u?

v=final speed (m s™), g = acceleration due to gravity (m s72), Ah = change in height (m),
u =initial speed (ms™)

Energy can be transformed into other types like thermal energy, sound energy, and
deformation of material. This is called energy dissipation and it does not violate the
conservation of energy principle.

Worked example

A 2.0 kilogram ball is released from the top of a track with a  Weare given: the mass m =2.0 kg, gravitational

an initial height of 5.0 m as shown in the diagram. Its speed
is initially zero. Take the gravitational potential energy at
the bottom to be zero.

acceleration g =9.8 m s72, and height h=5.0 m (measured
relative to the ground).

GPE=mgh=2.0x9.8%5.0

GPE=98J
10
b  KE,+GPE,=KEg + GPE; where KE; =0
8
) GPE, = KE5+ GPE,
Eel 20 98=KE,+2.0x 9.8 %2
£ A E
-0 98=KEg+39.2
[
T 4
2 KEz=98-39.2
2 8 KE=59J
0 © ¢ g=98ms2h=50m,h=0m,u=0ms
. . M 5
Calculate: Substitute into the equation: v=14/-2gAh+u
=f= _ 2
a the gravitational potential energy at point A. v=1/-2x9.8x(0-5)+0
R . v=99ms!

b thekinetic energy at point B.
¢ thespeed at point C. d Thetotal energy is the same at all points. So we will use

[-H

the total energy at point D.

Theory summary

e Achange in gravitational potential energy can be calculated from

- thearea under a gravitational force-height graph.
- theequation AGPE = mgAh.

e Energy is always conserved.

- Theinitial energy equals the final energy of the system. For a

point A to find the total energy.
At point A: E = KE + GPE, where KE =0
E=0+98=98J

KEEN TO INVESTIGATE?

PhET ‘Energy Skate Park’ simulation
https://phet.colorado.edu/en/simulation/
energy-skate-park-basics

system involving only kinetic energy and gravitational potential

energy this gives us: KE; + GPE, = KE,+ GPE,;

e Inthereal world energy is often transformed into other forms such

as thermal energy and sound.
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3D Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following statements is correct?

A Total energy is always conserved.

B Total energy is only conserved in frictionless systems.
C Gravitational potential energy is always conserved.
D

Total energy is not conserved.

Question 2

An object is dropped 1 m with an initial gravitational
potential energy of 15 J and a final gravitational potential
energy of 12 J. Which equation would we use to find the
change in the object’s kinetic energy?

A AKE=Em(u2-v3)

1 2 1 2
B AKE—2mu 5 mv

KE = GPE
KE, + GPE, = KE,+ GPE,

Use the following information to answer Questions 3-6.

A 15 kg ball which is initially at rest at point W rolls along the

frictionless track shown in the diagram.

16 —

Height (m)

Question 3

Which of the following calculations could be used to find the
change in gravitational potential energy as the ball rolls from

point W to point X?
A 15x10xg
B 15x6xg
C 15x(10-6)xg
D 15x(10-2)xg

Question 4

At which two points is the ball moving at the same speed?

A WandQ
B XandY
C XandZ
D YandZz

Question 5

Which of the following calculations could be used to find the

kinetic energy of the ball at point Z?
A 15x(10-2)xg

B 5x15x32
C 15x10xg
D 3x15x82
Question 6

Which of the following options is the best reason the ball
never reaches point Q?

A The gravitational potential energy at point Q is greater
than the total energy of the ball.

B  Friction would cause the ball to stop before it reaches
point Q.

C The ball does not have enough mass to make it over
the second hill.

D The horizontal distance to point Q is too far.
EXAM-STYLE QUESTIONS
This lesson

Question 7 (4 MARKS)

A 1800 kg jeep is travelling at 30 m s™! at the bottom of a 15 m

hill. Assume there is no friction and no driving force acting
on the car.

1800 kg

15m

a Calculate the change in gravitational potential energy
of the car when it reaches the top of the hill. (2 MARKS)

b  Calculate how fast the car is travelling when it reaches
the top of the hill. (2 MARKS)

Question 8 (8 MARKS)

W0D"20}S4313NYS /edjulpns] :a8ew|

Tom throws a 0.50 kg ball at 5.0 m s™* from a height of
35 m. Take the gravitational potential energy at the water
to be zero.
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Energy (J)
Energy (J)

Height (m) Height (m)

Energy (J)
Energy (J)

Height (m) Height (m)
a  Which graph (A-D) best shows the kinetic energy of the
ball as a function of height? Explain your answer. (2 MARKS)

b Which graph (A-D) best shows the gravitational potential
energy of the ball as a function of height? Explain
your answer. (2 MARKS)

¢ Whatis the kinetic energy of the ball when it impacts
the water? (2 MARKS)

d Whatis the speed of the ball when it is 10 metres above
the water? (2 MARKS)

Question 9 (5 MARKS)

Lucie, a 64 kg skier rides down a frictionless mountain side until
she reaches a dirt patch at the bottom. The dirt slows Lucie to a
complete stop with a force of 560 N applied over 18.2 m.

64 kg

‘9

Image: SunshineVector/Shutterstock.com

3 18.2m :

a  Whatis the height of the hill Lucie skied down? (3 MARKS)

»
»

b Isenergy conserved when moving over the dirt patch?
Explain your answer. (2 MARKS)

Question 10 (3 MARKS)

A probe of mass 1.5 kg, which is initially at rest, drops from
a height of 4.0 m above the surface of the Moon. Take the
moon to have a gravitational field strength, g, of 1.5 m s72.

Sketch gravitational potential energy and kinetic energy
as a function of height above the Moon’s surface. Take the
gravitational potential energy on the surface of the moon
to be zero.

Adapted from 2017 VCAA Sample Exam Section B Q1b

Previous lessons

Question 11 (3 MARKS)

A 0.50 kg ballis on a vertical circular track of radius 3.0 m.
At the lowest point A, the ball is moving at 8.0 ms™L,
Ignore air resistance.

a  Draw the resultant force acting on the ball at point A. (1 MARK)

b  Whatis the magnitude of the force that the ball exerts
on the track at point A? (2 MARKS)

Adapted from 2015 VCAA Exam Section A Q3

Question 12 (5 MARKS)

A baseball fielder attempts to catch a ball. The ball has a
mass of 0.250 kg.

Speed of ball before collision 13.0ms™t

Speed of ball after collision O0ms™t

Time in contact with the ball 0.150s
—
— %}J

—_—

13.0ms™
Stationary

Image: Yayayoyo/Shutterstock.com
a  Calculate the magnitude of the impulse given by the glove
to the ball. Give your answer in appropriate units. (3 MARKS)

o

Calculate the magnitude of the average force by the glove on
the ball during the collision. Show your working. (2 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q7

Key science skills

Question 13 (6 MARKS)

Students drop a 0.50 kg ball from rest at varying heights
and record the final kinetic energy of the ball just before it
hits the ground. Take the ground as the position with zero
gravitational potential energy.

a Calculate the values for the initial gravitational
potential energy and write them in a similar table in
your book. (2 MARKS)

Height from which the | Initial gravitational Final kinetic
ballis dropped (m) potential energy (J) energy (J)

2 9.5

4 18

6 27

8 35

b Draw a graph of the final kinetic energy on the vertical
axis versus the initial gravitational potential energy on
the horizontal axis using the data from the table in part
a. You must also provide an appropriate label for each
axis, a scale, and a line of best fit. (4 MARKS)



3E STRAIN POTENTIAL ENERGY

A spring will always produce a force to return to its natural length. We can plot the force-displacement graph for a spring
and find the area under the graph to calculate strain potential energy. Strain potential energy will be used in conservation of
energy calculations alongside gravitational potential energy and kinetic energy.

3A Momentum and 3B Kinetic energy, 3C Elastic and 3D Gravitational 3E Strain potential 3F Vertical spring-
impulse work and power inelastic collisions potential energy energy mass systems

Study design key knowledge dot point

e analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential energy and energy
dissipated to the environment (considered as a combination of heat, sound and deformation of material):

- kinetic energy at low speeds: E, zzimvz; elastic and inelastic collisions with reference to conservation of kinetic energy
- strain potential energy: area under force-distance graph including ideal springs obeying Hooke’s Law: E, :zlkx2

- gravitational potential energy: E,= mgAh or from area under a force-distance graph and area under a field-distance graph
multiplied by mass

Key knowledge units

Hooke’s law 3.3.15.3.1

Strain potential energy 3.3.15.3.2

Formulas for this lesson

Previous lessons New formulas

2B Fg=mg * F,=-kDAx

3B * KE=imv? * SPE=2 k(Ax)?
3D * AGPE =mgAh

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
compression (spring) the process of decreasing an object’s length
extension the process of increasing an object’s length

ideal spring a spring that obeys Hooke’s law so that the force it exerts is proportional to its change
in length

natural length the length of a spring when no external forces are acting on it

spring constant avalue that describes the stiffness of a spring

strain potential energy the energy stored by the deformation of an object; also known as elastic
potential energy or spring potential energy

Hooke’s Law 3.3.15.3.1

OVERVIEW

Hooke’s law describes the linear relationship between the force and displacement of an ideal
spring. The spring constant, k, represents the stiffness of a spring and determines the amount
of force needed to compress or extend a spring.

THEORY DETAILS

Hooke’s law is used to calculate the restoring force that an ideal spring applies when it is
compressed or extended.
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F,=-kDx
F, = spring restoring force (N), k = spring constant (N m™1), Ax = displacement from natural
position (m)
USEFUL TIP
e Aspring will always produce a force in the opposite direction to its displacement to return In VCE Physics it is
to its natural length which is represented by the negative sign. common to deal with the
e When aspringis in its natural position (neither compressed nor stretched, Ax = 0) it will magnitudes of forces, in
not exert a force (F, = kAx = 0). which case the negative

sign in Hooke’s law can
be excluded. Hence, we
would use F =kAxin
our calculations.

e The spring constant is a property of each spring and it is equal to the gradient of a spring’s
force-displacement graph (Figure 1).

e Many elastic objects besides springs may obey Hooke’s law, but springs will be the most
common in VCE Physics.

Equilibrium involving springs

F 3

For an object attached to a vertical spring, when the force due to gravity 101

acting on the object has the same magnitude as the restoring force of = |

the spring (mg = kAx), the net force on the object is zero. This is often g 84 :

called the equilibrium position. S k= Hse !

o0 run !

e When dropped from a height, the equilibrium position is where the £ 64 I Rise

object reaches its maximum speed. § :

e Thisis the only position where an object can remain stationary E 41 i

over time. 2 :
c

Note that if the velocity of a mass is zero, it does not necessarily mean a1 - b

that the spring is in equilibrium. This will be covered in more detail in = Run

lesson 3F. | | | | |

002 0.04 0.06 008 0.1
Displacement (m)
Figure 1 The spring restoring force against displacement
from the spring’s natural length. The gradient is the spring
constant, k.

Worked example

To determine the spring constant of a spring, students attached a block with a mass of 5.0 kg to a hanging spring. The

diagram on the left shows the uncompressed spring and the diagram on the right shows the spring with the block at rest

hanging on the spring.
What is the magnitude of the displacement, Ax, of the spring from its natural state?
Find the spring constant, k.

a Axisthe magnitude of the displacement from the b Theblockisin equilibrium since it is at rest so the
uncompressed spring. magnitudes of the force due to gravity and the spring force
Ax=2.5-05 must be equal.

Ax=2.0m Fs=Fg
mg = kAx

5.0x9.8=kx2.0
k=25Nm
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Strain potential energy 3.3.15.3.2 10t
OVERVIEW g
Strain potential energy is equal to the area under a force-displacement g 8t .
graph for a spring and it represents the energy that is stored in the HED k= %
spring. It can be transformed into gravitational potential energy, kinetic .S g1
energy, or dissipated into the environment according to the law of )
.-
conservation of energy described in lesson 3D. S 4l
©
THEORY DETAILS 2
c
In lesson 3B we learned that work is done whenever a force is applied to g 271
an object in a parallel direction to its motion - such as the force applied
to compress or stretch a spring - and is equal to the area under a force- ' ' ' ' >
displacement graph. 0.02 0.04 0.06 0.08 0.1
We also know from lesson 3B that the work done is equal to the change in Displacement (m)
energy of an object caused by a force. Strain potential energy represents Figure 2 The shaded area shows the strain potential energy
the spring’s potential to do work as it returns to its natural length. when the spring is displaced 0.06 m from its natural state.
This means the area under the force-displacement graph for a spring will give us the change
in strain potential energy (W = ASPE). When the spring is stretched or compressed from
its natural length, the area under the graph is a triangle so it can be calculated according
to% x base x height = % x Ax x F_. By substituting kAx in the place of F, we arrive at the
following formula for the strain potential energy:
_1 2
SPE = fk(AX)
SPE = strain potential energy (J), k = spring constant (N m™1),
Ax = displacement from natural position (m)
Note that the VCE Physics Study Design uses the abbreviation E, for strain potential energy.
For the purposes of making an obvious distinction between different forms of energy, this USEFUL TIP
book will usually use SPE. Strain potential energy

is also known as elastic

potential energy or
As we learned in lesson 3D, total energy is always conserved. This means we can equate the spring potential energy.

total energy of the initial state of a spring-mass system with the total energy of the final state
of the system to determine unknown quantities.

KE, + GPE, + SPE ;=KE,+ GPE,+ SPE;

Conservation of energy

Problem solving process
How to solve a problem using conservation of energy:
1 Write out the conservation of energy statement:
KE, + GPE; + SPE, = KE,+ GPE+ SPE,
2 Find the terms that are equal to zero
a Whenv=0thenKE=0
b When h=0then GPE=0
¢ When Ax=0then SPE=0
3 Rewrite the equation but ignore the terms that equal to zero.
For example: SPE; = KE,+ GPE,
4 Substitute the formulas for the unknown energies:

For example: %k(Ax) i= %mv2 +mgh,

5 Substitute the remaining values into the equation and solve.
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Worked example

A compressed spring is used to launch a 2.0 kg ball on a horizontal surface. The ball then continues to roll up a ramp which

is also frictionless. The spring is initially compressed by 0.80 m and its force-displacement characteristics are shown in
the graph.

100%

96-==—F----=Fommml oo

Magnitude of spring force (N)

80 1

60 +

401

20

v

0.2 0.4 0.6 0.8 1
Displacement (m)

0.80 m Ball: 2.0 kg

()

before going up the ramp. Use energy conservation.
Initial state: ball at rest next to compressed spring.
Final state: ball rolling along horizontal surface with
spring at natural length.

KE, + GPE, + SPE, = KE;+ GPE,+ SPE;

When the spring is initially compressed:

KE; =0 as the ball starts from rest.

GPE; = 0 as the ball starts from the lowest point.

Just after the ball is released from the spring:

GPE= 0 as the ball is still at the lowest point.

SPE;=0 as the spring has returned to its natural length.

Ignoring the values that are zero, we will rewrite the
energy statement as:

SPE, = KE,

h (m)
v
a Usethe graph to calculate the spring constant, k.
b Calculate the strain potential energy in the spring when it is initially compressed.
¢ Calculate the maximum speed of the ball.
d Calculate the maximum height that the ball reaches up the ramp.
a Thespring constant is found as the gradient of the
force-displacement graph.
k = gradient = 125 = 8%__% =120Nm™
b SPE=Zk(Ax?
SPE=3x 120 x 0.802=38.4 J
OR
Alternatively we can use the area under the graph:
SPE=2x Axx F,=%x 0.80 x 96 =38.4 J
¢ Theballis travelling fastest just after being released and

Substitute the formulas for the unknown energies:
1 1

ka(Ax)2=jmv2

Substitute the known values into the equation:
2x120x0.802=2x2.0x 2

Rearrange and solve for v: v=6.2ms™.
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d Useenergy conservation.
Initial state: ball at rest next to compressed spring (same as part c).
Final state: ball at its highest point on the ramp.
KE, + GPE, + SPE, = KE,+ GPE,+ SPE;
At the highest point:
KE; =0 as the ball briefly stops when it reaches its maximum height.
SPE,=0 as the spring has returned to its natural length.
Ignoring the values that are zero, we will rewrite the energy statement as:
SPE; = GPE;
Substitute the formulas for the unknown energies: %k(Ax)2 =mgh
Substitute the known values into the equation: % x120%0.802=2.0x9.8 xh
Rearrange and solve for h: h=2.0 m.

Theory summary

Hooke’s law relates the spring force to the displacement of a spring: F, = —kAx.

When a block is hanging on a spring in equilibrium, mg = kAx.
Strain potential energy can be calculated by SPE = %k(Ax) 2

On a force-displacement graph for an ideal spring

- thegraphislinear.

- the gradient is equal to the spring constant, k.

- thearea under the graph is equal to the strain potential energy.

Conservation of energy

- Energy can be transformed between kinetic, gravitational and strain potential energy
or dissipated as heat and sound but the total energy in a system must remain constant.

- When no energy is dissipated: KE; + GPE; + SPE; = KE; + GPE,+ SPE;

KEEN TO INVESTIGATE?

oPhysics ‘Conservation of Mechanical Energy: Mass on a Vertical Spring’ simulation
https://ophysics.com/el.html

PhET ‘Masses and springs’ simulation

https://phet.colorado.edu/en/simulation/masses-and-springs

THEORY REVIEW QUESTIONS

Question 1 Question 2

Hooke’s law is given by A spring is known to be ideal if

o o w >

-1 2 A itobeys Hooke’s law.
SPE =5 k(Ax)

mg =-kAx
F, = —kix

B thespring constant, k, is equal to zero.
C thespringis positioned horizontally.
D

the unstretched spring is greater than the length of the

KE; + GPE; + SPE; = KE;+ GPE+ SPE, stretched spring.
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Question 3

The shape of a force-displacement graph for an ideal spring is
A linear and horizontal.

B linear and diagonal.

C exponential.

D hyperbolic.

Use the following information to answer Questions 4 and 5.

A spring is being compressed by a paperweight resting on
top of it.

Paperweight

Question 4

If only the mass of the paperweight was known, which
equation would best be used to calculate the magnitude of
the spring’s restoring force?

A F=mg

B F =kix

C F=2k(tn?
D F =mgkhAx

Question 5

If the mass of the paperweight and the compression of the
spring was known, which equation would we use to calculate
the spring constant?

A F,=mg

B F,=kAx

C  SPE=Zk(Ax)?
D mg=kix

Question 6

Ball: 0.50 kg

‘Ax_(m)’|
WL

Which forms of energy are relevant to the situation shown in
the diagram as the ball rolls down the ramp and compresses
the spring?

A GPEand SPE

B GPEand KE

C KEand SPE

D GPE,KE and SPE

v=2ms*
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EXAM-STYLE QUESTIONS
This lesson

Question 7 (8 MARKS)

The force-displacement graph for an ideal spring is as shown.

F(N)
100}
80 1
60 T
40 1
20 1
t t t t > Ax (m)
0.02 0.04 0.06 0.08 0.1

a  Usethe graph to determine the spring constant, k. (1 MARK)

b  Given that a force of 40 N is applied to the spring, what
is the magnitude of the compression, Ax, of the spring?
Assume the spring is stationary. (1 MARK)

¢ Calculate the strain potential energy when a force of
40 N is applied to the spring. Assume the spring
is stationary. (2 MARKS)

An initially stationary 3.0 kg ball is shot from the spring when
itis allowed to expand from a compression of 0.080 m.

Bill
d Calculate the work done by the spring on the ball. Give
appropriate units. (2 MARKS)

e Calculate the speed of the ball when it leaves the spring.
Show the steps involved in your working out. (2 MARKS)
Adapted from 2017 VCAA Exam Section A Q12
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Question 8 (4 MARKS)

A spring-mass system has been set up. The spring has an
unstretched length of 30 cm.

30cm

In order to determine the spring constant, k, students
progressively place 25 g masses onto an unstretched spring
and measure the resultant length.

Number of masses 0 1 2 3

30cm 40 cm 50cm 60 cm

Length of spring

a  Show that the spring constant is equal to 2.45 N m™L.
(2 MARKS)

b  What s the strain potential energy when the spring is
loaded with two masses? (2 MARKS)

Adapted from 2014 VCAA Exam Section A Q2

Question 9 (4 MARKS)

Unstretched position

Equilibrium position

A 4.5 kg mass is suspended from a spring with a spring
constant k=350 N m™. Take the spring to be static.

a Calculate the extension of the spring from its
unstretched position. Show your working out. (2 MARKS)

b Calculate the strain potential energy when the mass is at
its equilibrium position. (2 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q5

Question 10 (5 MARKS)

Ball: 0.50 kg

WL

A 0.50 kg ballis dropped down a ramp from a height of 1.0 m
before compressing a horizontal spring by 15 cm from its
uncompressed state.

1.0m

a Showthatk=4.4x 102N m™. (2 MARKS)

b Ifthe ballis launched from the compressed spring, what
is the maximum height that the ball reaches? (1 MARK)

¢ Whatis the maximum speed of the ball? (2 MARKS)

Previous lessons

Question 11 (5 MARKS)

Students roll a ball down a ramp onto a circular loop.

O b

a Calculate the minimum speed at the top of the loop for
the ball to maintain contact with the loop. (2 MARKS)

Ball

h(m)

b  Whatis the minimum height, h, that the ball can be
dropped from in order to complete a loop? (3 MARKS)

Question 12 (2 MARKS)

An ice hockey puck is travelling at 30 m s™! and collides
with a second puck. After the collision, the first puck comes
to a complete stop. Given that both pucks have a mass of
1.5 kg, determine whether the collision was elastic. Justify
your answer.

Key science skills

Question 13 (8 MARKS)

Students set up a test to determine the spring constant, k, of
aspring.

Unstretched spring

Stretched spring

Five 2.0 kg masses are incrementally attached to the end of
the spring. The spring was slowly lowered to its equilibrium
position. The resulting length of the spring was measured
each time.

Number of 2.0 kg masses | 0 1 2 3 4 5

Length of spring (m) 0.30 | 0.40 | 0.48 | 0.57 | 0.65 | 0.75

a Plotthe data from the table onto a set of axes with
mass on the horizontal axis and spring length on the
vertical axis. Include axis labels, scales, and units on
each axis. Given that the measurements were taken
with a ruler that has 5 cm intervals and held by hand,
insert realistic uncertainty bars (or error bars). Draw a
line of best fit. (5 MARKS)

b  Useyour graph drawn in part a to determine the spring
constant, k. (3 MARKS)

Adapted from 2017 VCAA Sample Exam Section B Q14



3F VERTICAL SPRING-MASS SYSTEMS

An oscillating spring is a common example of how various forms of energy can interact in

a system, obeying the law of energy conservation. This lesson will examine the physics
needed to understand the motion of vertical spring-mass systems. In particular, it will show
how energy conservation can be applied to relate the different stages of motion in a
spring-mass system.

3A Momentum and 3B Kinetic energy, 3C Elasticand 3D Gravitational 3E Strain potential 3F Vertical spring-
impulse work and power inelastic collisions potential energy energy mass systems

Study design key knowledge dot point

» analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential energy and
energy dissipated to the environment (considered as a combination of heat, sound and deformation of material):

- kinetic energy at low speeds: £, = % mv?; elastic and inelastic collisions with reference to conservation of kinetic energy

- strain potential energy: area under force-distance graph including ideal springs obeying Hooke’s law: E, = % kix?

- gravitational potential energy: Eg =mgAh or from area under a force-distance graph and area under a field-distance
graph multiplied by mass

Key knowledge unit

Vertical spring-mass systems 3.3.15.3.3

Formulas for this lesson

Previous lessons New formulas
2B * Fnet =ma No new formulas in this lesson
28 Fy=mg
* =4l 2
3B KE = Zmv
3D * AGPE =mgAh
3E * F,=-kix
* = 1 2
3E SPE =5 k(Ax)

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

equilibrium position (spring-mass system) the position of the mass at which the net force on
the mass is zero. This position is always halfway between the two extreme points (endpoints) in
oscillatory motion

oscillate move repetitively around a fixed position

spring-mass system the combination of a spring and a mass that is attached to one end of
the spring
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Vertical spring-mass systems 3.3.15.3.3
OVERVIEW

When a vertical spring stretches or compresses with the motion of an object, energy

transforms between kinetic energy, gravitational potential energy, and strain potential

energy. At the position where the spring has its maximum compression or extension, the

object stops moving briefly. The forces are not balanced at this point. At the position where _
the forces are balanced, the object will move fastest.

THEORY DETAILS

Vertical spring-mass systems include both hanging springs and standing springs (see

Figure 1). When a mass is attached to the vertical spring (rather than landing on the spring or
being released from the spring), which is always the case for hanging springs, the mass will
oscillate between a top and bottom position.

=~

Hanging spring Standing spring

The force due to gravity on the mass does not change but the force of the spring changes in . ) .

tion to the displacement of the mass. Therefore, the net force, acceleration, and speed ' 84re1 vertical spring-mass
proporti ) p : ’ ’ ’ P systems include both hanging and
of the mass will also change. standing springs.

Table 1 Comparison of acceleration and force with speed and kinetic energy at different points on a vertically
oriented spring-mass system.

Magnitude of acceleration Speed and kinetic energy
e USEFUL TIP
Extreme positions Maximum Zero When the massis )
(top/bottom) The net force is a maximum The mass momentarily stops attachef:l.to.the SPring,
. the equilibrium
Equilibrium position ~ Zero Maximum position will be the
The net force is zero (kAx = mg) The mass has stopped accelerating midpoint between the
and KE is a maximum
top and bottom of the
oscillation. Thisis also
For a vertical spring-mass system the equilibrium position is not where the mass would
e the position of maximum extension or compression. eventually cometorest,

given enough time, if
energy is dissipated
from the system.

e the unstretched or uncompressed position.
e where strain potential energy is zero. If Ax# 0 then SPE # 0.

Energy conservation for a vertical spring-mass system

For a vertical oscillating spring there are three relevant forms of energy:

USEFUL TIP
Equating spring force
to the force on the
mass due to gravity

e Kinetic energy of the mass: KE
e Gravitational potential energy of the mass: GPE
e Strain potential energy of the spring: SPE

e Applying the law of energy conservation (and assuming energy is not dissipated from the (kbx = mg) applies
system) we can conclude that the sum of these three energies must be the same at all to the equilibrium
stages of the motion: KE; + GPE, + SPE. = KE,+ GPE+ SPE, position. It does

not determine the
maximum extension of
the oscillating spring.

Top wa = SPE + KE + GPE
Unstretched position, v v v
Zero extension L =0 =0 E
(maximum)
E, = SPE + KE + GPE
Middle ik ik il
Equilibrium position 0.25xE,_  025%xE_ 05xE
Fre=0 (maximum)
E, = SPE + KE + GPE
Bottom v v v
Maximum extension total =0 =0
(maximum)

Figure 2 A mass released from the unstretched position of a hanging spring.
The energy of the system transforms between strain potential energy, kinetic energy,
and gravitational potential energy.
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— SPE — KE — GPE — Total energy

Energy

Middle
Equilibrium position

Top position
Zero extension

Bottom position
Maximum extension

Height of mass from bottom of oscillation

Figure 3 The strain potential energy, gravitational potential energy and
kinetic energy of a hanging oscillating spring-mass system each vary with
displacement, but the total energy is constant.

Worked example

131

USEFUL TIP

The top position can
be below or above the
unstretched position
in which case the
strain potential energy
in the top position will
not be zero. This will
depend on where the
mass is released to
begin the oscillation.

A block of mass 0.050 kg is attached to the end of a hanging spring with a spring constant 10 N m™L. The mass is initially

held so that the spring is unstretched. It is then released. Calculate

the maximum extension of the spring.

b the extension of the spring at which the mass would come to rest.

a Useenergy conservation and define h=0 at the
lowest position.
Initial state: mass at the top in the unstretched position.
Final state: mass at the bottom of its oscillation.

KE, + GPE, + SPE, =KE;+ GPE;+ SPE;
When the mass is at the top in the unstretched position:
KE; =0 as the mass starts from rest.

SPE. =0 as the spring starts from its
natural/unstretched length.

When the mass is at the bottom of its oscillation:

KE;= 0 as at the bottom of the oscillation the mass
momentarily comes to rest.

GPE,=0 as the mass is at its lowest point.

Ignoring the values that are zero, we will rewrite the
energy statement as:

GPE, = SPE;
Substitute the formulas for the unknown energies:
mgh =3 k(Ax)2

Substitute the known values into the equation:
0.050x 9.8 x h=2x 10 (Ax)?

In this case h = Ax because the top of the oscillation is at
the unstretched position.

So we can rewrite the equation:

0.050 % 9.8 x Ax=3 x 10 X (Ax)?

Rearrange and solve for Ax: Ax=0.098 m.

b

The mass would come to rest at the equilibrium
position, which is halfway between the top and the
bottom of the oscillation and where F_ = Fq

As the equilibrium position is halfway between the
maximum and minimum extension

equilibrium position = % % 0.098
equilibrium position = 0.049 m
OR

kAx=mg

10 x Ax=0.050x9.8

_0.050x9.8 _

Ax 10

0.049 m
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Theory summary
e Total energy must be conserved for an isolated vertical spring-mass system:

- KE;+ GPE, + SPE,= KE;+ GPE,+ SPE,

UNIT 3 | AOS 3 | CHAPTER 3: MOMENTUM AND ENERGY

e At the top and bottom of an oscillation, the mass momentarily comes to a stop.

e Inthe equilibrium position, the mass is moving at its maximum speed (has maximum
kinetic energy).

e The position of maximum compression or extension is not the equilibrium position.

e The equilibrium position is

- halfway between the top and bottom positions of the oscillating spring.

- where kAx=mg.

- where a mass will eventually come to rest over time, as energy is dissipated.

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1 - 3.

Question 3

Which option correctly describes the speed and magnitude of
acceleration at each of the three positions?

The following diagram shows a block oscillating on a vertical
hanging spring. The spring is at its natural length when the
block is at the top of the oscillation (position X).

X Natural length, zero displacement

Y Equilibrium position

Z Maximum extension

Question 1

Which option correctly describes the energy forms at each of
the three positions?

Speed Acceleration magnitude
Position X Zero Maximum
A Position Y Maximum Zero
Position Z Zero Maximum
Position X Zero Constant (9.8 ms72)
B Position Y Medium Constant (9.8 ms72)
Position Z Maximum Constant (9.8 ms72)
Position X Zero Zero
C Position Y Maximum Maximum
Position Z Zero Zero
Position X Zero Constant (9.8 ms72)
D Position Y Maximum Constant (9.8 ms72)
Position Z Zero Constant (9.8 ms72)
Question 4

Below is the graph of each of the three relevant energy forms
(labelled as P, Q and R) as a function of the distance of the
block above its lowest point.

Energy form Position X Position Y Position Z
KE Maximum Zero Maximum
A GPE Maximum Medium Minimum
SPE Zero Maximum Zero
KE Zero Maximum Zero
B GPE Maximum Medium Minimum
SPE Maximum Zero Maximum
KE Zero Maximum Zero
C GPE Maximum Medium Minimum
SPE Zero Medium Maximum
KE Zero Medium Maximum
D GPE Maximum Medium Zero
SPE Zero Medium Maximum
Question 2

Which option correctly describes the magnitude of the net

force at each of the three positions?

Position X | PositionY | Position Z
A Maximum Medium Zero
B Maximum Medium Maximum
C Maximum Zero Maximum
D Zero Zero Zero

\ P
Q
> \
o0
5 X |
c
w
S
» Extension
Zero Middle Maximum

Which option correctly identifies the energy forms

represented by P, Q and R?

Graph P GraphQ GraphR
A | KE GPE SPE
B | GPE SPE KE
C | SPE KE GPE
D | SPE GPE KE
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EXAM-STYLE QUESTIONS

This lesson

Question 5 (3 MARKS)

Yokabit, Valeriy, and JL are conducting an experiment with a
mass attached to a standing spring. When at rest, the mass
compresses the spring by 2.0 cm. They intend to compress
the spring by a further 1.0 cm (total compression of 3.0 cm)
and measure the maximum height that the mass reaches
when it oscillates.

_20cm | Equilibrium
1 position Starting
1.0cm position
oot L -
¥ =
K _
3 =
5 ==
E S—
z =
v

Each of the students has a different suggestion for the
maximum height that the mass will reach:

e Yokabit suggests that the highest position will be the
equilibrium position because the net force would act
downwards if the mass was any higher;

e Valeriy suggests that the highest position will be the
position at which the spring is uncompressed because
the spring force would act downwards on the mass if the
mass was any higher;

e JL suggests that the highest position will be 3.0 cm above
the natural length (uncompressed position) because
energy conservation suggests that the highest and lowest
positions should be the same distance from the
uncompressed position.

Evaluate each of these students’ suggestions with supporting
explanations. Ensure that you clearly state the correct height
that the mass will reach in your answer.

Question 6 (10 MARKS)

Ryle and Rushil hang a mass of 0.800 kg on the end of a spring
with spring constant 12 N m™L. They initially hold the mass at
the unstretched length of the spring and then release it.

a  Determine how far the spring stretches until the mass
comes to rest, before moving upwards again. (3 MARKS)

b Calculate the maximum speed of the mass. (3 MARKS)
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¢ Draw a graph showing the acceleration of the mass as it
moves from the highest point to the lowest point, where
upwards is the positive direction. The acceleration should
be shown on the vertical axis and the extension of the
spring should be shown on the horizontal axis. Include
units and an appropriate scale on your graph. (3 MARKS)

d Usingthe same spring and mass, Ryle and Rushil now
hold the mass at rest such that the spring has an initial
extension of 30 cm. It is then released. Calculate the
maximum extension of the spring. (1 MARK)

Question 7 (13 MARKS)

A spring launcher is used to project a 0.50 kg ball vertically
upwards. When the spring reaches the top point Xit is held
stationary, but still partly compressed. Assume the spring
has no mass.

Uncompressed Ball leaves
T position T spring
| © launcher
0.40m:! T TX X here
X 0.20m'
RN SO A2 © LY, LV

Uncompressed spring  Compressed spring  Ball launched

504
0%

301

Force (N)

201

} } t t t } t t t t
,  0.05 0.1 0.15 Ol|2 0.25 0.3 0.35 0|l4 0.45 0.
|

Uﬁcompressed
position

5

I I
Highest point (X) Lowest point (Y)

Compression of spring from
uncompressed length (m)

a Usethe graph to show that the spring constant k, is
120 N m™L. (1 MARK)

b  Show that the change in strain potential energy as
the spring goes from its lowest to its highest point
is7.2J. (2MARKS)

¢ Assuming the change in strain potential energy is 7.2 J,
determine the maximum height above the lowest point
(Y) that the ball reaches after being launched. (3 MARKS)

d Whatis the speed of the ball at point X. (3 MARKS)

e Describe how the three energies and the total energy of
the mass-spring system changes as the ball is launched
from the lowest point Y to the highest point X. (4 MARKS)

Adapted from 2018 VCAA NHT Exam Section B Q9
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Question 8 (3 MARKS)

Students design a vertically oscillating spring-mass system.
They set up the system so that the mass is released from
20 cm below the unstretched spring length. They assume that

e atthe point of release, the system has zero strain
potential energy and zero kinetic energy;

e atthe bottom of the oscillation, the system has zero
gravitational potential energy and zero kinetic energy.

However their calculations for total energy (KE + GPE + SPE)
give different values when comparing these two positions.
Explain the mistake that the students have made.

Adapted from 2013 VCAA Exam Section A Q6c
Previous lessons

Question 9 (3 MARKS)

A ballis launched towards a wall which is 25 m away. The ball
is launched from a height of 2.0 m at a speed of 20 m s™! and
angle of 40° above the horizontal. At what height above the
ground will the ball hit the wall?

Question 10 (4 MARKS)

An aerobatics pilot with a mass of 60.0 kg completes a loop
de loop in her plane which has a mass of 1000 kg. At the

top of the loop she has a speed of 80.0 m s~ and there is no
normal force acting on her. At the bottom of the loop she is
travelling at 100 m s™L. Assuming that the loop is a perfect
circle, calculate the magnitude of the normal force acting on
her at the bottom of the loop.

Key science skills

Question 11 (4 MARKS)

Tommy and Arden are conducting an experiment in which
they attach a 500 g mass to an unstretched hanging spring,
and release the mass to measure the maximum extension
of the spring during oscillation for a variety of springs with
different spring constants.

They are making their measurements using a ruler which has
markings at 5.0 cm increments.

a  Whatis the uncertainty in the measured data as a result
of the ruler which was used? (1 MARK)

b Identify the independent variable, dependent variable
and a controlled variable for this experiment. (3 MARKS)
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CHAPTER 3 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

A car is moving towards a pedestrian crossing with a momentum of 10 800 kg m s™%. The driver sees a pedestrian and has
to suddenly brake. The car’s momentum is reduced to 500 kg m s™* over 0.250 s. What is the magnitude of the braking
force applied to the vehicle?

A 41.2kN B -41.2kN C -10.3kN D 10.3kN

Use the following information to answer Questions 2-4.

A block of 15 kg moving at 50 m s™1 to the right collides with a block of 40 kg

moving at 4.0 m s™! to the left. After the collision they stick together. Assume 50m s 4'04"1 40kg
there are no frictional forces. 15kgf———»

Question 2

What is the magnitude of the combined momentum that the blocks have before the collision?

A 160kgms! B 59%kgms? € 750kgms! D 910kgms?

Question 3

What is the velocity of the blocks after the collision?
A 2.9mstinthe leftward direction

B 11 mstintherightward direction

C 14mstinthe rightward direction
D

17 m s7tin the rightward direction

Question 4

Which of the following statements is true?

A Momentum is conserved but kinetic energy is not conserved in the collision.
B Momentum is not conserved but kinetic energy is conserved in the collision.
C Both momentum and kinetic energy are conserved in the collision.
D

Neither momentum or kinetic energy are conserved in the collision.

Question 5

A worker pulls a 20 kg block up a distance of 3.0 m a ramp using a force of 100 N.
How much work does the worker do on the block?

A 60J
B 59x102Nms!
C 3.0x10%J
D 59x10%2J




136 UNIT 3 | AOS 3 | CHAPTER 3: MOMENTUM AND ENERGY

SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

In a crash test for the Batmobile, Alfred (who happens to be an excellent mechanical engineer as well as a butler)
crashed the test model into a solid stone wall. The car’s mass is 1200 kg. It was travelling at a speed of 90 km h™! and
stopped in 0.10 seconds. Calculate the average force on the Batmobile.

Question 7 (2 MARKS)

A crumple zone is a region in a car which is designed to extend the duration of the collision by crumpling in the case of
an accident. With reference to impulse, explain why crumple zones are an effective safety mechanism.

Question 8 (2 MARKS)

A PE teacher is holding up a heavy object above her head. She states that she is doing a lot of work to hold the object
above there. Evaluate this statement and justify your answer.

Question 9 (5 MARKS)

The graph shows the force that a baseball pitcher applies in a horizontal 140
direction to a 150 g baseball over a distance of 2.0 m. The ball starts from rest. 130

a Whatis the work done by the pitcher on the baseball? (3 MARKS) 110

b Whatis the speed of the ball as it leaves the pitcher’s hand? (2 MARKS)

Force (N)

05 1 15 2 25 3
Displacement (m)

» »

Question 10 (4 MARKS)

1200 kg 1

|

400 kg H

B ' B
A ' A

|

|

|

150ms? 10.0ms*

Two blocks are travelling to the right on a frictionless surface. Block A has a speed of 15.0 m s and block B has a speed
of 10.0 m s7L. After they collide, the masses attach together. Using calculations, determine whether the collision is elastic
or inelastic.

Adapted from 2017 VCAA Exam Section B Q12

Question 11 (3 MARKS)

A football with a mass of 0.50 kg is thrown downwards with an initial kinetic energy of 6.25 J from the Sydney Harbour
Bridge. The ball impacts the water with a speed of 31 m s™1. Calculate the height of the bridge. Ignore the effects of
resistance forces.
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Question 12 (8 MARKS)

137

Aball of 1.5 kg is dropped from a height of 5.0 m above an uncompressed spring 3.0 m
tall. The ball comes to rest 5.6 m below its original position. Take the spring constant to be
k=45TNm™.

a
b

What is the spring potential energy when the ball has come to a complete stop? (2 MARKS)

How far has the spring been compressed when the ball reaches its maximum

speed? (3 MARKS)

The spring is replaced by a different one with a spring constant of 200 N m™2, For this
new spring, the ball is again dropped from a height 5.0 m above the spring, and it
reaches its maximum speed when the spring is compressed by 7.35 x 1072 m. Find the

maximum kinetic energy of the ball. (3 MARKS)

Adapted from 2018 VCAA Exam Section B Q6

Question 13 (4 MARKS)

5.0m

3.0m

wo'g

Engineers set up a gravity light as shown. The energy from a falling sandbag
with a mass of 30 kg is used via an electrical generator to power an LED light.
The LED light uses 1.5 J s71. The maximum height of the sandbag is 2.0 m from
the floor. Assume the generator is ideal, meaning it converts all the input energy
to light energy.

a

How much energy can the sandbag deliver to the LED by falling from the
maximum height to the ground? Ignore resistance forces and assume the
kinetic energy of the bag when it reaches the ground is negligible. (2 MARKS)

For how much time will the LED stay on as a result of the sandbag falling
from the maximum height to the ground? (2 MARKS)

Question 14 (8 MARKS)

O

woc

Floor

In 2016, Luke Aikins (70.0 kg) skydived out of a plane at 7661 m without a
parachute. Due to air resistance, Aikins reached a terminal (maximum) velocity
of 240 km h™L. He opted to land in an enormous net with an area of 30 m by

30 m. Assume that the net follows Hooke’s law. The net was set up on 61 m tall
cranes and it was initially flat before Aikins landed on the net.

a

How much of Aikins’ initial gravitational potential energy was dissipated to
air resistance in his skydive by the time he hit the top of the net? (3 MARKS)

What must the minimum spring constant of the net be so that Aikins does
not hit the ground? (3 MARKS)

Calculate the magnitude of the impulse on Aikins between when he first
lands on the net and when he comes to rest. (2 MARKS)

Question 15 (7 MARKS)

I Cranes

L

<

w19

A mass is attached to a standing spring at its unstretched length and released, allowing it to oscillate.

a

Explain how the three energies involved, and the total energy of the system, vary as the mass descends from top to

bottom. Calculations are not required. (4 MARKS)

Uncompressed
position

Equilibrium
| - y position

Maximum
> ¢ compression

4
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b  Adifferent springis hung from the roof with a 4.8 kg mass attached. It is released from the unstretched position
and allowed to oscillate. The spring constant is 50 N m™L. Calculate the magnitude of the maximum extension of
the spring. (3 MARKS)

Unstretched
position

Equilibrium
- ¢ position

Maximum

y extension

Adapted from 2017 VCAA Exam Section B Q13
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UNIT 3 AOS 3, CHAPTER 4

Einstein's special relativity
and mass-energy equivalence

4A Special relativity concepts
4B Length contraction and time dilation

4C Mass-energy

Key knowledge

e describe Einstein’s two postulates for his theory of special relativity that:
— the laws of physics are the same in all inertial (non-accelerated) frames of reference

— the speed of light has a constant value for all observers regardless of their motion or the motion
of the source

compare Einstein’s theory of special relativity with the principles of classical physics

describe proper time (t,) as the time interval between two events in a reference frame where the
two events occur at the same point in space

describe proper length (L,) as the length that is measured in the frame of reference in which
objects are at rest

model mathematically time dilation and length contraction at speeds approaching c using the
1

. L, v2\ 2
equations: t=t;yand L =7 where y = (1— F)

explain why muons can reach Earth even though their half-lives would suggest that they should
decay in the outer atmosphere

interpret Einstein’s prediction by showing that the total ‘mass-energy’ of an object is

givenby: E, . =F, +E, = ymc? where = mc?2, and where kinetic energy can be calculated

by: £, = (y - 1)mc?

describe how matter is converted to energy by nuclear fusion in the Sun, which leads to its mass
decreasing and the emission of electromagnetic radiation

Image: Rost9/Shutterstock.com



4A SPECIAL RELATIVITY CONCEPTS

This lesson will lay down the foundations for understanding Einstein’s theory of special
relativity which applies to relative motion at a constant speed in a straight line. We will learn
Einstein’s two postulates, which have implications for our understanding of space and time.
The outcomes of special relativity will be contrasted with our intuitive understanding of
classical physics.

4A Special relativity 4B Length contraction 4C Mass-energy
concepts and time dilation

Study design key knowledge dot points
e describe Einstein’s two postulates for his theory of special relativity that:

- thelaws of physics are the same in all inertial (non-accelerated) frames of reference

- thespeed of light has a constant value for all observers regardless of their motion or the motion of the source
e compare Einstein’s theory of special relativity with the principles of classical physics

Key knowledge units

Einstein’s first postulate 3.3.7.1
Einstein’s second postulate 3.3.7.2
Comparing special relativity with classical physics 3.3.8.1

Formulas for this lesson
Previous lessons New formulas

* ,=ls

2A V= At No new formulas in this lesson

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

frame of reference a set of coordinates by which we measure the relative location and
motion of objects

inertial frame of reference a non-accelerating frame of reference

Einstein’s first postulate 3.3.7.1
OVERVIEW

A frame of reference is like a perspective from which we measure the relative location and
motion of objects. An inertial frame of reference is one which is moving at a constant velocity
(not accelerating). Einstein’s first postulate states that the laws of physics are the same for all
inertial frames of reference.

THEORY DETAILS
Frames of references

A frame of reference is a set of coordinates by which we measure the relative location and
motion of other objects. Every object can be said to be at the origin (centre) of its own frame
of reference which means the relative location and motion of other objects will depend on the
reference frame in which the measurements are made.
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Sun’s frame of
reference Moon’s frame

of reference

Rocket’s frame
of reference

Q

Earth’s
frame of
reference

Figure 1 Different frames of reference in our solar system. Each set of axes represents the individual reference
frames for each object. The diagram is not drawn to scale!

As an example, consider the driver and the passenger in the rear seat of a car in Figure 2.

e Inthe passenger’s reference frame, the driver is not moving: she is a fixed distance of one
metre in front.

e Inthe pedestrian’s reference frame, both the driver and the passenger are travelling at
10ms™

Both measurements are correct. They indicate that all motion is relative: it is meaningful only
when it is described in relation to something else.

(@) (b) 10ms™

1 metre GEB _—

\t‘ \E o+ \O—C

Passenger  Driver
Passenger Driver

Pedestrian

Figure 2 From the passenger’s frame of reference (a) the driver is not moving but from a pedestrian’s frame of
reference (b) both the driver and passenger are moving at 10 ms™*

Inertial (non-accelerating) frames of reference

An inertial frame of reference is one which is not accelerating (has a constant velocity).
Examples of inertial frames of reference include:

e your frame of reference when you are sitting still.
e acar’s frame of reference when it is travelling at a constant speed in a constant direction.

e anaeroplane’s frame of reference while it is flying north at a constant speed of 900 km h™L,

Examples of non-inertial frames of reference include:
e your frame of reference as you speed up from a walk to a run.
e acar’s frame of reference when it is travelling at a constant speed around a corner.

e anaeroplane’s frame of reference while it is speeding up for take-off or slowing down as it
lands on the runway.

Note that, due to the Earth’s rotation, a reference frame which is at rest on the surface of the
Earth is not strictly considered an inertial frame of reference. However, the effects of this
rotation are small. For the purposes of VCE Physics and our discussion in this book, we will
treat reference frames on the surface of the Earth as inertial reference frames.
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USEFUL TIP

Constant speed is not

a sufficient condition
to describe an inertial
frame of reference.
Constant velocity
(speed and direction) is
required for an inertial
frame of reference.
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Einstein’s first postulate

A postulate is an assumed fact. Einstein’s first postulate states that the laws of physics are
the same in all inertial frames of reference.

e Inaninertial reference frame, the results of all experiments will be the same. This means
that there is no absolute (uniquely correct) frame of reference in which we should
measure velocity.

e |nan accelerating reference frame, the results of an experiment will depend on
the acceleration.

Imagine sitting on an aeroplane with ears blocked (so we cannot hear the engine) and

the windows shut. There is no way of knowing whether the aeroplane is stationary at the
airport or flying at 900 km h™! in a constant direction. If we drop a ball in the aeroplane we
will measure it to fall vertically at the same rate in either situation, as long as we take our
measurements in each situation from the aeroplane’s frame of reference. This is the meaning
of Einstein’s first postulate. By contrast, if we drop a ball while the aeroplane is accelerating
for take-off, the ball will fall towards the back of the aeroplane. Similarly, when the aeroplane
turns the associated acceleration will change the results of this ball-drop experiment.

Inertial reference frame

Accelerating
reference frame

< <&
< <

Figure 3 An aeroplane viewed from above. When moving in a constant direction with a constant speed, the
aeroplaneis in an inertial frame of reference. As soon as the speed or direction changes (acceleration occurs), it is no
longerin an inertial frame of reference.

Note that, so far, we have not made any claims that disagree with classical physics. That s,
Einstein’s first postulate, by itself, agrees with classical physics.

Einstein’s second postulate 3.3.7.2
OVERVIEW

Einstein’s second postulate states that all inertial frames of reference will measure light to
travel at the same speed in a vacuum, ¢, which has the value 3.0 x 108 m s> when measured
to two significant figures.

THEORY DETAILS

As discussed earlier, the speed of most objects (such as the driver in Figure 2) is a relative
measurement: different reference frames will measure different speeds. The exception to this
is light (and other massless particles, but in the VCE Physics course we will focus on light).

Einstein’s second postulate states that the speed of light in a vacuum (c) is the same for all
observers, regardless of the motion of the observer or the light source. That speed is

3.0 x 108 m s™! to two significant figures. This postulate is supported by the Michelson-
Morely experiment (which is not expected knowledge in VCE physics).



4A THEORY

As seen in Figure 4(a), the passenger (and the driver) measures light from a torch to travel at ¢
in the passenger’s reference frame, but the pedestrian also measures the light to travel at c in
the pedestrian’s reference frame, which is shown in Figure 4(b).

(@) (b) 10ms™
1 metre —_—
\ h }\ Passenger  Driver
Passenger Driver Pedestrian

Figure 4 The speed of light in a vacuum is c for all observers regardless of the relative motion of the observer and
the source of light.

Comparing special relativity with classical physics 3.3.8.1
OVERVIEW

The conclusion of Einstein’s postulates is the theory of special relativity which challenges our
intuitive understanding of space and time, and predicts different results to those predicted
by classical physics. According to special relativity, space and time are not absolute: space

is measured to contract and time is measured to dilate such that the speed of light has the
same value when measured by any frame of reference. Table 1 summarises the important
comparisons we need to make in VCE Physics.

THEORY DETAILS
Space and time

Classical physics assumes that space and time are absolute which means that observers

in different reference frames should always agree about their measurements of length and
time. At low relative speeds these assumptions are good approximations, but they are only
approximations. At very high speeds (‘relativistic speeds’) classical physics predicts results
which differ significantly from accurate measurements.

As with any speed, the speed of light is a measure of the rate of change of distance with

respect to time (c = %}. In order for all observers to measure the same speed of light (as

described by Einstein’s second postulate), space (in terms of length, As) and time (At) must
change depending on an observer’s reference frame. These changes, known as length
contraction and time dilation, will be applied in lesson 4B and they underpin Einstein’s
theory of special relativity. The predictions of the theory of special relativity, so far, have been
supported by experimental measurements for uniform motion at all speeds.

Relative speeds

Figure 5 shows two rockets travelling towards each other each at 60% of the speed of light
(0.60c) as measured from the Earth’s frame of reference. According to classical physics,
Rocket 1 should measure Rocket 2’s relative speed to be 0.60c¢ + 0.60c = 1.20c.

In reality, the relative speed will be 0.88c. The details of this are beyond the scope of VCE
Physics, but it is important to understand that the difference exists. The theory of special
relativity can explain this difference as a result of the different length and time measurements
taken from Rocket 1’s frame of reference compared to the Earth’s frame of reference.

b 0.60¢ 0.60¢ ‘
—’ ‘—

Rocket 1 Rocket 2

A

Figure 5 Two rockets are directed towards each other at 0.60c as measured in Earth’s frame of reference. The
relative speed of the rockets cannot be accurately calculated using classical physics principles.
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Lesson 4C will explain why objects with mass can never reach the speed of light and how
kinetic energy approaches infinity as an object approaches the speed of light.

Table 1 A summary of the comparison between the principles of classical physics and special relativity

Classical physics prediction Special relativity prediction
Space and Fixed - all observers agree on Flexible - length and time measurements
time measurements of length and time change between reference frames
Relative Additive - all values of relative speed Not additive - the relative speed of objects
speeds are possible with mass can never reach the speed of light
Kinetic energy Increases in proportion to v2 and has a finite  Requires a different formula (covered in
value for every speed. lesson 4C) and approaches infinity as speed
approaches c.
Theory summary

e Aninertial frame of reference is a non-accelerating set of coordinates from which
measurements can be made.

e Einstein’s first postulate states that the laws of physics are the same for all inertial frames
of reference.

- lItisimpossible for an observer to determine their velocity without referring to the
external world.

e FEinstein’s second postulate states that the speed of light is the same for all observers
regardless of their motion or the motion of the source of the light.

e Special relativity makes different predictions to classical physics.

- Space and time are not absolute.
- Relative speeds are not additive and cannot exceed c.
- Kinetic energy approaches infinity as the speed of an object approaches c.

KEEN TO INVESTIGATE?

YouTube video: Fermilab - Why can’t you go faster than light?
https://youtu.be/A2JColGyGxc

YouTube video: Frame of Essence - SR1: The Light that will Light the Spark - The
Michelson-Morley Experiment
https://youtu.be/uMaFB3jM2qs

YouTube video: PBS Space Time - The Speed of Light is NOT About Light
https://youtu.be/msVuCEs8Ydo

YouTube video: Physics Girl - Special Relativity and the Twin Paradox
https://youtu.be/ERgwVm9qWKA

YouTube video: Professor Dave Explains - Relative Motion and Inertial Reference
Frames
https://youtu.be/wD7C4V9smG4

YouTube video: Trev M - Frames of Reference (1960)
https://youtu.be/bJMYoj4hHqU
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4A Questions

THEORY REVIEW QUESTIONS

Question 1

The best description of Einstein’s first postulate is that

A thelaws of physics are the same for all frames
of reference.

B the laws of physics are the same for all inertial frames
of reference.

C theclassical laws of physics are the same for all frames
of reference.

D theclassical laws of physics are the same for all inertial
frames of reference.

Question 2

The best description of Einstein’s second postulate is that

A the speed of all waves is the same for all frames
of reference.

B thespeed of light in a vacuum is the same for all station-
ary observers.

C thespeed of lightin a vacuum is the same for
all observers.

D thespeed of lightin a vacuum depends on the motion of
the source of light.

Question 3

An inertial frame of reference can best be explained as

A asetof coordinates from which the location of other
objects is measured.

B asetof coordinates from which the relative location and
motion of objects can be measured.

C asetof coordinates with a constant velocity from
which the relative location and motion of objects can
be measured.

D asetof coordinates with a changing velocity from
which the relative location and motion of objects can
be measured.

Question 4

A caris travelling in a straight line at a constant speed of
30 km h™! relative to a pedestrian who is walking at 5 km h™!
in the same direction. What is the absolute speed of the car?

A 30kmh™
B 35kmh!
C 50kmh!

D Thereis no absolute speed. Speed is relative.

Question 5

Choose whether each statement agrees with the principles of
classical physics, special relativity, or both.

S1 The laws of physics are the same in all inertial
reference frames.

S2 Space and time are fixed. All observers make the same
measurements of length and time.

S3 Relative speeds cannot exceed c.
S4 Speed isrelative. There is no absolute speed.

S5 Space and time are flexible. Measurements of length and
time change between reference frames.

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

Which of the following is not in an inertial frame of reference?

A Arocketin deep space travelling in a straight line at a
constant speed of 0.8c.

B Acar moving at a constant speed whilst turning a corner.
An observer standing still on the ground.

An aeroplane flying at a constant speed 970 km h™tin a
straight line.

Question 7 (1 MARK)

c 0.35¢
5 2 ag

Light emitted from the Sun travels towards a spacecraft at
speed c. That spacecraft is travelling at a constant speed
towards the Sun at 0.35¢, when measured in the Sun’s frame
of reference. At what speed will an observer on the spacecraft
measure the light to travel?

A 0.35c

B 0.65c

C ¢

D 1.35c

Question 8 (3 MARKS)

Anna believes that any object moving at a constant speed
isin aninertial frame of reference. Is she correct? Justify
your answer.

Adapted from 2018 VCAA Exam Section B Q14

Question 9 (3 MARKS)

In deep space, a spaceship, A, is travelling towards the

Earth when it passes a second spaceship, B, travelling in

the opposite direction with a relative speed of 0.8c. At this
instant, each spaceship sends a light pulse back towards the
Earth which is the same distance from each spaceship.
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S0,
a@ A\

Which of the following statements about the arrival time
of the light pulse at the Earth is true? (1 MARK)

A Thelight pulse from A arrives before the light
pulse from B.

B Thelight pulse from B arrives before the light pulse
from A.

C Theorder of the light pulses arriving at the Earth
depends on which reference frame is taking
the measurements.

D Both light pulses arrive at the same time.

Adapted from 2011 VCAA Exam 1 Section B Detailed study 1 Q5

b  Given that the spaceships are 6.0 x 1011 m from the Earth
(as measured by an observer on Earth) when they send
the light pulses, calculate how long the light pulse from
spaceship A takes to reach the Earth as measured by an
observer on Earth. Give your answer in seconds. (2 MARKS)

Adapted from 2010 VCAA Exam 1 Section B Detailed study 1Q1

Previous lessons

Question 10 (5 MARKS)

A stick figure kicks a soccer ball at 30 m s™ at a 20° angle
above the horizontal. Ignore the effects of air resistance in
this question.

o
30‘“5\

20°

a Whatis the vertical component of the soccer
ball’s velocity? (1 MARK)

b  Find the maximum height that the soccer
ball reaches. (2 MARKS)

¢ Calculate the time from when the ball leaves the ground
to when it returns to the ground. (2 MARKS)

Question 11 (4 MARKS)

A skateboarder with a mass of 67 kg skates down a ramp
thatis 13 m tall and 25 m long as shown in the diagram. The
skateboarder is brought to rest by a crash mat, which pro-
vides a force on the skateboarder as it compresses according
to Hooke’s law. The mat has a spring constant of 500 N m™,

)

k=500 Nm™

h=13m

-~
v

L=25m
a  Whatisthe maximum speed of the skateboarder? (2 MARKS)
b Calculate the maximum compression of the mat. (2 MARKS)
Key science skills

Question 12 (2 MARKS)

Emma conducts an experiment to measure the time it takes a
ball, which starts with a known initial speed, to roll a distance
of 10 metres. To do this, she:

e marks two parallel lines (a start line and a finish line)
which are 10 metres apart on the floor of a train carriage;

e releases the ball with the known initial speed from the
start line;

e measures the time until the ball crosses the finish line.
The train is travelling along a curved track at the time

of the experiment. Comment on the validity of Emma’s
experimental procedure.



4B LENGTH CONTRACTION AND
TIME DILATION

In the previous lesson we learned Einstein’s two postulates and how they imply that
space and time will change depending on an observer's frame of reference. In this
lesson we will learn the formulas that quantify length contraction and time dilation
through the use of the Lorentz factor.

4A Special relativity 4B Length contraction and 4C Mass-energy
concepts time dilation

Study design key knowledge dot points

¢ describe proper time (t,) as the time interval between two events in a reference frame where the two events occur at the
same pointin space

e describe proper length (L,) as the length that is measured in the frame of reference in which objects are at rest

~

® model mathematically time dilation and length contraction at speeds approaching c using the equations: t=¢;y and L = 70

1
-1
wherey = (1—%) ?
e explain why muons can reach Earth even though their half-lives would suggest that they should decay in the outer
atmosphere

Key knowledge units

The Lorentz factor (y) 3.3.11.1

Length contraction 3.3.10.1 & 3.3.11.3
Time dilation 3.3.9.1 &3.3.11.2
Muon detection as evidence for special relativity 3.3.121

Formulas for this lesson

Previous lessons New formulas
¢yl
No previous formulas in this lesson 1 v2
CZ
*t=tyy
* L LO

T

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

contracted length the length of an object measured in a reference frame where the object is
moving; this length is always shorter than the proper length

dilated time the time interval between two events measured in a reference frame where the
two events occur at different points in space; this time is always greater than the proper time
between the events

event something that occurs at a particular location and time
proper length the length of an object measured in a reference frame where the object is at rest

proper time the time interval between two events measured in a reference frame where the
two events occur at the same point in space

rest length see proper length
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The Lorentz factor (y) 3.3.11.1
OVERVIEW

The Lorentz factor is a dimensionless quantity which determines the magnitude of relativistic
effects, including time dilation and length contraction.

THEORY DETAILS
Relativistic speeds

Relativistic speeds are speeds where the effects of special relativity become significant.

These speeds are often written as a multiple of ¢ (the speed of light). To convert from metres

per second to a multiple of ¢, the value must be divided by 3.0 x 108, For an object moving at
8

1.5x108 m s7L, its speed can also be written as % =0.5¢.

The Lorentz factor

The Lorentz factor is a property of the relative speed between frames of reference and it
determines the magnitude of length contraction or time dilation. An object that is measured
in a given reference frame to be at rest has a Lorentz factor of one, meaning there is no length
contraction or time dilation observed. It is calculated from the following formula.

1

v
C2

v = Lorentz factor (no units), v = velocity (m s™), c = speed of light (3.0 x 108 m s7%)

Rearranging this formula, the relative speed can be calculated from a known value of the

Lorentz factor using v=c4/ 1‘Y_12-

As the relative speed approaches the speed of light, the Lorentz factor approaches infinity
(the speed of light acts as a vertical asymptote).

For speeds we experience in everyday life the Lorentz factor is extremely close to one, so
there are no observable changes in space and time in our frames of reference.

Table 1 Atable of values which shows the 4y
Lorentz factor for different speeds. 104
Relative speed Lorentz factor (y) :
]
0 1.000 8 :
0.5¢ 1.155 :
64 1
0.6¢ 1.250 !
]
0.7c 1.400 2l :
1
0.8¢ 1.667 ! —
1 [S)
1 X
0.9¢ 2.294 2+ i 5
1 Q
Q
0.95¢ 3.203 . . . . ! . s
0.99¢ 7.089 02 04 06 08 1.0 12

Figure 2 The Lorentz factor increases with speed
and approaches infinity as speed approaches c.

Length contraction 3.3.10.1 &3.3.11.3
OVERVIEW

Due to the effects of special relativity, observers in reference frames which are moving
relative to each other will measure different lengths of the same object. Proper length is the
length of an object measured by an observer who is at rest relative to the object. An observer
in any other reference frame will measure the same object to have a contracted (shorter)
length in the direction of motion.

THEORY DETAILS

The proper length or rest length, L, describes the length of an object measured by an
observer who is at rest relative to the object. That is, the length measured by an observer who
is in the same reference frame as the object being measured.

+(3.0x10°)

i

metres per multiple of the
second speed of light
ms™* c

N

x (3.0 x 10%)

Figure 1 Diagram showing the
operations required to convert
metres per second into a multiple
of the speed of light and vice versa

USEFUL TIP

It can be helpful to
have a similar table to
Table 1inyour
pre-written exam notes
so that you can check
the appropriateness of
your calculations for
the Lorentz factor.
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In any reference frame that is moving relative to the object, an observer will measure the
object to be contracted in the direction of motion. It is important to understand that the
contracted length is still a correct measurement - in this sense the term ‘proper length’ can
be misleading.

Consider the relative motion of Rachel in a red car and Bob in a blue bus shown in Figure 3.
Remember that speed is relative, and that Bob and Rachel (who are both in inertial frames of
reference) have equal claim to being at rest while the other vehicle is in motion.

For measurements of the length of the blue bus:

¢ Bob measures the proper length, L ), because he and the blue bus are at rest relative to
each other.

e Rachel measures a contracted length, L, because she is moving relative to the blue bus
(she and the blue bus are in different reference frames).

Now compare this with measurements of the length of the red car:

e Bob measures a contracted length, L, because he is moving relative to the red car (he and
the red car are in different reference frames).

® Rachel measures the proper length, L, because she and the red car are at rest relative to
each other.

Bob in a parked blue bus

Rachel driving a red car — =—

- A - - - - - - - — == - == —-—-.

Y For this bus:
. . — Bob measures the proper length
Rachel measures a contracted length

For this car:
Bob measures a contracted length
Rachel measures the proper length

Figure 3 Rachelis driving a red car at a constant velocity and she passes Bob who is sitting in a parked blue bus.
This diagram depicts the red car as moving and the bus at rest, but both vehicles are in inertial reference frames.
Therefore Bob and Rachel can each claim that he/she is at rest and the other vehicle is in motion.

The relationship between proper length and the contracted length measured by an observer
in a different reference frame is given by the following equation.

L
_bL
L=

L = contracted length (m), L,= proper length (m), y = Lorentz factor (no units)

There are some important points to emphasise here:
e Length contraction occurs only in the direction of motion.

e The contracted length, L, is always shorter than the proper
length, L.

e The proper length is measured if the object is at rest in the given
frame of reference, while the contracted length is measured if

the object is in motion in the given frame of reference. v=0 v=0.866c  v=0.968c v=0.999c

. L=L L=0.5L L=0.25L, L=0.04L

e All observers agree on the relative speed, v, between 0 0 0 0
Figure 4 As the relative velocity of the tennis ball increases the

reference frames. They just disagree about which reference measured length of the tennis ball decreases in the direction

frame is moving. of motion. Note that the other dimensions of the tennis ball do
not change.
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Worked example

A spaceship is travelling towards Earth at 0.9c. An astronaut y on
board the spaceship and an observer on Earth both measure

the length of the spaceship and the diameter of the Earth in the
x-direction. 0.9¢
. p — X

Take the Earth’s diameter to be 1.3 x 107 m as measured by the
observer on Earth.
a  Who measures the proper length of the spaceship?
b  Who measures the proper length (diameter in the x-direction) of the Earth?

What is the diameter of the Earth in the x-direction as measured by the astronaut?
d Whatis the diameter of the Earth in the y-direction as measured by the astronaut?
a The astronaut - the spaceship is at rest relative to d 1.3x107m. The astronaut and the observer agree on

the astronaut. the diameter of the Earth in the y-direction since the
b Theobserver on Earth - the Earth is at rest relative to spaceship is not moving in the y-direction relative to

the observer. the Earth.

¢ The astronaut measures a contracted diameter in the
x-direction because the spaceship is moving relative to
the Earth in this direction.
1 1

1
= = = =2.294
! \/1_v_2 \/ (0.902 V1-0.92
2 - 3
c c
Note that the Lorentz factor can also be obtained
from Table 1.
Ly _1.3x107 .
L_T_W_S'YX 10°m

Time dilation 3.3.9.1 & 3.3.11.2
OVERVIEW

Observers in reference frames which are moving relative to each other will measure different
time intervals between the same two events. Proper time refers to the time interval between
two events measured by an observer for whom the two events occur at the same location in
space. An observer in any other reference frame will measure a dilated (greater) time interval
between the same two events.

THEORY DETAILS

Proper time is the time interval between two events, as measured by an observer for whom
the two events occur at the same location in space.

An event is something that occurs at a particular location and time.

Examples of events include: a rocket arriving on the surface of a planet, a clock hand
“striking 12" a collision between two vehicles, and a lightning strike.

To determine if an observer in an inertial reference frame measures proper time:

1. Identify the two events that occur which define the time interval (start and end)
being measured.

2. Ifthe two events occur at the same distance and direction from the observer, then the
observer will measure the proper time interval.

3. Ifthe two events occur at a different distance or direction from the observer, then the
observer will measure a dilated time interval.
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Consider the relative motion of Rachel in a red car and Bob in a blue bus shown in Figure 5.
For measurements of the time interval between the front of the car passing the back of the
bus and then passing the front of the bus:

e Bob measures a dilated time, t, because event 1 happens behind him and event 2 happens
in front of him.

Rachel measures the proper time, t,, because the two events happen at the same
position/distance relative to her (both events occur at the front of her car).

B,
R

F

Event1 B
RF
Event 2

Figure 5 Brrepresents the front of Bob’s blue bus and Bg represents the back.
Rrrepresents the front of Rachel’s red car. Rachel measures the proper time for
the front of her car to pass the bus as the two events occur at the same distance
from her.

Now compare this with measurements of the time interval between the front of the car
passing the back of the bus and then the back of the car passing the back of the bus:

* Bob measures the proper time, t, because the two events happen at the same position
relative to him (both events occur at the back of his bus).

Rachel measures a dilated time, t, because event 1 happens in front of her and event 2
happens behind her.

Event1
B,
R,

B

R

B

Event 2

Figure 6 By represents the back of Bob’s blue bus. Rg represents the front of
Rachel’s red car and Rg represents the back. Bob measures the proper time
for the length of the red car to pass a point on the blue bus as the two events
occur at the same distance from him.
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The relationship between proper time and the dilated time measured by an observerin a
different reference frame is given by the following equation.

t=tyy

t=dilated time (s), t,= proper time (s), y = Lorentz factor (no units)

There are some important points to emphasise here:
e Thedilated time is always greater than the proper time.

e Which observer measures proper time depends on the events that are being measured.

e The ordinary formula for calculating speed (v = %) still applies as long as the distance and
time measurements are made in the same reference frame.

Worked example
A particle is created travelling directly towards Earth at 0.9c. In Earth’s frame of
reference the particle decays in 8.1 seconds.

a Do observers on Earth measure the proper time for the life of the U
particle? Explain.

b Calculate the lifetime of the particle as measured in its own
reference frame.

a  Observers on Earth do not measure proper time. b  We must use the Lorentz factor to relate the time
The two events are: measured by an observer on Earth to the measurement
1. Creation of the particle in the particle’s reference frame.
. _ 1 _ 1 _ 1 _
2. Decay of the particle Y \/1—"—2 \/l_(0.9c)2 V1092 2.294
In the Earth’s frame of reference these two events occur &2 @
at different locations. Proper time is measured in the particle’s reference frame.

We are given the dilated time of 8.1 s.

t=tyy
8.1=t,%2.294
(0=1355Is

Muon detection as evidence for special relativity 3.3.12.1
OVERVIEW

Muons provide observable evidence of time dilation and length contraction. Classical physics
predicts that most muons would decay before reaching Earth's surface. Scientists, in fact,
observe that many more muons reach the surface before decaying than classical physics
would predict. These observations can be explained by special relativity.

THEORY DETAILS

A muon is a subatomic particle created in the upper atmosphere by cosmic rays hitting an
atmospheric molecule. When they are created they are travelling at close to the speed of
light. The half-life of a muon is 2.2 x 107 s. Classical physics predicts that most muons should
decay before they reach the Earth's surface.

What special relativity predicts

From the Earth’s frame of reference, time dilation means the muons are measured to have a
longer life. As such, the muons will travel further than predicted by classical physics before
decaying and so more muons will reach the surface.

OR

From the muon’s frame of reference, length contraction means the distance to the surface is
reduced. As such, more muons than predicted by classical physics can travel the distance to
the surface before decaying.
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(a) Earth’s reference frame

3
+—®:
5

3

c

o

E

’ T
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Muon’s reference frame @

Figure 7 (a) From the Earth’s reference frame the muon is measured to have a longer life than in the rest frame of
the muon. (b) From the muon’s reference frame the distance to the surface of the Earth is measured to be shorter

than in the Earth’s frame.

Theory summary

e The Lorentz factor is a dimensionless quantity that determines the amount of

time dilation and length contraction.
1

A
C2

- Foran object at rest the Lorentz factoris 1.

- The Lorentz factor approaches infinity as an object approaches the
speed of light.

e Proper length is the length that is measured in the frame of reference in which

objects are at rest.

e Proper time is the time interval between two events in a. reference frame where

the two events occur at the same point in space.

L
e Contracted length can be calculated by: L = 70
e Dilated time can be calculated by: t =tyy.
e Muons provide experimental evidence of special relativity.

- More muons are detected at the Earth’s surface than predicted by
classical physics.

- From the Earth’s frame of reference, time dilation increases the
lifespan of muons.

- From the muon’s frame of reference, length contraction decreases the
distance it must travel to reach Earth’s surface.

KEEN TO INVESTIGATE?

YouTube video: PBS Space Time -
When Time Breaks Down
https://youtu.be/GguAN1_JouQ

YouTube video: Sixty Symbols -
Relativity Paradox
https://youtu.be/kGsbBw1l0Rg

YouTube video: minutephysics -
Special Relativity Ch. 3 |

Lorentz Transformations
https://youtu.be/RhOpYtQG5wI

YouTube video: minutephysics -
Special Relativity Ch. 4 |
Relativity of Simultaneity
https://youtu.be/SrNVsfkGW-0

YouTube video: minutephysics -
Special Relativity Ch. 5 | Length
Contraction and Time Dilation
https://youtu.be/-NN_m2yKAAk

4B Questions

THEORY REVIEW QUESTIONS Question 2
Question 1
. approaches
What units are used to measure the Lorentz factor (y)?
A O
A mst
B 1.
B ms
o c 100
C Nmist
- . D infinity.
D The Lorentzfactoris dimensionless
Question 3

As an object with mass approaches ¢, its Lorentz factor

The Lorentz factor for an object at rest is

A -1
B O
c 1
D 2
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Question 4

Question 9

Proper time is best defined as

A thetime interval between two events in a reference frame
where the two events occur at the same pointin space.

B thetimeinterval between two events in the reference
frame of a stationary observer.

C thelongest possible time interval between two events
that any observer can measure.

D thetime between two events within the observer's
frame of reference.

Question 5

Proper length is best defined as

A theshortest possible length that an observer measures
an object to be.

the length as measured by an observer in motion.

the length that is measured in the frame of reference in
which objects are at rest.

D properlength of an object is dependent on an observer's
frame of reference.

Question 6

In order to find the velocity of an object travelling at
0.3cin ms™!, what operation must we perform?

A Multiply by 3.0 x 108
B Divideby3.0x108
C Add3.0x108

D Subtract3.0x108

Use the following information to answer Questions 7-11.

The diagram shows a (very fast) train moving to the right,
with Sad Bunny at the front and Playful Owl at the back,
moving past a train platform. Lucy is at the left end of the
platform and Mia at the right end. In Questions 7-10 you will
need to identify one or more characters.

height
Playful sad length
ou Bunny

Trainv=0.9¢

Question 7

Identify the character(s) who measure the proper length of
the train.

Question 8

Identify the character(s) who measure the proper length of
the train station.

Identify the character(s) who measure the proper time
between the front of the train passing Lucy and then the back
of the train passing Lucy.

Question 10

Identify the character(s) who measure the proper time
between the front of the train passing Lucy and then the
front of the train passing Mia.

Question 11

In which dimension of the station will length contraction be
relevant?

A Height

B Length

C Depth

D Allof the above

EXAM-STYLE QUESTIONS
This lesson

Question 12 (1 MARK)

Which of the following gives the graph of the Lorentz
factor against the speed of a spacecraft as it approaches the
speed of light?

A B
Lorentz factor Lorentz factor
F s A
» Speed » Speed
C D
Lorentz factor Lorentz factor
F s A
» Speed » Speed

Adapted from 2018 VCAA Exam Section A Q13

Question 13 (2 MARKS)

Arocket ship is travelling at 2.786 x 108 m s™1. What is the
Lorentz factor of the rocket?

Question 14 (3 MARKS)

A train passes an observer stationary on the side of the track.
The observer measures the train’s length as one-quarter of
the train’s rest length. What speed is the train travelling past
the observer? Give your answer in metres per second.

Adapted from 2017 VCAA Exam Section B Q10
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Question 15 (2 MARKS)

An exoplanet orbits its star five times in 24 hours as
measured by scientists on Earth. The star is travelling
towards Earth at 0.78¢ (y = 1.598). Calculate how long it takes
the planet to orbit, in the star’s frame of reference. Give your
answer in hours.

Adapted from 2018 VCAA Exam Section B Q16

Question 16 (2 MARKS)

Two spacecraft are travelling towards each other. Spacecraft
1 has a beacon which flashes once every 5.00 seconds.

An observer on spacecraft 2 detects the pulse periodically
flashing every 5.72 seconds.

What is the relative speed of the two spacecraft? Give your
answer in metres per second.

Question 17 (1 MARK)

A neutrino is travelling towards Earth at 0.5¢ (y = 1.155).
Arocket is travelling towards the same neutrino with a
speed of 0.7¢ (y = 1.400) relative to the neutrino. The
rocket is 30.00 m long when measured in its own reference
frame. What is the rocket’s length when measured from the
neutrino’s reference frame?

A 11.74m
B 2143m
C 2597Tm
D 30.00m
Question 18 (8 MARKS)

Scientists detect a greater number of muons reaching the
Earth’s surface than they expect using the classical laws of
physics. Amuon is created in the atmosphere 10 km above
Earth’s surface, and is travelling at 0.99c. This muon decays
in2.4x107%s.

a How far does the muon have to travel to reach Earth’s
surface in the muon’s frame of reference? Give your
answer in metres. (3 MARKS)

b How long does it take for the muon to decay in the
Earth’s frame of reference? (2 MARKS)

¢ Why does special relativity predict that a greater number
of muons are able to reach Earth’s surface than classical
physics predicts? (3 MARKS)

Question 19 (2 MARKS)

Scientists created a particle travelling at 0.9967c and
observed it travel a distance of 1.42 x 1072 m in a straight line
before decaying. The particle is not accelerating. Calculate the
lifetime of the particle in the scientists’ frame of reference.
Adapted from 2017 VCAA Exam Section B QTla
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Previous lessons

Question 20 (4 MARKS)

Jimis jumping between buildings in his role as a stunt
performer. He jJumps a 20 m gap from a building thatis 26 m
tall onto a building that is 10 m tall. He jumps with an initial
velocity of 17 m s™ horizontally to the right.

¥

r 3

26 m

—
20m

a How longdoes it take Jim to reach a height of 10 m
above the ground? (2 MARKS)

b  Will Jim make the jump by landing on the 10 m
tall building? Use calculations to support your
answer. (2 MARKS)

Question 21 (2 MARKS)

A spring is static with an unknown mass on top. The mass is
stationary and has compressed the spring by 3.20 m and the
mass is 2.80 m off the ground. The spring constant is 289 N m™L.

3.20m

2.80m

Find the value of the unknown mass.
Key science skills

Question 22 (3 MARKS)

Jemma is attempting to experimentally verify the relationship
between time dilation and speed. She measures the time

to decay at different speeds for a certain particle which has

a fixed lifetime of 2.18 x 107® seconds when measured in its
own reference frame. Her results are shown in a table.

Speed (x ¢) Time to decay (s)
0 2.18x 1076
0.2 2.28x107°
0.5 2.54x1076
0.7 2.98x107°
0.9 5.07x107°
0.95 7.03x1076

Plot Jemma’s results. Choose the correct axis for each
variable, and include appropriate axis labels and units.



4C MASS-ENERGY

Energy and mass are equivalent and a small amount of matter can be exchanged for a
tremendous amount of energy: if one gram was entirely converted to energy, it could
provide the energy needed by a city for days. This lesson will explore this mass-energy
equivalence and how it is responsible for the radiation emitted by stars like the Sun.

It will also introduce the relativistic kinetic energy of an object, which is different from
the predictions of classical physics.

4A Special relativity 4B Length contractionand | 4C Mass-energy
concepts time dilation

Study design key knowledge dot points

e interpret Einstein’s prediction by showing that the total ‘mass-energy’ of an object is given by: £, = E, +E, = ymc? where
Ey= mc?, and where kinetic energy can be calculated by: £, = (y— l)mc2

e describe how matter is converted to energy by nuclear fusion in the Sun, which leads to its mass decreasing and the

emission of electromagnetic radiation

Key knowledge units

Rest energy 3.3.16.1
Relativistic kinetic energy 3.3.16.2
Total mass-energy 3.3.16.3
Conservation of mass-energy 3.3.17.1
Fusion reactions 3.3.17.2

Formulas for this lesson

Previous lessons New formulas
3B * KE=%mv2 * E,=mc?
¢ g1
4B 1_‘é_: * KE=(y-1)mc?

* E,p = KE +E,=ymc?
AE = Amc?

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
fusion see nuclear fusion

mass-energy equivalence the principle that mass can be considered as a form of energy; mass
can be converted into energy and energy can be converted into mass

nuclear fusion two nuclei combine to form a different nucleus, releasing energy in the process
rest energy the energy of an object at rest, equivalent to the energy of its mass

total mass-energy the sum of the kinetic and rest energy of a mass
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Rest energy 3.3.16.1

OVERVIEW

Any mass m has an equivalent energy equal to £, =mc2. This is called the rest energy because
itis the energy of any mass that is stationary.

THEORY DETAILS

A consequence of Einstein’s theory of special relativity is that mass can be equated to energy
using his famous equation £, = mc?. Mass is a property of the way that energy behaves under
certain conditions. Rest energy is the total energy of a mass excluding kinetic energy.

E,=mc?
E,=rest energy (J), m = mass (kg), c = speed of light (3.0 x 108 ms™)

The appearance of the ¢2 term in this equation tells us that there is a lot of energy even in
small amounts of mass. For example, the rest energy of a 1 g mass is 9 x 1013 J. That’s more
energy than the explosion from 20 kilotons of TNT!

Relativistic kinetic energy 3.3.16.2
OVERVIEW

At relativistic speeds, kinetic energy is found using the formula KE=(y—1)mcZ2. From this
equation it becomes evident that an object with mass would gain an infinite energy as it
approaches the speed of light.

THEORY DETAILS

At low speeds the classical calculation of kinetic energy, KE = %mvz, is a good approximation

but at extremely high speeds it gives inaccurate results. The formula for relativistic kinetic
energy is true for all speeds and it gives significantly different results when speeds are near
the speed of light.

=(y-1)mc?
KE = kinetic energy (J), y = Lorentz factor (no units), m = mass (kg),
c=speed of light (3.0 x 108 m s™1)

Remembering that the Lorentz factor approaches infinity near the speed of light, we can see
from the equation that the kinetic energy also approaches infinity near the speed of light.
Since it is impossible to have infinite kinetic energy no object with mass can move at or

faster than the speed of light. The speed of light is therefore the speed limit of the universe.

The graph shows a large disparity in classical and relativistic kinetic energy at relativistic speeds.

Because the classical kinetic energy is accurate at non-relativistic speeds, we can use the
classical formula to find kinetic energy in most scenarios. But when dealing with high speed
scenarios, we have to use the relativistic kinetic energy formula.

Worked example

An object with mass 2.0 kg is travelling at 2.0 x 108 m s™%. Calculate
a thekinetic energy of the object as predicted by classical physics.

b the actual kinetic energy of the mass according to special relativity.

a KE=%mv2 =1%2.0%(2.0x108)2=4.0%x10%6

=1.34
L - v2 \/1 2o><1o8

3O><108
KE=(v-1)mc2=(1 34-1)x2.0%(3.0x108)2=6.1x 1016 J
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USEFUL TIP

Note that the current
VCE study design
denotes the rest energy
asE or Eg. It does not
use the term ‘rest mass’
or ‘relativistic mass,
asmassis a constant
quantity regardless of
speed. These terms
may appearinolder
material, however they
should be avoided.

Kinetic energy, KE

KE e

v

| I I |
0 0.2c 0.4c 0.6¢ 0.8c
Speed

Figure 1 A comparison of classical
and relativistic predictions of
kinetic energy at speeds ranging
from0toc.
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Total mass-energy 3.3.16.3
OVERVIEW

If an object with mass is moving, its total energy is the sum of its rest energy and its
kinetic energy.

THEORY DETAILS
The total mass-energy of an object that has mass is the sum of its rest energy and its kinetic
energy. We know that £, = mc? and KE=(y-1) mc?, so adding these together the total
mass-energy is equal to:
= 2

E..;=vYmc

E,,. = total mass-energy (J), y = Lorentz factor (no units), m = mass (kg),

c=speed of light (3.0 x 108 ms™1)

Worked example

An object with mass 3.0 kg is travelling at 2.5 x 108 m s™1. Calculate the total mass-energy
of the object.

1 1
= = =1.81
i \/l_vj \/l_(2.5x108)2
c? (3.0x108)2
Eror=YmMc?=1.81x3.0x(3.0x108)2=4.9x 1017 J

Conservation of mass-energy 3.3.17.1
OVERVIEW

Mass can be converted into other forms of energy. Although we have learned that mass and
energy are always conserved, it is really mass-energy that is always conserved.

THEORY DETAILS

When studying classical physics, we assumed that for a given system, the total mass of the
system is conserved. However, with the introduction of special relativity we know that mass is
just a property that energy exhibits and so the assumption of mass conservation is not always
correct. Rather the total mass-energy of a system is conserved. This means that the mass of a
system can be converted into other forms of energy, and vice versa.

If the mass in a system changes, we can calculate the change in other forms of energy by
manipulating the rest energy formula.

AE =Amc?
AE = change in energy (J), Am = change in mass (kg), ¢ = speed of light (3.0 x 108 m %)

Fusion reactions 3.3.17.2
OVERVIEW

In the Sun, and other stars, mass is continuously converted into energy by fusion reactions.

THEORY DETAILS

A fusion reaction is the combination of two nuclei to form a different
nucleus. Inside the Sun, lighter elements undergo fusion to create
heavier elements releasing energy in the process. The sum of the mass of
the particles that combine in a fusion reaction is greater than the sum of
masses after the reaction. We can use the formula AE = Amc? to calculate
the energy released in a fusion reaction.

HG\A

Because fusion reactions constantly occur in the Sun, its mass decreases
over time. The Sun loses approximately 1.89 x 1017 kg of mass per year,
which corresponds to a release of approximately 1.70 x 1034 J of energy

in the form of light (electromagnetic radiation) per year. .
releasing energy.
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Figure 2 The total mass-energy

of a system is conserved. Some rest
energy (from a mass) is converted
into light energy, but the total
mass-energy is conserved.
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Figure 3 Asimplified fusion reaction that occurs inside the
Sun. Two hydrogen atoms undergo fusion to create helium,
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Theory summary
e Massis a property that energy exhibits.
® Restenergyis calculated by £ = mc2.
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e Relativistic kinetic energy is given by KE=(y—1)mc? and increases to approach infinity as

the speed approaches the speed of light (c).

e Relativistic and classical kinetic energy produce almost identical results at low speeds,
but at relativistic speeds classical kinetic energy becomes inaccurate.

e Total mass-energy is always conserved and can be calculated by £, , = KE + £, =ymc?.

e Mass can be converted into energy and vice versa, with AE = Amc2.

e Fusion reactions occur within the Sun, converting mass into other forms of energy.

KEEN TO INVESTIGATE?

YouTube video: Elearnin - Nuclear fusion
https://youtu.be/Cb8NX3HiS4U

YouTube video: PBS Space Time - The Real Meaning of E = mc?

https://youtu.be/X0232kyTsO0

YouTube video: PBS Space Time - The True Nature of Matter and Mass

https://youtu.be/gSKzgpt4HBU

4C Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following statements is incorrect?

A Total mass-energy is the sum of kinetic and rest energy.
B Massis conserved in a closed system.

C Total mass-energy is conserved in a closed system.

D

Relativistic kinetic energy can be calculated at all
speeds below c.

Question 2

The relativistic kinetic energy of a neutron with a velocity
closetocis

A lessthan its classical kinetic energy.

B greater thanits classical kinetic energy.
C equaltoits classical kinetic energy.
D

not able to be determined.

Question 3

The Sun loses mass over time due to the
A fission reactions inside its core.
B fusion reactions inside its core.
C allergicreactionsinside its core.
D

radioactive decay inside its core.

Question 4

Which of the following statements is correct?
A Restenergy is the equivalent energy of a mass at rest.

B Restenergy is the equivalent energy of a mass moving in
an inertial reference frame.

Rest energy increases as speed increases.

Rest energy decreases as speed increases.
EXAM-STYLE QUESTIONS
This lesson

Question 5 (2 MARKS)

Can a particle with mass be accelerated to the speed of light?
Explain why or why not.

Question 6 (1 MARK)

The relationship between a particle’s mass and its total
energy is given by:

E

tot = YMC?, where y = L =
Vita

It takes 0.2 J to increase the speed of a molecule from 0.80c
to 0.81c, but it takes 11 J to increase its speed from 0.98¢ to
0.99c even though the change in speed is the same. What is
the best explanation for why this disparity occurs?

A The total energy of the molecule increases with y, which
increases rapidly as speeds approach c.

B Kinetic energy is equal to mv?, so at higher speeds it
requires more energy to increase the velocity.
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C The particle’s kinetic energy is directly proportional to
its velocity.

D The particle gains mass as it speeds up according to
special relativity.

Adapted from 2011 VCAA Exam 1 Section B Detailed study 1 Q2

Question 15 (4 MARKS)

Calculate the kinetic and strain potential energy when an
oscillating mass of 4 kg, attached to a spring, is at points A,
B and C. At point C, the speed of the mass is 0 m s™L. At point
B, the spring is in its unstretched position. Ignore friction.
Assume k=100 N m™in both compression and extension.

Question 7 (2 MARKS)
2m 2m
Calculate the total energy of a proton with mass 1.67 x 10727 kg « > >
travelling at 0.80c.
Question 8 (2 MARKS) _ v
Th . . 2% A B c
e star Alpha Centauri A emits an average of 4.20 x 10°° J of
electromagnetic radiation every second. What is the Point KE (J) SPE(J)
corresponding rate at which mass inside this star is lost? A
Write your answer in kg s™%. .
Question 9 (1 MARK) C
An atom has an initial mass m before emitting 2.7 x 10712 J of Key science skills
energy. What is the new mass of the atom?
Question 16 (3 MARKS)

A m-9.0x10"21kg
B m+3.0x10 kg
C m-3.0x10"2°kg
D m-24x10°kg

Adapted from 2015 VCAA Exam Section B Detailed study 1Q9

Question 10 (3 MARKS)

An ion with mass 2.34 x 10727 kg is accelerated so that its
Lorentz factor is increased from y = 1.40 to y = 2.30.
Calculate the work done to accelerate the ion.

Question 11 (3 MARKS)

A neutron has a mass of 1.67 x 1072" kg and relativistic kinetic
energy of 1.8 x 10719 J, What is the speed of the neutron?

Question 12 (4 MARKS)

Calculate the difference between the classical and relativistic
kinetic energy of an atom with mass 3.34 x 10727 kg travelling
at 0.8c.

Question 13 (2 MARKS)

A particle has kinetic energy that is 12 times its rest energy.
Calculate the Lorentz factor of this particle.

Adapted from 2019 VCAA NHT Exam Section A Q18
Previous lessons

Question 14 (2 MARKS)

Calculate the magnitude of the momentum of an
asteroid with mass 3.0 x 108 kg travelling at 2.8 x 10 km h™?
towards the town of Benalla.

A graph has been produced showing the classical kinetic
energy of an object with a mass of 1 kg at different speeds.
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Peta, arguing that using relativistic kinetic energy would
produce different results, produces a table with the
relativistic kinetic energy at each point on the graph.

Speed (x ¢) Relativistic KE (x 1016 J)
0.5 1.39

0.6 2.25

0.7 3.60

0.8 6.00

0.9 11.65

a  Plot Peta’s energy calculations on a copy of the
graph of classical kinetic energy, and include a curve
of best fit. (2 MARKS)

b  From this graph, what can be determined about how
the difference between classical kinetic energy and
relativistic kinetic energy compares at
different speeds? (1 MARK)
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CHAPTER4 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Consider the motion of three spacecraft.

Spacecraft 1 is accelerating with an initial velocity of 500 km s™1. Spacecraft 2 has a constant velocity of 500 km s,
Spacecraft 3 has a constant velocity of 900 km s™2,

There is a scientist in each rocket performing the same experiment which involves the motion of a ball. Which of the
following statements is known to be true?

A None of the experimental results will agree.

B  All of the experimental results will agree.

C  Spacecraft 1 and spacecraft 2 experimental results will agree.
D

Spacecraft 2 and spacecraft 3 experimental results will agree.

Use the following information to answer Questions 2 and 3.
A scientist from Earth measures that two spacecraft are heading at a constant velocity of 0.75¢ towards each other.

0.75¢ 0.75c¢
Q Q

Spacecraft 1 Spacecraft 2

Earth

Question 2

The proper time it takes for Spacecraft 1 to pass the Earth’s diameter will be measured in the reference frame of

A thescientist on Earth. B spacecraft 1.
C spacecraft 2. D anabsolute universal time.
Question 3

Spacecraft 2 turns on a laser beam. At what speed would a scientist on spacecraft 1 measure the light from the laser to
be travelling?

A ¢ B 1.5c C 1.75c D 2c

Question 4

The lifetime of a stationary pion as measured in the lab is 84 attoseconds. The lifetime of a relativistic pion travelling
towards Earth is measured to be 932 attoseconds.

The time dilation observed by scientists gives a Lorentz factor, y, which is closest to

A 1 B 11 c 111 D 1111

Adapted from 2019 VCAA NHT Exam Section A Q17
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Question 5

Which of the following graphs best represents the kinetic energy versus speed graph as an object approaches the speed
of light?

A Kinetic energy Kinetic energy Kinetic energy Kinetic energy

ZSpeed L Speed LSpeed LSpeed

Adapted from 2018 VCAA Exam Section A Q13

SECTION B

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (7 MARKS)

The Millennium Falcon spaceship is travelling between star systems 5.84 x 10® m apart at 0.85c in Earth’s frame
of reference.

a Calculate the time it takes the Millennium Falcon to travel between the star systems as measured by an observer
on Earth. (2 MARKS)

b Calculate the time interval that would be observed by Han Solo on board the Millennium Falcon. (3 MARKS)

¢ Calculate the distance between the star systems that would be measured from the Millennium Falcon’s frame
of reference. (2 MARKS)

Question 7 (3 MARKS)

Shaniquaisin an inertial frame of reference and observes a rocket moving at a constant velocity. She notes that the
clocks on the rocket, which are operating normally, run five times slower than her clocks, which are also operating
normally. The rocket has a mass of 8000 kg.

Calculate the kinetic energy of the spaceship in Shaniqua’s frame of reference. Show your working.

Adapted from 2018 VCAA Exam Section B Q15

Question 8 (6 MARKS)

A spacecraft is carrying the first humans into interplanetary space from the Earth to the nearest star system, Proxima
Centauri, which is 4.24 light-years away from Earth. A light-year is the distance light travels in one year. The astronauts
set the spacecraft at a speed which will reach Proxima Centauri in 20.0 years as measured by Earth. Give your answers to
three significant figures.

a  Show that the spacecraft is travelling at a speed of 0.212¢. (1 MARK)
b Calculate the duration of the trip for the crew on the spacecraft. Give your answer in years. (3 MARKS)

¢ Whatis the distance from Earth to Proxima Centauri as measured by the crew in the spacecraft? Give your answer in
light-years. (2 MARKS)

Question 9 (3 MARKS)

Protons in the Large Hadron Collider are accelerated to speeds of over 0.999¢ around a circular track with a
circumference of 27 km.

Explain whether these protons are in an inertial frame of reference when they are
e speeding up around the circular track.

e travelling at a constant speed around the circular track.
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Question 10 (3 MARKS)

Muons are created in the upper atmosphere travelling at relativistic speeds and can be detected at the surface. They
have a half life of 2.2 x 1076 s. Classical kinematic equations calculate that most muons would not reach the Earth’s
surface before decaying.

Explain why a greater number of muons are detected at the Earth’s surface than classical physics calculates.

Adapted from 2017 VCAA Exam Section B Q11

Question 11 (6 MARKS)
The highest-energy particle ever observed was the ‘Oh-My-God’ particle. v
Assume it had a Lorentz factor of y = 3.2 x 101! and the Earth has a diameter |
of 12 742 km. X

. e
a  Determine the diameter of Earth in the y-direction as measured by the Oh-My-God

S, particle
particle’s reference frame. (1 MARK)

b  Determine the diameter of Earth in the x-direction as measured by the
particle’s reference frame. (2 MARKS)

Earth

¢ Calculate the relativistic kinetic energy of the ‘Oh-My-God’ particle in the Earth’s frame of reference if its mass is the
same as a proton (1.67 x 10727 kg). (2 MARKS)

d Determine the ‘Oh-My-God’ particle’s kinetic energy in its own frame of reference. (1 MARK)

Question 12 (6 MARKS)

Arocket accelerates to a maximum speed 0.8¢ with a mass of 530 x 103 kg.
a Calculate the total energy of the rocket when at its maximum speed. (3 MARKS)

b Calculate the equivalent amount of mass which, when converted to energy, could propel the rocket to
that speed. (3 MARKS)

Question 13 (3 MARKS)

Describe the process by which energy is created in the Sun.

Question 14 (2 MARKS)

In a nuclear fusion reaction in a star’s core, a helium-4 nucleus with a mass of 6.647 x 10727 kg fuses with a carbon-12
nucleus with a mass of 1.9926 x 10726 kg to create an oxygen-16 nucleus that has a mass of 2.6563 x 1072° kg. Ignore the
kinetic energy of the nuclei before the reaction. Calculate the energy released. Show your working.

Adapted from 2019 VCAA NHT Exam Section B Q19

Question 15 (3 MARKS)

Before the theory of special relativity was understood it was believed that an object could reach any speed given
enough energy. With reference to the Lorentz factor, explain why there is a speed limit for any particle with mass moving
through space.

Question 16 (3 MARKS)

In the Sun two deuterium atoms fuse to form tritium and a proton. 6.45 x 10713 J of electromagnetic radiation is released
in the process.

If the tritium atom has a mass of 5.01 x 10727 kg and the proton has a mass of 1.67 x 10727 kg, determine the mass of a
deuterium atom.
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UNIT 3, AOS 3 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

What is the magnitude of the displacement of a train with an initial velocity of 12 m s™! that accelerates at a rate of
2 m s~ after 6 seconds?

A 24m

B 108m
C 144m
D 168m

Adapted from 2016 VCAA Exam Section A Q1

Question 2

A student sits inside a windowless spaceship on a journey to Mars. He conducts a series of motion experiments to
investigate frames of reference.

Which one of the following observations is correct?

A Theresults when the spaceship accelerates are identical to when the spaceship is in uniform motion in a straight line.
B  The results when the spaceship accelerates are identical to when the spaceship is at rest.

C Theresults when the spaceship is at rest differ from when the spaceship is in uniform motion in a straight line.

D Theresults when the spaceship accelerates differ from when the spaceship is in uniform motion in a straight line.

Adapted from 2017 VCAA Exam Section A Q10

Question 3

Which of these objects is not accelerating?

A Atrain travelling straight at a constant speed of 50 m s™*

B Acardrivingaround a corner at a constant speed of 20 m s™*
C Anplanespeeding up as it travels down a runway
D

An apple falling from a tree, only under the influence of gravity

Question 4

In which of the following is the best description of when energy is conserved?

A Aballin motion hits another ball of equal mass. The first ball stops and the second ball continues with a
speed equal to half of the first ball’s original speed.

Two cars have a head-on collision and the front of both of the cars are crushed as they come to a stop.
Energy is conserved in all situations.

There is no situation in which energy is conserved.
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Question 5

Whilst holding a 20 kg block at the top of a 1.5 m high ramp, a worker is 20 kg
distracted by a loud noise and releases the rope. Which option is closest to
the speed of the block at the bottom of the ramp? Ignore any frictional forces.

A 25ms?
B 54ms™t
C 86mst
D

10ms™

[y
o
3
=== ===P
([

SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale

Question 6 (2 MARKS)

Block A has a mass of 30 kg and rests on top of block B, which has a mass of 100 kg.

A
Calculate the magnitude and direction of the force on block A by block B. 30kg
Adapted from 2018 VCAA Exam Section B Q8 _

Question 7 (6 MARKS)

Darren and Joey utilise a classic experimental setup, an “Atwood machine”, to examine the concept of
acceleration. They attach two masses, m; (500 g) and m, (300 g), to a string with negligible mass and
hang the masses over a frictionless pulley.

a Calculate the magnitude of the gravitational force on m; and m, individually. (2 MARKS)
b  Calculate the magnitude of the acceleration of m,. (2 MARKS)

¢ Calculate the magnitude of the tension in the string. (2 MARKS)

Adapted from 2015 VCAA Exam Section A Q2

Question 8 (6 MARKS)

Abicycle and its rider have a total mass of 120 kg and travel around a circular banked track of 30 m radius.
The track is banked at an angle 37.4°.

a Onacopy of the diagram, draw all the forces acting on the rider and bicycle. Draw the net force as a dashed line.
Considered the bicycle and rider as a single object. (2 MARKS)

>

b Calculate the speed that the bicycle must travel so that there is no sideways frictional force. (2 MARKS)

¢ Calculate the magnitude of the net force acting on the bicycle and rider. (2 MARKS)

Adapted from 2015 VCAA Exam Section A Q4
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Question 9 (6 MARKS)
Students perform an experiment where a ball of mass 1.5 kg is moving in a vertical circle at v=6.0ms™
the end of a string. I
. 10.50m
The string has a length of 0.5 m. v

At the top of the arc, the ball is moving at 6.0 ms™L.

a Does the ball have a great enough speed at the top of the arc so that the string remains
tight (under tension)? Support your answer with calculations. (3 MARKS)

b Calculate the speed of the ball at the lowest point. (3 MARKS)

Adapted from 2018 VCAA NHT Exam Section B Q8

Question 10 (3 MARKS)

A cannonball (mass 2.0 tonnes) is moving directly upwards at 720 m st when it is at an altitude of 530 m above the
ground. After reaching its maximum altitude, the cannonball falls straight back down.

Find the maximum kinetic energy of the cannonball before it hits the ground. Ignore the effects of air resistance
in your calculations.

Question 11 (4 MARKS)

Jeremy and Talia hang a mass on the end of a spring. They hold the mass at the
unstretched length of the spring and release it, allowing it to fall. é

Explain how the three energies involved and the total energy of the mass varies as the
mass falls from top to bottom. Calculations are not required. TAX

Adapted from 2017 VCAA Exam Section B Q13

Question 12 (5 MARKS)
Students are studying the behaviour between a golf club hitting a N
. . . e ”"Hn
stationary golf ball. Treat it as a collision between the head of the golf Y
club and golf ball only. The golf ball is stationary before the collision. I
11 AN}
The students take the following measurements ',’,,’ ‘\“\‘
11 AR}
Mass of head of golf club 330g i \\
1 AR}
Mass of golf ball 459 Golf club ’ vty Ve
Initial velocity of golf club 70 m s~ to the right T O——= O
Final velocity of golf club after hitting golf ball | 60 ms™* to the right \ Golf ball

a Show that after the collision, the ball’s speed is 73 m s™L. (2 MARKS)

b Take 73 m s as the speed of the golf ball after the collision. Use calculations to determine whether or not the
collision was elastic. (3 MARKS)

Adapted from 2018 VCAA NHT Exam Section B Q7

Question 13 (2 MARKS)

An alien spaceship travels towards Earth at 80% the speed of light. At a distance of 6.0 x 10° m away from Earth
(from Earth’s frame of reference), the aliens send a signal in the form of a laser beam.

How long does it take for the laser beam to reach Earth according to a person on Earth?

Adapted from 2018 VCAA NHT Exam Section A Q11

Question 14 (2 MARKS)

The length of a rocket is measured to be one-fifth of its rest length as it passes a planet. What is the speed of the rocket,
as determined by an observer on the planet?

Adapted from 2017 VCAA Exam Section B Q10
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Question 15 (6 MARKS)

A soccer ballis launched from a vertical spring. The spring characteristics are plotted in the included graph. The spring is
initially compressed down by 0.40 m below its natural length. Take the mass of the soccer ball to be 0.40 kg.

r N

250 t

200 1

150 T

100 ¢

Magnitude of force (N)

50 +

v

0.1 0.2 0.3 0.4 0.5
Displacement (m)

a Usethe graph to determine the spring constant, k. (2 MARKS)
b  What s the elastic potential energy before the soccer ballis launched? (2 MARKS)

¢ Whatis the maximum height that the soccer ball reaches above the launcher? (2 MARKS)

Adapted from 2016 VCAA Exam Section A Q4

Question 16 (3 MARKS)

A scientist in an inertial frame of reference observes a train moving past her at a constant velocity.
She observes that the train is moving at a constant velocity of 2.68 x 10° km s7L. The train has a mass of 4.9 x 10° kg.

Calculate the kinetic energy of the train in the scientist’s frame of reference.

Adapted from 2018 VCAA Exam Section B Q15
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In this area of study students examine the Outcome 1

similarities and differences between three

fields: gravitational, electric and magnetic. On completion of this unit the student should

Field models are used to explain the motion be able to analyse gravitational, electric and

of objects when there is no apparent contact. magnetic fields, and use these to explain the ke
Students explore how positions in fields operation of motors and particle accelerators and r
determine the potential energy of an object and  the orbits of satellites. I'

the force on an object. They investigate how
concepts related to field models can be applied
to construct motors, maintain satellite orbits
and to accelerate particles.
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age: Matthew Incardon‘ Reproduced from VCAA VCE Physics Study Design 2017-2021
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UNIT 3 AOS 1, CHAPTER 5

Gravitational fields

5A Gravitational fields and forces

5B GPE in non-uniform fields

5C Orbital motion

Key knowledge

describe gravitation, magnetism and electricity using a field model

investigate and compare theoretically and practically gravitational, magnetic and electric fields,
including directions and shapes of fields, attractive and repulsive fields, and the existence of
dipoles and monopoles

investigate and compare theoretically and practically gravitational fields and electrical fields
about a point mass or charge (positive or negative) with reference to:

the direction of the field
the shape of the field
the use of the inverse square law to determine the magnitude of the field

potential energy changes (qualitative) associated with a point mass or charge movingin
the field

identify fields as static or changing, and as uniform or non-uniform

analyse the use of gravitational fields to accelerate mass, including:

— ] s M (taly (il
- gravitational field and gravitational force concepts: g = G " and 75 G 7

— potential energy changes in a uniform gravitational field: B mgAh

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

apply the concepts of force due to gravity, Fg, and normal reaction force, F, including satellites in
orbit where the orbits are assumed to be uniform and circular

2
model satellite motion (artificial, Moon, planet) as uniform circular orbital motion: a = VT ==

Image: Dima Zel/Shutterstock.com



5A GRAVITATIONAL FIELDS AND FORCES

This lesson introduces us to Newton’s law of universal gravitation. Every object with mass
produces its own gravitational field, attracting all other objects to itself. We will learn how to
represent a gravitational field with a field diagram, calculate the gravitational field strength at
each point in space, and calculate the gravitational force acting on a body.

5A Gravitational fields and 5B GPE in non-uniform 5C Orbital motion
forces fields

Study design key knowledge dot points
e describe gravitation, magnetism and electricity using a field model

e investigate and compare theoretically and practically gravitational, magnetic and electric fields, including directions and
shapes of fields, attractive and repulsive fields, and the existence of dipoles and monopoles

e investigate and compare theoretically and practically gravitational fields and electrical fields about a point mass or charge
(positive or negative) with reference to:

- thedirection of the field

- theshape of the field

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

- potential energy changes (qualitative) associated with a point mass or charge moving in the field
e identify fields as static or changing, and as uniform or non-uniform

e analyse the use of gravitational fields to accelerate mass, including:
_ ) o M m,m,
- gravitational field and gravitational force concepts: g = Gﬁ and Fg = Gr—2
- potential energy changes in a uniform gravitational field: E,= mgAh

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

e apply the concepts of force due to gravity, Fg , and normal reaction force, F,, including satellites in orbit where the orbits are
assumed to be uniform and circular

Key knowledge units

The field model of gravity 3.1.1.1 &3.1.211&3.15.1
Gravitational force and field strength 3.1.8.1
The inverse square law 3.1.3.1
The normal force in gravitational fields 3.1.9.2

Formulas for this lesson

Previous lessons New formulas
_ * g=cM
2B Fg=mg g9=G 2
M. M
* F=G 12 2
_9%
9,72

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
dipole asource (field lines point away) and a sink (field lines point towards) paired together
field aregion of space in which each point is subject to a non-contact force

gravitational field strength a measure of the gravitational force that acts on each unit of mass at a
point in space
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monopole asource (field lines point away) or a sink (field lines point towards) of a field in isolation

Newton’s law of universal gravitation law that states that every object with mass attracts every
other object with mass by a gravitational force that increases with the product of their masses and
decreases with the square of the distance between the objects

non-uniform field afield for which the direction and/or magnitude is different at different
locations in space

uniform field a field for which both the direction and magnitude are constant throughout the
region of space

The field model of gravity 3.1.1.1&3.1.2.1.1&3.1.5.1
OVERVIEW

Afield is a way of modelling a region of space in which each point is subject to a non-contact
force. All objects with mass create a gravitational field that attracts all other objects with
mass. We can model the gravitational fields of objects with field diagrams.

THEORY DETAILS

Field model conventions

In VCE Physics we need to consider three types of non-contact forces: gravitational force,

electric force, and magnetic force. These non-contact forces can all be modelled as fields
which consist of field lines with the following characteristics.

e Field lines are vectors with both direction and magnitude (field strength).
e Field lines are drawn with arrows to indicate the direction of the field.

e Field lines that are closer together indicate a stronger field.

e Field lines that are further apart indicate a weaker field.

e Field lines never intersect or touch - if they did then it would indicate a point where the
field (and therefore the force) points in two different directions.

A monopole is an object which is either the source of a field (meaning the field lines point
away from it) or the sink of a field (meaning the field lines point towards it), but not both. A
dipole describes a source and a sink which are paired together.

Drawing gravitational fields

Mass is a gravitational monopole since gravity is always an attractive force. When drawing a
gravitational field, these rules should be followed.

e Gravitational field lines must be equally spaced around the surface of spherical objects

e Gravitational field lines point in the direction that another mass would experience a gravi-
tational force at that point in space

e Forasingle body, all field lines are straight and point directly towards the centre of the
mass which means the field lines are typically perpendicular to the surface of a sphere

e Gravitational fields extend infinitely far out into space, so the gravitational field lines
should be drawn with an appropriate length to represent that

e Gravitational field lines are usually drawn so that they end on the surface of the object
Uniform and non-uniform fields

A uniform field is a field which has a constant strength and direction at all points. When
representing a uniform field, all lines are evenly spaced and parallel to each other.

Gravitational fields are approximately uniform within small regions near the surface of a
planet. This is shown shown in Figure 2.

In a non-uniform field the strength and direction of the field depends on the location. To
represent a non-uniform field, the field lines point in different directions and are closer in
some regions than others.

While gravitational fields are approximately uniform in small regions, in reality they are not
uniform. Figure 3 shows the gravitational field lines around the Earth which point radially
towards the centre and are closer to each other near the surface than far away.

Figure 1 The gravitational field
lines point towards the centre of
amass, and are equally spaced
around the sphere.

Figure 2 The gravitational field
lines appear equidistant and
parallel to each other, indicating
an approximately uniform
gravitational field near the surface
of the Earth.

Nl
= . N

Figure 3 Gravitational field lines
showing the field strength around
the Earth. As the distance from
Earth increases the field lines
become further apart, indicating
a decrease in the strength of the
gravitational field.
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Gravitational force and field strength 3.1.8.1
OVERVIEW

The gravitational field strength of a body describes the gravitational force per unit of mass
that would act on another object at a point in the field. It can be calculated for any point in
space if the mass of the body is known. From this the force due to gravity that acts on a body
can be calculated.

THEORY DETAILS

Gravitational field strength

Gravitational field strength, g, describes the magnitude of the gravitational field - that is, the
magnitude of the force that acts on each kilogram at a particular location in a gravitational field.

M

=G—

9=6
g = gravitational field strength (N kg™! or m s™2), G = gravitational constant

(6.67 x 10711 N m2 kg™2), M = mass of object creating gravitational field (kg), r = distance from
centre of object (m)

Note that gravitational field strength depends on only one mass (the mass creating the field)
and is independent of the mass of the object which is in, or ‘experiencing’, the field. For the
purpose of VCE Physics, the gravitational field will always originate from the centre of a mass.

Force due to gravity

We can calculate the gravitational force acting on an object by multiplying the mass of the
object by the gravitational field strength at that point (Fg =mg).

_ _g=25Nkg? _ N

e ~
e . m=500kg
/ o
// g=10Nkg™* \
/ -7 S F,=500%2.5=1250N
/ ’ N B \
1 - \ \
, m 60/kg N \
N m =500 kg 1
D=

I \ o 1
! [N f (] )/om !
|| ':‘ ) "’ g,"" :

F =500x10=5000N 1
9 ’

T~ g=25Nkg? ~
Figure 4 The gravitational field strength (g) has a constant value on the concentric circles. The force due to gravity is

calculated by multiplying the mass and the field strength.

Combining the formula for gravitational field strength (g = Gr—AZ) with the formula for

the gravitational force acting on a mass (Fg =mg) we can establish Newton’s law of
universal gravitation:

MM
F=G 1,«22

F =force due to gravity (N), G = gravitational constant (6.67 x 10711 N m2 kg2), M, = mass of
one object (kg), M, = mass of other object (kg), r = distance between centres of objects (m)
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Note that which object is designated as M, and which is M, does
not matter because the two objects exert the same magnitude of
gravitational force on each other. This is consistent with Newton’s third

law (see Figure 5).

USEFUL TIP

When calculating gravitational field strength and gravitational
force we must use the distance from the centre of the object.

Be aware that ‘altitude’ and ‘height’ refer to the distance from the
surface of the object. If given the altitude, remember to add the

radius of the object to this value.

1 Worked example

Use the data table to answer the following questions.

Mass of space station

419725 kg

Mass of Earth 5.98 x 1024 kg
Radius of Earth 6.37x10°m
Space station’s distance from Earth’s surface 4.00x10°m

Universal gravitational constant

6.67 x 10711 N m? kg2

Calculate the Earth’s gravitational field strength at the space station.
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Fon Earth by satellite
> <
» <

Fonsatetice by Earth

Figure 5 Newton’s 3rd law of motion states that for every
action there is an equal and opposite reaction. Hence, a
satellite orbiting Earth will apply an equal gravitational force
on Earth to the force that Earth applies on the satellite.

b Calculate the magnitude of the force due to gravity on the space station by Earth.

¢ Calculate the magnitude of the force due to gravity on Earth by the space station.

M
a g=Gﬁ

Use the Earth’s mass, since we are calculating the Earth’s gravitational field strength.

Remember to use the distance from the centre of the Earth.

5.98 x 10%*

g=6.67x10711x
g=8.70Nkglorms™

b F=mg

(6.37x10%+4.0 x 10°)2

This time we need to use the space station’s mass since we are calculating the force on
the space station due to Earth’s gravitational field (which is g = 8.7 N kg™ from part a).

F=419725x8.7
F=3.7%x105N
OR

Use Newton’s law of universal gravitation.

MlMZ
r2

F=G

5.98 x 10%* x 419 725

F=6.67x1071x
F=3.7%x105N

¢ Using Newton’s 3rd law: F

(6.37 x 10° + 4.0 x 105)2

nAbyB~

onBbyA

That is, the magnitude of the force on Earth by the space station is equal to the
magnitude of the force on the space station by Earth.

F =3.7x10°N

on Earth by space staion ~



174 UNIT 3 | AOS 1 | CHAPTER 5: GRAVITATIONAL FIELDS

The inverse square law 3.1.3.1
OVERVIEW

The strength of a gravitational field decreases with the square of the distance from the body
creating the field. The inverse square law is useful when we do not actually know the mass of
the object creating the field, but we do know the gravitational field strength at one location
and want to know the field strength at another location.

THEORY DETAILS

Due to the relationship between gravitational field strength (g) and distance, we get an

inverse square law: g « % . It states that the strength of the field will decrease as the distance
increases with a squared relationship. For example, if the distance from the centre of a planet
doubles, the gravitational field strength due to that planet becomes four times smaller. The

inverse square law is useful for relating the field strength due to the same object at two
different locations. For this reason, the following formula can be a helpful way of representing
the inverse square law.

_9
9,= 2
g,= gravitational field strength at position 2 (N kg ™), g,= gravitational field strength at
r.
position 1 (N kg™1), n = the ratio of the distance at position 2 to the distance at position 1 <Tj>
Assuming the mass of the object ‘experiencing’ the gravitational field is constant, then the
inverse square law applies to gravitational force as well as field strength.

r=3
Area=9

e
1
]
/

Strength = R
1

22
Strength =
1
3

Figure 6 The strength of gravity decreases with the square of the distance from the body.

Worked example

A satellite experiences a gravitational field strength of 2.0 N kg 1. What would be the value
of the gravitational field strength if the satellite was moved to a distance three times its
original distance from the centre of the planet?

9,=2.0Nkg™

Three times the original distance meansn =3

9,537 79 =0.22Nkg™
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The normal force in gravitational fields 3.1.9.2
OVERVIEW

We do not directly feel gravity. Instead we feel normal forces which give us a sense of gravity.
When an object is in free fall and without air resistance, gravity is the only force acting and
hence all objects fall at the same rate.

THEORY DETAILS

If the gravitational force is the only force acting on an object (Fg =F, ) then mg = ma which
means that g = a (gravitational field strength and acceleration are equivalent). For this reason
g is also known as the acceleration due to gravity and m s is considered an equivalent
unit to N kg™, If no other forces such as air resistance are acting, all objects will fall at the
same rate regardless of their mass. This was shown on the Moon when David Scott dropped a
feather and a hammer at the same time. Both objects fell at the same rate and landed at the
same time.

It is a common misconception that gravity does not act on astronauts in orbit. In fact the
gravitational field strength at the International Space Station is approximately 90% of the
gravitational field strength on Earth. However, astronauts do not feel gravity acting on them
because gravity is the only force (constantly) acting on them and they experience zero
normal force. As a satellite orbits Earth, it is in free fall with everything inside accelerating at
the same rate so objects do not appear to fall relative to the satellite.

Theory summary

e Afieldisaregion in which each point is subject to a non-contact force.
- All objects with mass create their own gravitational field.
- The strength and direction of a field is represented with field lines.

e The gravitational field strength can be calculated using g = Gr—l\g.
- When there are no other forces acting on an object, the gravitational field strength at
an object’s position is equivalent to acceleration due to gravity (g = a).
- Gravitational field strength can be measured in N kg™ or m s72,

- Therelationship between the gravitational field strength at two points can be found
using the inverse square law without knowing the mass of the body creating the
gravitational field.

M, M,

f'2

e The force due to gravity on an object can be calculated using F=mg or F=G

e Whilst in orbit astronauts are in free fall so will experience zero normal force.

- Thisis why astronauts appear to ‘float’ in space.

KEEN TO INVESTIGATE?

PhET ‘Gravity and Orbits’ simulation
https://phet.colorado.edu/en/simulation/gravity-and-orbits

YouTube video: BBC - Brian Cox Visits the World’s Biggest Vacuum Chamber
https://youtu.be/E43-CfukEgs

YouTube video: NASA Video - Apollo 15 Proves Galileo Correct
https://youtu.be/ZVfhztmK9zI

YouTube video: The Royal Institution - What is Weightlessness?
https://youtu.be/ysdglvr7sTE

YouTube video: Veritasium - Misconceptions about Falling Objects
https://youtu.be/_mCC-68LyZM

175

USEFUL TIP

The terms ‘weight’
and ‘weightlessness’
have been removed
from the VCE Physics
study design and
replaced with ‘“force
due to gravity’.
Similarly, ‘apparent
weightlessness’ will not
be recognised. Instead
itisimportant to use
‘zero normal force’

to describe apparent
weightlessness.
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5A Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following statements is false?
A All objects with mass create gravitational fields.
B  Gravity is always repulsive.

C  Acceleration due to gravity is the same for all objects
within a uniform gravitational field.

D Gravity is a non-contact force.

Question 2

Which of the following is not a convention for drawing
field lines?

A  Field lines have a vector nature with both a magnitude
and a direction.

All lines have arrows to indicate the direction of the field.

Field lines can touch.

Field lines closer together indicate a greater magnitude.

Question 3

Which of the following units could be used to measure
gravitational field strength?

A Ns't

B Nm
C mst
D ms?

Use the following information to answer Questions 4-7.

1S

@ L
7
\\‘\ ® Distanc

Question 4

Distance = 4R

Which of the following statements must be true?

A The gravitational force on the astronaut by Earth is%
the Earth’s gravitational force on the satellite.

B The gravitational force on the astronaut by Earth is %
the Earth’s gravitational force on the satellite.

C The gravitational field strength due to Earth at the
position of the astronaut is 1_16 the gravitational field
strength at the position of the satellite.

D We must know the mass of all three objects to compare
the gravitational field strength of Earth on the astronaut
and the satellite.

Question 5

Identify the mass or masses (satellite’s mass, Earth’s mass,
and/or astronaut’s mass) that must be used to calculate the
gravitational field strength of Earth acting on the astronaut.

Question 6

Identify the mass or masses (satellite’s mass, Earth’s mass,
and/or astronaut’s mass) that must be used to calculate
the gravitational field strength of the astronaut acting on
the Earth.

Question 7

Identify the mass or masses (satellite’s mass, Earth’s mass,
and/or astronaut’s mass) that must be used to calculate the
gravitational force of the astronaut acting on the Earth.

EXAM-STYLE QUESTIONS
This lesson

Question 8 (1 MARK)

Which of the following best represents the gravitational field
around a planet?

A.B
C i D

(4 MARKS)

*©

Question 9

A spacecraft has a mass of 480 kg. It is orbiting Earth at a
radius of 7.00 x 106 m from its centre. Earth has a mass of
5.98 x 10%* kg. Take G=6.67 x 1071 N m? kg2,

a Calculate the magnitude of the force that the spacecraft
exerts on Earth. (2 MARKS)

b  Calculate the magnitude of the acceleration due to the
gravity of Earth on the spacecraft. (2 MARKS)

Question 10 (3 MARKS)

Bob states that astronauts appear to have a ‘zero gravity
experience’ because there is no gravity just outside a planet’s
atmosphere. Evaluate this statement.

Adapted from 2016 VCAA Exam Section A Q6b

Question 11 (2 MARKS)

The gravitational force on a satellite by a planet is 50 N.

The satellite has a mass of 250 kg and it is a distance

4.0 x 108 m from the centre of the planet. Calculate the mass
of the planet. Take G=6.67 x 10711 N m? kg™2.



Image: Yayayoyo/Bobb Klissourski/Shutterstock.com

5A QUESTIONS

Question 12 (3 MARKS)

Mariner 10 is orbiting Mercury. In its first orbit, it experiences
a gravitational field strength of 0.80 N kg™*. Over two years,
Mariner 10 changes the altitude of its orbit. At its new
altitude, the gravitational field strength is 0.089 N kg™™.

a Did Mariner 10 increase or decrease in altitude? (1 MARK)

b By what factor did Mariner 10 change its distance from
the centre of Mercury? Give your answer to the nearest
integer (whole number). (2 MARKS)

Question 13 (7 MARKS)

In 2003 the European Space Agency (ESA) launched a space
probe to study Mars. The probe is currently in orbit around

Mars. Assume the probe maintains the same distance from

the planet’s centre.

Mass of Mars 6.39x 1023 kg

Mass of space probe 1.12x103kg

Radius of Mars 3.39%x10°m

Altitude of space probe’s orbit | 3.0x10°m
Gravitational constant 6.67 x 10711 N m2 kg2

a  Calculate the magnitude of the acceleration due to
gravity that the probe experiences. (2 MARKS)

b  Calculate the magnitude of the force due to gravity
acting on the probe. (2 MARKS)

¢ Draw afield diagram to show the gravitational
field around Mars. (1 MARK)

d Calculate the magnitude of the gravitational force
someone with a mass of 80 kg would experience on the
surface of Mars. (2 MARKS)

Previous lessons

Question 14 (6 MARKS)

Scruffy the dog is riding a motorbike zooming down the
street at 56 m s~ and crashes into a bus travelling in the
same direction moving at the speed limit of 8.3 m s™1, After
the collision Scruffy and the motorbike travels backwards at
5.0 m sL. Scruffy and his motorbike have a combined mass of
340 kg. The bus has a mass of 15 000 kg.

Before crash
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a  Whatis the velocity, v, of the bus after the
collision? (3 MARKS)

Was the collision elastic or inelastic? Support your
answer with calculations. (3 MARKS)

Question 15 (3 MARKS)

A spacecraft has a mass of 1500 kg and a relativistic kinetic
energy of 5.434 x 1020 J. What is the magnitude of the
velocity of the spacecraft? Give your answerin m s,

Key science skills

Question 16 (8 MARKS)

Measurements of the Moon’s gravitational field strength at
a range of distances are shown in the table. Assume there
is an uncertainty of 0.05 N kg1 in the measurements of
gravitational field strength. Take G=6.67 x 10711 N m2 kg2,

Distance from centre of Gravitational field
Moon (103 km) strength (N kg™)
1.80 1.5

2.50 0.8

3.40 0.4

5.60 0.2

8.20 0.1

a Plot the data from the table with distance on the
horizontal axis and gravitational field strength on the
vertical axis. Ensure you include:

e scales and units on each axis

e uncertainty bars for the gravitational field strength
e asmooth curve of best fit

(5 MARKS)

Adapted from 2017 VCAA Exam Section B Q9b

b Calculate the maximum possible mass of the Moon,
considering the uncertainty in the measurements, using
the gravitational field strength recorded at
1.8 x 103 km. (3 MARKS)



5B GRAVITATIONAL POTENTIAL ENERGY IN
NON-UNIFORM FIELDS

In lesson 3D we learned to calculate the change in gravitational potential energy as an object
moved between two points where the gravitational field strength could be treated as constant.
In lesson 5A we learned that gravitational field strength cannot be treated as constant over
large distances. This lesson will show how we can use gravitational force-distance and
gravitational field-distance graphs to calculate the change in gravitational potential energy for
an object moving in space where the strength of the gravitational field is not constant.

5A Gravitational fields and 5B GPE in non-uniform 5C Orbital motion
forces fields

Study design key knowledge dot points

e investigate and compare theoretically and practically gravitational fields and electrical fields about a point mass or charge
(positive or negative) with reference to:

- thedirection of the field

- theshape of the field

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

- potential energy changes (qualitative) associated with a point mass or charge moving in the field
e analyse the use of gravitational fields to accelerate mass, including:

mym,

- gravitational field and gravitational force concepts: g = Gr—’Véand Fg =G P

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

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

Key knowledge units

Calculating change in GPE from the area under graphs 3.1.3.2 & 3.1.8.2

Formulas for this lesson

Previous lessons New formulas
2B Fg =mg No new formulas in this lesson

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Calculating change in gravitational potential energy from the area
under graphs 3.1.3.2 &3.1.8.2

OVERVIEW

For an object that moves large enough distances such that the gravitational field cannot be
treated as uniform, the area under a gravitational force-distance graph represents the change
in gravitational potential energy. Similarly, the change in gravitational potential energy can
be calculated from the area under a field-distance graph multiplied by the mass of the object
which is moving through the field.

THEORY DETAILS
Interpretation of the force-distance graph

A gravitational force-distance graph (see Figure 1) represents the magnitude of the force that

an object with a particular mass would experience at a given distance from the centre of

another body which is creating a gravitational field. The graph is described by the

Ml M2
2

relationship F=G
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Figure 1 The gravitational force-distance graphs for a 5 kg object (red) and a 10 kg object (blue) due to the Earth’s
gravitational field. The shape of the force-distance graph will look similar for an object of any mass, however we see
that the magnitude of the force is different.

Calculating work and change in gravitational potential energy

When the force due to gravity is the only force acting on an object, work done, AGPE, and AKE
are equal in magnitude. This is because the gravitational potential energy transforms into
kinetic energy as an object falls according to the law of conservation of energy (AKE = - AGPE).

AGPE is found as the area under a force-distance graph between two radii, which we can
approximate by counting squares.

AGPE = area under the gravitational force-distance graph

In Figure 2, an area under the force-distance graph is shaded which represents the magnitude
of the work done by gravity on a 10 kg object moving between 9 x 10 m and 15 x 10 m from
Earth’s centre.
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Figure 2 Force-distance graph from the centre of the Earth for a 10 kg mass. The area under the graph shaded in

green represents the work done by a 10 kg mass as it moves from 9 x 106 m to 15 x 106 m from the centre of the
Earth.

Problem solving process: counting squares

EFUL TIP
Use this technique if the graph includes gridlines and the region under the line is not easily USEFU

divided into simple triangles and rectangles (i.e. it is a curved line). Make sure to convert
to Sl units (i.e. metres)
whenever extracting
2. Instead of keeping track of fractions of boxes use the following simple rule: information from a

1. Count the number of squares under the line.

- If more than 50% of a square is under the line, include the whole square. question. Itis common
for an exam questions

to give distances in km
3. Calculate the area of one square (if the axes are in Sl units then the result is in joules). for a force-distance

- Ifless than 50% of a square is under the line, exclude the whole square.

4. Multiply the total number of squares by the area (in joules) of one square. graph.
5. Theresultis the work done by gravity or AGPE in joules.
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Worked example
A 10 kg object is dropped from 14 x 106 m to 8 x 10® m from the centre of the Earth. Take the
surface of Earth as zero gravitational potential energy. Use Figure 2 to answer this question.

a Calculate the magnitude of the change in the gravitational potential energy of
the object.

b State whether gravitational potential energy increases or decreases as the object falls.

a Identify the squares which are at least 50% below the line and between the distances of
14x10%mand 8 x 10 m.

A [

r
100 1
80T

60 T

Force (N)

404

20T

>
»

4 8 12 16 20
Distance from centre of Earth (10° m)

There are 10 squares under the line. Red squares are excluded as less than half of each
square is below the line.

Find the area of a single square.

Area of square=(2x 10°m) x (I0N)=2x 107 J

Multiply the number of squares by the area of each square.
AGPE=10%2x107=2x108J

b  Gravitational potential energy decreases as the distance from the object to the
Earth decreases.

Gravitational field-distance graphs

A gravitational field-distance graph plots the magnitude of the gravitational field strength, g,
against the distance from the centre of the object that creates the field. Field-distance graphs
are independent of the mass of an object within the field, and only depend on the mass of the
gravitational body creating the field.

A

10 +

»

Gravitational field strength (N kg™)
(2]

Surface of Earth

v

4 8 12 16 20
Distance from centre of Earth (10° m)

Figure 3 The gravitational field strength versus distance from the centre of the Earth. It looks similar to a
gravitational force-distance graph but the vertical axis is different.

The gravitational field strength is also the acceleration due to gravity. Notice that the
maximum field strength (at the surface of Earth) in Figure 3is 9.8 N kgt or9.8 ms™.
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The gravitational force acting on an object is found by multiplying the mass of the object by
the gravitational field strength (Fg = mg). Similarly, the magnitude of the work done (or AGPE

or AKE) on an object moving through a gravitational field can be calculated by taking the area
under the field-distance graph and multiplying it by the mass of the object moving through
the field.

AGPE = area under the gravitational field-distance graph x mass

USEFUL TIP

The equation AGPE = mg;h,— mg;h; (where g; and g, have different values that are
found from the graph, and h; and h;must be measured from the centre of the body) will
correctly calculate the change in gravitational potential energy for situations where
the field must be treated as non-uniform. However, this method is recommended only
for checking your answer, since the VCE Physics Study Design specifies the use of areas
under graphs.

Worked example

Use the graph from Figure 3 to answer the following questions for a 500 kg space probe.

a What is the magnitude of the gravitational force acting on the space probe at
16 x 106 m from the centre of the Earth?

b The space probe moves from a distance of 16 x 106 m to 22 x 106 m from the centre of
the Earth. Calculate the change in gravitational potential energy of the probe.

a Find the point on the graph where the distance from the centre of the Earth is 16 x 10° m
Find the corresponding gravitational field strength on the y-axis at that point: g = 1.6 N kg™*
Use the formula Fg=mgto calculate the force due to gravity.
Fg =500x1.6
F,=8.0x10°N

b Identify the squares which are at least 50% below the line and between the distances of
16 x 106 m and 22 x 10® m.
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Distance from centre of Earth (10° m)
There are 3 squares under the line (shown in green). Red squares are excluded as less
than half of each square is below the line.
Find the area of a single square.
Area of square = (2 x 106 m) x (1N kg™!) =2 x 10° J kg™!

Multiply the number of squares by the area of each square and by the mass of
the satellite.

AGPE =3 x (2 x 10°) x 500
AGPE=3x10°J
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Theory summary

e Agravitational force-distance graph shows the gravitational force on an object with a
particular mass versus the distance that the mass is from the centre of another body

which is creating a gravitational field.

- AGPE = area under the force-distance graph

e Agravitational field-distance graph shows the field strength (acceleration due to gravity)
versus the distance from the centre of the body which is creating the field.

- AGPE = area under the field-distance graph x mass

e When the force due to gravity is the only force involved, the magnitudes of AGPE and AKE

are equal.

5B Questions

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1-3.
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Distance from centre of Uranus (10" m)
Question 1

What is the magnitude of the gravitational force at 4 x 10" m
from the centre of Uranus?

A 42N
B 4.2x102N
C 35N

D 3500N
Question 2

Which option is closest to the number of squares under
the graph between 4 x 107 m and 12 x 107 m from the centre
of Uranus?

A 4

B 6

c 8

D 10
Question 3

What is the value represented by the area of one square?
A 1.0J

B 10J

C 1.0x10%J
D 10x10%0J

Use the following information to answer Questions 4-7.
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Distance from centre of the Sun (102 m)

Question 4

What is the magnitude of the gravitational acceleration at
8 x 108 m from the centre of the Sun?

A 800ms™?
B 200ms™?
C 80ms?2
D 20ms™2
Question 5

What is the magnitude of the gravitational force on an object
with mass m at 18 x 108 m from the centre of the Sun?

A 40xmN
B 40N

C 80N

D 200N
Question 6

Which option is closest to the number of squares under the
graph between 12 x 108 m and 16 x 108 m from the centre of
the Sun?

A

3
B 5
c 7
D 9
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Question 7

What is the value represented by the area of one square?
A 40Jkgt

B 4x10%8Jkgt

C 4x10°Jkgt

D 4x10%0Jkg!

EXAM-STYLE QUESTIONS
This lesson

Question 8 (7 MARKS)

The spacecraft Cassini falls from 16 x 10" m t0 8.0 x 10’ m

from the centre of Saturn. Take Cassini’s mass to be 5700 kg.

A graph is used to show the gravitational force experienced
by Cassini against distance from the centre of Saturn.

»

4 8 12 16 20
Distance from centre of Saturn (10" m)
a Calculate the work done by gravity on Cassini when it
moves from a distance of 16 x 10" m t0 8.0 x 10" m from
the centre of Saturn. Show your working. (3 MARKS)

b  Will the gravitational potential energy of Cassini
increase, decrease, or not change as it falls closer to
Saturn? Justify your answer. (2 MARKS)

¢ Whatis the magnitude of the gravitational acceleration
of Cassini at a distance of 8.0 x 10" m from the centre
of Saturn? (2 MARKS)

Question 9 (5 MARKS)

The Parker Solar Probe was launched in 2018 to study the
Sun. It will do this by flying closer to the Sun than any other
spacecraft before. Assume the probe has a mass of 555 kg.

Gravitational field
strength (N kg™)

2 4 6 8 10 12
Distance from the centre of the Sun (10° m)

a Usethe graph to calculate the change in gravitational
potential energy as the Parker Solar Probe moves

between the distances of 7.0 x 109 m and 11.0 x 10° m
from the centre of the Sun. (3 MARKS)

b  Usethe graph to find the magnitude of the gravitational
force that the Parker Solar Probe experiences at a distance
of 8.0 x 10° km from the centre of the Sun. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q9

Question 10 (5 MARKS)

Gravitational field
strength (N kg™)

»

4 8 12 16 20
Distance from the surface of Ceres (10° m)
a  A500 kg object falls from 22 x 10% m onto the surface
of Ceres. Calculate the amount of kinetic energy the
object gains. (3MARKS)

b  Assuming that the object begins with a speed of
50.0 m s™%, use your answer from part a to determine the
speed at which the object will impact Ceres. (2 MARKS)

Previous lessons

Question 11 (4 MARKS)

The gravitational field strength on the surface of Europa is
1.214 N kg™. The 252 kg Europa Clipper lander-craft is dropped
vertically 10.0 m from rest onto the surface of Europa.

a Determine the work done by gravity on the lander-craft
as it fell to the surface. (2 MARKS)

b  Calculate the kinetic energy of Europa Clipper when it is
5.00 m from the surface. (2 MARKS)

Question 12 (3 MARKS)

A 10 000 kg spacecraft is travelling at 95% the speed of light
when measured in the Earth’s reference frame. Calculate the
total energy of the spacecraft when measured in the Earth’s
reference frame.

Key science skills

Question 13 (5 MARKS)

Al and Kat both gather data on the gravitational field strength
of Earth at different distances from the Earth’s centre.

Distance from
the centre of
the Earth (m)

Gravitational
field strength
as measured

Gravitational
field strength
as measured

True value of
the gravitation-
al field strength

by AL(N kg™) by Kat (Nkg™) | (Nkg™)
6.4x10° 9.6 9.8 9.8
9.9 x 106 3.7 4.1 4.1
13.4x 10° 1.8 2.3 2.2
16.9x 106 1.1 1.5 1.4
20.4% 106 0.6 0.8 1.0

a Plot Kat’s data on a graph. (3 MARKS)

b  Determine who gathered the most accurate data.
Justify your answer. (2 MARKS)



5C ORBITAL MOTION

Isacc Newton once said, ‘I can calculate the motion of heavenly bodies, but not the madness
of people.’ This lesson will build upon what we learned about gravitational fields, forces,
and acceleration introduced in lessons 5A and 5B. It will combine that knowledge with our
understanding of circular motion from chapter 2 in order to introduce the mathematics
necessary to describe the orbital motion of satellites.

5A Gravitational fields 5B GPE in non-uniform 5C Orbital motion
and forces fields

Study design key knowledge dot points

e apply the concepts of force due to gravity, Fg, and normal reaction force, F,, including satellites in orbit where the orbits are
assumed to be uniform and circular

e model satellite motion (artificial, Moon, planet) as uniform circular orbital motion: a = V72= 4;22r

Key knowledge units

The force on an object in orbit 3.1.9.1
Orbital radius, period, and speed 3.1.10.1

Formulas for this lesson

Previous lessons New formulas
2 2
x Vo _41mr 2,3 2
2D a="F="13 41érs=GMT
GM
2D V= _211'-[l’ v= r

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
orbit a periodic circular or elliptical path that an object takes around another

satellite any object that gravitationally orbits another body, such as a planet or star

The force on an object in orbit 3.1.9.1
OVERVIEW

Gravity provides the only force acting on an object in orbit. Any object in orbit, known as a
satellite, is constantly falling towards the body around which it is orbiting. The satellite can be
considered to be constantly ‘missing’ the body due to the component of its velocity pointing
perpendicular to the gravitational field. In VCE Physics we model orbits as uniform circular
motion, where the gravitational force is the centripetal force which acts radially inwards.

THEORY DETAILS

Isaac Newton was a key figure in developing the ideas for orbital mechanics. In order to
understand what an orbit was he came up with a thought experiment (see Figure 1). He
imagined a cannon on the highest mountain on Earth, where the cannon would fire cannon
balls horizontally at ever-increasing speeds.




5C THEORY

If the cannonball is:
e launched at a speed which is too slow, the ball will hit the ground.

e launched at a speed which is too fast, the ball will make an elliptical path or ‘escape’ the
Earth’s gravitational field.

e launched at just the right speed (known as orbital speed), the ball will continuously fall
towards the Earth without ever getting closer to the ground due to the curvature of the
Earth. Hence, ignoring air resistance, the ball would never touch the ground and circle
around the Earth forever at a constant radius from its centre.

Escape speed

Orbital speed

Figure 1 Isaac Newton’s thought experiment of a cannon firing a cannonball around Earth

The force due to gravity is the only force acting on a satellite (F, .= Fg). In lesson 2D we
learned that for an object moving in a circular path, the net force is the centripetal force and
it always acts radially inwards (towards the centre of the circle). When we model a satellite
undergoing uniform circular orbital motion (as is always the case in VCE Physics), the force

2
due to gravity is the centripetal force (Fg = %).

Figure 2 Asatellite orbiting Earth. Its force vector points towards the centre of the Earth, while its velocity vector
points tangentially along its circular path.

Orbital radius, period, and speed 3.1.10.1
OVERVIEW

The laws of orbital motion can be used to calculate the radius, period, and speed of a circular
orbit. For a given orbital radius around a central body of a given mass, there is only one
allowable orbital period and hence only one allowable orbital speed.

THEORY DETAILS

Since we model orbital motion as following a circular path, we can equate the magnitude of

the acceleration due to gravity (g = Gr—l\Z) to the formulas for centripetal acceleration.

2
Given that the magnitude of centripetal acceleration can be calculated by a = VT, for uniform

. . . M _ V2
circular orbital motion we have: Go=TF

This can be rearranged to give the orbital speed of a satellite.
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v = orbital speed (m s1), G = gravitational constant (6.67 x 1071 N m? kg~2), M = mass of body
being orbited (kg), r = radius of orbit (m)

Note that the mass of the object which is in orbit does not affect the orbital speed.

Worked example

Data for a spacecraft orbiting the Earth

Mass of Earth 5.98 x 1024 kg
Orbital radius 2.28x10"m
Gravitational constant 6.67 x 10711 N m? kg2

Calculate the speed of the spacecraft.

Use the equation: v =1/ %

Substitute from the table into the equation: v = \/

6.67 x 10711 x 5.98 x 1024

2.28x 107
Solve: v=4.18 x 103 m s7!
2
Using an alternative formula for centripetal acceleration, a = 4;_[2 r’ we can establish another
2
relationship for uniform circular orbital motion: 4;_[2 L= GrMZ

When rearranged and simplified this gives us:

4m2r3=GMT?
r=radius of orbit (m), G = gravitational constant (6.67 x 107 N m2 kg 2), M = mass of object
being orbited (kg), T = orbital period (s)

USEFUL TIP

The equations of orbital motion are long and often involve large numbers. Completing
the calculation twice or backwards checking your answer on your calculator will reduce
the likelihood of an error.

We can rearrange this equation to find r, M, and T:

3 2 2.3 2.3
_T/GMT _A4nter _ L jamncr
"N 4 M=o TN Tem

Note that the mass of the object which is in orbit does not affect the orbital radius or period.

USEFUL TIP

Itis common for exams to ask a question which requires the relationship between orbital
period and orbital radius, but itis notincluded on the VCE Physics Formula Sheet. It can be
helpful to copy into your pre-written notes the transformed equations giving the radius,
mass, period, and orbital speed.



5C THEORY

There are some important points to emphasise here.

A satellite’s orbital radius, period and speed are all independent of its mass.

If a satellite’s orbital radius increases, its period will also increase while its speed
will decrease.

2,3
- Using the equation T=14/ 47GT r ,we can see that T o V r3, which means T increases as
rincreases.

. . GM 1 .
- Using the equation v=1/=F, we can see that v « vV which means v decreases as
rincreases.

The orbital radius is measured from the centre of the orbiting object to the centre of the
object being orbited.

Worked example

Data for Jupiter’s moon, Europa

Orbital period of Europa 3.08x%x105%s

Orbital radius 6.71x10%8m

Gravitational constant 6.67 x 10711 N m2 kg2

Calculate the speed of Europa’s orbit.

Use the data about Europa’s orbit to calculate the mass of Jupiter.

Use the equation: v= 2—]77

Substitute the orbital radius and speed from the table into the equation
04=2XMmx671x10°_ 4.22x10°

3.08 x 10° 3.08 x 10°
v=137x10*ms

1.37x1

Use the equation: 41t%r3 = GMT?
Substitute the orbital radius, orbital period and gravitational constant into the equation:
4x12x(6.71x108)3=6.67 x 10711 x M x (3.08 x 10°)?

1.19%x1028=6.33x M

28
Transpose the equation to make M the subject: M = %

M=1.88 x 102 kg

Geostationary orbits

A geostationary orbit is a special case where a satellite will remain at the same location
relative to the Earth’s surface. The conditions for this to occur are:

The period of the orbit must equal the period of rotation of the Earth (that is, the duration
of one day).

The satellite must orbit directly above the equator and in the same direction as
Earth’s rotation.

Theory summary

For uniform circular orbital motion of a satellite, the force due to gravity is the centripetal
force. It is the only force acting on the satellite.

There is only one possible period (and speed) for an orbit at a given radius around a

given body.
Speed, mass, and radius are related by v =1/ GTM

Speed, radius, and period are related by v=L]7V.

Mass, radius, and period are related by 4m?r3 = GMT2.

187
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KEEN TO INVESTIGATE?

YouTube video: Scott Manley - Geostationary, Molniya, Tundra, Polar & Sun
Synchronous Orbits Explained
https://youtu.be/PZAkiXNJIqc

YouTube video: Veritasium - Why Are Astronauts Weightless?
https://youtu.be/iQOHRKKNNLQ

Weber, Newton’s Cannon
https://physics.weber.edu/schroeder/software/NewtonsCannon.html

5C Questions

THEORY REVIEW QUESTIONS Question 4

Question 1

Which of the following statements is false?

A satellite orbiting a star increases its orbital radius. Which of
the following gives the change in orbital speed and period?

A The force due to gravity and velocity vectors of a satellite Speed Period
in a circular orbit are always perpendicular. A | Increase Decrease
B The force due to gravity on a satellite undertaking B | Decrease Increase
circular orbital motion acts radially inwards. C | Increase Increase
C Asatellite’s velocity is in the direction of the gravitational D | Decrease Decrease
force acting upon it.
Question 5

D The velocity of a satellite in orbit is always perpendicular

to its acceleration.

Use the following information to answer Questions 2 and 3.

A satellite changes from a high speed orbit to a lower speed
orbit. Which of the following gives the change in orbital
radius and period?

D A Radius Period
A Increase Decrease
B Decrease Increase
C Increase Increase
D Decrease Decrease
C Question 6
Two satellites are in orbits with the same radius around the
same planet. Satellite 1 has a greater mass than satellite 2.
Which of the following describes the orbital speed and period
of satellite 1 compared to satellite 27
Speed Period
A Greater Shorter
B Lower Greater
Question 2 C | Greater Greater
Using the given diagram, what is the direction of the forceon ~ D | Thesame The same

the satellite by the Earth?

Question 3

Assuming the satellite is in a circular orbit, which option(s)
could represent the direction of the satellite’s velocity?




5C QUESTIONS

Question 7

If we are given the mass of a planet and the orbital period
of a satellite, which formula would be best to calculate the
satellite’s orbital radius?

_2r

B v= T

C  4m2r3=GMT?
_4m?r

D a="T

EXAM-STYLE QUESTIONS
This lesson

Question 8 (1 MARK)

A satellite is in “Saturn-stationary” orbit (maintaining a fixed
position relative to Saturn’s surface). Given that a day on
Saturn is 10 hours, 41 minutes and 57 seconds, determine the
orbital period of the satellite in seconds.

Question 9 (3 MARKS)

Mass of Moon 7.35%x 1022 kg

Mass of Earth 5.98 x 10%* kg
Radius of Earth 6.37x10°m
Orbital period of the Moon 2.376x106s

Gravitational constant 6.67 x 10711 N m? kg

Use the data to calculate the distance from the centre of the
Moon to the Earth’s surface.

Question 10 (3 MARKS)

Alistair, Zev and Georgina are on a spaceship orbiting the
Earth and want to increase the radius of their orbit.

Alistair states that if they lower the mass of the spacecraft,
the orbital radius will increase.

Zev states that lowering the mass of the spacecraft will
decrease the orbital radius.

Georgina states that the orbital radius would stay the same.

Evaluate the three statements. Detailed calculations are not
necessary but you need to support your answer.

Adapted from 2017 VCAA Exam Section B Q4c

Question 11 (6 MARKS)

The table provides data for the Earth’s orbit around the Sun.

Mass of Sun 1.99 x 103% kg

Mass of Earth 5.98 x 10%* kg

Period of Earth’s orbit | 365 days

Gravitational constant | 6.67 x 1071 N m2 kg2

189

a Calculate the radius of Earth’s orbit around the Sun.
Show your working out. (4 MARKS)

b  Whatis the orbital speed of Earth around the Sun?
(2 MARKS)
Question 12 (3 MARKS)

The table provides data for Triton which is a moon of Neptune.

Mass of Triton 2.14x10%2 kg

Period of Triton’s orbit 5.08x10%s

Radius of Triton’s orbit | 3.55x108m

Use the data to calculate the mass of Neptune. Show your
working out.

Question 13 (3 MARKS)

NASA mission control decides to lower the orbit of its satellite
Juno around Jupiter. Will this increase, decrease or have no
effect on the speed of the satellite’s orbit? Justify your answer.

Adapted from 2018 VCAA NHT Exam Section B Q1b

Question 14 (4 MARKS)

Before landing on the Moon, Apollo 11 orbited 121 km above
its surface. Take the mass of the moon to be

M=7.36 x 1022 kg, its radius to be R, = 1.74 x 106 m, and take
G=6.67x10" " Nm? kg2

Calculate how long it took Buzz Aldrin, Micheal Collins,
and Neil Armstrong (the crew of Apollo 11) to orbit the
Moon once.

Adapted from 2012 VCAA Exam 1 Section A AoS 1Q8

Previous lessons

Question 15 (3 MARKS)

Before collision After collision

M, =0.96 kg
Vb =31ms™!
at

M, ,=0.145 Ifg
ooy =39 Ms™
@) >
e
V., =18ms™!

bat

M,, =0.96 kg

A game of baseball is being played. The pitcher throws the
ball towards the batter at 36 m s who swings their bat at
31 ms™L After hitting the ball, the bat is moving at 18 ms™1
and the ball is moving at 49 m s™1. The mass of the bat is
960 g, and the ball 145 g.

Is the collision elastic or inelastic? Justify your answer
with calculations.
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Question 16 (2 MARKS)

The force due to gravity acting on a satellite as it orbits a
planet is 500 N. Calculate the magnitude of the force due to
gravity acting on the satellite if it doubles the radius of its orbit.

Key science skills

Question 17 (5 MARKS)

Students are measuring the period and radius of planets
orbiting the Sun and produce the following graph.

T (10 5?)
350%

300 1
250 1
200 1
150 1
100 1

501

0 2 4 6 8 10 12
R3 (1033 m3)
a Calculate the gradient of the line shown. (2 MARKS)

b  Usethe gradient found in part a to determine the mass
of the Sun. Show your working. (3 MARKS)

Adapted from 2018 VCAA Exam Section B Q20
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CHAPTER5 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Which of the following statements is false?

A Gravity is always attractive.

B  Gravity acts only on objects within a planet’s atmosphere.
C All objects with mass attract all other objects with mass.
D

All objects with mass produce their own gravitational field.

Question 2

A spacecraft is orbiting the planet Mercury at a distance R from the centre of the planet. The spacecraft needs to lower
its orbit to a distance % R from the centre of Mercury. If the initial gravitational force on the spacecraft was 450 N, what is
the magnitude of the force on the spacecraft after lowering its orbit?

A 1800N B 1125N C T7200N D 281N

Question 3

Scientists want to reduce the period of a satellite’s orbit around a planet. Which of the following statements best
describes how this would affect the orbital radius?

A The orbital radius will need to decrease.

B The orbital radius will need to increase.

C Theorbital radius will not change since the mass of the planet is constant.
D

The orbital radius could be any value, depending on the speed of the satellite.

Question 4

Which of the following best describes how reducing the mass of a satellite, while keeping its orbital radius constant,
will affect its speed?

A The speed will decrease.

B Thespeed will increase.

C The speed will not change since the mass of the planet is constant.
D

The speed could be any value, depending on the period of the satellite.

Question 5

Scientists are measuring the magnitude of the force between two steel balls of masses of 100 g and 1000 g, placed
10 mm apart. Take G=6.67 x 10711 N m? kg™2.

Which of the following best gives the gravitational force between the two masses?
A 67N B 67x102N € 67x10*N D 67x108N

Adapted from 2017 VCAA Sample Exam Section A Q3
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SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (3 MARKS)

A spacecraft called New Horizons was sent to study Pluto. The space probe approached Pluto at 57 936 km h™L.
Pluto has a mass of 1.30 x 1022 kg and a radius of 1.19 x 10 m. Show that New Horizons would not be able to orbit Pluto
at 57 936 km h™L. Take G=6.67 x 1071 N m? kg™2.

Question 7 (7 MARKS)

A Falcon 9 rocket has a mass of 4.49 x 10° kg and will launch into an
orbit of 5.00 x 10°> m above the Earth’s surface. Earth has a mass of

14
5.98 x 1024 kg and a radius of 6.37 x 10® m.

2
The graph shows the change in gravitational field strength versus the !

height above the Earth’s surface. Take G =6.67 x 1071 N m? kg™2. 10

a Usethe graph to calculate the change in gravitational potential
energy of the Falcon 9 as it moves from the Earth’s surface to its
orbit at an altitude of 5.00 x 10° m. (3 MARKS)

b  Calculate the kinetic energy of the Falcon 9 once it has
established a stable orbit at an altitude of 5.00 x 10° m above the
surface of Earth. (4 MARKS)

Gravitational field stength (N kg™)
=]

2 4 6 8 10 12
Distance from the surface of Earth (10°m)

Question 8 (6 MARKS)

Mission Dragonfly is a concept that NASA is pursuing to put a nuclear-

7
powered drone on the surface of Saturn’s largest moon, Titan. The
table provides information about the Dragonfly drone and Titan. 6
Take G=6.67 x 101 N m2 kg™2. =5
g4
Mass of Dragonfly 450 kg %
o
Mass of Titan 1.35x 1023 kg E 3
Radius of Titan 2.57%10%m 2
Radius of Titan including atmosphere | 4.00 x 10®m 1
L M Ll M Ll + Ll M Ll M ; :
The graph shows how the gravitational force on Dragonfly changes 4 8 12 16 20

) ] . . s
when it approaches Titan. Distance from centre of Titan (10° m)

a  Use the graph to find the acceleration due to gravity that Dragonfly would experience when it is 8.00 x 106 m from
the centre of Titan. (2 MARKS)

b  Usethe graph to estimate the magnitude of the change in kinetic energy as Dragonfly falls from a distance of
12 x 108 m from the centre of Titan to the top of Titan’s atmosphere. (2 MARKS)

¢ Calculate the gravitational field strength on the surface of Titan. (2 MARKS)

Question 9 (4 MARKS)

Astronauts on the International Space Station (ISS) do not feel the effects of gravity.

Mass of Earth 5.98 x 1024 kg

Mass of ISS 420x 103 kg

Height of the ISS orbit above Earth 400 km

Radius of Earth 6.37x105m
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a Calculate the gravitational field strength of the Earth at the ISS. Take G=6.67 x 10711 N m? kg™2. (2 MARKS)

b Isthe force of gravity on an astronaut at the ISS zero? Explain why astronauts do not feel gravity on the ISS. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q10b

Question 10 (3 MARKS)

An exoplanet has a radius R, and the gravitational field strength on its surface is 50 N kg™*. Calculate the force due to
gravity on a rocket by the exoplanet when the rocket is at a distance 10R, from the centre of the exoplanet. The rocket
has a mass of 4.0 x 103 kg.

Question 11 (4 MARKS)

A geostationary orbit is when a satellite remains over a fixed point on the Earth’s surface.

a Whatis the period of a geostationary orbit? Give your answer in seconds. (1 MARK)

b  Earth has aradius of 6.37 x 10 m and a mass of 5.98 x 102* kg. How far above the Earth’s surface do geostationary
satellites orbit? Take G=6.67 x 10711 N m? kg 2. (3 MARKS)

Question 12 (6 MARKS)

The Pioneer Venus 1 was sent by NASA to study Venus from orbit. Take G=6.67 x 1071 N m2 kg™2.

Mass of Venus 4.87x10% kg
Radius of Venus 6051.8 km
Mass of Pioneer Venus 1 517 kg
Period of Pioneer Venus 1 orbit 8.64x 10%s

a Calculate the gravitational force acting upon Pioneer Venus 1. (4 MARKS)

b Calculate the speed of Pioneer Venus 1’s orbit. (2 MARKS)

Question 13 (12 MARKS)

Kepler 22 is a star located 990 light-years from Earth. Scientists have collected data from the five planets orbiting
Kepler 22. Take G=6.67 x 1071 N m? kg2,

Planet Orbital speed (m s™) Orbital radius (m) V2 (1014 m2s72) % (104 m™)
Kepler 22b 1.06 x 108 8x 1012 112 12.5

Kepler 22¢ 8.2x107 1.4x 108 67 71

Kepler 22d 7.2%x107 1.8x 1013 52 5.6

Kepler 22e 3.8x107 6.4x 1013 14 1.6

Kepler 22f 2.9x107 1.07 x 101 8.4 0.935

Find the orbital period for Kepler 22e. (2 MARKS)

b Onasetof axes:

e Plotagraph of the data v (vertical axis) versus% (horizontal axis)

e Label the axes with units

e Include a scale on each axis

e Draw a line of best fit

(5 MARKS)

¢ Calculate the gradient of the line of best fit drawn in part b. Include an appropriate unit. (2 MARKS)

d Usethevalue of the gradient calculated in part ¢ to determine the mass of Kepler 22. Show your working. (3 MARKS)

Adapted from 2018 VCAA Exam Section B Q20
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[P

BONUS - CARTOON QUESTIONS

Newton's cradle famously exemplifies near-elastic collisions. Using the flip cartoon of the cradle in the corners of the
pages of this book, answer the following questions.

Multiple choice questions

Use the following information to answer Questions 1-2.

Apart from their personalities, the spheres of the cradle are identical, and each has a mass of 500 g. The
cradle was set in motion by bringing the right sphere to a point 10 cm above its original height, before
being let go.

Question1 (1 MARK)

What was the right sphere's kinetic energy just before it first collided with its neighbouring sphere?

A. 25x102)
B. 2.5x102mJ
C. 4.9x102%)

D. 4.9x102m)

Question 2 (1 MARK)

The collision between the right sphere and its neighbour lasted for 5.0 ms. What was the average force
that the spheres exerted on each other?

A. 14x102N
B. 2.0x102N
C. 99x10'N

D. 3.5x10°3N

Short answer questions

Question 3 (4 MARKS)

a Given that the right sphere is stationary after the first collision, determine if the collision was elastic.
Explain your answer. (3 MARKS)

b Did the left sphere achieve the same maximum height as the right sphere? 1 MARK)

Question 4 (2 MARKS)

When the left sphere reached its maximum height, it was 15 cm away from its neighbour. Calculate the
gravitational force that these two spheres exerted on each other at this point.




Electric and magnetic fields 06

6A Electricfields 6C Magnetic forces on charged particles
6B Magnetic fields 6D DCmotors

Key knowledge

describe gravitation, magnetism and electricity using a field model

investigate and compare theoretically and practically gravitational, magnetic and electric fields, including directions
and shapes of fields, attractive and repulsive fields, and the existence of dipoles and monopoles

investigate and compare theoretically and practically gravitational fields and electrical fields about a point mass or
charge (positive or negative) with reference to:

- thedirection of the field

— the shape of the field

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

— potential energy changes (qualitative) associated with a point mass or charge moving in the field

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

identify fields as static or changing, and as uniform or non-uniform
analyse the use of an electric field to accelerate a charge, including:

- electric field and electric force concepts: £ = k% and F= k%

- potential energy changes in a uniform electric field: W=qV, E:%

— the magnitude of the force on a charged particle due to a uniform electric field: F= gE
analyse the use of a magnetic field to change the path of a charged particle, including:

- the magnitude and direction of the force applied to an electron beam by a magnetic field: F = qvB, in cases where
the directions of v and B are perpendicular or parallel

2
- theradius of the path followed by a low-velocity electron in a magnetic field: gvB = mTv

describe the interaction of two fields, allowing that electric charges, magnetic poles and current carrying conductors
can either attract or repel, whereas masses only attract each other

investigate and analyse theoretically and practically the force on a current carrying conductor due to an external
magnetic field, F = nlLB, where the directions of / and B are either perpendicular or parallel to each other

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

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

Image: Marc Ward/Shutterstock.com




6A ELECTRICFIELDS

This lesson will expand our understanding of the field model introduced in chapter 5 to
include electric fields. Every object with an electric charge creates an electric field. We will
learn to draw electric fields and calculate electrical field strength, forces, and potential energy
changes in uniform and non-uniform electric fields.

6A Electric fields 6B Magnetic fields 6C Magnetic forces on charged 6D DC motors
particles

Study design key knowledge dot points

e describe gravitation, magnetism and electricity using a field model

e investigate and compare theoretically and practically gravitational, magnetic and electric fields, including directions and
shapes of fields, attractive and repulsive fields, and the existence of dipoles and monopoles

e investigate and compare theoretically and practically gravitational fields and electrical fields about a point mass or charge
(positive or negative) with reference to:

- thedirection of the field
- the shape of the field

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

- potential energy changes (qualitative) associated with a point mass or charge moving in the field
e identify fields as static or changing, and as uniform or non-uniform
e analyse the use of an electric field to accelerate a charge, including:

- electric field and electric force concepts: E = kr—Q2 and F= k%
- potential energy changes in a uniform electric field: W=qV, E =%
- the magnitude of the force on a charged particle due to a uniform electric field: F=gE

e describe the interaction of two fields, allowing that electric charges, magnetic poles and current carrying conductors
can either attract or repel, whereas masses only attract each other

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

Key knowledge units

Electric fields around point charges 3.1.2.1.4 &3.1.2.2 & 3.1.6.1 & 3.1.11.1
Electric fields between charged plates 3.1.2.1.5 & 3.1.6.2 & 3.1.14.1

Formulas for this lesson

Previous lessons New formulas

3B W=Fs *E=+

r2

W=qV=qEd
%mv2=qv

(*Indicates formula, or a similar version, is on VCAA formula sheet)
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Definitions for this lesson
charge a quantifiable property which relates to how strongly an object is affected by an electric field

electric field strength a measure of the electric force that acts per unit of charge at a point
in space

Electric fields around point charges 3.1.2.1.4 &3.1.2.2 & 3.1.6.1 & 3.1.11.1
OVERVIEW

Electric fields are produced by electric charges, and can be modelled by drawing field line
diagrams. We can calculate the magnitude of the force on a charge in an electric field by using
Coulomb’s law.

THEORY DETAILS

Electric field lines are used to visualise the nature of electric fields over a region of space.
Field lines always start and/or end at a charge - they point away from positive charges and
towards negative charges. The field lines represent the direction of the force that a positive
charge will experience at that location. In VCE Physics we will need to know how to draw field
lines generated by up to two electric charges.

Table 1 Electric field patterns around point charges.

(a) A single positive charge

Field lines point radially outwards, away from the
positive charge.

Field lines are drawn equally spaced around
the charge.

(b) A single negative charge

Field lines point radially inwards, towards the
negative charge.

Field lines are drawn equally spaced around
the charge.

(c) Two positive charges

Field lines point away from the positive charges.
Field lines bend away from each other.

Field lines do not cross or touch.

(d) Two negative charges

Each field line points towards one of the
negative charges.

Field lines bend away from each other.
Field lines do not cross or touch.

(e)

One positive and one negative charge

Field lines point away from the positive charge and
towards the negative charge

Field lines bend towards each other

Field lines are continuous between the opposite
charges, representing the combined effect of each
charge’s field
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Direction of the electric force on a charged particle within an electric field

e Like charges repel and opposite charges attract.

e Apositively charged particle will experience a force in the same direction as the field
lines (away from positive charges and towards negative charges).

e Anegatively charged particle will experience a force in the opposite direction to the
field lines (towards positive charges and away from negative charges).

Particles with an electric charge

The most common examples of particles with an electric charge is the electron with a
negative electric charge and the proton with a positive electric charge. They both have a
charge with magnitude e=1.6 x 1071° C.

Monopoles and dipoles

An isolated charge, such as those shown in Table 1(a) or (b), is a monopole: the electric field
lines have a defined start or end at these points. When equally positively and negatively
charged objects are close together, so the field lines have both a start point and an endpoint,
they form a dipole as shown in Table 1(e).

Calculating electric field strength around a point charge

In VCE Physics we can be asked to find the field strength around a single point charge, which is a
charge located entirely at a single point. The electric field strength around a point charge is non-
uniform, similar to the gravitational field strength around a planet as discussed in lesson 5A.

k
E=—a
r
E = electric field strength around a point charge (NC ™ orVm™),
k = Coulomb’s constant (8.99 x 10° N m? C2), q = electric charge generating the field (C),

r=distance from the centre of the charge (m)

Like gravitational field strength <g = Gr—AZ ), electric field strength follows the inverse square law.

The strength of an electric field produced by an object is determined by the charge rather
than the mass of that object.

Calculating electric force acting on a point charge
The electric force on a charged particle is given by multiplying the charge of the particle with
the strength of the field at that point.

F=qE

F = electric force (N), g = electric charge experiencing the force (C),

E = electric field strength (N C™* orVm™)

Note that g, in this equation, is the charge experiencing the force, rather than the charge

generating the field. This equation is equivalent to Fg=mg in the context of gravitational fields.

ki
Combining the formula for electric field strength (E =r—2> with the formula for the electric
force acting on a charge (F = gE) we can establish Coulomb’s law to calculate the electric force

acting on two point charges:

kq,9,
Fa—b

F = electric force (N), k = Coulomb’s constant (8.99 x 10° N m2 C2), q, = electric charge of one

object (C), g, = electric charge of other object (C), r = distance between the centres of
the charges (m)

e The magnitude of the force on each charge is equal, which is consistent with Newton’s
third law.

® Thedesignation of a charge as g, or g, does not affect the result.

e From this equation we can see that if an object within an electric field has no charge,
the field will not exert a force on it.

USEFUL TIP

When finding the
direction of the force on
an object within afield,
the object’s own field
lines should beignored.
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Worked example

Particle X has a charge of -4.0 x 1078 C and particle Y has a charge of 5.0 x 1078 C. The
particles are separated by a distance of 2.0 metres. Take k to be equal to 8.99 x 10° N m2 C2,

a Calculate the electric field strength due to particle X at a distance of 2.0 metres.

b Calculate the magnitude and determine the direction of the electric force acting on
each particle.

kq
a E:F
Use g, =4.0 x 1078 C since we are finding the field strength due to particle X. We use the

magnitude of the charge to calculate field strength.

8.99x10°x4.0x 1078

5= 2.02

E=90NC!

b  The magnitude of the electric force on each particle is equal.

ka,q
F=—22
r
_8.99x109x4.0x108x5.0x108
2.02

Alternatively we can calculate the force acting on particle Y due to the electric field from
particle X.

F=qE
Use g, =5.0 x 1078 C. E is the field strength due to particle X .
F=5.0%x108x89.9=45x10°N

F =45%x107°N

The forces are attractive, meaning the force on each particle is towards the other
particle, because the charges have opposite signs.

Electric fields between charged plates 3.1.2.1.5 & 3.1.6.2 & 3.1.14.1
OVERVIEW

Charged objects experience a constant electrical force at all locations within a uniform
electric field. These fields are often produced by oppositely charged parallel plates. The
voltage difference across the plates and the distance between them will determine the
electric field strength.

THEORY DETAILS

In a uniform electric field, all points in space have the same electric field strength and
direction. Just as we learned in lesson 5A, this is shown by field lines being equally spaced
and parallel to each other. A uniform electric field is found between two electrically charged
plates (see Figure 1).

vV VvV VvV VvV VvV Vv .V

Figure 1 The electric field between the two plates is shown to be
uniform by equally spaced parallel lines.
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Strength of a uniform electric field

The strength of a uniform electric field is determined by the voltage difference and the
distance between the charged plates.

_V
E=4

E = electric field strength of a uniform electric field (N C™* or V m™2), V= voltage difference (V),

d = distance between plates (m)

e Asthefield is uniform, the field strength is the same for all locations between the plates.

e Voltage difference may also be referred to as ‘accelerating voltage’ or ‘potential difference’.
Work done on a charged object in a uniform electric field

The force on a charged object is given by the relationship F = gE. As electric field strength, £,
is constant in a uniform electric field, so too is the force on a charged object. The force on a

4
charged object in a uniform electric field is F=q7.

From lesson 3B, we know that W = Fs when the force is constant. In the case of achargein a
uniform electric field, this formula gives the following relationships.

W=qEd=qV
W =work done (J), g = electric charge (C), E = uniform electric field strength (NC orvVm™),
d = distance travelled within the uniform field (m), V = voltage difference (V)

We also know that work is associated with a transformation of energy. In the case of a
charged object being accelerated through an electric field, it will lose electric potential
energy and gain kinetic energy if the charge moves in the direction of the force. This gives the
following relationship.

1 2
mve= qVv
m =mass of object (kg), v =speed of object (m s™1), g = electric charge (C),

V = voltage difference (V)

Linear particle accelerators

Scientists use electric fields between two plates to accelerate particles like electrons and
protons up to very high speeds. This may also be referred to as an electron gun.

Figure 2 shows a simplified version of a particle accelerator. A power source creates a voltage
difference across two plates. Once an electron (negative charge) enters the electric field, it
experiences a force to the right: it is repelled by the negatively charged plate on the left and
attracted to the positively charged plate on the right. This force accelerates the electron.

Distance between plates (m)

Electron source

A 4

+
Voltage difference (V)

Figure 2 A particle accelerator for electrons
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2 Worked example

The uniform electric field generated by two electrically charged plates accelerates an
initially stationary proton over a distance of 45 cm.

Mass of proton 1.7x107 27 kg
Charge of proton +1.6x10719C
Accelerating voltage 15 kV
Distance between plates | 45cm

1. 45cm

Proton source

Calculate the electric field strength between the two plates.

b Calculate the speed of the proton when it exits the electric field.
Ignore relativistic effects.

15x103
0.45

E=3.3x10%Vm

E=

1
b Smvi=qV
$xL7x10%7xy2=16x 10" x 15 x 103

v=17%x10°ms™!

In questions such as this one, be careful not to confuse v with V. It is also important to
check that your final answer is realistic (v should never be greater than c, the speed of light
inavacuum).

Theory summary
e In electric field diagrams

KEEN TO INVESTIGATE?
PhET ‘Charges and fields’

- field lines point away from positive charges and towards negative charges. simulation
- field lines show the direction of the electric force that a positive charge would https://phet.colorado.edu/en/
experience at each pointin space. simulation/charges-and-fields
e Electric field strength around a point charge follows the inverse square law. YouTube video: CrashCourse
e Opposite charges attract and like charges repel. - Electric Charge: Crash

Course Physics #25
https://youtu.be/TFIVWf8JX4A

Table 2 Summary of formulas for electric fields
Uniform fields  Allfields Non-uniform fields q
around point charges YouTube video: CrashCourse

- Electric Fields: Crash
F=qE kq

v
E=g E=— Course Physics #26
https://youtu.be/
)= k
Lt F:% mdulzEfQXDE

1
imvzzqv
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6A Questions

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1-4.

Two point charges and their associated electric field
are shown.

z

Question 1

What is the direction of the electric field at point X (A-H)?

Question 2

What is the direction of the field at point Y (A-H)?

Question 3

If a positively charged particle was placed at point Z,
in which direction would it accelerate (A-H)?

Question 4

If a negatively charged particle was placed at point W,
in which direction would it accelerate (A-H)?

Question 5

Which of the following sets of equations applies to non-
uniform electric fields?

k
A E=— F=—1%F=qE

C E= d’W qV,2mv2-qVF qE

k
W=qV,2mv2=qu, F= A%

DEd, > >

Question 6

Which of the following set of equations applies to uniform
electric fields?

kg ki

A E= —Z’,F qlqz,F:qE
r
kg Kk

B E=3,F= qqu,Wz v

d E=H, W:qV,fmvzqu, F=qE

kql q,

Yooy L2z _
D E—d,W—qV,zmv qV,F= o)

EXAM-STYLE QUESTIONS
This lesson

Question 7 (1 MARK)

Students are considering how to make an electric dipole.
Which of the following is a valid method?

A Bringing two electrons close together.

B Isolating a single proton.

C Bringing a proton and an electron close together.
D

Itis not possible to create an electric dipole.

Question 8 (1 MARK)

Three charges are arranged in a line as shown.
O G
[ ]

+Q -Q -Q

Copy the diagram, and draw an arrow at point G to show the
direction of the electric field at that point.
Adapted from 2017 VCAA Exam Section B Q1

Question 9 (1 MARK)

Which of the following shows the electric field pattern
surrounding two equal magnitude negative charges?

Sl
S RK

Question 10
An electric field between two charged plates is being used to
accelerate electrons from rest.

(3 MARKS)

Mass of electron 9.1x107 kg
Charge of electron -1.6x10%C
Electric field strength 6.0x10°Vm™t

Distance between plates | 15cm

15cm

Electron source

A 4
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a  Show that the magnitude of the accelerating voltage
between the plates is 90 kV. (1 MARK)
b Calculate the speed of the electron as it exits the electric

field. Ignore relativistic effects. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q1

Question 11 (4 MARKS)

An experiment is set up to calculate the mass of a charged
sphere. In this experiment, an electrical force is used to
balance out the gravitational force on the sphere. Two
electrically charged plates are placed 30 cm vertically apart
with a voltage difference of 1.67 x 103V between them. The
sphere has a charge of -4.00 x 107° C. The charged sphere is
placed between the two plates and remains stationary.

30cm I (+) -4.00x10°C

Calculate the electric field strength needed to keep
the charged sphere stationary between the
two plates. (2 MARKS)

b  Hence find the mass of the sphere. (2 MARKS)
Adapted from 2017 VCAA Exam Section A Q2

Question 12 (2 MARKS)

In a particle accelerator, electrons are accelerated from rest
by a uniform field of 2.0 x 103V m™ up to a speed of

6.3 x 105 m s71, Take the charge of an electron to be
-1.6x1071° Cand its mass to be 9.1 x 10731 kg.

What is the distance, in centimetres, over which the electrons
are accelerated? Ignore relativistic effects.

Adapted from 2016 VCAA Exam Section A Q2

Question 13 (5 MARKS)

A metal sphere has a charge of +3.4 x 1078 C. A larger sphere
with a charge of =5.4 x 1072 C is placed 3.0 mm to the right of
the first sphere.

In calculations, treat both spheres as point charges and
k=8.99x 109N m2C2.

L 3.0 mm N

~ 1

O

+3.4x%x10°C

-5.4x%x10°C

203

a  Whatis the direction of the electric field due to the
smaller sphere at the point where the larger sphere
is located? (1 MARK)

b  Whatis the magnitude and direction of the force on the
larger sphere? (2 MARKS)

¢ Useyouranswer from part b to determine the magnitude
and direction of the force on the larger sphere if it were
moved three times further away (2 MARKS)

Previous lessons

Question 14 (3 MARKS)

A 2.5 kg ballis thrown with an initial velocity of
22 m st upwards. Assume there is no air resistance.

a  Whatis theinitial kinetic energy of the ball? (1 MARK)

b  Useyouranswer from part a to determine the maximum
height that the ball reaches above its
initial position (2 MARKS)

Question 15 (2 MARKS)

A satellite is in orbit around Earth and experiences a force of
230 N. The satellite is orbiting at a distance of 9.00 x 106 m
from the centre of the Earth, the mass of Earth is

5.98 x 1024 kg, and G=6.67 x 10711 N m? kg™2.

Calculate the mass of the satellite.
Key science skills

Question 16 (5 MARKS)

Students set up an experiment to measure the force on
a particular charged sphere at different distances from a
charged plate. They recorded their data in a table.

Distance (cm) | Electric force on charged sphere (N)
15 12.1
30 12.3
45 12.1
60 11.8

a  Graph the electric force versus distance. Label each axis,
including units, and draw a line of best fit through
the data. (3 MARKS)

b  Hence determine whether the electric field created
by the charged plate is uniform or non-uniform in the
region measured. Justify your answer. (2 MARKS)



6B MAGNETICFIELDS

This lesson will introduce magnetic fields, how they are created, and the pattern of magnetic
fields around bar magnets, current-carrying wires, and coils. The presence of magnetic
fields around current-carrying wires demonstrates a relationship between electricity

and magnetism.

6A Electric fields 6B Magnetic fields 6C Magnetic forces on charged 6D DC motors
particles

Study design key knowledge dot points

e describe gravitation, magnetism and electricity using a field model

e investigate and compare theoretically and practically gravitational, magnetic and electric fields, including directions and
shapes of fields, attractive and repulsive fields, and the existence of dipoles and monopoles

e investigate and apply theoretically and practically a vector field model to magnetic phenomena, including shapes and
directions of fields produced by bar magnets, and by current-carrying wires, loops and solenoids

e identify fields as static or changing, and as uniform or non-uniform
e describe the interaction of two fields, allowing that electric charges, magnetic poles and current carrying conductors can
either attract or repel, whereas masses only attract each other

Key knowledge units

Magnetic fields 3.1.2.1.2 & 3.1.5.2

Magnetic field patterns 31213 &3.141

No previous or new formulas for this lesson

Definitions for this lesson

bar magnet a permanent magnet in the shape of a prism

electromagnet a magnet created by an electric current

magnetic field avector field that arises from the movement of charge

permanent magnet an object with material properties that cause it to produce a magnetic field
solenoid an electromagnet made from coils of wire

static field a field that is not changing over time

Magnetic fields 3.1.2.1.2 &3.1.5.2
OVERVIEW

A magnetic field is a vector field that arises from the movement of charge. These fields can be
static or changing. Similar to electric and gravitational fields, we represent magnetic fields
using field diagrams.

THEORY DETAILS

We have all used magnets and seen how they can exert a force at a distance. Magnets
create a vector force field around them which is caused by the movement of charge. In a
permanent magnet, the constant movement of electrons within the material aligns so that
their individual magnetic fields add up to create an overall stronger magnetic field. In an
electromagnet, an electric current creates a magnetic field.

All magnetic fields form a closed loop. That is, the field does not originate from or finish at any
magnetic ‘source’. For this reason, a magnetic monopole has not been discovered (...yet).
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Static fields and changing fields

Astatic field is a field that is not changing over time, while a changing field does change over

time. For magnetic fields: USEFUL TIP
e Apermanent magnet hasa Amemory tool for
- static field if the magnet itself is stationary. distinguishing between

vectors that are going
into and out of a page is
* Anelectromagnethasa to visualise the vector

- static field if the current is constant and the electromagnet is stationary. asanarrow. If we shot
anarrow into a page we
would see the crossed

- changing field if the magnet is in motion.

- changingfield if the current is changing or the electromagnet is in motion.

Conventions for representing vectors feathers at the back
When drawing vectors, including field lines, in three dimensions (which is required in the ofthe arrow. Anarrow
shot out of the page

case of magnetic fields), specific conventions must be followed. Since a page has only two
dimensions, we define the extra directions of ‘into the page’ and ‘out of the page’ to form our
third dimension. Figure 1 is an example of the use of the ‘into the page’ convention in VCE Physics
exam questions.

would show its circular
tip first, hence we
would see acircle.

Table 1 Drawing conventions for vectors and field lines into and out of the page.

Vector/field direction Drawing convention N
Into the page X Side-on view
Out of the page P S
X X XX
Magnetic field patterns 3.1.2.1.3&3.1.4.1 XXX x| View from above
OVERVIEW

_— . . . . Fi 1A tic field
Magnetic field patterns are represented by field lines which flow in loops from the north to re'%tgfemedn;iingn‘g ‘i‘ﬁto the

the south magnetic poles. Field patterns represent both the direction and magnitude of a page’ in the 2018 VCAA Exam
field at each point in space. Section B Q2a.

THEORY DETAILS
Magnetic field patterns around bar magnets

The magnetic field pattern around a bar magnet is a series of loops which

e flow from the north pole (N) to the south pole (S) outside the magnet.
e are closer together where the field is stronger.
e nevertouch or cross.

Note that the north and south poles simply represent the ends of the magnet where the field
lines exit and enter. The field lines form complete loops when they flow back through the
magnet itself, however we do not draw these internal lines in VCE Physics. This is why there is
no known way to separate north poles from south poles in order to create monopoles.

Figure 2 The magnetic field around a bar magnet.
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The Earth is essentially a very large bar magnet with magnetic poles that are the opposite

of their geographic names. On the surface of the Earth near the equator, the field lines flow
parallel to the surface from the geographic South Pole, which is a magnetic north pole, to the
geographic North Pole, with is a magnetic south pole. Hence, a magnetic compass will point
its north needle towards the Earth’s geographic North Pole.

o@

Figure 3 The Earth’s magnetic field. A compass will orient its north needle towards Earth’s geographic North Pole
as shown.

The magnetic field pattern around multiple bar magnets with opposite (unlike) poles facing
each other introduces field lines that flow from the north pole of one magnet to the south
pole of the other. The field in the small region between opposite poles can be approximated
as uniform, with the field lines between the poles drawn parallel. This is shown in Figure 4.

Figure 4 The magnetic field in a small region between bar magnets with opposite poles facing each other.

The magnetic field pattern around multiple bar magnets with like poles facing each other
introduces field lines that diverge between the like poles. The direction of the field lines is still
from north to south. This is shown in Figure 5 and 6.

=

Figure 5 The magnetic field between bar magnets with north poles facing each other.

-

Figure 6 The magnetic field between bar magnets with south poles facing each other.
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Magnetic field patterns around straight current-carrying wires

A current-carrying wire creates a circular magnetic field around it. The direction of the circular
field is determined by using the right-hand grip rule. For this rule, the thumb indicates the
direction of current and the curled grip indicates the direction of the field lines.

The strength of a magnetic field around a current-carrying wire is proportional to the
magnitude of current flowing in the wire, and decreases radially outward from the wire.

(a) I T (b) T
I I
]
1>
e o)
~—]

N N

Figure 7 (a) The magnetic field around a current-carrying wire. For clarity, the field is not shown along the whole
length of the wire. (b) Determining the direction of field lines using the right-hand grip rule.

Magnetic field patterns around loops

A current-carrying loop also creates a magnetic field. For a square loop, analysing the field
around each edge like in Figure 8(a) helps us to find the total field of the loop, which is shown
(in the plane of the page) in Figure 8(b). A circular current-carrying loop creates a similar
magnetic field, as shown in Figure 8(c).

()
2 I
I
A A

Figure 8 (a) The circular magnetic field around each side of a current-carrying square loop add up (using vector
addition) to create (b) a stronger resultant magnetic field in a single direction through the middle of the loop. The
total field of the loop is only shown in one plane. (c) The resultant magnetic field around a current-carrying circular
loop shown in one plane.

(a) (b)

To determine the direction of the magnetic field through the middle of a current-carrying
loop, use the right-hand coil rule. The curled fingers represent the current direction and
the thumb represents the direction of the magnetic field. This rule is also known as the
right-hand solenoid rule or the right-hand loop rule.

Direction of
magnetic field
through middle
ofloop

Direction of
current <7777
around loop

Figure 9 The right-hand coil rule, with fingers representing current direction, determines the direction of the
magnetic field through the middle of a current-carrying loop.

Magnetic field patterns around solenoids

A current-carrying coil of wire is called a solenoid, which is a type of electromagnet. The
magnetic field of a solenoid is the sum of the fields created by each loop within the coil. This
results in a strong field along the solenoid’s length axis, and a weaker magnetic field outside
the radius of the solenoid.

207
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Figure 10 The magnetic field created by a solenoid, showing distinct north and south poles. Note that the field is
strongest along the length axis of the solenoid, and is weaker outside the radius of the solenoid.

To determine the direction of the magnetic field created by the solenoid (inside the solenoid),
use the right-hand coil rule. The curled fingers represent the current direction in each loop,
which is dependent on both the way the loops are coiled as well as the orientation of the
current source. When the current source is a cell, like in Figure 10, the current flows from the
long line (+) to the short line (-).

Figure 11 The right-hand coil rule with fingers representing current direction determines the direction of the
magnetic field created by a solenoid (when measured inside the solenoid).

Theory summary

e Magnetic fields are created by permanent magnets or electromagnets as a result of the
movement of charge.

e Thereis no known magnetic monopole.

e Magnetic fields can be static or changing.

e The field around a bar magnet flows from north to south.

e Current-carrying wires create circular fields around them, with direction found by the
right-hand grip rule.

e Thedirection of afield created by a current-carrying loop is found using the right-hand
coil rule.

e Asolenoid creates a magnetic field that is strong along its length axis.

e Thedirection of afield created inside a solenoid is found using the right-hand coil rule.

- Thedirection of the current around the solenoid determines the direction of the field,
which means that the way that a solenoid is coiled and the orientation of the current
source must be considered when determining field direction.

KEEN TO INVESTIGATE?

Falstad ‘3D Magnetic field’ simulation
https://www.falstad.com/vector3dm/fullscreen.html

Youtube video: MinutePhysics - MAGNETS: How Do They Work?
https://youtu.be/hFAOXdXZ5TM

Youtube video: Veritasium - How Special Relativity Makes Magnets Work
https://youtu.be/1TKSFAKWWNO
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6B Questions

THEORY REVIEW QUESTIONS

Question 1

A static magnetic field is a field that
A ischangingover time.

B s notchanging over time.

C iscreated by a static charge.
D

isincreasing over time.

Question 2

Which of the following statements is false?
A There are no known magnetic monopoles.

B Aconstant currentin a wire will create a magnetic field.

C Magnetic fields flow outward from magnetic monopoles.

D Field lines for a bar magnet always point from north to south.

Question 3

Which rule is used to determine the magnetic field direction
around a straight current-carrying wire?

A Right-hand coil rule
B Right-hand grip rule
C Right-hand palm rule
D Right-handslap rule

Question 4

Which rule is used to determine the magnetic field direction
through the middle of a current-carrying loop?

A Right-hand coil rule
B Right-hand grip rule
C Right-hand palm rule
D Right-handslap rule

Question 5

The magnetic field between opposite poles of two stationary
bar magnets is approximated as

A astatic, non-uniform field.
B achanging, non-uniform field.
C astatic, uniform field.

D achanging, uniform field.
EXAM-STYLE QUESTIONS
This lesson

Question 6 (9 MARKS)

Four magnetic fields are being analysed.

a i  Drawthe magnetic field in the space between these

two bar magnets. Use four field lines. (1 MARK)

ii  Isthe magnetic field between these magnets
uniform or non-uniform? (1 MARK)

Draw the magnetic field in the space between these
two bar magnets. Use four field lines. (1 MARK)

S S

ii  Isthe magnetic field between these magnets
uniform or non-uniform? (1 MARK)

Draw the magnetic field through and around
this solenoid. Use five field lines. (2 MARKS)

ii  State whether the field is uniform or non-uniform
inside the solenoid. (1 MARK)

Draw the magnetic field around this current-
carrying wire. Use four field lines. (1 MARK)

Wire

O,

ii  State whether the field is uniform or
non-uniform. (1 MARK)

Question 7 (1 MARK)

Awire carries a 10 A current to the left. Which of the following
diagrams best shows the magnetic field produced by
the current?

A . B

10A <

:'""—‘\
- ’
-

10A

<
<

10A < 10A

F 3

~
</

Adapted from 2018 VCAA Exam Section A Q3

Question 8 (1 MARKS)

Einstein’s granddaughter is experimenting with magnets.
To create a magnetic monopole, she should

A runastrong current through a square coil.

B snap abar magnetin half between the north and
south poles.

C cutasolenoid in half between the north and south poles.
D Thereisno known way to create a magnetic monopole.

Adapted from 2017 VCAA Exam Section A Q1
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Question 9 (2 MARKS)

A student has drawn field lines between the poles of two bar
magnets in two different orientations. Determine the pole

type (north or south) of poles W, X, Y and Z.

X

—
~

<
YyYVvYyvYyy

Question 10 (1 MARK)

Current is made to run through a solenoid from a battery.
A small compass, which orients itself so that its north pole
points in the direction of field lines around it, is next to the

solenoid. Determine the direction (A, B, C, or D) that the

north pole of the compass would point when the solenoid

isturned on.

B

GCGCCGG

Question 11 (3 MARKS)

Which of these fields (E or F) could be magnetic fields?
If a field cannot be magnetic, explain why.

0%

Question 12 (2 MARKS)

Two solenoids are brought close together. In the dashed

area, use four field lines to show the shape of the magnetic

field between the solenoids.

..............

(00000090

Question 13 (1 MARK)

A current-carrying wire is creating a magnetic field.
Determine the direction of the current /.

I

00| XXX

Previous lessons

Question 14 (2 MARKS)

A ball of mass 2.00 kg falls from a height of 1000 m. By the
time it reaches the ground, what will its speed be? Assume
that its initial speed is zero and that there is no air resistance.

Question 15 (3 MARKS)

Using the graph, estimate the change in gravitational
potential energy of a 200 kg asteroid when moving from
14 x 108 m to 26 x 108 m from the centre of the Sun.

Iy
280 T
Tbb
X 240t
=
=
th 200+
c
g
% 160 +
T
Z
X 1207
©
c
.2
s 80 +
S
3
5 407t

v

4 8 12 16 20 24 28
Distance from centre of the Sun (10 m

Key science skills

Question 16 (1 MARK)

Students are measuring the direction of a magnetic field
with the compass shown. They record the bearing which the
magnet’s north pole points to. Determine the uncertainty in
this measuring device.

Image: Pikepicture/Shutterstock.com



6C MAGNETIC FORCES ON CHARGED
PARTICLES

This lesson will investigate the forces on charged particles and current-carrying wires
caused by magnetic fields. We will learn the conditions required for a force to be present, the
magnitude of magnetic forces, and how to determine the direction of magnetic forces. The
interaction between charges and magnetic fields is further evidence that electric fields and
magnetic fields are two versions of the same thing, known as ‘electromagnetism’.

6A Electric fields 6B Magnetic fields 6C Magnetic forces on charged 6D DC motors
particles

Study design key knowledge dot points
e analyse the use of a magnetic field to change the path of a charged particle, including:

- the magnitude and direction of the force applied to an electron beam by a magnetic field: F = qvB, in cases where the
directions of v and B are perpendicular or parallel

2
- theradius of the path followed by a low-velocity electron in a magnetic field: qvB = mTv

® investigate and analyse theoretically and practically the force on a current carrying conductor due to an external magnetic
field, F = nILB, where the directions of / and B are either perpendicular or parallel to each other

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

Key knowledge units

Magnetic forces on charged particles 3.1.7.1
Circular motion in magnetic fields 3.1.7.2
Magnetic forces on current-carrying wires 3.1.12.1

Formulas for this lesson

Previous lessons New formulas
v2 *
2D * q= = F=qvB
* .- Mmv
r=gs
* F=nILB

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

conventional current current that is assumed to consist of flowing positive charges so that the
direction of current is the direction a positive charge would move

Magnetic forces on charged particles 3.1.7.1

OVERVIEW

A charged particle will experience a magnetic force when it is moving through a magnetic
field at an angle to its field lines. The direction of the force is determined by using the right-
hand palm rule.
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THEORY DETAILS
The conditions for a magnetic force on a charged particle

When moving through a magnetic field, a charged particle will experience a force which
depends on the angle between its direction of motion and the magnetic field lines. In VCE
Physics we only consider motion of charged particles that is perpendicular or parallel to the
magnetic field.

e The magnetic force is a maximum when the direction of motion is perpendicular (at a right
angle) to the magnetic field lines.

e Thereis no magnetic force when the direction of motion is parallel to the magnetic field
lines or if the particle is stationary.

(a) (b) ()

v e v - v
Magnetic field Magnetic field ‘—»
F
—d

Figure 1 (a), (b) A charged particle will experience a force when moving perpendicular to a magnetic field. (c) A

charged particle will not experience a force when moving parallel to a magnetic field.

Direction of force on a charged particle moving perpendicular to a magnetic field

The direction of the magnetic force is always perpendicular to both the direction of motion
of the charged particle and the direction of the magnetic field. The direction of the magnetic
force on a positively charged particle is determined by the right-hand palm rule (also known
as the right-hand slap rule).

e The thumb represents the direction of motion of the positively charged particle (or
current flow).

e The fingers represent the direction of the magnetic field lines.
e The palm represents the direction of the magnetic force.

4 Thumb represents direction
of motion of positive charge

Fingers represent direction
of magnetic field lines

Palm represents direction of
magnetic force on positive charge

Figure 2 The direction of the magnetic force on a positively charged particle is determined by the right-hand palm rule.

To determine the direction of the magnetic force on a negatively charged particle, point the
thumb opposite to the direction of motion of the particle, as shown in Figure 3. This means
that the force on a negatively charged particle is in the opposite direction to the force on a
positively charged particle.
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(a) (b)

—> Magnetic field —K>

Magnetic force

Magnetic field
(up the page)

(into the page)

Direction opposite
to motion of
negative charge

Motion of
positive charge

Magnetic field Magnetic force
(into the page) (down the page)

Figure 3 (a) Determining the direction of the magnetic force on a positively charged particle moving
perpendicular to a magnetic field. (b) Determining the direction of the magnetic force on a negatively charged
particle moving perpendicular to a magnetic field by pointing the thumb opposite to the direction of motion.

Magnitude of magnetic force on a charged particle

Equations involving magnetic fields will use the variable B to represent magnetic field
strength, which is measured in tesla (T). It is common for magnetic field strength to be far
smaller than 1 T. The Earth’s magnetic field strength ranges from 2.5 x 10> Tt0 6.5 x 107 T.

The magnitude of the magnetic force on a charged particle moving perpendicular to a
magnetic field of strength B is:
F=qvB
F =magnitude of magnetic force (N), g = magnitude of charge (C), v = speed of particle (m s™),
B = magnetic field strength (T)

USEFUL TIP

Before completing any magnetic force calculations, check that the direction of motion of the
chargeis perpendicular to the magnetic field.

Worked example

A charged particle is moving up the page through a magnetic field of strength B=0.50 Tat 20 ms™L.
The magnetic field direction is into the page.

X X X X X
X X * X X

xx.xx

Determine the magnitude and direction of the magnetic force acting on the charged particle if it is
a aproton.

b anelectron.
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a The chargeis moving perpendicular to the magnetic field b  The charge is moving perpendicular to the magnetic field

so a force will be present. so a force will be present.
The charge of a proton is +1.6 x 1071° C. The charge of an electron is -1.6 x 1071° C, so its
F=quB=1.6x10"1 x 20 x 0.50 magnitudeis 1.6 x 1071° C.
F=16x10-8N F=qvB=1.6x10712x20x 0.50
_ -18
Use the right-hand palm rule with thumb pointing up the AR L
page in the direction of motion, and fingers pointing into Since the particle has a negative charge, use the right-
the page. The palm (and force) points left. hand palm rule with the thumb pointing down the page

(opposite to the direction of motion) and fingers pointing
into the page. The palm (and force) points right.

Motion of positive charge

X X X

X
X Magnetic field
X

X
‘ Magnetic force

Magnetic force

X X X
X X X

Magnetic field

Therefore, the magnetic force is 1.6 x 10718 N to the left. Direction opposite to

motion of negative charge

Therefore, the magnetic force is 1.6 x 10718 N to the right.

Circular motion in magnetic fields 3.1.7.2
OVERVIEW

Charged particles moving perpendicular to a magnetic field will travel in uniform circular
motion. The magnetic force on a charged particle acts as the centripetal force.

THEORY DETAILS

When a charged particle is moving in a magnetic field perpendicular to its field lines,

the magnetic force always acts perpendicular to the motion of the particle and remains
constant in magnitude. From lesson 2D, we know that a net force with constant magnitude
that is always in a perpendicular direction to an object’s motion will result in uniform
circular motion. Therefore, in the absence of any other forces, a charged particle moving
perpendicular to a magnetic field will exhibit uniform circular motion.

Since the direction of force will be opposite for positive and negative charges, the direction of
rotation will be opposite for positive and negative charges.

v - —>

V -
’ AN e N
" l \\ " l \\
’ ’
P r F A . F r AN
< . — v
1
1 1 !
1 1 !
1 1 v

Figure 4 Charged particles moving perpendicular to a magnetic field will exhibit uniform circular motion.
In otherwise identical scenarios, positively and negatively charged particles follow circular paths with
opposite directions. The particles in this diagram have the same mass and charge magnitude.

Circular motion in particle accelerators

Particle accelerators are constructed with both a linear electric field component (as covered
in lesson 6A) and a magnetic field component that will direct the charged particle along a
circular path. The direction that the magnetic field curves the accelerated particle depends
on whether the charge is negative or positive.
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Linear electric field section Magnetic field section

q
Figure 5 The electric and magnetic field sections inside a particle accelerator. In the magnetic field section,
the charged particle is directed along a circular path.

Circular motion calculations

During uniform circular motion in a magnetic field, the force on a charged particle, F=qvB,

2 2
is equal to the centripetal force F = % By equating these two formulas (qvB = %) and
rearranging we can find the radius of a charged particle exhibiting circular motionin a
magnetic field.

- mv
= I

r=radius of circular motion (m), m = mass of particle (kg), v = speed of particle (m s™1),

r
g = magnitude of charge (C), B = magnetic field strength (T)

Worked example

a An electron enters a uniform magnetic field with field strength B=2.0 x 1073 T, moving in a direction perpendicular to
the magnetic field and turns through one quarter of a circle. The initial speed of the electron is 2.0 x 10 m s™.

X X X X X

X X X X

v=2.0x10°ms™*
X X X X
X X

X X X

i Draw the path of the electron through the magnetic field.
ii  Calculate the radius of the electron’s circular motion. Ignore relativistic effects.

b Aproton moving at a speed of 7.0 x 10" m s™! inside a perpendicular magnetic field is undergoing circular motion with
aradius of 0.30 m. Determine the strength of the surrounding magnetic field. Ignore relativistic effects, and take the
mass of a proton to be 1.7 x 10727 kg.

a i Usetheright-hand palm rule with the thumb pointing to the right (opposite to the direction of motion since the
electron has a negative charge) and with fingers pointing into the page. The force is upwards which indicates the
circular path is clockwise.

X X1X X X
X X X X
X X X

X X X X

X X X X X

Make sure to draw one quarter of a circle as stated in the question.
ii  The mass of an electron is 9.1 x 10731 kg.
The magnitude of the charge of an electron is 1.6 x 10729 C.

p=mv_ 9.1x1071x2.0 x 10
GB 1.6x1071x2.0x1073

r=0.00569=5.7x1073m

_17x102"x7.0x 107

_mv
b r £ 030= =

= 4B
B=25T
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Magnetic forces on current-carrying wires 3.1.12.1 VT
(a)

OVERVIEW E ‘

Current-carrying wires experience magnetic forces when the current is at an angle to an

external magnetic field. The magnitude of the force is dependent on this angle, the current, T

the number of wires, the length of the wires within a magnetic field, and the magnetic field ) ‘

strength. The direction of the force is determined using the right-hand palm rule.

THEORY DETAILS T

Electric current is equivalent to the movement of multiple charged particles in the same ‘

direction. Since a charged particle moving at an angle to a magnetic field experiences a
magnetic force, the moving charged particles inside a current-carrying wire also experience
a magnetic force. Because the charged particles must remain inside the wire, we can say that «

there is a magnetic force on the current-carrying wire. .
Flow of positive charges
e Currentdirection is defined as the direction of the flow of positive charge. This flow is

called conventional current, and in an electric circuit conventional current flows from the (b)
positive terminal to the negative terminal of a power source.

e This means that we can use the right-hand palm rule with the thumb representing
conventional current direction to determine the direction of the magnetic force on a
current-carrying wire.

Direction of current

Magnetic field
(into the page)

Current-carrying wire

Magnetic force Figure 6 (a) The magnetic forces

on a flow of positive charges. (b)
The magnetic force on a current-
carrying wire.

Figure 7 Using the right-hand palm rule to determine the force on a current-carrying wire.

Magnitude of magnetic force on a current-carrying wire

In VCE Physics we consider only current that is flowing perpendicular or parallel to a magnetic
field. If the current is parallel to the magnetic field, there is no magnetic force.

The magnitude of the magnetic force on a current-carrying wire that is perpendicular to a
magnetic field is:

F=niILB
F =magnitude of magnetic force (N), n = number of wires (no units), / = current perpendicular to
magnetic field (A), L = length of wire within magnetic field (m), B = magnetic field strength (T)

Note that we always describe this force as the force on ‘a current-carrying wire’ as opposed to
the force on ‘a wire’, since the force specifically acts on the moving charge.
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Worked example

A bundle of 10 wires carrying 10 A each pass through a perpendicular magnetic field of strength 0.050 T. A 2.0 m length of
the bundle lies within the magnetic field, as shown. Determine the magnitude and direction of the magnetic force on the
current-carrying bundle.

X X X X Magnetic force Magnetic field

X X X X
2.0m
(GoooSSottood >
( 10A .
X X X X
X X X X Direction of current

The current is perpendicular to the magnetic field so there
will be a force present.

Since the bundle has 10 wires, n = 10.
F=nlLB=10%10x2.0%0.050=10N

To find direction, use the right-hand rule with thumb pointing
right to represent current and fingers pointing into the page.
The palm (and force) points up the page.

Therefore, the magnetic force on the current-carrying wire is
10 N upwards.

Theory summary

e A magnetic force will be experienced by a charged particle when it is moving at an angle to
a magnetic field.

- F=qvBfor motion which is perpendicular to the magnetic field.
- Thereis no magnetic force if the direction of motion is parallel to a magnetic field.

e The direction of the magnetic force is perpendicular to both the direction of motion of the
charged particle and the magnetic field.

- Thedirection of the force is determined using the right-hand palm rule.
- For negative charges, point the thumb in the opposite direction to the motion.

- Acharged particle which moves perpendicular to a magnetic field will follow a circular

myv

q_B.

e A magnetic force is experienced by a current-carrying wire in a magnetic field when the
current flows at an angle to the field.

path with radius r=

- F=niLB for current which is perpendicular to the magnetic field.
- Thereis no magnetic force if the current is parallel to the magnetic field.

e Thedirection of the magnetic force on a current-carrying wire is determined by the
right-hand palm rule, where the thumb represents the direction of conventional current
(the direction positive charges would flow).

KEEN TO INVESTIGATE?

oPhysics ‘Charged Particle in a Magnetic Field’ simulation
https://ophysics.com/em7.html
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6C Questions

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1-5.

v

+1C

»
»

Four charged particles are inside a magnetic field. Particles A,
B, and C are moving with directions shown in the diagram.

Question 1

Will there be a magnetic force exerted on particle A?

Question 2

Will there be a magnetic force exerted on particle C?

Question 3

Will there be a magnetic force exerted on particle D?

Question 4

The path of particle B within the magnetic field will be

A linear.

B parabolic.

C circular.

D unpredictable.

Question 5

Which particle will experience the magnetic force with the
greatest magnitude? Assume that all the pictured velocity
vectors have equal magnitude.

Question 6

The direction of the magnetic force on a current-carrying
wire with current flowing perpendicular to a magnetic field
is the same as the direction of the magnetic force on (select
all that apply).

A anelectron moving in the same direction as the current.

B  anelectron moving in the opposite direction to
the current.

a proton moving in the same direction as the current.
a proton moving in the opposite direction to the current.

E anelectron movingin a direction perpendicular to
the current.

Question 7

Which right-hand rule is used to determine the direction
of the magnetic force on a charged particle moving
perpendicular to a magnetic field?

A Right-hand coil rule
B Right-hand curlrule
C Right-hand palm rule
D

None of the above
EXAM-STYLE QUESTIONS
This lesson

Question 8 (4 MARKS)

A proton is moving to the right at 2000 m s and enters a
uniform magnetic field of B=0.030 T, as shown. The charge
of aprotonis+1.6 x 1071° C.

» 2000 ms™

Determine the magnitude of the magnetic force
experienced by the proton. (2 MARKS)

b  Determine the direction of the magnetic force
experienced by the proton. (1 MARK)

¢ Determine the direction of the magnetic force if the
proton was replaced by an electron with the same
velocity. (1 MARK)

Question 9 (3 MARKS)

An electron moving perpendicular to a magnetic field
experiences a magnetic force of 2.00 x 10711 N. Take the
magnetic field strength to be 3.00 T, the charge of an
electron to be -1.6 x 10722 C, and the mass of an electron to
be 9.1 x 10731 kg.

a  Show that the speed of the electron within the magnetic
fieldis 4.2 x 107 m s™1, ignoring relativistic effects. (1 MARK)

b  Calculate the radius of the path of this electron. Show
your working. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q1
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Question 10 (2 MARKS)

219

Question 13 (1 MARK)

Explain why a charged particle moving perpendicular to a
uniform magnetic field will always travel in a circular path,
assuming that no other forces are present.

Adapted from 2018 VCAA NHT Exam Section B Q3

Question 11 (2 MARKS)

A current-carrying wire runs between the opposite poles of
two bar magnets. The length of wire within the magnetic
field is 10.0 cm, and it carries a current of 1.50 A upwards.
The magnetic field strength is 0.400 T.

r

1 1.50A S

=
10.0cm

a Determine the magnitude of the force on the
current-carrying wire. (1 MARK)

b Determine the direction of the force on the current-
carrying wire. (1 MARK)

Question 12 (5 MARKS)

2.50 A of current is flowing around the 10 turn current-carrying
loop WXYZ. Each side of the loop is 2.00 m long. The loop

is within the Earth’s magnetic field at a point where the
magnetic field lines are parallel to the Earth’s surface and
point geographically north. The field strength at this point is
6.50x 1076 T.

a  Which side(s) of the loop experience a
magnetic force? (1 MARK)

b  Determine the magnitude of the force exerted on
each of the side(s) of the loop experiencing a
magnetic force. (2 MARKS)

¢ Determine the direction of the force exerted on
each of the side(s) of the loop experiencing a
magnetic force. (2 MARKS)

An electron is undergoing circular motion within a magnetic
field which is directed out of the page.

- -~

~o -

What is the direction of the electron’s motion around the
circular path shown?

A Clockwise

B Anticlockwise

C Theelectron can move clockwise or anticlockwise.
D Notenough information to determine.

Question 14 (3 MARKS)

A magnetic field causes an electron to follow a circular path.
Moving at a speed of 2.5 x 10° m s71, the electron path has a
radius of 1.0 m. Take the mass of an electron to be

9.1x 10731 kg and the charge-1.6 x1071°C.

Ignore relativistic effects.

a  Whatis the strength of the magnetic field? (2 MARKS)

b  Whatis the magnitude of the acceleration experienced
by the electron? (1 MARK)

Adapted from 2015 VCAA Exam Section B Detailed study 4 Q5

Question 15 (6 MARKS)

Two current-carrying wires are placed close to each other.
They each carry a current of 12 A.

12A

12A

a Determine whether the wires are attracted or repelled
from each other when they carry a current in the same
direction. Justify your answer with a sketch of the field
and force directions in this scenario. (3 MARKS)

b  Determine whether the wires are attracted or repelled
from each other when they carry a current in the
opposite direction. Justify your answer with a sketch of
the field and force directions in this scenario. (3 MARKS)
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Previous lessons

Question 16 (2 MARKS)

The restoring force of an elastic band is measured at a range
of extensions from its equilibrium position.

1004
80+
60+

401

Restoring force (N)

201

0.1 0.2
Ax (m)
Assuming that this elastic band can be approximated as an
ideal spring, determine the spring constant, k, of the band.

Question 17 (2 MARKS)

A 6500 kg satellite launched by SpaceX is travelling at

6900 m s™! and it orbits at an altitude of 2000 km above the
Earth’s surface. Determine the magnitude of the centripetal
acceleration experienced by the satellite. Take the Earth’s
radius to be 6.37 x 106 m.

Key science skills

Question 18 (3 MARKS)

Izzy and Keegan are using a uniform magnetic field to bend
a beam of charged particles. The young scientists are trying
to determine the effect of the magnitude of the charge of
the particles on the radius of the beam’s path within the
magnetic field.

@ Magnet
\

f

&

Charged particle beam

Determine an independent, dependent, and a controlled
variable within this experiment.



6D DCMOTORS

DC motors can be seen in many applications across industry and within household
appliances, but how does a cordless drill convert the energy stored within its battery into
rotation? This lesson will build upon previous lessons from this chapter to explore the
operation and principles behind DC motors.

6A Electric fields 6B Magnetic fields 6C Magnetic forces on

charged particles

Study design key knowledge dot point

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

ring commutator

Key knowledge units

6D DC motors

DC motor operation

3.1.13.1

Split ring commutators in motors

3.1.13.2

Formulas for this lesson

Previous lessons New formulas

6C * F=niLB

No new formulas in this lesson

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
DC (direct current) electricity electricity with a constant direction of current and voltage

slip rings a component used to maintain a constant electrical connection between a stationary
external circuit and a rotating coil

split ring commutator a component used to reverse the electrical connection between a
stationary external circuit and a rotating coil every half rotation

DC motor operation 3.1.13.1

OVERVIEW

A DC motor utilises the force on a current-carrying conductor (F = n/LB) within a magnetic

field to produce a turning effect (or torque). DC motors convert electrical energy into kinetic

energy in the form of rotation.

THEORY DETAILS
A simple DC motor consists of:

e aconstant DC voltage supply - which is used to produce a direct current.

e asplitring commutator - which is used to transmit the direct current to the coil in a way
that allows continuous rotation.

e acoil of wire - made of one or more windings of a current-carrying conductor which will
experience a force due to the magnetic field and is free to rotate.

e amagnetic field - produced by either permanent magnets or electromagnets to create a
force on the coil of wire.

The power supply in a DC motor produces a current within the coil that flows from the
positive terminal to the negative terminal. This is known as conventional current.

The sides of the coil in a DC motor experience a force with a magnitude given by F=nlILB,
and a direction that can be found by applying the right-hand palm rule to each side that is
perpendicular to the magnetic field.

Magnets

WI02"20}S4813INYS,/peeS "y peno4 :a8ewl|

Split ring
commutator

Voltage supply

Figure 1 Asimple DC motor
showing a voltage supply that
provides a direct current via a split
ring commutator to a coil of wire
situated within the magnetic field
of two permanent magnets.
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The forces acting on the sides of the coil that are always perpendicular to the magnetic
field (sides AB and CD in Figure 2) create a turning effect.

(a)

(b)

Figure 2 (a) Forces on sides AB and CD act to rotate the coil from the horizontal position. (b) The magnitude and
direction of the forces on AB and CD are the same as in (a), but the turning effect decreases as the perpendicular
distance to the axis of rotation reduces.

In Figure 2(a) there will be

e an upwards force on side AB.

e adownwards force on side CD.

e maximum turning effect on the coil.

In Figure 2(b) there will be

e forces of the same magnitude and direction on sides AB and CD as Figure 2(a).

e adecreased turning effect compared to the horizontal position.

Consider sides BC and DA of the coil in Figure 2(a). The current flowing through these sides of
the coil is parallel to the magnetic field and so there will be no magnetic force acting on these
sides when the coil is in the horizontal position. Although the magnitude of the force on these
sides increases as the coil rotates towards a vertical position, they never create a turning
effect so they can be ignored when analysing the rotation of the coil.

Table 1 The turning effect of the forces on the different sides of a coil as it rotates through horizontal, intermediate,
and vertical positions.

Horizontal position Intermediate position Vertical position
Force Turning Force Turning Force Turning
effect effect effect
ABand CD Constant Maximum Constant Intermediate  Constant Zero
BCand DA Zero Zero Intermediate  Zero Maximum Zero

Note that there will briefly be no current in the coil when it is in a perfect vertical position
(due to the split ring commutator which is explained in the next section). However this is
usually ignored in VCE Physics.
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Worked example

A simple DC motor is constructed using 150 turns of wire in a square shape with 7.5 cm side
lengths. Permanent magnets produce a magnetic field with a strength of 2.5 x 1072 T.
A current of 2.0 A flows through the coil. Determine

a the magnitude and direction of the force on side AB.

b the direction of rotation of the coil as viewed from the split ring commutator
(clockwise or anticlockwise).

Anticlockwise

a F=nllB=150%x2.0x7.5%1072x2.5%x1072=0.56 N

The current flows from A to B and the magnetic field points to the right. By the right-hand
palm rule, the force on side AB acts downwards.

F=0.56 N downwards

b By theright-hand palm rule the force on AB acts downwards, and the force on CD acts
upwards. This causes an anticlockwise rotation of the coil when viewed from the split
ring commutator.

Split ring commutators in motors 3.1.13.2
OVERVIEW

The split ring commutator in a DC motor acts to reverse the direction of the current within
the coil every half rotation, at the vertical position. This reverses the direction of the force on
each side of the coil so that the direction of rotation is constant.

THEORY DETAILS

A split ring commutator and the brushes with which it makes contact allow for the continuous
rotation of the motor in one direction.

.\

L

Brushes

[/

[ N

Split ring commutator

Figure 3 The structure of a split ring commutator in contact with the circuit via brushes.

A split ring commutator changes the direction of the current in the coil every half rotation by
changing the connection of the coil to the external circuit when in the vertical position, as
seen in Figure 4(b) and (c).
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(d)
c B C B
%\ A ;i'
A

Figure 4 (a) The direction of the forces on the coil are determined by the right-hand palm rule. (b) As the coil
rotates, the direction and magnitude of the force stays the same. (c) As the coil passes the vertical position, the
split ring commutator will engage the opposite brush of the external circuit. (d) The position of the coil after 180°
of rotation.

(b) (c)

Brushes

Split ring commutator

As the split ring commutator engages the opposite side of the external circuit, it acts to
reverse the current in the coil and, as a result, produce a force in the opposite direction as
shown in Figure 5.

e InFigure 5(a) and (b), the current flows out of the page through the side AB and the
direction of the force is upwards. The coil rotates clockwise.

e Between Figure 5(b) and (c), the coil passes the vertical position. The direction of the
current is reversed (notice the © changes to a ®) so the direction of the force on side AB
changes from upwards to downwards.

e This means that the turning effect will consistently act in a clockwise direction so that the
coil can continue rotating.

(a) (b)

Figure 5 The coil in the DC motor from Figure 4 as it rotates, viewed from the position of the split ring commutator.
The direction of the current and the force on each side is shown. The magnetic field, which points to the right,
is not shown.

Slip rings in DC motors

Slip rings should not be confused with split ring commutators. Slip rings allow parts of a
circuit to rotate relative to each other while maintaining a constant electrical connection.
They consist of two adjacent rings. A wire from each side of the coil can slide around the
inside of one of the rings, maintaining a constant electrical connection (without making
contact with the other ring).

Slip rings —>,

Figure 6 The structure of slip rings

If used in a DC motor, slip rings do not reverse the current in the coil like split rings. This means
that the direction of the turning effect will alternate when the coil reaches the vertical position.
Hence, the coil will oscillate about the vertical position before coming to rest in that position.

The appropriate use of slip rings in the context of alternators (AC generators) will be explained
in lesson 7C, but it is important to understand that a DC motor cannot function properly with
slip rings.



6D THEORY

Theory summary
e A DC motor converts electrical energy into kinetic energy.

e DC motors use current flowing through a coil of wire within a mag-
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KEEN TO INVESTIGATE?

oPhysics ‘DC motor’ simulation
https://ophysics.com/em10.html

netic field to produce a turning effect (or torque) acting on the coil.

- The magnitude of the force on each side of the coil which
is perpendicular to the magnetic field can be calculated

from F=nlILB.

YouTube video: Learn Engineering - DC
Motor, How it works?
https://youtu.be/LAtPHANEfQo

- Thedirection of the turning effect is found using the right-hand

palm rule on each side.

e DC motors use split ring commutators to

- reverse the direction of the current in the coil every half rotation.

- cause the direction of the force acting on the wires in the coil to

reverse every half rotation.
- allow the motor to rotate in a constant direction.

e A DC motor will not be able to complete full rotations if slip rings
are used instead of a split ring commutator. The motor will oscillate
and then get stuck in the vertical position (assuming a horizontal

magnetic field).

6D Questions

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1-4.

The figure shows a standard DC motor within a magnetic field.

Question 1

For the first quarter rotation of the coil, the force on side AB
A will always act upwards.

B  will always act downwards.

C  will switch between acting upwards and downwards.

D

will always act perpendicular to the plane of the coil.

Question 2

When rotating from the horizontal position shown to a
vertical position, the magnitude of the force on side AB

A remains constant.
B increases.

C decreases.
D

is zero as it is parallel to the magnetic field.

Question 3

During the rotation of the coil, the magnitude of the force
onside BC

A isalways zero.

B isalways greater than zero.

C iszerowhen the coil is in the vertical position.
D

is zero when the coil is in the horizontal position.

Question 4

As viewed from the split ring commutator, what direction will
the coil rotate?

A Anticlockwise

B Clockwise

C It will oscillate about the vertical position.
D

There is not enough information to know the direction
of rotation.

Question 5

Which of the following best describes the purpose of a split
ring commutator?

A To maintain a constant connection between the coil and
the external circuit.

B To reverse the direction of the currentin the coil every
quarter rotation.

C Toreverse the direction of the current in the coil every
half rotation.

D To ensure that the turning effect acts in alternating
directions every half rotation.
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Question 6

What is the effect of replacing the split ring commutatorin a
DC motor with slip rings? Assume a horizontal magnetic field.

A

D

The coil will oscillate around the vertical position before
coming to rest.

Slip rings have no effect on the operation of a DC motor.

The coil will oscillate around the horizontal position
before coming to rest.

The coil will not be able to rotate from any position.

EXAM-STYLE QUESTIONS

This lesson

Question 7

(5 MARKS)

Students create a simple DC motor, which is represented in
the diagram.

<+N

Which option describes all of the positions during the
rotation of the coil when the magnitude of the magnetic
force on side XY zero? (1 MARK)

A Atall positions

B  Onlyin the vertical position

C The position shown

D Any position for which XY is horizontal
Playing with the motor, the students observe that

the coil begins moving from rest more easily in some
positions compared to others.

What is the best orientation for starting the motor to
move from rest? Explain your answer. (2 MARKS)

The students want to use the motor to power a toy, and
need to increase the speed of rotation of the coil.

Which of the following changes will increase the speed
of rotation? Select all options that apply.
Explain your answer. (2 MARKS)

A Increase the resistance of the coil.
B Increase the battery voltage.
C Decrease the number of loops in the coil.

D Reverse the poles of one of the permanent magnets.

Adapted from 2016 VCAA Exam Section B Q14

Question 8 (7 MARKS)

A DC motor is constructed with 80 square loops of wire with a
side length of 10 cm and a split ring commutator. The motor's
coil sits within a uniform magnetic field of 2.0 x 103 T and
has a current of 2.5 A.

S
T

s+
U A p
I—:,ﬁ»—r@):l_— E b

a  Whatis the magnitude and direction (A-F) of the
force on side UV when the loop is in the horizontal
position shown. (3 MARKS)

b  Whatisthe magnitude and direction (A-F) of the force
on side TU when the loop is in the horizontal position
shown. Explain your answer. (2 MARKS)

¢ Explain the role and operation of the split ring
commutator in a DC motor. (2 MARKS)

Question 9 (5 MARKS)

Prior to teaching about DC motors, a teacher shows her
students a simple motor which includes a battery and
a split ring commutator.

S C

14
}..I o

¥

a Theteacher positions the coil in the horizontal position
shown and turns on the power supply. Will the motor
rotate in a clockwise (C) or anticlockwise (A) direction?
Explain your answer. (3 MARKS)

b One of her students suggests that by replacing the split
ring commutator with slip rings, there will be less friction
and the coil will rotate at a faster rate.

Explain the impact of replacing the commutator with slip
rings on the operation of the motor. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q3
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Previous lessons Key science skills
Question 10 (5 MARKS) Question 12 (8 MARKS)

Whilst trying to modify his toy gun, Kyle decides he will test Ashleigh uses a variable power supply to change the current

the spring used to fire the rubber projectile. The spring has supplied to a DC motor and records the resulting period of

an unstretched length of 60 cm. rotation. She repeats the measurements at each current
value five times and then calculates an average value. Her

s 4 results are displayed in the table. The uncertainty in each
average valueis +0.02s.
1 60cm 160cm
E : Current (mA) | Average period of rotation (s)
M M 10 0.24+0.02
: 15 0.20+0.02
: 20 0.19+0.02
25 0.18+0.02
: 30 0.16£0.02

a Identify an independent variable, dependent variable,

Kyle progressively adds 30 g masses to the end of the spring and a controlled variable. (3 MARKS)

and measures its length when the mass is stationary. He

records the included data Graph the data collected by Ashleigh on a set of axes.

Include:
Number of 30 g masses on the spring | 0 ! 2 3 e an appropriate scale, labels, and units for each axis.
Length of the spring (cm) 60 |8 | | e uncertainty bars for the average period of rotation.

a Calculate the spring constant. (2 MARKS) * aline of best fit.

b  Kyle now attaches five 30 g masses to the end of the (5 MARKS)
spring and releases it from its unstretched position, Adapted from 2017 VCAA Exam Section B Q9
allowing the masses to oscillate. Find the maximum
length of the spring. Ignore frictional losses. (3 MARKS)

Adapted from 2014 VCAA Exam Section A Q2

Question 11 (4 MARKS)

An undiscovered planet has a period of orbit around a star of
7.40 x 10° hours and a radius of orbit of 2.87 x 1012 m.

Using this data, find the mass of the star that the planet orbits.

Adapted from 2014 VCAA Exam Section A Q5
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CHAPTER 6 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

The diagram shows the field surrounding a stationary negative charge.

This electric field can best be described as

A uniform.

B static. =
C parallel.

D uniform and static.

Question 2

The strength of an electric field surrounding a charged object is known to be 6.8 x 107 N C™! at a distance d from the
centre of the object. What is the strength of the electric field at a distance 3d from the centre of the object?

A 7.6x107"NC? B 23x10°NC! C 20x10°NCt D 34x107'NC!

Question 3

Which of the following correctly associates the type of field to its polar properties?

Gravitational field Magnetic field Electric field
A Monopole Dipole Dipole
B Dipole Monopole or dipole Monopole
C Monopole or dipole Monopole Dipole
D Monopole Dipole Monopole or dipole
Question 4

One way to increase the rotational speed of a DC motor is to
A usea coil with a greater resistance.

B  useslip rings with less friction.

C increase the current through the coil.

D Allof the above

Question 5

An electron enters a uniform electric field of 500 V m™ between two charged plates separated by 15 cm. What is the
magnitude and direction of the force exerted on the electron?

A 1.2x107'7 N towards the negative plate
B 1.2x107!" N towards the positive plate
C 8.0x 1077 N towards the negative plate
D 8.0x107!7 N towards the positive plate
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SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

Two bar magnets are positioned in two different arrangements as shown in

the diagram. Copy the diagrams. For each arrangement draw at least four N N
magnetic field lines to represent the magnetic field. Include arrowheads to

show direction. Arrangement 1

Adapted from 2016 VCAA Exam Section A Q12

S N

Arrangement 2

Question 7 (2 MARKS)

Draw the field pattern that exists between a positive point charge and a negative point charge. Use at least five electric
field lines.

Question 8 (2 MARKS)

On a copy of the diagram shown, draw five lines to represent the magnetic field produced CTCCCT
by the solenoid. Include arrows to show direction.

Adapted from 2015 VCAA Exam Section A Q15

Question 9 (3 MARKS)

Bart builds a house on the equator to test which direction water spirals down a toilet in both hemispheres. To power his
equipment, there is a 3.2 m vertical power line on the side of his house which carries 6.6 A of current downwards. The
strength of the magnetic field at the equator is known to be 3.1 x 107 T horizontally directed towards north. What is the
magnitude and direction of the force acting on the power line?

Question 10 (4 MARKS)

A student sets up two solenoids next to each other with their current running in opposite directions. The magnitude of
the current is the same in both solenoids. Ignore the Earth’s magnetic field in this question.

PUUUUUUW PUUUUUU

I
Il
a If asmall magnetic compass needle was placed at point Z, what direction would its north pole point? Explain
your answer. (2 MARKS)

b  Acurrent-carrying wire is placed vertically between the two solenoids. The current flows up the wire.

PUUUUUU PUUUUUU

What is the direction of the electromagnetic force, if any, on the current-carrying wire? Explain your answer. (2 MARKS)

Adapted from 2017 VCAA NHT Exam Section B Q12
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Question 11 (4 MARKS)

A standard DC motor is constructed to be used in John Wick’s weaponised clock. A current of 1.75 A flows through the
coil which is placed in a uniform magnetic field of 750 mT. It uses 100 square turns of wire.

a Given that the force on a side length of the coil which is perpendicular to the magnetic field is 4.0 N, what is the side
length of the coil? (2 MARKS)

b Inorderto make the weaponised clock more lethal, John Wick suggests that the split ring commutator on the DC
motor should be replaced by slip rings. Explain the effect that replacing the commutator with slip rings would have
on the operation of the motor, if no other change was made. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q3b

Question 12 (6 MARKS)

Two oppositely charged parallel plates which are 25 cm apart create + + + + + + +
a uniform electric field of 7.0 x 103V m™%. An electron is travelling at
aspeed of 2.5 x 106 m s™! when it enters the field halfway between
the plates.

v=2.5x10°ms™
4—

25¢cm

What is the voltage difference between the two plates? (2 MARKS) e,

b  Draw the path of the electron once it enters the electric field.
The electron does not leave the uniform field. (2 MARKS)

¢ Calculate the kinetic energy gained by the electron as it moves
through the electric field. (2 MARKS)

Question 13 (4 MARKS)

After sliding down a plastic slide, a primary school student has acquired a charge of 4.0 x 1077 C on the tip of their finger.
They are going to use this charge to zap their best friend’s nose. Their friend’s nose is 2.25 m away from the student’s
finger. Take k=8.99 x 109N m? C2,

a Calculate the strength of the electric field due to the student’s charged fingertip at their best friend’s nose. (2 MARKS)

b  Calculate the force that an electron in the best friend’s nose experiences due to the student’s charged finger. (2 MARKS)

Question 14 (9 MARKS)

In the attempt to build a helicopter and arrive fashionably
at the Year 12 formal, Elle designs a simple DC motor. The
motor consists of a single square loop of wire with side
lengths of 15.0 cm. A current of 3.5 A flows through the
loop which is placed within a uniform magnetic field

of 45.0 mT.

a  Whatis the size of the force acting on side BC when
the loop is in the orientation shown in the diagram?
Justify your answer. (2 MARKS)

b  Determine the size and direction of the force acting
on side CD. (3 MARKS)

¢ Explain the function of a split ring commutator in a
DC motor. (2 MARKS)

d Ellefinds that the motor begins rotating from a
stationary position more easily in some orientations
rather than others. What is the best orientation(s) of
the loop to start the motor?

Explain your answer. (2 MARKS)
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Two plates separated by 75 cm are used to accelerate a
proton from rest as shown. The proton leaves the second
plate travelling at a speed of 1.84 x 106 m s™! before
entering a uniform magnetic field of 35.0 mT at right
angles to its path.

a  Whatis the voltage difference between the
two plates? (3 MARKS)

b Calculate the electric force on the proton between the
two metal plates. (2 MARKS)

¢ Calculate the magnetic force on the proton when it
enters the magnetic field. (2 MARKS)

d Whatis the radius of the path that the proton follows
whilst in this magnetic field? (2 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q1

Charge on proton

1.6x10719¢C

Mass of proton

1.7x107%" kg

Strength of magnetic field

35.0mT

Electron [_
source

Magnetic field
of strength
B=35.0mT

v=1.84%x10°ms
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UNIT 3, AOST1QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Diagrams 1, 2, and 3 represent different types of fields.

(1) () @)

Which of the following options could correctly identify the type of field represented by each diagram?

Diagram 1 Diagram 2 Diagram 3
A | Electric or gravitational field | Electric field Magnetic field
B | Electric field Magnetic field Gravitational field
C Electric field Electric or gravitational field | Magnetic field
D | Magnetic field Gravitational field Electric field

Adapted from 2017 Sample VCAA Exam Section A Q2

Use the following information to answer Questions 2 and 3.
AVan de Graaff generator, pictured in the diagram, consists of a small charged sphere.

0.030 m

F 3
v

o

This particular Van de Graaff generator has a charge of —2.0 x 1077 C. Take Coulomb’s constant to be k=9.0 x 10°N m™2 C™2,

Adapted from 2018 VCAA NHT Exam Section A Q3

Question 2

Which of the following gives the magnitude of the electric field due to the charge on the generator at the position of the
electron shown in the diagram?

A 2.0x10°Vm™
B 4.4x105Vm!
C 20x10*Vm™
D 4.4x10*Vm™
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Question 3

Which of the following gives the direction of force on the electron?

A Left

B Right

C Into the page

D Outofthe page

Question 4
Mass of Vesta 2.59x 1020 kg
Radius of Vesta 2.63x10°m

Universal gravitational constant, G | 6.67 x 10711 N m2 kg™

The gravitational field strength at the surface of Vesta is closest to

A 0.13Nkg™
B 0.22Nkgt
C 025Nkg™
D 26Nkgt

Adapted from 2018 VCAA NHT Exam Section A Q2

Question 5

The gravitational field strength at the surface of Enceladus is 0.113 N kg™™.

Which one of the following is the closest to the change in gravitational potential energy when a 30 kg mass falls from
5.0 m above Enceladus to the surface of Enceladus?

A 16J
B 17J
c 18J
D 19J

Adapted from 2019 VCAA NHT Exam Section A Q4

SECTIONB

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (3 MARKS)

Three point charges are lined up horizontally.

) ) )

+Q -Q +Q
a Draw the electric field between the three point charges using six field lines. (2 MARKS)
b Identify whether the field between the three charges is uniform or non-uniform. (1 MARK)

Adapted from 2017 VCAA Exam Section B Q1
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Question 7 (5 MARKS)

According to one model of the atom, an electron moves around a single proton in a hydrogen atom in a circular orbit. To
model an atom, students used a large positively charged metal sphere as the proton, and a smaller negatively charged
sphere as the electron. The smaller sphere was placed on the desk, freely able to orbit around the larger sphere at a
distance of 5.3 cm. Take the magnitude of the charge on the two spheres to be 2.4 x 1075 C, and k=9.0 x 10° N m2 C™2,

a Determine the magnitude of the electric field due to the larger sphere at a distance of 5.3 cm.
Show your working. (2 MARKS)

b  Take the force acting on the smaller sphere by the larger sphere to be 18.5 N. Hence, calculate the speed of the
smaller sphere in its circular path. Take the mass of the smaller sphere to be 25 g. (3 MARKS)

Adapted from 2017 VCAA Exam Section B Q2

Question 8 (5 MARKS)

Electrons are accelerated from rest between two plates. Magnetic field of
strengthB=2.7x102T

Mass of electron 9.1x10731 kg X X X X X
Charge on electron -1.6x1071°C X X X X X
X X X X X
Electric field strength | 2x 1072V m™! I:l --- -4 [t X X X X X
Accelerating voltage | 14 mV Electron X X X X X
source X X X X X

a Calculate the speed of an electron as it exits the
electric field. Show your working. (2 MARKS)

b Calculate the distance between the two plates. Show your working. (2 MARKS)

The electrons enter a region of uniform magnetic field with strength B=2.7 x 1072 T that is at right angles to their paths
as shown in the diagram.

¢ Draw the path of an electron travelling through the uniform magnetic field. (1 MARK)

Adapted from 2019 VCAA NHT Exam Section B Q1

Question 9 (7 MARKS)

A uniform electric field accelerates protons from rest to a speed of 5.00 x 107 m s™L. The protons then pass into a region
of uniform magnetic field at right angles to their velocity. The strength of the uniform magnetic field is 500 mT.

Mass of proton 1.67x1072" kg

Charge on proton | +1.60x 107 C

a  Explain why the path the protons take through the magnetic field is circular in shape. (3 MARKS)
b  What s the radius of curvature of the protons in the magnetic field? (2 MARKS)
¢ Calculate the magnitude of the magnetic force on the protons. (2 MARKS)

Adapted from 2018 VCAA NHT Exam Section B Q3

Question 10 (9 MARKS)

A spacecraftis in orbit at an altitude of 8.39 x 10° m above the surface of Mars. The mass of Mars is 6.4 x 1023 kg and its
radius is 3.4 x 10° m. The mass of the spacecraft is 4.3 x 10* kg. Take the universal gravitational constant, G,
tobe 6.67 x 10711 N m? kg2,

a Calculate the spacecraft’s period of orbit around Mars. (4 MARKS)
The altitude above the surface of Mars is halved so that the spacecraft is now in a new stable orbit.

b  Will the speed of the spacecraft need to be greater, the same, or lower in this new orbit?
Explain your reasoning. (2 MARKS)

¢ Willthisincrease, decrease, or have no effect on the gravitational potential energy of the satellite?
Take the surface of Mars as the zero of gravitational potential energy. Justify your answer. (3 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q10
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Question 11 (5 MARKS)
A heavy duty electric circuit is set up. B C
The circuit carries a current of 958 A and lies within Earth’s magnetic field. North
At the point of measurement, the Earth’s magnetic field is horizontally I
north and its strength is 8.0 x 107> T.

I l

a Whatis the direction of the force on wire BC? (1 MARK) A 1" D

b  Whatis the magnitude of the force on each metre of wire between B and C? (2 MARKS)
¢ Whatis the magnitude of the force acting on side CD? Justify your answer. (2 MARKS)

Adapted from 2019 VCAA Exam Section A Q2

Question 12 (11 MARKS)
A simple DC motor consists of a square loop of wire of side 20 cm and 30 A
turns, a magnetic field of strength 4.0 x 1073 T, and a split ring commutator

connected to an 8.0 V battery. The current in the loop is 1.5 A.

a The motor is set with coils horizontal, as shown, and the power
source is turned on. Will the motor rotate clockwise or anticlockwise?
Explain your answer. (3 MARKS)

b  Whatis the magnitude of the net force acting on the motor? (1 MARK)

Calculate the magnitude of the force on side EF. (2 MARKS)

d Determine the magnitude of the force on side FG in the
position shown. (1 MARK)

e Explain the role of the split ring commutator in a DC motor. (2 MARKS)

f  Explain the effect that replacing the split ring commutator with slip rings would have on the operation of the motor,
if no other change was made. (2 MARKS)

Adapted from 2013 VCAA Exam Section A Q16
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UNIT 3 A0S 2,CHAPTER 7

Generating electricity

7A EMF and Faraday's law
7B Direction of induced current and Lenz's law

7C Generators and alternators

Key knowledge

e calculate magnetic flux when the magnetic field is perpendicular to the area, and describe the
qualitative effect of differing angles between the area and the field: &, =B A

investigate and analyse theoretically and practically the generation of electromotive force (emf)

AD
including AC voltage and calculations using induced emf:e = - N A_tB’ with reference to:

- rate of change of magnetic flux
— number of loops through which the flux passes
- direction of induced emfin a coil

explain the production of DC voltage in DC generators and AC voltage in alternators, including the
use of split ring commutators and slip rings respectively

compare sinusoidal AC voltages produced as a result of the uniform rotation of a loop in a constant
magnetic field with reference to frequency, period, amplitude, peak-to-peak voltage (Vp_p) and

peak-to-peak current (lp_p)

Image: chaiviewfinder/Shutterstock.com



7A EMF AND FARADAY'S LAW

In chapter 6, we learned how charges can experience a force under particular conditions
due to the presence of a magnetic field. This principle can be used to generate electrical
energy in the form of a voltage and an associated electric current. This lesson will
introduce magnetic flux and the electromotive force (EMF), which is induced when the
magnetic flux through a conducting loop changes.

7A EMF and Faraday’s law 7B Direction of induced 7C Generators and
current and Lenz’s law alternators

Study design key knowledge dot points

e calculate magnetic flux when the magnetic field is perpendicular to the area, and describe the qualitative effect of differing
angles between the area and the field: ® ;=B |A

e investigate and analyse theoretically and practically the generation of electromotive force (emf) including AC voltage and
calculations using induced emf: € = —N%, with reference to:
- rate of change of magnetic flux
- number of loops through which the flux passes
- direction of induced emfin a coil

Key knowledge units

Magnetic flux 3.2.1.1

Faraday’s law 3.2.21

Formulas for this lesson

Previous lessons New formulas
No previous formulas in this lesson * @B = BJ_A
AD

fesNgp

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

electromagnetic induction the production of an electromotive force (EMF) due to the change
in magnetic flux through a conducting loop

electromotive force (EMF) the voltage created or supplied due to energy being transformed
into electrical potential energy

magnetic flux a measure of the amount of magnetic field lines passing through an area

magnetic flux density the amount of magnetic flux per unit area. Equivalent to magnetic
field strength

Magnetic flux 3.2.1.1

OVERVIEW

Magnetic flux describes the amount of magnetic field flowing through a given area.
The area, magnetic field strength, and the angle between the area and the field lines
determine the magnitude of the magnetic flux.
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THEORY DETAILS

The magnetic flux through a surface (such as a loop or coil of wire) is the amount of magnetic
field passing through the area of that surface. The unit of magnetic flux is the weber (Wb).

®p=B A
@, = magnetic flux (Wb), B = magnetic field strength (T), A= area perpendicular to the
magnetic field (m?)

The magnetic flux can be visualised as the number of magnetic field lines that pass through
a given area. Figure 1 depicts three surfaces in three magnetic fields. We will compare the
magnetic flux for the surface on the top and in the middle:

® The surfaces on the top and in the middle have the same area (A, =A,).

e The magnetic field strength on the top is greater than the magnetic field strength in the
middle (B, > B,). This is represented by field lines that have closer spacing on the top than
in the middle.

e Hence, the magnetic flux through the surface on the top is greater than the magnetic flux
through the surface in the middle (@, > @,). This is represented by a greater number of
field lines passing through the surface on the top than the middle.

Now consider the surfaces in the middle and on the bottom of Figure 1.

¢ The surface in the middle has a greater area than the surface on the bottom (A, > A;).

e The magnetic field strength in the middle is equal to the magnetic field strength on the
bottom (B, = B,). This is represented by field lines that have the same spacing in the
middle and on the bottom.

e Hence, the magnetic flux through the surface in the middle is greater than the magnetic
flux through the surface on the bottom (@, > @ ,). This is represented by a greater
number of field lines passing through the surface in the middle than on the bottom.

Note that the magnetic field strength, B, can also be referred to as the magnetic flux density.
Magnetic flux graphs

Magnetic flux graphs are used to show how the magnetic flux through an area changes over
time. The magnetic flux through an area will change when either the perpendicular area
within the magnetic field changes or the magnetic field strength changes. For example, if a
loop moves into and then out of a uniform magnetic field at a constant speed as depicted in
Figure 2(a), the perpendicular area of the loop within the field increases and then decreases
over time. Figure 2(b) shows the corresponding magnetic flux vs. time graph.

(a) (b) @,
X X X X
X X X X
Position W —/ |

iti > t
Position X :EI w X ” 7

Position Y :(j
Position Z :‘,:I

Figure 2 (a) A coil of wire that is initially outside of a uniform magnetic field moves at a constant speed entirely
into the magnetic field, and then exits the field. (b) The magnetic flux-time graph with the corresponding positions
(W, X, Y,and Z) shown: the flux increases when the loop passes into the field, is constant while the entire loop is
inside the magnetic field, and decreases as it leaves the field.
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Figure 1 The amount of magnetic
flux through a surface is dependent
on the magnetic field strength
(indicated by the density of the field
lines) and the surface area.
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When the distance between a loop (or a coil) and a bar magnet changes, as shown in

Figure 3(a), the magnetic field strength through the loop will change since the magnetic field
strength nearer to the magnet is stronger than the field strength further from the magnet.
The graph in Figure 3(b) shows the magnetic flux through the coil in Figure 3(a) as the magnet
starts from rest at t = 0 s and moves through the coil, coming to rest again at t=2s.

@ ,_os (b) o,

r' s

- @®
= &
0 1 2

Figure 3 (a) A bar magnet starting from rest and moving through a coil of wire, coming to rest again on the
other side. (b) The magnetic flux-time graph for the coil.

The effect of the angle between the magnetic field and the area on the magnetic flux

Magnetic flux is a maximum when the given area is perpendicular to the magnetic field. When
the area is not perpendicular, the effective area is reduced because fewer magnetic field lines
pass through it. If the area is parallel to the magnetic field, the effective area is zero so the
magnetic flux will be zero. This is shown in Figure 4.

(a) (b) (c)
@,=B A=BA ®,=B,A<BA ®,=B,A=0

/
loop with /
area, A /

vyVvVVYVYY vVYyy
magnetic field

Figure 4 Aside-view of a loop as it rotates within a magnetic field. (a) The magnetic flux is
ata maximum when the loop is perpendicular to the magnetic field. (b) The magnetic flux is
reduced when the surface is not perpendicular to the magnetic field, and (c) is zero when the
surface is parallel to the magnetic field.

To better understand this, it may help to think about how it is easier to kick a ball through a
set of goals from straight in front of the goals than from an angle. This is because the effective
area through which the ball must pass to score a goal is reduced when viewed from an angle,
as shown in Figure 5.

NN &

A

Figure 5 The view of a goalin
AFL when the ball is kicked (a)
from straight in front and (b) from
an angle
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Worked example
A circular loop with radius r=0.25 m is placed in a variable magnetic field. The magnetic
field increases at a constant rate from 0.040 Tat t=0st0 0.100 T at t = 1 s. Draw a magnetic
flux-time graph to represent how the flux changes with time.
Att=0s:®,=B A=BxT1r?=0.040x11x0.252=7.9x 103 Wb @, (102 Wb)
Att=1s:P,=B A=BxTr?=0.100x1x0.252=2.0x102 Wb t
Since the magnetic field increases at a constant rate, the graph is linear 2
between these two points. .
1.5
14
0.5+
—————————> 0
02 04 06 08 1
Faraday’s law 3.2.2.1
OVERVIEW
A changing magnetic flux in a conducting loop or coil induces an electromotive force
(equivalent to a voltage) with a magnitude that is proportional to the rate of change of the
magnetic flux.
THEORY DETAILS
When the magnetic flux through a loop or coil changes over time there is an induced ﬁ
electromotive force (EMF), which means a potential difference (voltage) is created in the loop.
This is known as electromagnetic induction. The greater the rate of change of the magnetic flux,
the greater the EMF produced. Faraday’s law defines the EMF induced in a coil with N turns as: Induced EMF

AD
—_N__B
e=-N At

£=EMF (V), N = number of turns (no units), A®, = change in magnetic flux (Wb),
At = change in time (s)

An EMF will cause a current to flow in a conducting loop or coil. The negative sign in Faraday’s
law indicates the direction of the induced EMF and current. For calculation questions in VCE
Physics, we will usually be asked to provide the magnitude of the EMF, which means we can
disregard the negative sign in the formula. The direction can be determined separately, which
will be investigated in lesson 7B.

Itis common to use magnetic flux vs. time (@, vs. t) graphs and EMF vs. time graphs to
represent scenarios where electromagnetic induction occurs (see Worked example 1). Notice

AD
that Faraday’s law includes the term TtB’ which represents the gradient of the @, vs. t graph.

The sign of the EMF will be different when the magnetic flux is increasing compared with
when the magnetic flux is decreasing, as described by the following rules.

e The EMF graph should be negative when the magnetic flux graph has a positive gradient.
e The EMF graph should be positive when the magnetic flux graph has a negative gradient.
Note that these rules follow Faraday’s law with the inclusion of the negative sign. However, as

mentioned earlier, it is acceptable to exclude the negative sign, which means that a positive
EMF could represent an increasing flux and vice versa. The important thing is to be consistent.

Figure 6 The changing magnetic
flux when a magnet moves towards
a coil of wire induces an EMF.

gradientof @, vs. t graph

|

AD,
e=—-N—=
At

Figure 7 EMF is equal to the
negative value of N multiplied by
the gradient of the @ vs. t graph at
corresponding times.
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Worked example

A square loop of 5 turns is moved through a uniform magnetic field. Using the included magnetic flux-time graph, draw a
corresponding EMF-time graph.

@ (Wb)
1 X X X X A
X X X X
X X X X 4.0
] X X X X
|
[ —

=E| 0 0z 04 o6 t®
= ]

Ay 4.0-0
Fromt=Ostot=0.25:s=—NA—t=—5><0‘2—_0=—100V Note that:
Notice that the gradient for this section of the graph is * Thesign of the magnetic flux-time graph is arbitrary - it
20 Wb s™! so we could obtain the same result using could have been inverted so that all the flux values were
e =-N x gradient =-5x 20 =-100 V. negative (with a minimum value of -4.0 Wb).

A, A e Thesign of an EMF-time graph should consistently reflect
Fromt=0.2stot=0.4s:e=-N—77=-5x52-95=0V how the magnetic flux is changing. It is good practice
to draw a negative EMF when the flux is increasing, and
a positive EMF when the flux is decreasing, however an
inverted version of the EMF-time graph is acceptable.

Notice that the gradient is also zero for this section
of the graph.

AD

Fromt=0.4st0t=0.65:e=-NA—tB=-5>< —cu)

0
0.6-0.4
Notice that the gradient for this section of the graph
is -20 Wb s™* so we could obtain the same result using
e =—Nxgradient=-5x(-20)=100 V.

e (V)

A

=100V e When the magnetic flux-time graph is linear, such as from
0t0 0.2 s, the EMF is constant.

e When the magnetic flux-time graph is flat (horizontal),
such as from 0.2 to 0.4 s, the EMF is zero.

100

0.2
0 »t(s)
0.4 0.6

-100

The relationship between Faraday’s law and the magnetic force on charged particles

The content in this section is not required knowledge for VCE Physics, but it may help to
consolidate our understanding of Faraday’s law.

In lesson 6C, we learned that a charge that is moving through a magnetic field will
experience a magnetic force given by F = qvB if the motion is perpendicular to the magnetic
field. Given that a piece of wire consists of many charged particles (protons and electrons in
its atoms), when the wire moves in a perpendicular direction through a magnetic field, the
charges will experience a magnetic force. The force is greater if the wire (and the charges
within it) is moving faster.

Consider Figure 8, in which a wire loop moves into and out of a magnetic field. Although
negatively charged electrons are the particles that generally move within a conductor, for
simplicity we will model the effect on positive charges, which leads to the same result. By the
right-hand palm rule, the positive charges in the wire will experience a force directed up the
page as the wire moves to the right through a magnetic field that is into the page.
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e In Figure 8(a) the charges in side XY experience this force but the charges in side WZ do (a)
not, so the overall effect is to push the positive charges in an anticlockwise direction. |
This situation corresponds to an increasing magnetic flux and an induced EMF. w < ;
e In Figure 8(b) the charges in sides XY and WZ experience the same force so there is no 3
overall effect. There is no EMF induced. 4
e In Figure 8(c) the charges in side WZ experience this force but the charges in side XY donot, Z ,’ Y
so the overall effect is to push the positive charges in a clockwise direction. This situation motion
corresponds to a decreasing magnetic flux and an induced EMF with the opposite sign to (b)
thatin Figure 8(a).
The concept of magnetic flux, upon which Faraday’s law is based, is a model that we use to w X
simplify this process. X t
t t
Theory summary t t
b4
e Magnetic flux is a measure of the amount of magnetic field lines passing through an area. Y
motion
D.=B A ©
- Magnetic flux graphs are used to show the change in flux over time.
/
e Achange in magnetic flux induces an EMF (voltage) in a loop or coil. w » X
AD, t
- Faraday’slaw:e=-N 7~ 4
- Induced EMF graphs are derived from @ vs. t graphs: the EMF is proportional to the ; < y
value of the gradient of the @ vs. t graph. ! motion

KEEN TO INVESTIGATE?

oPhysics ‘Electromagnetic Induction’ simulation
https://ophysics.com/em11.html

PhET ‘Faraday’s Law’ simulation
https://phet.colorado.edu/en/simulation/faradays-law

Figure 8 Asa wire loop moves
through a magnetic field, there

is a force on each of the charges
within the wire. When the forces
are not symmetrical around the
wire, which corresponds to the
magnetic flux in the wire changing,
an EMF will be induced.

7A Questions

THEORY REVIEW QUESTIONS Question 2

Question 1 An EMF can be induced in a loop when

The diagram shows the side-view of a loop of wire at different A
angles within a magnetic field. Rank the diagrams in order B
of increasing magnetic flux (from least flux to most flux)

magnetic field strength is increasing.

magnetic flux is decreasing.

passing through the loop. C Fhe area of loop perpendicular to a magnetic field
is changed.
A B D Allof the above
// Question 3
/ A coil moves at a constant speed into a uniform magnetic
/7 field. Its area is perpendicular to the magnetic field lines. For
each part of the question, select which options (A-D) apply.
vy v wvw vvyyv v wvw a  Which changes will increase the maximum magnetic flux
c 0 through the coil?
b Which changes will increase the maximum magnitude of
the EMF induced in the coil?
A Increasing the number of turns in the coil.
B Increasing the area of the coil.
v 4 v+ N A A A A C Increasing the speed of the coil.
D Increasing the magnetic field strength.
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Question 4

Four scenarios in which a magnet or loop of wire is moving
are shown. Which row in the table correctly shows how
magnetic flux is changing for each scenario?

Scenario 1 Scenario 2
X XX X
@@ - X XXX
X X|X X
X XIX X
Scenario 3 Scenario 4
X XXX
G~ @@ xxxx [
X X|X X
X XX X
Change in magnetic flux
Scenario 1 Scenario 2 Scenario3 | Scenario 4
A Decreasing Increasing Increasing Decreasing
B Decreasing Decreasing Increasing Decreasing
(o Decreasing Increasing Decreasing | Increasing
D Increasing Increasing Increasing Decreasing

Use the following graph to answer Questions 5 and 6.

»
»

» time

Question 5

The corresponding section of the EMF vs. time graph for
section P is negative. For the three subsequent sections
(Q-S) of the @ ; vs time graph, decide whether the
corresponding section of the EMF vs. time graph should be
positive, negative, or zero.

Question 6

Which of the following options correctly compares the
magnitude of the EMF corresponding to sections P and R?

A The magnitude of the EMF is greater for section P than
section R.

B The magnitude of the EMF is the same for sections
PandR.

C The magnitude of the EMF is greater for section R than
section P.

D We need to know the strength of the magnetic field to be
able to answer the question.

EXAM-STYLE QUESTIONS
This lesson

Question 7 (4 MARKS)

A square loop of wire made out of 20 turns has side lengths
of 10 cm and passes into a uniform magnetic field of strength
0.15T. The loop takes 0.25 seconds to move from completely
outside the magnetic field to fully inside the magnetic field.

a  Whatis the magnetic flux passing through the loop
before it enters the uniform magnetic field? (1 MARK)

b  Whatis the magnetic flux passing through the loop once
itis fully inside the magnetic field? (1 MARKS)

¢ Calculate the magnitude of the average EMF induced
in the loop as it moves from completely outside the
magnetic field to completely inside. (2 MARKS)

Question 8 (4 MARKS)

A square loop of 15 turns starts in a region with no magnetic
field and then passes at a constant speed into, through, and
out of a uniform magnetic field as indicated by the diagram.
The region of the magnetic field is large enough to fit the
entire loop within it. The magnetic field strength is 0.040 T
and the loop has an area of 2.5 x 103 cm?2. The diagram is not

drawn to scale.
\LU
I S l

Direction of motion
_—

Side-on view

@Z(:l View from above
:D O0s
:{:‘ 2ss
— e

Select which magnetic flux-time graph best represents
the variation of the magnetic flux through the loop in
this situation. (1 MARK)

X X X X
X X X X
X X X X
X X X X

o

A B

@ (Wb) @ (Wb)

0 2 4 >tls) 2 4 s e
c D

@ (Wb) @ (Wb)

0 2 4 st 2 U >t(s)
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b  Select which EMF-time graph best represents the

variation of the EMF in the loop in this situation. (1 MARK)

A B
8‘( ) 8‘(‘ )
0 2 4 6 >t(s) 0 b 4 6
C D
e (V) e (V)
>t (s) \ / >t (s)
0 2 U 0 2 4 6

¢ Determine the magnitude of the average EMF induced

in the loop while it is moving into the magnetic field
(betweent=0sandt=2s). (2 MARKS)

Adapted from 2017 VCAA Exam Section A Q6

Question 9 (1 MARK)

Acircular loop of wire is being held inside a uniform magnetic

field. The magnetic field lines point vertically upwards.

Which of the following actions will cause an EMF to be
induced in the loop? Select all that apply.

A Moving the loop vertically upwards.
B Moving the loop vertically downwards.

C  Moving the loop horizontally outside of the
magnetic field.

D Rotatingthe loop 90° about a horizontal axis.

Adapted from 2014 VCAA Physics Exam Section A Q13

Question 10 (6 MARKS)

A bar magnet oscillates through a metallic coil with 4 turns.
The graph shows the magnetic flux through the loop as the
magnet oscillates.

Magnetic flux (Wb)
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» Time (s)
0 1.0 2.0 3.0 4.0 .0

Identify at which times on the graph the EMF induced in
the loop is zero. (2 MARKS)

Calculate the magnitude of the average EMF in the loop
between 1.0 and 2.0 s. (2 MARKS)

Determine at which times on the graph the magnet is in
the middle of the loop. (2 MARKS)

Adapted from 2013 VCAA Exam Section A Q17

Question 11

(7 MARKS)

A square coil with 6 turns starts in a region with no
magnetic field and then passes at a constant speed of

2.0 ms~tinto, through, and out of a uniform magnetic field
(B=3.0x1072T) between the poles of two bar magnets

as indicated by the diagram. Assume that the uniform
magnetic field is a square shape with side-length of 50 cm,
and the loop has a side-length of 25 cm.

© ==

v=2.0ms™*

|

Side-on view

s )
N
50cm
4+—>

25cm
+—>
[ N N N J
eooe -
Py View from above
0000

t=0s

=]
=
=]

On a set of axes similar to those provided, sketch a
graph of the magnetic flux through the coil against time.
Assume t =0 s when the front edge of the coil is just
about to enter the magnetic field. Appropriate values
should be included on the graph. (4 MARKS)

@, (Wb)

0 > t(s)
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b  On aset of axes similar to those provided, sketch a graph
of the EMF in the coil against time. Appropriate values
should be included on the graph. (3 MARKS)

EMF (V)

r' s

0 » t(s)

Adapted from 2015 VCAA Exam Section A Q13

Previous lessons

Question 12 (6 MARKS)

An excited toddler releases her 400 g model Mercedes from
rest at point A on top of a ramp that she got for her birthday.
The model Mercedes travels down the frictionless ramp
with no air resistance before entering a wicked loop with a
diameter of 0.30 m. When the model Mercedes reaches
point B it is moving with a speed of 4.0 m s,

>
D e P PR N

a Calculate the height, h, from which the car was
released. (3 MARKS)

b Calculate the magnitude of the normal force experienced
by the Mercedes when it is at point B. (3 MARKS)

Adapted from 2019 VCAA Exam Section B Q8
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Question 13 (3 MARKS)

Determine the magnitude and direction of the electric force
experienced by a proton when it is 2.00 mm to the right of
a+3.50 x 10719 C point charge. Take the charge on a proton to
be + 1.6 x 1071° C, the mass of a proton to be 1.67 x 10727 kg,
and Coulomb's constant to be 8.99 x 109N m? C™2,

Key science skills

Question 14 (7 MARKS)

A physics class is investigating the effect of the rate of change
of magnetic flux on the magnitude of the induced EMF in a
coil. They use an electromagnet to vary the magnetic flux
passing through a coil of wire at a constant rate. They record
the magnetic flux at various times as shown in the table.

t(s) @ (Wb)
0 0

0.6 0.30
1.0 0.61
1.4 0.90
2.0 1.15
2.5 1.50
3.0 1.80

While varying the magnetic flux, the class measures the EMF
produced in the coil to have a constant magnitude of 6 V.

a  Produce a graph of the data collected by the class with
flux on the vertical axis and time on the horizontal axis.
Label the axes, use an appropriate scale, and include a
line of best fit. (4 MARKS)

b  Usethe gradient of the line of best fit to approximate
the number of turns in the coil. Your answer should be a
whole number. (3 MARKS)



7B DIRECTION OF INDUCED CURRENT
AND LENZ'S LAW

In lesson 7A we learned that a changing magnetic flux through a conducting loop can
generate an EMF. But you might wonder, ‘how do we know the direction of that EMF and

the resulting current?’ The Russian physicist Emil Lenz wondered the same thing and he
developed a law to describe it. This lesson will expand on the idea of EMF generation to look
at how the direction of induced current can be determined by the application of Lenz's law.

7A EMF and Faraday’s law 7B Direction of induced 7C Generators and
current and Lenz’s law alternators

Study design key knowledge dot point
e investigate and analyse theoretically and practically the generation of electromotive force (emf) including AC voltage and
AD
calculations using induced emf: e =-N TtB’ with reference to:

- rate of change of magnetic flux
- number of loops through which the flux passes

- direction of induced emfin a coil

Key knowledge units

Lenz’s law 3.2.2.2

No previous or new formulas for this lesson

Definitions for this lesson

induced current the current produced in a conductor due to a changing magnetic field

Lenz’s law 3.2.2.2
OVERVIEW

Lenz’s law states that when a conductor experiences a change in magnetic flux, a current will
be induced such that its magnetic field acts to oppose the initial change in magnetic flux. The
direction of the induced current in a coil can then be determined by applying the right-hand
coil rule in accordance with Lenz’s law.

THEORY DETAILS
In lesson 7A we learned that a change in magnetic flux through a conducting loop induces an

EMF (or voltage). In accordance with Ohm’s law (I =%), which will be revised in lesson 8A, this

EMF is associated with an induced current. In lesson 6B we learned that when an electrical
current passes through a loop, it will generate its own magnetic field with a direction that can
be determined by the right-hand coil rule. Lenz’s law combines these two ideas to determine
the direction of the induced current.

In order to determine the direction that this induced current will flow around a loop, we first
need to identify:

e thedirection that flux is passing through the loop (upwards, downwards, left, right, etc.).
e whether the flux is increasing or decreasing.

S . L. . Figure 1 The direction of the
The direction that magnetic flux passes through a loop of wire is the same as the direction of the magnetic flux through the loop is

magnetic field lines passing through it (which travel from the north to the south poles of magnets). ~ down the page.
For example, the magnetic flux through the loop of wire in Figure 1 is directed downwards.

To identify whether the flux through a loop is increasing or decreasing, determine whether:
e the area of the loop within the magnetic field is increasing or decreasing; or
e the strength of the magnetic field within the loop is increasing or decreasing.
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Consider Figure 2, which depicts a loop of wire moving through a static, uniform magnetic
field that is directed into the page when viewed from above:

From position W to position X, the area of the loop within the magnetic field increases.
Hence, the flux through the loop (into the page when viewed from above) increases.
From position X to position Y, the entire loop stays within the magnetic field. Hence, there
is no change in magnetic flux through the loop.

From position Y to position Z, the area of the loop within the magnetic field decreases.
Hence, the flux through the loop (into the page) decreases.

(a) M (b) (DB

X X XX
X X XX
X X X X

Position W
g —

Position X >t
Position Y :EI
Position Z :EI

Figure 2 (a) A loop of wire moving into, through, and then out of a magnetic field. (b) The magnetic flux graph for
the loop of wire.

Lenz’s law states that:

an induced current will flow in a direction such that the magnetic field created by the
current will oppose the change in flux that induced the current.

Problem solving process

To determine the direction of an induced current:

1 Identify whether the magnetic flux is increasing or decreasing.

2 |dentify the direction of the original magnetic field (‘up’, ‘right’, ‘into the page’ etc.).
3 Identify the direction of the induced magnetic field:

- Ifthe flux is increasing (found in step 1) then the magnetic field is in the opposite
direction to the original field (found in step 2).

- Ifthe flux is decreasing (found in step 1) then the magnetic field is in the same
direction as the original field (found in step 2).

4 Apply the right-hand coil rule, with thumb pointing in the direction of the induced
magnetic field identified in step 3, to determine the direction of the induced current.

Consider the loop in Figure 2 as it moves from position W to position X:

1.
2.
3.

The magnetic flux increases since the area within the field increases.
The original magnetic field is into the page.

The magnetic field created by the induced current will be in the opposite direction to
the original magnetic field (since the flux is increasing) to oppose the change in flux: out
of the page.

Using the right-hand coil rule, with the thumb pointing out of the page, the induced
current flows in an anticlockwise direction when viewed from above.
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Now consider the loop in Figure 2 as it moves from position Y to position Z:
1. The magnetic flux decreases since the area within the field decreases.
2. Theoriginal magnetic field is into the page.

3. The magnetic field created by the induced current will be in the same direction as the
original magnetic field (since the flux is decreasing) to oppose the change in flux: into
the page.

4. Using the right-hand coil rule, with the thumb pointing into the page, the induced current
flows in a clockwise direction when viewed from above.

Note that we can reach the same results predicted by Lenz’s law if we apply the right-hand
palm rule to the positive charges in a conducting loop as it moves through a magnetic field.

(a) (b
/\Induced current /’\Induced current
/\“\ > “ /‘-‘\
Bmagnet v Bmagnet v

\ < \
\ > \_ < + \_
s <—IN < - <—IN
; N ;/— P ; ;/_
el ) T
L4 4 L

induced induced

Figure 3 The induced magnetic field and induced current when the north pole of a magnet is moving (a) towards
and (b) away from a loop of wire.

Figure 3 depicts current being induced in a conducting loop due to a changing magnetic field
strength through the loop, rather than a changing area within the magnetic field. The process
for determining the direction of the induced current is the same.

In Figure 3(a):

1. The magnetic flux through the loop is increasing as the magnet approaches the loop
(increasing magnetic field strength).

2. The original magnetic field is to the left (in the direction of the magnetic field lines).

3. Theinduced magnetic field will be in the opposite direction to the original magnetic field
(since the flux is increasing) to oppose the change in flux: to the right.

4. Using the right-hand coil rule, with the thumb pointing to the right, the induced current
when viewed from the magnet is anticlockwise.

In Figure 3(b):

1. The magnetic flux through the loop is decreasing as the magnet moves away from the
loop (decreasing magnetic field strength).

2. The original magnetic field is to the left (in the direction of the magnetic field lines).

3. Theinduced magnetic field will be in the same direction as the original magnetic field
(since the flux is decreasing) to oppose the change in flux: to the left.

4. Using the right-hand coil rule, with the thumb pointing to the left, the induced current
when viewed from the magnet is clockwise.

In a VCE Physics exam, it is common to need to explain how we determined the direction of
current (that is, how we applied Lenz’s law) rather than providing the end result only. In these
cases, we need to explicitly describe the steps from the previous ‘problem solving process’.
The following provides a template for answering such questions:

e The magnetic flux through the loop is [increasing/decreasing (step 1)][direction (step 2)].

e By Llenz’s law, the induced magnetic field will oppose this change in flux, so it will be
directed [direction (step 3)].

e Using the right-hand coil rule, the induced current will flow [direction (step 4)].
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Theory summary
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e Lenz’s law states that the induced current will flow in a direction such that the magnetic
field it creates will oppose the change in flux that generated the current.

- If magnetic flux through a loop is increasing, the induced magnetic field will be in the

opposite direction to the original magnetic field.

- If magnetic flux through a loop is decreasing, the induced magnetic field will be in the

same direction as the original magnetic field.

- Theright-hand coil rule is used to determine the direction of the induced current once
the direction of the induced magnetic field has been identified.

KEEN TO INVESTIGATE?

Molecular Expresions ‘Lenz’s Law’ simulation
https://micro.magnet.fsu.edu/electromag/java/lenzlaw/

PhET ‘Faraday's Law’ simulation
https://phet.colorado.edu/en/simulation/faradays-law

YouTube video: Lenz’s Law Demonstration - Penn Physics

https://youtu.be/k2RzSs4_Ur0

YouTube video: World’s First Electric Generator - Veritasium

https://youtu.be/NqdOyxJZjoU

7B Questions

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1 and 2.

A bar magnet is moved towards a loop of wire with the north
pole facing the loop, which induces an anticlockwise current
when viewed from the magnet. This is shown in the diagram.

Induced current

Question 1

By applying Lenz’s law, we can say that the induced current is
anticlockwise because the magnetic field it produces

A opposes the magnetic field of the magnet.

B opposes the current of the magnet.

C opposes the change in magnetic flux through the loop.
D opposes the magnetic field of the Earth.

Question 2

Use the following information to answer Questions 3 and 4.

A bar magnet is positioned near a loop of wire with the south
pole facing the loop, as shown.

Question 3

If the magnet moves towards the loop (to the left), in what
direction will the induced current flow around the loop?

A There will be zero induced current.

B It will flowin a clockwise direction when viewed from
the right.

C It will flow in an anticlockwise direction when viewed
from the right.

D Thereis not enough information to know.

Question 4

If the magnet moves away from the loop (to the right), in
what direction will the induced current flow around the loop?

A There will be zero induced current.

B It will flowin a clockwise direction when viewed from
the right.

C Itwill flowin an anticlockwise direction when viewed
from the right.

D Thereis not enough information to know.

If the magnet moves away from the loop (to the right), in
what direction will the induced current flow around the loop?

A  There will be zero induced current.

B It will flow in a clockwise direction when viewed from
the right.

C It will flowin an anticlockwise direction when viewed
from the right.

D Thereis not enough information to know.
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Question 8 (3 MARKS)

Lenz’s law states that the direction of the current induced in
a coil will

A directly oppose the change in magnetic flux through
the coil.

B create a magnetic field such that the flux produced will
oppose the original magnetic flux through the coil.

C directly oppose the original magnetic flux through
the coil.

D create a magnetic field such that the flux produced will
oppose the change in magnetic flux through the coil.

Question 6

If the change in the magnetic flux through a loop of wire is
increasing downwards at a constant rate, then the induced
current will result in a magnetic field that is

A acting upwards with constant strength.
B acting downwards with constant strength.
C acting upwards with increasing strength.

D acting downwards with increasing strength.
EXAM-STYLE QUESTIONS

This lesson

Question 7 (5 MARKS)

Whilst playing with a toy magnet, a baby accidentally drops it
through a coil of wire. The magnet falls north side down and
passes through the centre of the coil, as shown in the diagram.

Position 1

Position 3

a Asviewed from above, determine the direction of the
current induced in the coil as the magnet falls from position
1 towards position 2. Justify your answer. (3 MARKS)

b  Asviewed from above, determine the direction of the
currentinduced in the coil as the magnet falls from position
2 towards position 3. If this is a different direction to part a,
what has caused this difference? (2 MARKS)

A square loop of wire is moving at a constant speed and
passes into and then out of a uniform magnetic field as
shown in the diagram.

Direction of motion
S
X . o
W Side-on view
14 N
X
XXX
eooe :
@:‘,:I cooe View from above
e00e
14
Position 1 |
g

Position 2 :(:I

Determine the direction of the induced current through the
ammeter (X to Y, or Yto X) in the loop as it exits the magnetic
field (moves from position 1 to position 2). Justify your answer.

Adapted from 2018 NHT VCAA Exam Section B Q4

Question 9 (6 MARKS)

Attempting to understand the brilliance of wireless power,
Sebastian is experimenting with a loop of wire and a
solenoid. For his first experiment, shown in the diagram,
Sebastian moves the loop away from the solenoid (to the
right) and measures the direction of the induced current.

Motion

T AYATAVAVAVaVAM
visivivivivie;

I
Il
a Determine the direction of the induced current

(clockwise or anticlockwise) in the loop of wire, as
viewed from the solenoid. Explain your answer. (4 MARKS)

b  After replacing the solenoid’s cell, Sebastian has forgotten
which side of the cellis positive and which is negative.
Sebastian moves the loop of wire towards the solenoid
and measures an anticlockwise current, as viewed from
the solenoid. This is shown in the diagram.

Motion

(ALY,

cecokeea T

.

Current

Determine the direction current will flow in the solenoid
circuit and, hence, in which orientation (A or B) the cell
has been connected. (2 MARKS)
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Previous lessons

Question 10 (7 MARKS)

A mass of 1.50 kg is attached to a spring which has a spring
constant of 29.4 N m~1. When the mass is released from
the unstretched position of the spring, it falls a distance of
1.00 m where it briefly comes to rest. Consider the zero of

gravitational potential energy to be at the mass’ lowest point.

4 m e

a Atits lowest point, calculate the spring
potential energy. (2 MARKS)

b Calculate the maximum speed of the mass after it is
released from the unstretched position. (3 MARKS)

¢ Which one of the following graphs (A-E) best displays
the acceleration of the mass as it falls from its highest
point to its lowest point? Take upwards acceleration to
be positive. Explain your answer. (2 MARKS)

A B
Acceleration (ms2) Acceleration (m s?)
9.8 9.8
Spring Spring
0.5 1 extension 5 1 extension
(m) (m)
-9.8 -9.8
C D
Acceleration (m s?) Acceleration (m s?)
9.8 9.8 %
Spring Spring
A EEEEU— .
0.5 1 extension 0.5 1 extension
(m) (m)
-9.8 -9.8
v
E
Acceleration (ms?)
9.8
Spring
1 extension
(m)
-9.8

Adapted from 2015 VCAA Exam Section A Q6

Question 11 (5 MARKS)

Within a particle accelerator, a proton is accelerated from
rest between two plates that are 7.5 cm apart and have a
potential difference of 10 000 V between them.

Mass of proton 1.7x10727kg

Charge on proton +1.6x10°19¢C

a  Calculate the strength of the electric field that exists between
the two plates. Include an appropriate unit. (3 MARKS)

b Calculate the speed of the proton as it exits the particle
accelerator. Ignore relativistic effects. (2 MARKS)

Adapted from 2018 NHT VCAA Exam Section B Q2

Key science skills

Question 12 (3 MARKS)

A student is conducting an investigation where she oscillates
a magnet near a fixed loop of wire and she measures the
direction of the induced current when the magnet is moving
towards the loop and compares this to when it is moving
away from the loop.

Identify the independent variable, dependent variable, and a
controlled variable in this experiment.



7C GENERATORS AND ALTERNATORS

Generators and alternators utilise the principle of electromagnetic induction to transform
kinetic energy into electricity. We will investigate the components and operation of these
devices and variables which affect their electrical output.

7A EMF and Faraday’s law 7B Direction of induced 7C Generators and
current and Lenz’s law alternators

Study design key knowledge dot points

e explain the production of DC voltage in DC generators and AC voltage in alternators, including the use of split ring

commutators and slip rings respectively.
e compare sinusoidal AC voltages produced as a result of the uniform rotation of a loop in a constant magnetic field with
reference to frequency, period, amplitude, peak-to-peak voltage (Vp_p) and peak-to-peak current (Ip_p)
Key knowledge units

Alternators 3231
AC power quantities 3.24.1
DC generators 3.23.2

Formulas for this lesson

Previous lessons New formulas
* - _1
7A D =B A f=3
A(DB
TA * e==N At

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

AC (alternating current) electricity electricity with a periodically alternating direction of
current and voltage

alternator a device that transforms kinetic energy into AC electricity by electromagnetic
induction; an AC generator

amplitude the magnitude of the maximum variation of any quantity with a changing value
DC (direct current) electricity electricity with a constant direction of current and voltage
frequency the number of cycles completed per unit of time

generator adevice that transforms kinetic energy into (either AC or DC) electricity by
electromagnetic induction

period the time taken to complete one cycle

slip rings a component used to maintain a constant electrical connection between a stationary
external circuit and a rotating coil

split ring commutator a component used to reverse the electrical connection between a
stationary external circuit and a rotating coil every half rotation

Alternators 3.2.3.1

OVERVIEW

Alternators transform kinetic energy into AC electricity. A conducting coil rotates within
a magnetic field, creating an alternating EMF. The coil is kept in constant contact with an
external circuit through the use of slip rings.
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THEORY DETAILS

A generator is a device that uses a rotating coil within a magnetic field to generate electricity.
An alternator is a generator that has an AC output.

In lesson 7A, we learned that an EMF is induced when there is a changing magnetic flux
through a coil. We also learned that one way to change the flux through a coil is to rotate it
within a magnetic field, which is the basis of a generator. In this way, the kinetic energy used
to rotate the coil is transformed into electricity. A generator performs the opposite energy
transformation to a motor (from lesson 6D).

Magnetic flux and EMF graphs for alternators

Figure 1 shows the magnetic flux (blue graph) and the EMF (red graph) for a coil as it rotates at
a constant speed within a static uniform magnetic field. Note that the vertical axis represents
a different quantity for each graph. In the situation shown, the coil starts in an orientation
which is parallel to the magnetic field. The angle of rotation for each orientation shown is
measured from the starting position. There are some important features to notice about the
magnetic flux-time graph:

e The flux is zero whenever the coil is parallel to the magnetic field.

e The magnitude of the flux is a maximum whenever the coil is perpendicular to the
magnetic field.

e Anegative flux indicates that the magnetic field lines are passing through the coil in the
opposite direction, relative to the coil, to a positive flux. The choice of which direction is
positive is not important, but we must be consistent.

e The flux varies sinusoidally with time.
As we learned in lesson 7A, the EMF is proportional to the negative value of the gradient of

the magnetic flux-time graph. There are some important features to notice about the
EMF-time graph:

e The EMF is zero whenever the magnitude of the flux is a maximum (when the coil is
perpendicular to the magnetic field).

e The magnitude of the EMF is a maximum whenever the flux is zero (when the coil is
parallel to the magnetic field).

e The EMF has a positive value whenever the flux is decreasing (negative gradient) and it has
a negative value whenever the flux is increasing (positive gradient).

e The EMF varies sinusoidally with time. The maximum value of the EMF graph occurs one
quarter of a cycle later than the maximum value of the magnetic flux.

0° 180° 360°
/N /N
NEN=Y s NEN=Y s
VN
Flux (Wb) EMF (V)
/ \X/ > Time
90° 270°
/N /N
NEE=3s NEE=%s
- &

Figure 1 The magnetic flux and EMF in a coil that is rotating uniformly within a constant magnetic field. When the
flux decreases, the EMF is positive. When the flux increases, the EMF is negative.

The output of an alternator is the EMF generated in the rotating coil, and hence the alternator
has an AC output.
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Slip rings

Slip rings are conducting rings that allow the coil in an alternator to rotate while maintaining
electrical contact with a stationary external circuit. Each end of the coil slides around the
surface of its ring. By maintaining contact, the alternating EMF induced in the coil is passed,
unaltered, into the external circuit, resulting in an AC output.

Rotating coil

Figure 2 An alternator is connected by slip rings to an oscilloscope which records an AC output.

AC power quantities 3.2.4.1
OVERVIEW

AC voltage has the properties of amplitude, frequency, and period. These quantities can be
identified from graphs of voltage against time. Each of these quantities are affected by the
speed of rotation of the coil in an alternator.

THEORY DETAILS

The sinusoidal variation over time of the voltage from an alternator can be described by the
maximum value of the voltage and the time it takes to complete a full cycle:

e The peak (maximum) value of an AC voltage is its amplitude.

e Thetime taken to complete one full cycle is its period (T). The frequency (f) describes the
same information as the period in a different way. Frequency is defined as the number of
full cycles that are completed per second, and it is measured in hertz (Hz).

-1
f= T
f="frequency (Hz), T = period (s)

Voltage (V)

A
4 4+

amplitude=3V

—» Time (s)

period =4 s\/
-34

44
v

Figure 3 The frequency, period, and amplitude of an AC voltage can be found from a voltage-time graph.
The frequency and period provide two ways of describing the same information.
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When the speed of rotation of the coil in an alternator is increased (as shown in Figure 4), it

will affect the frequency, period, and amplitude of the EMF in the following ways.

e The number of full rotations of the coil per second increases, so the frequency increases.

e Thetime taken to complete one full rotation decreases, so the period decreases.

e The rate of change of flux through the coil increases, so the EMF amplitude increases as
described by € = N%. The EMF amplitude is proportional to the frequency (and inversely
proportional to the period).

Voltage (V)
' N
6 +
/
’
3+
/
/
!
I
/
34
-6 +

Figure 4 The voltage output for the same alternator at two different rotation speeds. When the frequency of
rotation is doubled (the period is halved), the amplitude doubles.

Worked example

An alternator is being used to produce electricity. The alternator coil has five turns and an area of 0.40 m2. The coil
completes three full rotations per second inside a uniform magnetic field of strength 5.0 x 1073 T.

a Calculate the magnitude of the average EMF in the coil as it completes one quarter of a revolution from the vertical to
the horizontal position.

b Determine the magnitude of the average EMF if the frequency is increased to nine rotations per second.

a To calculate the magnitude of the average EMF,weneed b  We could calculate the magnitude of the average EMF
, _Adg using the same process as in part a, using a different

to apply Faraday’s law: e = N At - frequency (f=9 Hz).
In one quarter of a revolution, magnetic flux changes

Alternatively, we can recognise that the frequency has
from a maximum (@ = BA) to zero:

tripled so the magnitude of the EMF must also triple.
€=3%x0.12=0.36V

A®=BA-0=(5.0x1073%0.40)-0=2.0x10"3 Wb

The time, At, over which this A® occurs is one quarter of

a period:
_1_1_ Ap=1_-0.333_
T=%=3=0333s " At=4="7=0.08335s

AD, 2.0x1073

e=N—g=5%"q g3z - 012V
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DC generators 3.2.3.2
OVERVIEW

DC generators (also known as ‘dynamos’) operate on a similar principle as alternators,
however the output voltage has a constant direction due to the use of a split ring commutator.

THEORY DETAILS

While an alternator relies on slip rings to maintain a constant connection between the coil
and the external circuit, which results in an AC output, a DC generator uses a split ring
commutator to switch the connection between the coil and the external circuit every half
rotation. This ‘rectifies’ the sinusoidal EMF, which means that the output voltage has a
constant direction. It isimportant to understand that the output voltage does change over
time, but it always has the same sign, as shown in Figure 5 and Figure 6.

Rotating coil
YA
N S

—F==—-- | |----7
External ,/ Solitri L (| oscilloscope
circuit,// — oplitring ocl) oo|

4 /

/, /

Figure 5 A DC generator is connected via a split ring commutator to an oscilloscope
which records the induced EMF that has a constant direction.

The apparatus of an alternator is similar to a DC generator, which is also similar to a DC motor,
however their functions are different. Table 1 summarises the similarities and differences
between the three. Note that AC motors are not part of the VCE Physics course.

Table 1 The similarities and differences between alternators, DC generators, and DC motors

Energy Connection Input Output
transformation between coil and
external circuit

Alternator KE - Electrical Slip rings Rotation of coilin  AC electricity
one direction

DC generator  KE > Electrical Splitring Rotation of coilin  DC electricity
commutator one direction (rectified sinusoid)
DC motor Electrical > KE Splitring DC electricity Rotation of coil in
commutator one direction
Theory summary

e Alternators convert kinetic energy to AC electricity.
- The changing magnetic flux within the coil induces an oscillating EMF.

- Slip rings maintain a constant electrical connection between the coil and the external
circuit, resulting in an AC output.

e The AC voltage produced by an alternator can be characterised in terms of its:
- amplitude - the magnitude of the output voltage.
- frequency (f) - the number of rotations of the coil completed per second.
- period (T) - the time for the coil to complete one full rotation.

e The amplitude of the EMF varies in proportion to the frequency.

e DC generators also convert kinetic energy to DC electricity.

- Theonly difference in the apparatus between DC generators and alternators is that a
split ring commutator is used in DC generators whereas slip rings are used in alternators.

- The only difference between the function of a DC generator and an alternator is that a
DC generator produces a voltage output in a constant direction (a rectified sinusoid)
whereas an alternator produces an AC output.

- The output from the DC generator still varies, but only in one direction.
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DC generator

o
§ |
v
~

B
|

-V

Figure 6 A comparison of the
voltage output for a DC generator
and an alternator

KEEN TO
INVESTIGATE?

Fendt ‘Generator’
simulation
https://www.walter-
fendt.de/html5/phen/
generator_en.htm

YouTube video:
Creative Learning -
AC generator
https://youtu.be/
gQyamjPrw-U

YouTube video:
EdisonTechCenter -
Simple explanation of
a generator
https://youtu.be/
UL_ryxub-RA
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7C Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following statements about AC alternators and
DC generators is correct?

A Alternators and generators convert electricity into
kinetic energy.

B Alternators convert kinetic energy into electricity and
generators convert electricity into kinetic energy.

C Alternators convert electricity into kinetic energy and
generators convert kinetic energy into electricity.

D Alternators and generators convert kinetic energy
to electricity.

Question 2

The two diagrams show the coil of an alternator at two
different orientations during its uniform rotation.

In orientation X, the coil is parallel to the magnetic field. In
orientation Y, the coil is perpendicular to the magnetic field.

Choose which orientation corresponds to

a the maximum magnitude of magnetic flux through
the coil.

b  zero flux through the coil.
¢ the maximum magnitude of EMF in the coil.

d zero EMFin the coil.

Question 3

Question 4

For the AC voltage-time graph shown, determine which
measurement (IW/-Z) represents

a theperiod.
b theamplitude.

Voltage (V)

A

Question 5

N ]

+» Time (s)

¢

Which option correctly describes the effect of an increase in
alternator coil rotation speed on the frequency, period and
amplitude of the AC voltage output?

Frequency Period Amplitude
A Increase Decrease Increase
B Increase Increase Decrease
C Decrease Increase Decrease
D Decrease Decrease Increase
Question 6

What is the relationship between the frequency of rotation of
an alternator or generator coil and the frequency of the EMF
induced in the coil?

A EMF frequency is equal to twice the rotation frequency.
B EMF frequency is equal to the rotation frequency.

C EMF frequency is equal to half the rotation frequency.
D

EMF frequency depends on the number of turns in
the coil.

Ateacher provides a student with the two
apparatuses pictured.
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Determine which apparatus (A or B) corresponds to or uses
each of the following:

AC alternator

DC generator

Slip rings

Split ring commutator

DC output

AC output

EXAM-STYLE QUESTIONS
This lesson

Question 7 (8 MARKS)

Swathi and Javier are investigating the operation of a simple
alternator. They rotate the coil at a constant speed within a
uniform horizontal magnetic field so that each complete turn
takes 20 ms.

a Calculate the frequency of AC power that the alternator
will output. (2 MARKS)

b Describe the orientation of the alternator coil when the
EMF output has a maximum magnitude. Justify
your answer. (2 MARKS)

¢ Javieris unhappy with the voltage output of the
alternator, so Swathi suggests some changes that she
believes will increase the amplitude of the EMF output.
Copy and complete the table provided to indicate
whether each of Swathi’s suggestions will increase,
decrease, or have no effect on the maximum EMF
magnitude of the alternator. (4 MARKS)

Effect on EMF amplitude

Suggested change (increase, decrease, no effect)

Decrease the period of rotation
of the coil.

Decrease the strength of the
permanent magnets.

Increase the number of turns
in the coil.

Increase the area of the coil.

Question 8 (10 MARKS)

An alternator is constructed using a rectangular coil of 20
turns with dimensions 0.30 m x 0.50 m. The coil rotates at a
constant speed within a uniform magnetic field such that it
completes one full rotation every 0.50 s. The magnetic field
strength is 0.090 T.

a Therectangular loop is rotated clockwise from the
vertical position shown. On a single set of axes like the
ones provided, draw a graph of the variation in magnetic
flux versus time and a graph of the variation in EMF
versus time for two full rotations. Clearly label each of
the graphs and include a scale on the time axis.

No calculations should be completed for
your answer. (3 MARKS)

r 3

» Time (s)

b  Calculate the magnitude of magnetic flux passing through
one turn when it is in the vertical position shown. (2 MARKS)

Calculate the frequency of the EMF output. (1 MARKS)

d Determine the magnitude of the average EMF induced in
the coil as it completes one quarter of a revolution, from
the vertical position to the horizontal position. (2 MARKS)

e Explain the function of slip rings with reference to the
output of an alternator. (2 MARKS)

Adapted from 2012 VCE Physics Exam 2 Section A AoS 1Q7

Question 9 (5 MARKS)

An alternator is constructed that consists of a square coil of
five turns and that completes 10 full cycles per second.
The loop is entirely within an external magnetic field of

strength 8.0x 1073 T.

Output via slip rings
O

a The magnitude of the average EMF induced in the coil as
it completes one quarter turn, from a vertical position to
a horizontal position, is 1.6 V. Determine the side length
of the square coil in centimetres. (4 MARKS)
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b  The EMF-time graph below shows the output of the
alternator for two complete rotations.

E‘M F (V)

» Time (s)

Copy the axes of the EMF versus time graph, and use a
solid line to sketch the voltage output for two complete
rotations if the slip rings were replaced with a split

ring commutator. (1 MARK)

Previous lesson

Question 10 (8 MARKS)

Students are investigating a spring system consisting of two
different springs, A and B, in parallel. The two springs have
the same unstretched length, however spring B has a larger
spring constant than spring A. A platform rests horizontally
on both of the springs. Assume that the platform has
negligible mass.

1
l
l
L% Platform

Spring A has a spring constant, k,, of 3.00 N m™.

The students place various masses on the platform and
record the compression in the vertical direction, Ax.

The measurements are shown in the following table.

Mass (g) | Vertical compression, Ax (cm)
0 0

20.0 1.96

40.0 3.92

60.0 5.88

80.0 7.83

UNIT 3 | AOS 2 | CHAPTER 7: GENERATING ELECTRICITY

a  When the 60.0 g mass rests on the platform, calculate
the upward force exerted on the platform by
spring A. (2 MARKS)

b  When the 60.0 g mass rests on the platform, calculate
the upward force exerted on the platform by
spring B. (2 MARKS)

¢ Determine the spring constant for spring B, k. (2 MARKS)

d Calculate the work done to compress spring B
by 5.00 cm. (2 MARKS)

Adapted from 2019 VCAA Exam Section B Q19

Question 11 (5 MARKS)

Elon Musk launched his own car, a Tesla Roadster, from the
surface of the Earth into space. Assume the car has a mass of
1300 kg and that it travelled to a distance of 20 x 10 m from
the centre of the Earth.

Surface of
the Earth
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Distance from centre of Earth (10° m)

a  Whatistheincrease in gravitational potential energy of
Elon Musk’s car on this journey? (3 MARKS)

b  Calculate the decrease in gravitational potential energy
for the car if Elon Musk were somehow able to drive it
from the surface to the centre of the Earth. Assume Earth
is a sphere with a uniform density and a radius
of R;=6.37x10° m. (2MARKS)

Adapted from 2019 VCAA Exam Section B Q4
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Key science skills

Question 12 (9 MARKS)

Students measure the voltage output, at 0.5 second intervals,
when a coil rotates uniformly inside a constant magnetic field.
The voltage measurements have an uncertainty of +0.5V.
Assume the uncertainty in measured time is negligible.

Time (s) Voltage output (V)
0.0 7.6
0.5 5.3
1.0 0.2
1.5 5.8
2.0 7.7
2.5 6.0
3.0 0.3
3.5 5.7
4.0 8.1
45 5.7
5.0 0.1
5.5 5.9
6.0 8.0

a  Plot the data for the voltage output (on the vertical axis)
against time (on the horizontal axis). Include axis labels
with units, an appropriate scale, uncertainty bars, and
an appropriate curve of best fit. (5MARKS)

b  Determine the frequency of rotation of the coil. (2 MARKS)

¢ Identify whether the coil was connected to the external
circuit via slip rings or a split ring commutator. Explain
your answer. (2 MARKS)
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CHAPTER7 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

The graph shows the magnetic flux through a coil of wire over time.

o]

A

Which of the following graphs shows the resulting EMF within the coil of wire over time?

A ¢ B

A A

v
~
v
~-~

N

Adapted from 2017 VCAA Exam Section A Q6

Question 2

The owner of a Commodoré wishes to power a mini-fridge on the passenger seat of his car so he can store refreshing
beverages at the worksite. To do this the voltage output of the car’s alternator must be increased. Which of the following
changes would increase the alternator voltage?

A Reduce the number of loops in the alternator.

B  Reduce the area of the alternator’s coils.

C Increase the period of rotation of the alternator.
D

Use stronger magnets in the alternator.



Question 3

CHAPTER REVIEW

Physics students Kath and Kim are investigating the concept of electromagnetic induction and use a DC generator in
their experiment. They measure the peak EMF produced in the generator whilst changing the strength of the magnetic
field by the use of variable electromagnets. Which of the following options best identifies the independent variable,

dependent variable, and a possible controlled variable in Kath and Kim’s experiment?

Independent variable

Dependent variable

Controlled variable

Period of rotation

Peak EMF

Strength of the magnetic field

Strength of the magnetic field

Period of rotation

Peak EMF

Strength of the magnetic field

Peak EMF

Period of rotation

o N0 w >

Peak EMF

Strength of the magnetic field

Strength of the magnetic field

Adapted from 2018 VCAA Exam Section A Q20

Question 4

A generator is required to produce an average EMF of 5.5V per quarter rotation (from a position of maximum magnetic
flux to zero flux). The generator consists of 150 coils of wire that rotate at a frequency of 15.0 Hz and each has an area of

0.20 m2. What is the strength of the magnetic field that must pass through each coil?

A 31mT
B 43mT
C 0.55T
D 28T

Question 5

The diagram depicts a generator being used to power a lamp.

coil rotated
in arrow direction

lamp

Which of the following graphs correctly shows how the output voltage of the generator varies as a function of time?

A v

v
~

Adapted from 2015 VCAA Exam Section A Q12b

v

A
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SECTION B

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (3 MARKS)

Use the graph, which shows the output of a simple AC alternator, to complete the accompanying table.
Voltage output (V)

4.0
2.0
. Ti ) R R
0 0. 1£o 2. 350 ime (s Property Value (with units)
20 Period
Amplitude
-4.0
Frequency
Question 7 (5 MARKS)

Latifa has her phone charger plugged into an AC generator, but her phone is charging too slowly. She decides to change
four different properties of the generator to try to increase charging speed. For each change, state whether it will
increase, decrease, or not change the peak EMF produced by the generator.

Change Impact on peak EMF (increase, decrease or no change)

Increase the period of the generator coil’s rotations.

Increase the magnetic field strength.

Increase the number of turns in the generator coil.

Increase the resistance of the phone charger circuit.

Increase the cross-sectional area of the generator coil.

Adapted from 2016 VCAA Exam Section A Q17d

Question 8 (12 MARKS)

In Luke’s backyard, three friends are goofing around with a bar magnet and a coil that has 4 loops of wire. They connect
a voltmeter to the coil and oscillate the magnet from position 1 to position 3 and then back again.

Position 1
ST 00 4
‘
Voltmeter
Position 2 Fluﬁ (Wb)
1.6
1.0

Position 3

0.4
s A
» Time (s)
1.0 2.0 3.0

The friends decide to calculate and graph magnetic flux as a function of time, as shown in the graph.

a Calculate the magnitude of the average current through the coil between 2.0 s and 2.5 s. The resistance of the coil is
known to be 0.80 Q. (3 MARKS)

b  Usethe information from the graph to determine the times after t =0 s and before t = 3.0 s when the magnitude of
the EMF around the coil will be a maximum. (2 MARKS)
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¢ When the bar magnet is moved from position 1 to position 2 a current is induced in the coil. Use a sketch or words
to describe the direction of this current when viewed from the right. Explain your answer carefully. (4 MARKS)

d Usingthe previous graph, complete the table to identify at what times between t =0 s and before t =3.0 s the
magnet is at position 1, position 2, and position 3. (3 MARKS)

Position of the magnet | Time (s)

Position 1 0

Position 2

Position 3

Adapted from 2013 VCAA Exam Section A Q17

Question 9 (2 MARKS)

A square loop of wire connected to a voltmeter is placed inside of a solenoid. The square is comprised of 6 loops of wire
and has an area of 0.10 m2 The square loop is moved from outside of the solenoid to the inside in 0.25 s where there is a
magnetic field of 300 mT.

What is the value of the magnetic flux passing through the square loop of wire? Explain your answer.

Question 10 (15 MARKS)

The DC generator in the diagram is comprised of a rectangular coil with 5 turns and sides 20 cm x 30 cm. The flux
through the coil when in a vertical position is 0.15 Wb and it rotates 8.0 times every second.

%
o

@

What is the strength of the uniform magnetic field? Include an appropriate unit. (3 MARKS)

b  Whatis the magnitude of the average EMF generated in the coil during a quarter rotation from a horizontal position
to a vertical position? (3 MARKS)

¢ Describe how the magnetic flux through the coil changes as it completes one revolution from the
horizontal position. (3 MARKS)

d Identify which orientation(s) of the coil during its rotation correspond to the maximum EMF.
Explain your answer. (2 MARKS)

e Explain how the generator can be changed to produce an EMF (V)
AC output. (2 MARKS) 4

f  Agraph of the output for the DC generator is shown with
a dotted line. On a copy of this diagram, use a solid line to
draw the output when this generator is converted to an AC
alternator. (2 MARKS)

“p Time (s)
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Question 11 (8 MARKS)

A square loop of wire is passed through the ends of two magnets at a constant speed in order to investigate
electromagnetic induction. Figure B shows the apparatus when viewed from above. Consider the magnetic field as
being confined to the space between the two magnets.

X

Q000
0000
Q000
Q000

X
Y !

a  Sketch the magnetic flux versus time graph for this scenario. Begin with the loop completely outside the magnetic
field and finish with the entire loop having exited the magnetic field. (2 MARKS)

b  Sketch the EMF versus time graph for this scenario. Begin with the loop completely outside the magnetic field and
finish with the entire loop having exited the magnetic field. (2 MARKS)

¢ Astheloop enters the magnetic field, determine the direction that the current passes through the voltmeter, either
from X to Y or from Y to X. Explain your answer. (4 MARKS)

Adapted from 2015 VCAA Exam Section A Q13
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UNIT 3A0S 2,CHAPTER 8

Transmitting electricity

8A Electricity recap

8B Transformers and comparing AC and DC power

8C Transmission of power

Key knowledge

compare sinusoidal AC voltages produced as a result of the uniform rotation of a loop in a constant

magnetic field with reference to frequency, period, amplitude, peak-to-peak voltage (Vp_p) and

peak-to-peak current (Ip_p)

compare alternating voltage expressed as the root-mean-square (rms) to a constant DC voltage
developing the same power in a resistive component
convert between rms, peak and peak-to-peak values of voltage and current

analyse transformer action with reference to electromagnetic induction for an ideal

t f Nl Vl l2
ransformer: - =7-=7
N2 V2 ll

analyse the supply of power by considering transmission losses across transmission lines

identify the advantage of the use of AC power as a domestic power supply

Image: yelantsevv/Shutterstock.com



8A ELECTRICITY RECAP

The content in this lesson is considered fundamental prior knowledge from Unit 1.

It can be used as revision or to bridge understanding for students who have not studied
Unit 1 Physics. This lesson revises knowledge of Ohm’s law, circuit components like
resistors and batteries, series circuits, and electric power.

8A Electricity recap 8B Transformers and 8C Transmission of power
comparing AC and DC
power

Key knowledge units

Electrical quantities 1.2.1.1
Ohm’s law 1.2.6.1
Series circuits 1.2.6.2
Power in electric circuits 1.2.11.1

Formulas for this lesson

Previous lessons New formulas
_AE * =
3B P= At V=RI

VZ
*P=VI=IR="5
* -
R;=R,+R,+...+R,
(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

current (electric) the rate of flow of electric charge

potential difference see voltage

resistance (electrical) a measure of the opposition to the flow of electric current

resistor an electrical component that resists the flow of electric current and causes a drop in
voltage. Components such as light bulbs and heaters can be modelled as resistors

series circuit an electric circuit where components are connected one after the other so that
there is only one path along which charge can flow

voltage ameasure of the change in the stored electrical energy per unit charge associated with
the difference between two positions in an electric field

Electrical quantities 1.2.1.1

OVERVIEW

Electric charge is the fundamental quantity of electricity. Electric current is a measure of
the rate of flow of electric charge through a medium when there is a voltage (potential
difference) between two locations.
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THEORY DETAILS
Current

e The fundamental quantity of electricity is the electric charge (Q), which is a property of
subatomic particles like electrons and protons.

- The unit of charge is the coulomb (C).

. . . A L
e Electric current (/) is a measure of the rate of flow of electric charge (l :A_?) In a wire, it is
the movement of electrons which creates a current.

- Theunit of current is the ampere (A).
Voltage

e An electric field exists between any two locations where there is a difference in the
concentration of charge. Similar to the stored energy for an object with massin a
gravitational field, electrical energy is stored due to the position of a charged object in an
electric field.

e Thevoltage or potential difference (V) is a measure of the difference in the stored energy
per unit of charge <V=%) between locations.
- The unit of voltage is the volt (V), which is equivalent to 1 joule per coulomb (J C2).

e The existence of a potential difference in a circuit causes charge to flow (i.e., it causes
a current) in a similar way to a gravitational field causing objects with mass to ‘flow’ by
falling towards the ground.

e \oltages can be created by things like batteries, generators (explored in chapter 7), and
physical processes like storms.

Resistance

e Resistance (R) measures an electrical component’s opposition to the flow of current
through it.

- The unit of resistance is the ohm (Q).

e Electrical circuits often contain resistors, which are components that have the purpose of
resisting current flow to affect the electrical behaviour of the circuit.

Ohm’slaw 1.26.1
OVERVIEW

Ohm’s law defines the relationship between the voltage across an electrical component, the
current through the component, and the resistance of the component.

THEORY DETAILS

Ohm’s law provides the basis of circuit analysis. Using this equation determines the amount
of current that will flow through a circuit if we apply a certain voltage. Note that this
relationship is positive and linear: if we apply a higher voltage across a resistor, a higher
current will flow.

V=RI
V = voltage between two points in a circuit (V), R = resistance between the two points (Q),
I = current flow between the two points (A)

Series circuits 1.2.6.2
OVERVIEW

Series circuits are circuits where all components are connected one after the other by a single
wire. The current is the same through the whole circuit and we model it as flowing from the
positive terminal to the negative terminal of the voltage source. This is the opposite direction
to the motion of electrons. The sum of the voltages across each component in the series
circuit must be equal to the voltage supply.
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THEORY DETAILS
Circuit components
When drawing circuits, each component is represented by a circuit symbol.

Table 1 Symbols used to represent circuit components in circuit diagrams

Circuit component Circuit symbol

Wire

Cell (a type of DC voltage source) I

Battery cell (a series of cells, which is
also a DC voltage source)

A general DC voltage source

A general AC voltage source

Resistor OR —:’—
Light bulb OR -®~
Switch e —

Voltmeter (measures voltage)

Ammeter (measures current)

Transformer

e

The total resistance of n resistors connected in series is the sum of their individual resistances.

Resistors in series

R,=R,+R,+..+R,

R =resistance (Q)

According to Ohm’s law, / = %. Since there is only one path along which charges can flow in a
series circuit, the current at all positions in the series circuit is the same (see Figure 1). This
means the ratio % will be constant in a given series circuit. When calculating the current this
way, we must carefully choose the voltage and resistance between the same two points
(see Worked example 1).

Due to the law of energy conservation, the total voltage supplied to a circuit (by the cell, for
example) must be equal to the total voltage used around the circuit (the sum of the voltage
drops across each component in the circuit). See Figure 2.

V.

supply = VitV,+. +V

VW

Resistor |
L
Light ®

+

—_cell

1
—

Figure 1 A series circuit consisting
of a cell, a resistor, and a light bulb.
The cellis a voltage source. The
resistor and the light bulb limit

the current flow and dissipate the
electrical energy as heat (and light,
in the case of the bulb). The current
is constant throughout the circuit.

- ._I Vsupply Vz[ §
V.

v, =V, +V,+V,

supply

Figure 2 The voltage supplied to a
circuit is equal to the total voltage
drop around the circuit.



8A THEORY 271

Worked example

R =200

A‘ I\/\/\, ’B

— V=24V R=3OQ§
sup 2

R,=100Q
. VW -
D ©

Calculate the total resistance of the resistors in this series circuit.

b The cell provides a voltage of 24 V. Determine the current that flows around the circuit.

¢ Calculate the voltage drop across each resistor.

a R;=R;+R,+R, ¢ Again, we need to apply Ohm’s law to calculate the
_ _ voltage drop across each resistance. Now, we know
R;=20+30+10=60Q g€ drop across '
the current (which is the same for all resistors) and we
b  To calculate the current, we need to apply Ohm’s law. must use the resistance of each resistor to calculate the
At this stage, the only voltage we know is the supply corresponding voltage drop.
voltage of 24 V. This voltage applies between points A For resistor 1, between points A and B:

and D, so we must use the corresponding resistance V5 =Ry5l =20%0.40=8.0V

between points A and D, which is the total resistance. ) )
For resistor 2, between points B and C:

Van = Rap! Vge=Rgcl=30%0.40=12V

2= G For resistor 3, between points C and D:
1=0.40 A Vep=Rep! =10%0.40=4.0V

Notice that the sum of the voltage drop across each
resistor is equal to the voltage supply: 24 =8.0 + 12 + 4.0.

Power in electric circuits 1.2.11.1
OVERVIEW

Power is the rate that energy is delivered or dissipated. Power in electric circuits is delivered
by sources like batteries and dissipated by components such as resistors and light bulbs.

THEORY DETAILS

As explored in lesson 3B, power is the rate of change of energy with respect to time.

P=Vi
P =power (W), V=voltage (V), / = current (A)

_ v AE o AQ _AE AQ_AE
This formula can be understood by recognising V’AQ and/= At Hence VI—AQ TS

The voltage used to calculate power for one or more electrical components is the voltage
over those components.

By substituting Ohm’s law into the electric power equation, we can also calculate power using:

_12p V2
P=1?R="5

P =power (W), | = current (A), R = resistance (Q), V= voltage (V)

USEFUL TIP

Make sure that the voltage and resistance you use in a power calculation for one or
more components is the voltage and resistance for those components only.
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Worked example

R,=200Q
A B
; AM—
V=24V R=3OQ§
sup 2
R,=100
a Calculate the total power dissipated by this circuit, given that the current is 0.40 A
and R;=60 Q.
b Determine the power dissipated by each resistor.
a Poweris dissipated by the resistors between points A and D.
There is a total of 24 V applied across the resistors.
Pap=Vypl =24x0.40=9.6 W
OR
—-12p = 2 -
Pap=1?R,,=0.402%60=9.6 W
OR
p lw’ 242 g0
ADT R, T 60 7
b  Forresistor 1: P,; = 2R, = 0.402x20=3.2 W
For resistor 2: Py =1?Rp.=0.402 x 30 = 4.8 W
For resistor 3: P, =I°R.,=0.402x 10=1.6 W
Each of these values could also have been calculated by using the voltage drop across
2
each resistor, which was calculated in Worked example 1, and applying P=V/or P= VW
Notice that the sum of the power dissipated in each resistor is equal to the total power
supplied/dissipated: 9.6 =3.2 +4.8 + 1.6.
Theory summary

Current is the rate of flow of charge with respect to time.

Avoltage causes a current to flow in a circuit.

A resistance opposes the flow of current.

Ohm’s law V= R/ relates the voltage across a resistor to the current through it.
Current is constant around a series circuit.

The total resistance of resistors in series is the sum of their individual resistances.
The total voltage supplied must equal the total voltage drop around a circuit.

Power is dissipated by resistors and delivered by sources.

KEEN TO INVESTIGATE?

PhET ‘Charges and Fields’ simulation
https://phet.colorado.edu/en/simulation/charges-and-fields

PhET ‘Circuit Construction Kit’ simulation
https://phet.colorado.edu/en/simulation/circuit-construction-kit-dc

YouTube video: Engineering Mindset - How Electricity Works
https://youtu.be/mc9790hitAg
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8A Questions

THEORY REVIEW QUESTIONS

Use the following information to answer Questions 1-4.

Resistor 1
R Q
A 1,A
/A
+ I YR Resistor 2
—— cell R2 0

Question 1

The power dissipated by Resistor 1 is equal to /; multiplied by
AV

cell

B R,
c v
D R,
Question 2

The current/, is equal to

A I
V

B Zcell
Il
vV

C _cell
Ry

p Ve
RZ

Question 3

The power supplied by the cellis equal to

A
B V>
1
D /xR,
Question 4

The total resistance of the circuit is

A R,
B R,*R,
1,1\
< (3)
Rl RZ
1.1
D 2R

Question 5

Which of these statements is incorrect?
A Currentis the rate of flow of charge.
B Current flows due to a potential difference.
C Resistors dissipate power from a circuit.
D

Power is the amount of energy in a circuit.

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

Calculate the total resistance in the following circuit.

3000Q

MW\

e 2.00 kQ ;

500 Q 1.00 kQ

AMAM——

(1 MARK)

Question 7

Acurrent of 5.0 Ais flowing from a 9.0 V battery cell through a
series circuit. What is the resistance of this circuit?

Question 8 (2 MARKS)
200 Q
— 10V

a 10Visapplied across a 200 Q resistor as shown.
Determine the current that will flow through
the resistor. (1 MARK)

b  Determine the power dissipated by the
200 Q resistor. (1 MARK)

Question 9 (2 MARKS)

10 Ais flowing through a 100 Q resistor. How much energy is
dissipated by the resistor in 10 seconds?

Question 10 (2 MARKS)

A 200 Q resistor dissipates 30 W of power. What is the voltage
across the resistor?
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Question 11 (2 MARKS)

The light globe in the circuit diagram operates correctly
when there is a potential difference of 5V across it.
Determine the power dissipated by the light bulb when it
is operating correctly.

20

MW

—_— 7V ®5V

Question 12 (6 MARKS)

Consider the circuit shown.

200

<+> 50.0V 12.00

200

VW

a Determine the total power dissipated in this
series circuit. (2 MARKS)

b Calculate the voltage drop across the
12 Q resistor. (2 MARKS)

¢ Whatis the total power dissipated by the two
2.0 Q resistors? (2 MARKS)

Question 13 (3 MARKS)

12 J of energy is delivered by this circuit’s 3V cell in 4
seconds. Determine the resistance of R,,.

M

== 3v Rz§

Previous lessons

Question 14 (4 MARKS)

A ball with a mass of 0.1 kg is launched from a compressed
horizontal spring with a spring constant of 200 N m™. The
ball then rolls up a ramp to a height of 0.25 m. Ignore the
effects of resistance forces in this question.

k=200 Nm™

MW@

a Show that the spring was initially compressed by 0.05 m
(to one significant figure). (2 MARKS)

b Calculate the speed of the ball immediately after leaving
the spring. (2 MARKS)

Question 15 (3 MARKS)

An electron is placed at a distance of 10 metres from particle
with a positive charge of 5.0 x 10715 C and a mass of

8.0 x 10739 kg. Calculate the magnitude of the acceleration of
the electron due to the electric field created by the positive
charge. Take the charge on an electron to be -1.6 x 1071 C
and the mass of the electron to be 9.1 x 1073 kg,

Key science skills

Question 16 (5 MARKS)

An experiment is conducted to investigate Ohm’s law using
a resistor and a variable voltage that is applied across the
resistor. The resulting current is measured.

a  Represent the following data on a graph. Include an
appropriate scale, labelled axes, and a line of
best fit. (3 MARKS)

Voltage (V) Current (A)
20 2.2
60 6.0
75 7.3
90 9.2

b  Usethe gradient to determine the resistance of
the resistor. (2 MARKS)



8B TRANSFORMERS AND COMPARING ACAND
DCPOWER

In this lesson we will explore the similarities and differences between AC and DC power. We
will also draw upon our understanding of electric and magnetic fields to understand how
electrical transformers work, and why they rely on a changing current.

8A Electricity recap 8B Transformers and 8C Transmission of power
comparing AC and DC
power

Study design key knowledge dot points

e compare sinusoidal AC voltages produced as a result of the uniform rotation of a loop in a constant magnetic field with
reference to frequency, period, amplitude, peak-to-peak voltage (Vp_p) and peak-to-peak current (Ip>p)

e compare alternating voltage expressed as the root-mean-square (rms) to a constant DC voltage developing the same power
in a resistive component

e convert between rms, peak and peak-to-peak values of voltage and current

N,V
e analyse transformer action with reference to electromagnetic induction for an ideal transformer: 1+ = Vl = ,—2
2 20N
Key knowledge units
RMS, peak, and peak-to-peak values of an AC supply 3.2.4.2 & 3.2.6.1
Comparing RMS and DC power 3.25.1
Transformers 3.2.7.1

Formulas for this lesson

Previous lessons New formulas
V. N, I
8A * V=RI i
V, Ny I
e Phell =1
8A *P=VI=I?R= R * VRMS'\/ineak

*

lews ===
RMS ™~ /2 'peak

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

AC (alternating current) electricity electricity with a periodically alternating direction of current
and voltage

RMS (root-mean-square) a measure of a time-varying (such as AC) voltage or current. A constant
DC voltage or current with the same value as the RMS would deliver the same average power

transformer a device that uses electromagnetic induction to transfer power from one electrical
circuit to another, commonly with an exchange of current for voltage, or vice versa, while (ideally)
keeping the power constant
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RMS, peak, and peak-to-peak values of an AC supply 3.2.4.2 & 3.2.6.1
OVERVIEW

We have three alternative ways of describing the magnitude of the voltage or current of AC
electricity: RMS, peak, and peak-to-peak.

THEORY DETAILS

AC (alternating current) electricity describes electricity with a changing direction of current
and voltage. It is common for the voltage and current of AC electricity to vary sinusoidally
with time (see Figure 1). This means that the voltage, current, and power are constantly
changing from one moment to the next.

For AC electricity that has a time-varying sinusoidal shape, we can apply three alternative
descriptions - RMS, peak, and peak-to-peak - to both voltage and current in a similar way:

e The peak value describes the amplitude (maximum value) of the voltage or current.

e The peak-to-peak value describes the difference between the maximum and the
minimum values.

e The RMS valueis a fixed proportion of the peak value, and its use will be explained in the
next section.

4 Peak
3
RMS

-
c
g
S
=3
v
5 » Time
(]
1)
£
o
>

Peak

AR A
peak

Figure 1 Avoltage (or current) against time graph with indications of peak, peak-to-peak, and RMS values.

RMS values are related to peak values as follows.

_ 1
VRMS V2 Vpeak

Vieus = root-mean-square voltage (V), Vpeak = peak voltage (V) USEFUL TIP

The RMS value is
always less than
the corresponding

1

loms = W’peak

Igms = root-mean-square current (A), /.., = peak current (A) peak value. It can
help to keep thisin
From Figure 1, we can see that the peak-to-peak value is double the peak value: mind to check the
V. o=2xV appropriateness of
pp peak your calculations.
/p_p =2x lpeak

Worked example

a Convertl170 Vpeak to an RMS value.

b Convert34.0 A, to a peak-to-peak value.

1 1

a VRMS:WVPGG;{: ﬁX170=120V
b [, =—]  -340=—Lx|
RMS /7 ‘peak **=" /2 'peak

gk = 48.08 A

hyp=2% | =2 % 48.08=96.2 A
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Comparing RMS and DC power 3.2.5.1
OVERVIEW

RMS values of voltage and current are used to compare DC and AC power sources.

THEORY DETAILS

The RMS values of AC voltage and current allow us to easily compare the power delivered by
AC electricity with the power delivered by DC electricity. An RMS value is a measure of a time-
varying (AC) voltage or current, which has the same magnitude as the constant DC value that
would deliver the same amount of power.

For example, consider a light bulb rated at 12 V. If we use a DC source, such as a battery, to
supply power to the light bulb, we would require a constant 12 V source for the light bulb to
operate properly. To deliver the same power to the same light with an AC source, we require a
12 Vg AC source, which has a peak value of 17 V (to two significant figures).

The average power delivered by AC electricity can be calculated from the RMS values of
voltage and current by using the same formulas that we would use for DC electricity.

Vews”
R

P=V, 2R=

RMS /

/

rms = 'rums

Worked example

Consider the two electrical circuits shown. In Circuit 1, a cell is producing 2.0 A which
supplies 48 W to a light bulb. In Circuit 2, an AC source is producing 2.0 A, which supplies
48 W to a light bulb.

Circuit 1 Circuit 2
|| A
L QY
I1=2.0A Y 1=2.0A,,. Y
P=48W P=48W

Calculate the voltage delivered by the cell in Circuit 1.

b Calculate the peak voltage in the Circuit 2.

a Cells produce DC electricity so we do not need to convert between peak and RMS values.
P=VI . 48=Vx2.0
V=24V

b  We know that DC voltage is equivalent to AC RMS voltage.

So from part a:

Veys =24V

Now we need to convert from RMS to peak voltage.
__1 o Gyl

Vems = VA Vpeak S.24= 2 Vpeak

Vpeak: 34V

277



Image: Sergey Merkulov/Shutterstock.com
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Transformers 3.2.7.1
OVERVIEW

Transformers are devices that transfer electric power between circuits, usually whilst
increasing the voltage and decreasing the current, or vice versa. They operate using Faraday’s
principle of electromagnetic induction, which means that they require changing currents to
operate effectively.

THEORY DETAILS

A basic transformer consists of two coils of wire wrapped around the same iron core (see
Figure 2) and it operates as follows (see Figure 3).

e When an AC current passes through one of the coils (known as the ‘primary coil’), it
produces a changing magnetic field.

e The magnetic field produced by the primary coil is guided through the secondary coil by
theiron core.

e Hence, there is a changing magnetic flux through the secondary coil.

e An EMF, and hence a current, is induced in the secondary coil as a result of the changing

AD
magnetic flux, as described by Faraday’s law <EMF= - NTtB)'

S
o) SUI T, B
% S ——
2 U "
’ S

S
S s,

Primary Secondary
coil coil

Figure 2 The primary and secondary coils of a step-up transformer
Itis important to recognise the role of the changing current in the primary coil in transformer

operation. If a constant DC supply were used, then the magnetic flux in the secondary coil
would also be constant, which means that no EMF would be induced in the secondary coil.

The primary coil always refers to the coil on the power supply side. The ratio of the voltage in
the primary coil (V; ) to the voltage induced in the secondary coil (V, ) is equal to the ratio of

the number of turns in the primary coil (N, ) to the number of turns in the secondary coil (N, ).

Lt

v, N

2 2

In VCE Physics we will model the transformer as ideal, which means that all of the power
delivered to the primary coil is transferred to the secondary coil. Hence:
P =P,soV I, =V,1,

This yields the following relationship. Note that the ratio of currents has the secondary
current as the numerator of the fraction.

L
VZ N2 Il

N, =turns in the primary side (no units), N, = turns in the secondary side (no units),
V, = primary voltage (V), V, = secondary voltage (V), /, = secondary current (A),
I, = primary current (A)

A step-up transformer is one where the voltage in the secondary side is greater than the
voltage in the primary side.

A step-down transformer is one where the voltage in the secondary side is less than the
voltage in the primary side.

Changing current
in primary coil

[
i

[111%

Produces a changing
maghnetic field

Induces a current in secondary
coil by Faraday’s law

Figure 3 The steps involved
in transformer action due to
electromagnetic induction
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Table 1 The properties of step-up and step-down transformers

Type Voltage Current Example USEFUL TIP
ISVtef;\;Jp :/nc<revases ;Je:lreases We can use RMS,
v v v peak, or peak-to-
AVII::'OV peak voltages and
Ill= 2.0A currents in transformer
P,=1V,=40W | calculations but we
must consistently

use the same type.

Step-down  Decreases  Increases For example, we will

Ny >N, v,>V, 1,<l, calculate an incorrect
N,=8 ratio if we use RMS
V,=4.0V voltage for the
I, =1.0A primary coil and the
P,=1V,=4.0W

peak voltage for the
secondary coil.

Worked example

Consider the electrical circuit shown, which consists of a 240 V. AC power supply
connected to a 40.0 V light bulb that is operating correctly. Assume that the connecting
wires have negligible resistance.

W

Q [flg—

240V, 40.0V

RMS

AC supply Transformer light bulb

Which type of transformer - step-up or step-down - is being used?

b  The primary coil of the transformer has 600 turns in it. How many turns does the
secondary coil have?

¢ Considering the current in the primary coilis 12 A
the secondary coil.

e determine the peak current in

a  Thestatement that the 40.0 V. light bulb is ‘operating correctly’ indicates that there is
a voltage of 40.0 Vg, across it. Since the wires have negligible resistance, we can assume
that the voltage in the primary coil is the same as the voltage supply and that the voltage
in the secondary coil is the same as the voltage across the light bulb.

This means that the voltage decreases from 240 V. on the primary side to 40.0 Vg, on
the secondary side, so the transformer is a step-down transformer.

b Taking N, =600, V, =240V and V/,=40.0 V:

Ny Y 600 _ 240
N, =V, "N, ~40.0
N, =100 turns in the secondary coil.

¢ Aswe are solving for a peak current and we have been given a peak current value, we can
apply the transformer ratios without making any conversions.

Ny Lo e00_ b

N, =7, ©+100 12

L,=72 Apeak
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Theory summary
e RMS and peak values of voltage and current for AC electricity are related by:

-1 -1
VRMS V2 Vpeak and IRMS V2 Ipeak
e For AC electricity, the values of RMS voltage and current indicate the values of a constant
DC voltage and current that would deliver the same average power.

e Transformers operate through the principle of electromagnetic induction and are used to
change the voltage and current.

- They require a changing current in the primary coil to operate effectively.

- Ideal transformers have the same power on the primary and secondary sides so that

. . Nl Vl l2
the primary and secondary coils are related by: ARARE
2

2 1

8B Questions

THEORY REVIEW QUESTIONS Question 4

Question 1 What is the ratio of the current in the primary coil to the

currentin the secondary coil (/;:1,)?

Identify the arrows in the diagram that represent the RMS,

peak, and peak-to-peak voltages. A 1l
. Q s B 1:2
c 21
o D 22
oo
£ Time
2 Question 5
Consider a step-up transformer that has a constant DC

power supply connected to its primary coil such that the

Q R s voltage in the primary coil is 20 V and the currentis 0.1 A.

A | Peakto-peak Peak RMS What can be said about the voltage, current, and power in
the secondary coil?

B Peak-to-peak RMS Peak

C Peak RMS Peak-to-peak Voltage Current Power

D RMS Peak-to-peak Peak A Greater than 20V Greaterthan0.1A | Greaterthan2 W
B Greater than 20V Lessthan 0.1A Equalto2W

Use the following information to answer Questions 2-4. C | Lessthan20V Greaterthan0.1A | Equalto2W
D Equalto0V Equalto0A EqualtoOW

An ideal transformer has N, = 50 turns in the primary coil and

N, =100 turns in the secondary coil. .
Question 6

Question 2

Consider a step-up transformer that has an AC power supply
connected to its primary coil such that the voltage in the
primary coil is 20 V,,c and the currentis 0.1 A;,,c. What can

Which option best describes the transformer?

A  Step-up i )

be said about the voltage, current, and average power in the
B Step-down i

secondary coil?
C Step-on

Voltage Current Power

D Step-around

A Greater than 20V, | Greater than 0.1Ap,c | Greater than 2 W
Question 3 B Greater than 20 Vp,,< | Less than 0.1 Agq Equalto2 W

C Less than 20 V¢ Greater than 0.1 Ap,s | Equalto 2 W
What is the ratio of the voltage in the primary coil to the b | Equaltoov Eaualto 0A Eaual o0 W

. . ualto ualto ualto

voltage in the secondary coil (V;:V,)? d RMS d RMS d

A 11
B 12
c 21
D 22
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EXAM-STYLE QUESTIONS
This lesson

Use the following information to answer Questions 7 and 8.

281

Question 11 (7 MARKS)

A speaker that requires 15 Vi, AC to operate is supplied
by a345Vto 15V transformer connected to a 345 V¢
power supply.

Question 7 (1 MARK)

What is the ratio of the turns in the transformer’s primary to
secondary coils?

A 1:20
B 20:1
Cc 123
D 231
Question 8 (1 MARK)

The speaker is taken out of this circuit and is attached to
a battery instead. The voltage required for the speaker to
operate correctly is closest to

A 11V
B 15V
Cc 21V
D 23V

Adapted from 2019 VCAA NHT Exam Section A Q5 and Q6

Question 9 (1 MARK)

Alfie is working with a transformer that has 200 turns in the
primary coil and 1200 turns in the secondary coil. The current
in the secondary coil is 13.5 A, 5. Calculate the current in the
primary coil.

Question 10 (1 MARK)

Alice is measuring the voltage from an AC signal generator
using an oscilloscope, which produces the following output.
The vertical scale is set to 3.0 Vcm™L.

1ch

Which option best gives the value of the RMS voltage of the
AC signal generator?

A 21V
B 45V
C 105V
D 7.4V

Adapted from 2010 VCAA Exam 1 Section B Detailed study 3 Q4

Ted is experimenting with an ideal transformer in the
circuit shown.

flaWa¥a¥al

The primary coil has 500 turns; the secondary coil has 4000
turns. A 2.0 Vg,,s AC power supply is connected across the
primary coil and there is a 1000 Q resistor in the

secondary circuit.

a Calculate the RMS voltage across the resistor. (1 MARK)
b  Calculate the peak voltage across the resistor. (1 MARK)
¢ Calculate the power dissipated in the resistor. (2 MARKS)

Ted modifies the circuit and connects a 2.0 V DC battery and a
switch in the primary circuit as shown.

T

d Ted measures the current in the resistor as the switch is
closed. Before the switch is closed, there is no current
in the resistor. When the switch is closed, there is a very
short pulse of current in the resistor. When the switch
remains closed, there is no current in the resistor.

Explain why there is a short pulse of current as the
switch is closed and why there is no current in the
resistor as the switch remains closed. No numbers are
required in your answer. (3 MARKS)

Adapted from 2013 VCAA Exam Section A Q15

Question 12 (4 MARKS)

Melanie is setting up a lamp for her desk. A variable AC
power supply is connected to the primary side of a 15:1
transformer. The lamp is connected to the secondary side of
the transformer.

a  Thevoltage output of the secondary coil is 16.0 Vgys.
Calculate the peak voltage in the primary coil. (2 MARKS)

b Thevoltage in the secondary coil is increased to
20.0 Vpys- Given that the resistance of the lamp in
this situation is 10 Q, calculate the RMS current in the
primary coil. (2 MARKS)

Question 13 (3 MARKS)

Lily is setting up an amplifier that requires 144 W to operate
correctly and it has a resistance of 36 Q. It is connected to
the secondary side of a transformer. The primary coil of the
transformer has 500 turns and is connected to an AC power
supply thatis producing 18 Vg,s. Given that the amplifier

is working correctly, determine the number of turns in the
secondary coil.
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Previous lessons

Question 14 (2 MARKS)

What is the first postulate of Einstein’s theory of special
relativity regarding inertial reference frames? Identify
whether this concept differs from the descriptions of classical
physics.

Adapted from 2019 VCAA Exam Section B Q11

Question 15 (1 MARK)

Four charges (-5Q, -5Q, -5Q, +5Q) are placed at the vertices
of a square and a fifth charge (+Q) is placed at the centre of
the square, as shown.

-5Q -5Q
[ [
+Q
[

[ ] [ ]
-5Q +5Q

Which one of the following arrows best represents the
direction of the net force on the charge +Q?

A — B —m

c N

Adapted from 2019 VCAA Exam Section A Q3

Key science skills

Question 16 (1 MARK)

Lyn is taking measurements of the current flowing through a
series circuit with a constant voltage supply. She notices that
the value of the current on her ammeter is changing slightly.
Her friend advises her to take five measurements of the
current and then calculate the average. Which option best
describes the benefit of taking multiple measurements and
calculating an average?

A Itreduces the systematic error in the experiment.
B Itreducesthe random error in the experiment.

C Itreduces the uncertainty in each individual reading of
the current.

D Itreduces the effect of the random error, so the average
value is likely to be more accurate.



8C TRANSMISSION OF POWER

This lesson will explore the way that transformers are practically applied to increase the
efficiency of power transmission systems and identify the advantage of the use of AC power
as a domestic power supply.

8A Electricity recap 8B Transformers and 8C Transmission of power
comparing AC and DC
power

Study design key knowledge dot points

N
e analyse transformer action with reference to electromagnetic induction for an ideal transformer: N—l VST
2

® analyse the supply of power by considering transmission losses across transmission lines

e identify the advantage of the use of AC power as a domestic power supply.

Key knowledge units

Power supply and transmission losses

3.28.1

Transformers in power transmissions

3.29.1

Formulas for this lesson

Previous lessons New formulas
8A * V=RI * Verop = tine Riine
—yi=2 = =2
8A *P=VI=I*R " Ploss = Vdroplline_llineRline
A
N~V

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

load (electrical) a part of an electrical circuit which consumes power

Power supply and transmission losses 3.2.8.1
OVERVIEW

Electrical power lines have a resistance which increases with their length. Hence,
transmitting power over long distances results in a significant voltage drop and loss in
power. For the purposes of VCE Physics, these power transmission systems can be modelled
as simple series circuits.

THEORY DETAILS

A simple power transmission system (without transformers) consists of a power supply/
generator, transmission lines, and a load as shown in Figure 1. For our purposes, the load
is the part of the circuit for which the electrical power is intended, such as an appliance, a
house, or a whole town. These transmission systems can be represented by a series circuit
where the transmission lines, which have a small but not insignificant resistance, can be
modelled as a single resistor as shown in Figure 2.
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Power supply

AC

DHD

Load

Transmission lines

Figure 1 Asimple power transmission system consists of the power supply, transmission lines, and a load.

Transmission lines Vv
drop

/

line

Power supply

v C’\D Load IV/ Y
sup loa

/

Figure 2 A circuit diagram for the transmission system from Figure 1. The resistance of the transmission lines is
modelled as a resistor. Note that Voupis equal to the RMS value of the AC power supply voltage.

USEFUL TIP

The resistance of the two transmission lines must be treated as a single resistance,

as shown in Figure 2, unless specified otherwise. Sometimes an exam question will
provide the resistance of each of the wires in the transmission lines seperately. We must
use the total resistance of the transmission lines (the sum of the resistances of each
wire) to calculate the voltage drop and power loss.

The resistance of the transmission lines causes a voltage drop across the lines which follows
Ohm’s law.

Vdrop = Iline R

Vdmp = voltage drop across the transmission lines (V),

(A),R

line

line = current in the transmission lines
Jine = F€sistance of the transmission lines (Q)

In a simple transmission system without transformers the voltage that is delivered to the

load will be the difference between the voltage supply and the voltage drop: V|, ,, = Voup ™ Vatrop

The power loss due to the resistance in the transmission lines can be calculated using the
relationships established in lesson 8A.

- =2
P loss ~ |/drop Iline =1 line Rline
Pyoss = Power loss in the transmission lines (W), V,,, = voltage drop across the transmission

lines (V), I, = current in the transmission lines (A), R;;,, = resistance of the transmission
lines (Q)

The power delivered to the load will be the difference between the power supply and

the power loss: P, = Psup ™ Ploss: This relationship also applies when transformers are

included in the transmission system.
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Worked example

8C THEORY

A generator is producing 200 W at 40.0 V. which is used to supply a food truck. The

transmission lines have a resistance of 1.00 Q each.

A4
‘ Generator

S
1.000Q

Q N T 9o

e Calculate the power delivered to the food truck.

1.000

Calculate the current in the transmission lines.

Food truck

Calculate the voltage drop across the transmission lines.
Calculate the power loss in the transmission lines.

Calculate the voltage delivered to the food truck.

The transmission system can be modelled by a circuit diagram as shown.

—

v

drop

P, =200W
O
V. =40.0V

sup

AW

R

line

/

&

2.000Q

Load

a The power supply is the only part of the circuit about which we have enough information

<

load

to calculate the current. This is the same as the current in the transmission lines.
P=VI :.200=40.0 x/

/=5.00 A

b  Thevoltage drop across the resistance lines depends on the total resistance of the lines.
Rjine =1.00+1.00 =

2.00Q

Varop = line Riine = 5:00 X 2.00= 10.0V

€ Pioss=Vgropine = 10.0 X 5.00=50.0 W

OR

=2 = 2 =
Ploss = |2 Rjine = 5:002 x 2.00 = 50.0 W

OR

7)
_Varop _ 10.02

Ploss= R, = 2.00

=50.0W

d Vipos=Vaup~ Varop =40.0-10.0=30.0V

sup

€ Plogg™Puyp ™ Ploss =200~ 50.0 =150 W

OR

Proad = Vioa loa = 30-0 X 5.00 = 150 W

285
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Transformers in power transmission 3.2.9.1
OVERVIEW

AC power has an advantage over DC power for the transmission of electricity because
transformers can be used. Using transformers means the current can be reduced in the
transmission lines by stepping up the voltage. This reduces the voltage drop across the lines -
which is proportional to current - and the power loss in the lines - which is proportional to the
square of the current. This improves the overall efficiency of the power transmission system.

THEORY DETAILS
Advantage of AC power

This key knowledge unit explains how transformers can be used to reduce power loss in
transmission. In lesson 8B we learned that transformers require a changing current. This
means the benefit of transformers explained in this section applies to AC power but it does
not apply to the transmission of constant DC power. For this reason, the advantage of AC
power as a domestic power supply is its compatibility with transformers which can reduce
power loss.

Using transformers to reduce power losses

Since electrical power is the product of current and voltage (P = Vi), the same amount of
power can be transmitted using different combinations of current and voltage. For example,
a combination of 2.0 Aand 10V provides the same power as 4.0 A and 5.0 V (20 W).

As we have seen earlier in the lesson, the voltage drop (Vdmp =liine R,,ne) and the power loss

(Pioss = 12,6 Riine) bOth depend on the current. They do not directly depend on the voltage.
For this reason, using lower currents (and greater voltages) is preferred for the sake of
reducing power loss.

Domestic power could be generated and consumed at a low current and high voltage to
reduce power loss, however there are practical reasons (including safety reasons) why lower
voltages are preferred. Transformers allow us to change the combination of current and
voltage to suit each stage of the transmission system, as shown in Figure 3:

e Astep-up transformer between the power supply and the transmission lines allows
power to be generated at a high current/low voltage and be transmitted at a low current/
high voltage.

e Astep-down transformer between the transmission lines and the load allows power to be
transmitted at a low current/high voltage and be consumed at a high current/low voltage.
Power supply

Step-up Step-down
AC transformer p B transformer

C EEHET il L

Primary Secondary Transmission lines Primary Secondary DHD

Load

Figure 3 A power transmission with a step-up transformer and a step-down transformer

To analyse a power transmission system involving transformers, it is useful to model the
system as a sequence of sub-circuits which are separated by the transformers as shown

in Figure 4.

e The primary side of each transformer behaves like a load in one sub-circuit.

e The secondary side of the transformer behaves like a power supply in the next sub-circuit.
e The resistance in sub-circuits 1 and 3 is negligible.

e |nsub-circuit 2, VPQ =Vg- Vdmp due to the resistance of the transmission lines.

e The primary and secondary sides of each transformer are related according to the trans-

. . Nl Vl I2
former equations covered in lesson 8B ( ;~=77=7" ).
2 o h
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Transmission lines

Step-up Viop Step-down
Loy transformer /, «—> transformer Low
b NN, > /\/\/\, NN, >
Rine
Power | ... ). . AT I ..
supply ; Vel E Viag L
Vsup CI\’D E Vsup I CI\'DE E VPQ I CI\’D E Vload I Load
“-l """"""""" P | USEFUL TIP
“ Yy & - The formulas for power
Sub-circuit 1 Sub-circuit 2 Sub-circuit 3 apply only.tc.> RMS
values, so it is safest
Figure 4 A circuit diagram for the transmission system from Figure 3. Parts of the circuit on either side of a to do calculations
transformer can be modelled as separate series circuits where current/voltage combination in each series circuit is using RMS and then

related by the transformer equations.
convert to peak values

Depending on the situation, it is not always necessary to use both a step-up transformer and if needed. Unless the
a step-down transformer. question explicitly

. . - . asks for a peak value,
e |fthereis no step-up transformer, then we can ignore sub-circuit 1 from Figure 4.
- assume all answers are
In this case V,; =V,

sup to be given as
e |[fthereis no step-down transformer, then we can ignore sub-circuit 3 from Figure 4. RMS values.
In this case Veo = Vioaa-

Worked example

Consider the power transmission system used to supply a food truck from Worked example 1.
The same generator (200 W at 40.0 V<) is used with the same transmission lines

(1.00 Q each). To reduce power losses the owner installs a step-up transformer with a 1:10
turns ratio between the generator and the transmission lines, and a step-down transformer
with a 10:1 turns ratio between the transmission lines and the truck.

Generator

E[ 3

Primary Secondary Primary Secondary

Food truck

a Calculate the current in the transmission lines.
b Calculate the voltage drop across the transmission lines.
¢ Calculate the power loss in the transmission lines.

d Calculate the voltage delivered to the food truck.

e Calculate the power delivered to the food truck.

The transmission system can be modelled by a circuit diagram as shown.

V
~ drop ~

/ Step-up / ‘ ) Step-down |

R transformer i transformer ~ 'load

L 1:10 L I\/\/\/ 10:1 L

R/rm 200 Q
P,,=200W] el ; Viag | 1
'\D 1 40.0 vI C'\Di : VPQI Cf\.)i V’”“I Load

v,, =400V i : E :

sup line I/oud

Sub-circuit 1 Sub-circuit 2 Sub-circuit 3
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Determine the current in sub-circuit 1.
Psup = Vsup lsup ..200=40.0 x lsup
lyyp=5-00 A

Use the transformer ratio for the step-up transformer
to determine the current in sub-circuit 2, which is the
currentin the lines.

Ny line 1 _ lin
N, Ty, 10 75.00
ljjne = 0.500 A
b  Thevoltage drop across the resistance lines depends on
the total resistance of the lines.
Rjjne = 1.00+1.00=2.00 Q
Varop = lline Riine = 0-500 % 2.00 = 1.00 V
Note that this voltage drop is a factor of 10 less than
without the transformers (in Worked example 1).
€ Ploss=Viropiine = 1:00 % 0.500 = 0.500 W
OR
-2 - 2 _
Pioss = 120 Rjine = 0.5002 x 2.00 = 0.500 W
OR
Pz Vip _ 1002 _ 0.500 W
loss™ R, .~ 200
Note that this power loss is a factor of 100 (102) less than
without the transformers (in Worked example 1).
Theory summary

Use the transformer ratio for the step-up transformer to
determine the voltage output from the transformer in
sub-circuit 2, V.

Ny Ve 1 400

NZ_ VAB 10 VAB
V45 =400V

Determine the voltage on the primary side of the step-
down transformer in sub-circuit 2.

Vpo=Vap = Virop =400~ 1.00 =399V

Use the transformer ratio for the step-down transformer
to determine the voltage output from the transformer in
sub-circuit 3 which is the same as the voltage delivered to
the food truck, V| -

Ny VPQ

Ny_Yeo . 10 _ 399
N2 Vload Tl V/oad

Viood =399V

Pioad™ Psup ™ Ploss =200~ 0.500 = 199.5 W
OR
Prosd = Vioodioag = 39-9 X 5.00 = 199.5 W

To three significant figures, the power delivered to the
food truck would be 200 W.

Simple power transmission systems consist of a power supply, transmission lines, and a

load (where the power is intended to be used).

Transmission lines over long distances have a significant resistance which can lead to

significant voltage drop and power loss.

Transformers are used to transmit power at low current and high voltage which reduces
voltage drop and power loss. The power loss will be reduced by a factor which is the
square of the factor by which the current decreases (P,OSS = l,%ne R,,ne).

The benefits of transformers apply to AC power. Transformers are not effective in

transmission systems which use a constant DC power supply.
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8C Questions

THEORY REVIEW QUESTIONS

Question 1

The best reason why AC power is preferred to constant DC
power for long distance power transmission is because

A AC power is easier to generate than DC power.

B itiseasierto build appliances that use AC power than
DC power.

C AC power is faster to transmit that DC power.

D AC power can be transmitted more efficiently than DC
power with the use of transformers.

Question 2

A step-up transformer decreases the current on its
secondary side, which reduces power loss when it is placed
between a power supply and transmission lines since
P =12R. A step-up transformer also increases the voltage

2
on the secondary side. Given that P = V?, which is the best

explanation for why the increase in voltage does not cause
an increase in power loss?

2
A When calculating power loss using P = VW, Vrepresents
voltage drop, which decreases since Varop = liine Riine-

2
B Theformula P=V7does not apply to power loss. It can
be used only for power sources.

2
C TheformulaP= VW is not applicable when transformers
are used.
2
D To calculate power loss using P = VW, the voltage on the
primary side of the step-up transformer must be used.

Use the following information to answer Questions 3 and 4.

In an AC power transmission system, a step-up transformer
is installed between the power supply and the transmission
lines. The transformer has a turns ratio of 1:4.

Question 3

By what factor will the voltage drop across the transmission
lines decrease?

A 2

B 4

c 8

D 16
Question 4

By what factor will the power loss in the transmission
lines decrease?

A 2
B 4
c 8
D 16

EXAM-STYLE QUESTIONS
This lesson

Question 5 (4 MARKS)

The figure shows a generator at an electrical power station
that generates 25 MWy, . of power at 5 kVg,,s AC.

Transformer T, steps the voltage up to 200 kVps AC for
transmission through transmission wires that have a total
resistance, Ry, of 2.0 Q. Transformer T, steps the voltage
down to 100 kVp,s AC at the substation. Assume that both
transformers are ideal.

Tl
Generator mg

25 MW at 5 kV 200 kV

Transmission wires

TZ
voon 3]

100 kV

Substation

The current in the transmission lines is 125 A.

a Calculate the total electrical power loss, in kilowatts, in
the transmission wires. (2 MARKS)

b Transformer T, stepped the voltage up to 20 kV,,s AC
instead of 200 kVg AC. By what factor would the power
loss in the transmission lines increase? (2 MARKS)

Adapted from 2017 VCAA Exam Section B Q6

Question 6 (8 MARKS)

A clubhouse power supply operates a 240 V., 720 W light
tower at a tennis court. The connecting wires have a total
resistance, Ry, of 10 Q.

The connecting wires are provided with the required input
voltage, V;,, at the clubhouse so that the lights operate
correctly at 240 Vp,,c and 720 W.

Clubhouse Light tower

240V

RMS

720 W
Tennis court

a  When the lights are operating at 240 Vg, and 720 W,
what is the power loss in the connecting wires?
Show your working. (3 MARKS)

b Calculate the RMS voltage of V,,
(2 MARKS)

. Show your working.

¢ Toreduce the power loss in the connecting wires, an

electrician changes the input voltage, V;,, and installs a

10:1 step-down transformer near the light tower.
After these changes, the lights still operate at 240 Vg,
and 720 W.

Clubhouse Light tower

240V

RMS

T20W

Tennis court

Calculate the RMS power loss in the connecting wires for
this new situation. Show your working. (3 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q4
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Question 7 (9 MARKS)

Lily and Rose have created a model power transmission
system for their practical investigation task in VCE Unit 4
Physics. They use a small AC motor to power a pump. The
motor needs 4.0 Vi,,c AC input for the pump to operate
correctly. At this voltage, the motor draws 2.50 A, c.

a Calculate the power input to the motor when the pump
is operating correctly. You may assume that the motor
uses power just like a resistor. (1 MARK)

To supply electricity to the AC motor that drives the pump,

a small AC generator is used which is driven by the flow of
water from a tap. The generator provides current at a voltage
of 5.0 Vg, AC.

The connecting wires used to model the transmission lines
have a total resistance of 0.80 Q.

Pump

AC generator AC motor

b The motor has a constant resistance of 1.6 Q.

Calculate the current flowing in the connecting wires.
(2 MARKS)

¢ Determine whether the pump will operate correctly.
Justify your answer. (2 MARKS)

d Lily and Rose wish to reduce the power losses in the
electrical connections between the AC generator at the
tap and the AC motor.

Identify and describe two different changes that would
reduce the power losses between the AC generator and
the AC motor. In your answer, you must also explain how
each of the two changes you identified would reduce
power losses. (4 MARKS)

Adapted from 2012 VCAA Exam 2 Section A AoS 1Q4

Question 8 (15 MARKS)

Willow and Watson are experimenting with a model of a
transmission line.

The ‘transmission lines’ consist of two wires, each of
constant resistance 1.5 Q. As a load they use a 6.0 W globe
which operates at 6.0 W when there is 3.0 V across it.

The connecting wires from the power supply to the
transmission lines and from the transmission lines to the
globe have negligible resistance.

150

150
Transmission lines

a Initially Willow and Watson use the power supply set on
avoltage of 3.0V DC.

Explain why the globe does not glow as brightly as
they expected. (2 MARKS)

b  Thevoltage setting is changed so that the globe operates
at 6.0 W as designed. Calculate the required voltage
setting of the power supply. (3 MARKS)

¢ When the globe is operating at 6.0 W as designed, what
is the power loss in the transmission lines? (2 MARKS)

Willow says that this power loss is unacceptable. She
observes that AC rather than DC is often used for
long-distance electric power transmission systems.

d Explain why AC is often used for long-distance electric
power transmission. (2 MARKS)

Globe
Transformer

1.5Q
Transmission lines

5:1

To model this AC transmission system, Willow and Watson
modify their experiment by changing the power supply to an
(unknown) AC output and using a 5:1 step-down transformer
at the other end. The output of the transformer is connected
to the globe. The globe is operating at 3.0 Vand 6.0 W.

Consider the transformer as ideal.
e Whatisthe power loss in the transmission lines with the
new setup? (3 MARKS)

f  Calculate the RMS output voltage of the power supply
with the new setup. (3 MARKS)

Adapted from 2010 VCAA Exam 2 Section A AoS 1 Q14-20

Previous lessons

Question 9 (3 MARKS)

A person moving parallel to the length of a 4.00 m long space
pod observes the change of length of this space pod due to
relativity to be 0.040 m.

Calculate the person’s speed relative to the space pod in
terms of c.

Adapted from 2014 VCAA Exam Section B Detailed study 1Q3

Question 10 (4 MARKS)

Electrons travelling at 2.5 x 10" m s™! enter a region of uni-
form magnetic field of strength B=8.0 x 1072 T that is at right
angles to their path.

a Calculate the magnitude of the force on each electron.
(2 MARKS)

b  Describe the path of the electrons in this region of uniform
magnetic field. Give a reason for your answer. (2 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q1

Key science skills

Question 11 (2 MARKS)

Sonja and Moses are investigating the effect of transformer
ratios on power transmission loss using a model power
transmission system with a 40 W light globe to represent the
load. They progressively increase the transformer ratio and
measure the power loss for each value of the ratio. Midway
through the investigation the light globe burnt out so they
replaced it with a 60 W globe.

Comment on the validity of these results. Justify your answer.
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CHAPTER 8 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Use the following information to answer Questions 1 and 2.

In order to power an electric tool, a farmer must use a step-down transformer that has an input of 240 Vi, AC and an
output of 16 Vs AC. Assume the transformer is ideal.

Question 1

What is the ratio in the numbers of turns in the primary coil compared to the secondary coil (N;:N,)?
A 20:1 B 151 C 1:20 D 1:15

Question 2

What is the value of the peak current in the transformer’s secondary coil? The primary coil delivers 80 Wg,c.
A 35A B 5.0A C 11A D T7.1A

Adapted from 2017 VCAA Exam Section A Q4-5

Question 3

The total resistance of a power line is known to be 2.0 Q. If the power loss in the line is 2450 W, what is the current that
flows through the power line?

A 1.2x103A
B 82x107*A
C 35A

D 29x1072A
Question 4

An ideal transformer has 180 turns on the primary coil and 2880 turns on the secondary coil. The input to the
transformer is 60.0 V< AC at 60.0 Hz. Which of the following identifies the frequency and peak voltage of the
transformer’s output?

Frequency (Hz) Output (Vpeak)
A | 60.0 9.60 x 102
B 60.0 1.36x 103
C 9.60 x 102 6.79 x 102
D |136x103 60.0
Question 5

Pendles is stealing power from the government because he thinks it is unfair that they take his tax dollars. His home is
deep in the desert. He uses a transmission system with a step-up transformer before the transmission lines and a step-
down transformer after the transmission lines. In order to decrease power loss, he proposes some modifications to the
transmission lines and their existing transformers.

Which of the following options could be used by Pendles to decrease the power loss in the transmission lines?
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Decrease the number of primary turns in the step-up transformer
Add a transformer with N, = N;

Increase the current in the transmission wire

o 00 m >

Increase the resistance of the wires

SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (5 MARKS)

A 9.0V battery is used to power two light globes in series arranged as shown.

a Whatis the total resistance of the circuit? (1 MARK) 9.0V

b  Whatis the current within the circuit? (2 MARKS) 200 3.00

¢ Calculate the voltage drop across the 2.0 Q resistor. (1 MARK) ® ®

d Calculate the power dissipated by the 3.0 Q resistor. (1 MARK)

Question 7 (3 MARKS)
The graph shows the AC signal produced by an alternator. V(V)
a Calculate the peak-to-peak voltage. (1 MARK) 9.0 1

b  Determine the peak voltage. (1 MARK)

¢ Calculate the root-mean-square voltage. (1 MARK) 0 010 020 Loie(s)

Question 8 (10 MARKS)

Coco decides she will try to create her own power transmission system to recharge her phone. She connects two
transmission wires of 2.0 Q (total 4.0 Q) to an AC power supply, then to a variable step-down transformer, and then to
her phone. The variable ratio transformer is set to have a primary to secondary ratio of 3:1 and there is a current of 2.5 A
in the transmission wires. With this setup the phone charger correctly operates at 5.0 Vc.

Variable voltage

power supply 5.0V
Phone
c charger
A
L 4

Transmission Variable ratio
lines transformer
a  Whatis the total power loss in the transmission wires? (2 MARKS)
b  Calculate the power delivered to the phone charger. (2 MARKS)
¢ Whatis the power output of the power supply? (2 MARKS)
d Calculate the voltage output of the power supply. (2 MARKS)

e Coco changes the variable transformer so that it now has a ratio of 6:1 and adjusts the power supply so the
phone charger operates correctly with 5.0 V., across it. Calculate how much power will now be lost in the
transmission lines. (2 MARKS)

Adapted from 2018 VCAA Exam Section B Q5
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Question 9 (3 MARKS)

Explain why AC power is preferred for long-distance power transmission compared to a constant DC power supply.

Question 10 (6 MARKS)

Two transformers, T, and T, are used when transmitting power from a green energy plant that produces 900 V,,c to a
home which requires 300 V,,s. The voltage input at the primary coil of T, is 12 000 V. The secondary coil of T, has 50
turns. The energy plant produces constant power.

T Transmission wires T,

— T - ¥ @

900V 12000V 300V

How many turns are on the primary coil of T,? (2 MARKS)

b  Theratio of secondary to primary coils in T, is doubled. Express the new power loss, P
original power loss, P, o5 ShOW your working. (2 MARKS)

new loss» @5 @ proportion of the

¢ Explain why the transformers would be ineffective if the energy plant was replaced with a large DC battery. (2 MARKS)

Adapted from 2017 VCAA Exam Section B Q6

Question 11 (10 MARKS)

The diagram shows the process of transmitting power from a power plant to a house. The step-up transformer has a
ratio of primary to secondary turns of 1:40. The transmission line has a resistance of 25.0 Q. The wires between the
power plant and the step-up transformer and between the step-down transformer and the house have negligible
resistance. The input to the step-down transformer is 11.0 kV . It has an output of 250 V. for use at a house. The
house is currently drawing 15.0 kW.

Power plant High voltage
transmission line

—~ 11.0 kv

Step-up Step-down
transfomer transfomer 250V
7-1 TZ
a Calculate the current delivered to the house. (2 MARKS)
b  Whatisthe power loss through the transmission lines? (3 MARKS)
¢ Findthe output voltage of T, (the step-up transformer). Give your answer to 4 significant figures. (2 MARKS)
d Given that the step-up transformer has 25 turns in its primary coil, find the number of turns in the

secondary coil. (1 MARK)

e Calculate the power output of the power plant. Give your answer to 4 significant figures. (2 MARKS)
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Question 12 (5 MARKS)

Jazzy is a young and aspiring electrical engineer with the selfless desire to power her town with Melbourne’s Antarctic
winds. She builds a wind turbine that produces 40 000 Vs AC connected to two transmission wires. The wires carry a
current of 10.0 A, to a transformer in her living room where an input voltage of 39 300 V¢ is converted to 240 V.

40000V, AC

39300y Transformer

\ 240V, AC
to town

Pr|mary Secondary
coils | ) coils
1

What power does the wind turbine supply to the transmission wires? (1 MARK)

b  The power loss in the transmission wires is known to be 7000 W. What is the total resistance of the
transmission wires? (2 MARKS)

¢ Knowing that the transformer Jazzy used is ideal, calculate the ratio of the current in the secondary coils to the

I
current in the primary coils <,—2) (2 MARKS)
1
Adapted from 2011 VCAA Exam 2 Section A AoS 1Q13

Question 13 (3 MARKS)

A power supply that is producing an AC voltage of 200 V< is placed in series with a 100 Q resistor.
a  Calculate the peak value of the voltage. (1 MARK)

b  Whatis the equivalent DC voltage that will provide the same average power? Justify your answer. (2 MARKS)
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UNIT 3, AOS 2 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

The graph shows the magnetic flux passing through a coil of wire over time.

D

r' s

Which of the following graphs could be the resulting EMF induced within the coil of wire?
A E B €

A A

Adapted from 2017 VCAA Exam Section A Q6

Use the following information to answer Questions 2 and 3.

Whilst creating a high voltage electric fence, Nikola uses a step-up transformer that converts 240 V. to 6000 V.. It is
known that the transformer is ideal and that the primary coil delivers 75.0 Wy, to the transformer.

Question 2

What is the ratio of turns in the primary coil compared to the secondary coil in the transformer?
A 1:80

B 125
C 251
D 80:1
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Question 3

What is the peak current in the secondary coil of the transformer?
A 125x1072A

B 177x1072A

C 113x10%A

D 8.00x10'A

Adapted from 2017 VCAA Exam Section A Q4-5

Question 4

An AC generator is used to power a machine that requires a voltage of 7.5 V.. The generator has 80 turns of wire which,
in a quarter of rotation, experience a change in magnetic flux of 2.2 mWhb.

For the correct functioning of the machine, what is the period of a quarter rotation of the generator?
A 23x1072s

B 23x10!s
C 4.3x1072s
D 3.3x1072s
Question 5

In order to increase the output voltage of a DC generator, a manufacturer could
A decrease the period of rotation.

B reduce the area of the coils.

C usesliprings.

D BothAandC.

SECTION B

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (8 MARKS)

A rectangular coil of wire made of 25 loops, measuring 15 cm x 25 ¢cm, is moved back and forth through a magnetic field
of 0.500 T at a constant speed. The diagram shows the apparatus as viewed from the north pole of the magnet creating
the field.

Position A s Position B
" Magnetic field o

Coil Coil

a Draw a graph that shows the magnetic flux passing through the coil versus time as it moves from position A to

position B, and then back to position A. You do not need to include any values. (2 MARKS)

b  Draw a graph that shows the induced EMF versus time as the coil moves from position A to position B, and then
back. You do not need to include any values. (2 MARKS)

¢ Ifthe coil takes 0.10 s to move from completely outside the magnetic field to completely inside, what is the
magnitude of the induced EMF in the coil? (2 MARKS)

d Asviewed from the north pole of the magnet, determine the direction of the current in the coil as it enters the
magnetic field. Justify your answer. (2 MARKS)
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Question 7 (6 MARKS)

An AC generator that produces 9.0 Vs and 3.5 A is used to transport power from a farmer’s shed to a home 400 m away.
Due to the distance, the farmer decides to install a step-up transformer with a turns ratio of 1:10 immediately after
the generator.

Explain the function of slip rings in an AC alternator and how they work. (2 MARKS)

b  If the total resistance of the transmission lines carrying power from the transformer to the farmer’s house is 3.5 Q,
what is the power loss in the lines? (2 MARKS)

¢ What change could he make to his generator to produce DC electricity? Explain your answer. (2 MARKS)

Question 8 (2 MARKS)

Explain what would happen if a constant DC current is the input to a step up transformer.

Question 9 (10 MARKS)

Kayla constructs a simple alternator with 10 loops of wire measuring 7.5 cm x 12.5 cm, which rotates 12 times per
second. A magnetic flux of 7.5 x 1073 Wb passes through the coil in the vertical position.

AC Voltage

Electrical Generator
What is the strength of the magnetic field acting on the coil? Include an appropriate unit in your answer. (3 MARKS)

b  Find the average EMF induced in the coil over one quarter rotation. (3 MARKS)

¢ Whatis the direction of the EMF in the coil over the first quarter rotation? Choose either B to C or C to B. Explain
your answer. (2 MARKS)

d Kayla gets tired and the rotation of the generator slows at a constant rate. Draw a graph showing how the EMF in the
coil changes over time as the rotation slows. Values are not required. (2 MARKS)

Question 10 (7 MARKS)

A sunbaking enthusiast decides to redirect the electricity from their city’s transmission line into an experimental UV
lamp. They utilise the existing ideal step-up and step-down transformers with ratios of 1:15 and 15:1 respectively.
The lamp correctly operates with 890 V across it. The transmission line has a total resistance of 35.0 Q and carries a
current of 16.0 A. The city’s power plant produces 900 V¢, AC.

High voltage
Power plant transmission line UV lamp
~

900V, AC Step-up transformer R =35.0Q Step-down transformer
1:15 15:1

How much power is lost in the transmission lines? (2 MARKS)
b  Determine the voltage across the UV lamp. (4 MARKS)

¢ The UV lamp does not operate correctly under these conditions. State one change that could be made to the power
system so that the lamp correctly operates. (1 MARK)
Adapted from 2018 VCAA NHT Exam Section B Q5
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Question 11 (12 MARKS)

In order to power their neighbour’s Christmas tree lights, a kind family use their solar panels and an inverter to produce
AC power. They position a step-up transformer, T, and a step-down transformer, T,, with ratios of 1:20 and 20:1,
respectively, between the solar panels and the Christmas tree. Their goal is to efficiently power the 4.5V, 18 W Christmas
tree lights via two transmission wires with a resistance of 3.0 Q each.

& 1:20 T, Transmissionwires T, 20:1

SIETBIE

a Ifthelights are operating correctly, what is the current in the transmission wires? (3 MARKS)

Christmas tree
45V,18W

b  Determine the power loss in the transmission wires. (2 MARKS)
¢ Calculate the voltage input to the step-up transformer required for the lights to function correctly. (4 MARKS)

d Explain why AC is favourable for long-distance power transmission compared to DC. (3 MARKS)
Adapted from 2015 VCAA Exam Section A Q16
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A complex interplay exists between theory
and experiment in generating models to
explain natural phenomena including light.
Wave theory has classically been used to
explain phenomenarelated to light; however,
continued exploration of light and matter has
revealed the particle-like properties of light.
On very small scales, light and matter - which
initially seem to be quite different - have
been observed as having similar properties.
In this unit, students explore the use of wave
and particle theories to model the properties
of light and matter. They examine how the
concept of the wave is used to explain the

Image: lera_virskaya/Shutterstock.com

How can two contradictory
modéls explain both light
an ma&er

nature of light and explore its limitations in
describing light behaviour.

Students further investigate light by using

a particle model to explain its behaviour.

A wave model is also used to explain the
behaviour of matter which enables students
to consider the relationship between light and
matter. Students learn to think beyond the
concepts experienced in everyday life to study
the physical world from a new perspective.
Students design and undertake investigations
involving at least two continuous
independent variables.

~

Reproduced frdm VCAA VCE Physics Study Design 2017-2021
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UNIT 4

A0S

How can waves explain
the behaviour of light?

In this area of study students use evidence
from experiments to explore wave concepts
in a variety of applications. Wave theory has
been used to describe transfers of energy,
and is important in explaining phenomena
including reflection, refraction, interference
and polarisation. Do waves need a medium
in order to propagate and, if so, what is the
medium? Students investigate the properties
of mechanical waves and examine the evidence
suggesting that light is a wave.

They apply quantitative models to explore how
light changes direction, including reflection,
refraction, colour dispersion and polarisation.

Image: Alexander Sobol/Shutterstock.com

Outcome 2

On completion of this unit the student should
be able to apply wave concepts to analyse,
interpret and explain the behaviour of light.

Reproduced from VCAA VCE Physics Study Design 2017-2021
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Properties of mechanical 09
waves

9A Wave fundamentals 9E Resonance

9B Wave speed 9F Standing waves
9C TheDoppler effect 9G Diffraction
9D Wave interference and path

difference

Key knowledge
explain a wave as the transmission of energy through a medium without the net transfer of matter
distinguish between transverse and longitudinal waves

identify the amplitude, wavelength, period and frequency of waves

calculate the wavelength, frequency, period and speed of travel of waves using: v =fA =AT

investigate and analyse theoretically and practically constructive and destructive interference
from two sources with reference to coherent waves and path difference: nA and (n —%)?\
respectively

explain qualitatively the Doppler effect

explain resonance as the superposition of a travelling wave and its reflection, and with reference
to a forced oscillation matching the natural frequency of vibration

analyse the formation of standing waves in strings fixed at one or both ends

investigate and explain theoretically and practically diffraction as the directional spread of various
frequencies with reference to different gap width or obstacle size, including the qualitative effect

ofchangingthe% ratio

Image: ianmitchinson/Shutterstock.com




9A WAVE FUNDAMENTALS

This lesson introduces the concept of mechanical waves and distinguishes between transverse
and longitudinal waves. It also defines the key properties of waves (amplitude, wavelength,
period, and frequency) and explains how to determine these properties from graphs.

This lesson provides the foundation for Unit 4, which examines various forms of waves,
and more specifically Area of Study 1, which investigates how light can be modelled as an
electromagnetic wave.

9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing waves | 9G Diffraction
fundamentals effect interference and
path difference

Study design key knowledge dot points

e explain a wave as the transmission of energy through a medium without the net transfer of matter

e distinguish between transverse and longitudinal waves

e identify the amplitude, wavelength, period and frequency of waves

Key knowledge units

Wave definition 41.1.1

Types of mechanical waves 4.1.2.1

Wave properties 4131

Formulas for this lesson

Previous lessons New formulas

7C 7= No new formulas in this lesson

~=

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

amplitude the magnitude of the maximum oscillation

compression a point in the medium of a longitudinal wave where pressure is maximum

crest apointin the medium of a transverse wave where particles have maximum positive displacement
frequency the number of wave cycles completed per unit of time

longitudinal (compression) wave awave in which the oscillations are parallel to the direction of
wave travel and energy transmission

mechanical wave awave which requires a material medium

medium the physical substance through which a wave propagates

period the time taken to complete one wave cycle

rarefaction a pointinthe medium of a longitudinal wave where pressure is minimum

transverse wave awave in which the oscillations are perpendicular to the direction of wave travel
and energy transmission

trough a pointin the medium of a transverse wave where particles have maximum
negative displacement

wave the transmission of energy via oscillations from one location to another without the net
transfer of matter

wave cycle the process of a wave completing one full oscillation, ending up in a final configuration
identical to the initial configuration

wavelength the distance between two identical points in a wave
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Wave definition 4.1.1.1
OVERVIEW

An understanding of the properties and behaviour of waves is important to be able to
understand many aspects of the physical world including sound and light.

THEORY DETAILS

Awave is a transfer of energy without the net transfer of matter. The waves that we will
consider in this chapter all propagate (travel) through a medium. These waves are called
mechanical waves and are distinct from electromagnetic waves which do not require a
material medium.

Examples of mechanical waves include sound waves, which transfer sound energy through air
(or another medium), and a ripple in a pond, which transfers kinetic energy through water. In
these examples, the air particles and the water particles oscillate (move repetitively) around
their respective equilibrium positions; they do not travel with the wave as it propagates.

We can visualise the transfer of energy without the net transfer of matter by imagining a
boat floating on smooth ocean waves. The motion of the boat represents the motion of
an individual particle in the water below. As the wave moves towards the beach, energy
is transferred in that direction. The boat, however, does not move towards the beach; it
oscillates up and down.

Direction of wave travel

»

W
e

Figure 1 A boat on the water moves up and down as waves pass to the right.

Types of waves 4.1.2.1
OVERVIEW

The types of mechanical waves we will consider in this chapter are transverse waves and
longitudinal waves. These can be distinguished by the direction that the particles in the
medium oscillate in relation to the direction of wave propagation.

THEORY DETAILS
Transverse waves

The oscillations of particles in a transverse wave are perpendicular to the direction of wave
propagation. For example, for a transverse wave travelling to the right, the particles in the
medium could oscillate up and down or into and out of the page, but not left and right.

Common examples of transverse waves include waves in strings and water waves.

The points in a medium where particles have maximum positive displacement are called
crests. The points where particles have maximum negative displacement are called troughs.

Crest

|
N7 N\
2 N\ \ N
> > Y

l

Trough

, \\\\\\\W/////

Figure 2 The crest and trough in a transverse wave are shown. The wave travels to the right while the coils in the
spring oscillate up and down.

303
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Longitudinal waves

The oscillations of particles in a longitudinal wave are parallel to the direction of wave
propagation. For example, for a longitudinal wave travelling to the right, the particles in the
medium must oscillate left and right. Longitudinal waves are also commonly referred to as
compression waves.

Common examples of longitudinal waves include sound waves, waves in springs, or the
primary waves in an earthquake.

The points in a medium where particles are most closely grouped together (under the most
pressure) are called compressions. The points where particles are most spread out (under the
least pressure) are called rarefactions.

Rarefaction

Compression

Compression

loudspeaker
Figure 3 The features of longitudinal waves

Wave properties 4.1.3.1
OVERVIEW

The defining properties of waves are amplitude, wavelength, period and frequency. Graphs
are commonly used to represent and identify these properties.

THEORY DETAILS
Amplitude (A)

The amplitude of a wave is the magnitude of the maximum oscillation from the equilibrium
position. The energy of a wave is dependent on its amplitude. For sound, the amplitude of
the wave determines the volume. The unit when determining amplitude from a graph will be
the unit of the vertical axis. In the majority of cases we will consider, the Sl unit for amplitude
is metres (m). If considering a graph with pressure on the vertical axis (often used for sound
waves), the units of amplitude will be pressure units.

Wavelength (A)

The wavelength is the distance between any two identical points in the wave (e.g. the
distance from one crest to the next crest). The Sl unit for wavelength is metres (m).

Period (T)

The period of a wave is the time taken to complete one wave cycle. That is the time for any
point on the wave to travel one wavelength. The Sl unit for period is seconds (s).

Frequency (f)

The frequency of a wave is the number of wave cycles completed per unit of time. That is
the number of wavelengths that pass a specific point per unit of time. For sound, increasing
frequency corresponds to increasing pitch. The Sl unit for frequency is hertz (Hz) which is
equivalent to “per second” (s71).

Frequency and period are related by the following formula.
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Graphing waves

The properties of a wave can be identified from graphs. In particular, it is common to
represent waves with graphs that have displacement on the vertical axis and either distance
or time on the horizontal axis. Each of these graphs often have a sinusoidal shape.

e Displacement-distance graphs plot the displacement of every point along a wave at one
instant. The horizontal axis represents the distance of a point from the wave source.

e Displacement-time graphs plot the displacement of one specific point in the medium as
the wave passes through it over time.

When longitudinal waves are represented with displacement on the vertical axis, positive
displacement conventionally refers to displacement of the particle in the direction of
wave travel.

It is also common to see sound waves represented on graphs with pressure as the vertical
axis instead of displacement. The process for identifying wave properties on pressure graphs
is exactly the same as for graphs with displacement on the vertical axis, except amplitude is
measured in units of pressure.

(a) (b)

Displacement Displacement
A A

Wavelength A N Period T

<

A

Amplitude Amplitude

+» Distance + + + + + + v » Time

Particle X

Wavelength A N T Period T

A
A

v v

Figure 4 Adisplacement-distance graph (a) shows the position of all the particles in a wave at one instant. The
displacement-time graph (b) represents the motion of particle X over time as the wave propagates through the
particle to the right.

Worked example

Displacement (m) Displacement (m)

A

0.2 0.2

A | [ | G0 0
2 \ 4 5 \ 10 > ?r:f)tance ] } ¢ 10 > (Tsl)m ¢
-0.1 -0.1

-0.2 J 0.2 \./ \./

v v
Use the displacement-time and displacement-distance graphs to answer the following:

a Determine the amplitude.
b Determine the wavelength.
Determine the period.

Calculate the frequency.

a From either graph, the amplitude is 0.2 m

b  Usingthe displacement-distance graph, the wavelength is 6 m
¢ Usingthe displacement-time graph, the period is 4 s

d f=2=1-025H;

T 4
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Theory summary

Mechanical waves are the transmission of energy through a medium without the net
transfer of matter. There are two types of waves - longitudinal and transverse - which can
be distinguished by the direction of their oscillations compared to the direction of wave
propagation. The properties of a wave can be found from graphs as summarised in the
following table.

Graph type Amplitude Wavelength Period Frequency
Displacement-distance v v X X
Displacement-time v X v v Using f:%

KEEN TO INVESTIGATE?

oPhysics ‘Longitudinal and transverse wave basics’ simulation
https://ophysics.com/w6.html

PhET ‘Wave on a string’ simulation
https://phet.colorado.edu/en/simulation/wave-on-a-string

9A Questions

THEORY REVIEW QUESTIONS Use the following information to answer Questions 4-6.
Question 1 Displacement (m)
' N
A mechanical wave can be best described as 4
A thetransmission of matter through a medium without
the net transfer of energy. 2
B thetransmission of alternating electric and magnetic
fields without the net transfer of matter.
» Time
C thetransmission of energy through a medium without 5 (s)
the net transfer of matter.
D thetransmission of energy through a vacuum without -2
the net transfer of matter.
Question 2 -4
v
. S o 5
Which of the following is an example of a longitudinal wave? Question 4

A Ahorizontal spring undergoing vertical oscillations
What is the amplitude?

B Aviolin string being plucked
C Asound from a speaker playing a song through the air A 2m
D Awaterripple B 3m
C 4m
Question 3 D Unable to be determined from this graph

Which of the following is an example of a transverse wave?
A Ahorizontal spring undergoing horizontal oscillations
B Theair when a singer sings a note

C Awhale song through water
D

A wave on the surface of the ocean
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Question 5

What is the wavelength?

A 2m
B 3m
C 4m
D Unable to be determined from this graph

Question 6

What is the period?

A 2s
B 3s
C 4s
D Unable to be determined from this graph

Question 7

If a wave has a period of 0.2 seconds, what is the frequency of
the wave?

A 0.2Hz
B 2Hz
C 5Hz
D 50Hz
Question 8

307

EXAM-STYLE QUESTIONS
This lesson

Question 10 (5 MARKS)

The following graph shows the displacement of air in front of
a speaker at a time t=0s. The sound wave is moving to the
right (increasing distance). Four air particles are indicated on
the graph below.

Displacement (cm)
' N

0.2
0.1 A A
» Distance

0 12 14 (cm)

-0.2

v

Adisplacement-time graph of one of the particles during the
first 8 seconds of the sound is shown below.

Displacement (cm)
' N

0.2
. /\ /\
> Tlme

Atap is dripping into a full bathtub. A drop of water falls
every 0.25 seconds, creating a circular ripple when it hits
the otherwise still bath water. The wavelength of the ripples
(measured crest to crest) is 3.0 cm. What is the frequency of
the water drops hitting the bath water?

A 0.25Hz
B 0.75Hz
C 4.0Hz
D 12Hz
Question 9

The wave represented in the graph below is moving to the
right. In which direction does the particle move at the instant
shown: A, B, CorD?

Displacement (m)
F s

10
A B
5 C
D
» Distance
2 4 6 8 0 (m)

-5
-10

v

7

v

a Forwhich particle (4, B, C, or D) is this a displacement-
time graph? (1 MARK)

b  Whatisthe period and frequency of the sound? (2 MARKS)

c After the first 8 seconds, at what time will the particle
next have a displacement of -0.2 cm? (2 MARKS)
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Question 11 (6 MARKS)

Question 14 (2 MARKS)

The following graph relates to a transverse wave in a string
that is moving to the right. The displacement is vertical.
Displacement (cm)

F s
2
A
B D
1
» Distance
2 4 6 8 0 (cm)
-1 Cc
-2
v

a Inwhatdirection (up, down, left, right) are the
particles located at positions A, B, C and D moving at
the instant shown? If a particle is not moving, write
‘not moving’. (4 MARKS)

b  What will be the distance and displacement of particle A
after another half period has passed? (2 MARKS)

Question 12 (6 MARKS)

The following graph relates to a longitudinal wave that is
moving horizontally to the right. Take displacement to the
right as positive.

Horizontal displacement (cm)

F 3
0.4
0.2

A B
L » Distance
2 4 8 10 (m)
D

-0.2
-0.4

v

a Inwhatdirection (up, down, left, right) are the
particles located at positions A, B, C, and D moving at
the instant shown? If a particle is not moving, write
‘not moving’. (4 MARKS)

b  What was the distance and displacement of particle C one
quarter period before this graph was recorded? (2 MARKS)

Question 13 (2 MARKS)

Finn begins playing music out loud from his phone. The air
particle shown starts initially at rest 3 cm away from the
phone speaker. Finn’s music has a frequency of 50 Hz.

The speed of sound is 340 m s7L. Describe the resulting
motion of this air particle in relation to its initial position.

up

o ard
«—0

Down

Right

Dominique is singing a note with a period of 0.005 seconds.
She finds that the note is flat (the frequency is too low).

Explain whether she should make the period of the note
longer or shorter to correct her pitch.

Question 15 (8 MARKS)

The two graphs that follow were generated from a
longitudinal wave in a spring that is travelling horizontally to
the right. Take displacement to the right as positive.

Horizontal displacement (m)
' N

0.1
0.05

» Distance
1 3 5 (m)

-0.05

-0.1

v

Horizontal displacement (m)
F s

0.1

0.05

» Time

(s)

-0.05

-0.1

v

a  Which graph relates to the whole spring, and which
specifically relates to one point of the spring? (1 MARK)

b  Whatis the amplitude of the wave? (1 MARK)

¢ Whatis the wavelength of the wave? (1 MARK)

d Whatis the period of the wave? (1 MARK)

e Whatis the frequency of the wave? (1 MARK)

f  Draw aversion of the displacement-distance graph one

quarter of a period later. (3 MARKS)
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Question 16 (3 MARKS)
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Question 18 (3 MARKS)

The following graphs show the displacement of a point a
distance of 10 cm from the end of an oscillating string at
three different times.

Displacement

t=0.00s » Distance

h /—\
l 5 We 25 30 (cm)

Displacement

t=0.08 ST m
5 10

F

Displacement

t=0.20 sT /_ » Distance
l_/s 10 IS\ 20 725 30 (cm)

a  Whatis the wavelength of the wave in the string? (1 MARK)

/\ » Distance
N5 207 25 30 (em)

b  Whatis the lowest possible frequency for the wave in the
string? (2 MARKS)

Previous lessons

Question 17 (3 MARKS)

Humanity is expanding throughout the universe to nearby
potentially habitable planets. One spaceship of cosmic
explorers is voyaging to Proxima Centauri b, a planet

4.01 x 1016 m away from Earth. The spaceship can travel at
0.90c. Calculate the time, in years, that the astronauts will
measure the journey to take.

ADC motoris set up using permanent magnets and a splitring
commutator. Before the motor is switched on, the coil of the
motor is stationary and horizontal (as in the diagram). Explain
why the coil begins to rotate when the motor is turned on.

Adapted from 2014 VCAA Exam Section A Q17c

Key science skills

Question 19 (3 MARKS)

Izzy and Emma are using a technique called interferometry to
each take 5 repeated measurements of the wavelength of a
laser that has an actual wavelength of 695 nm.

Izzy takes the following measurements: 690 nm, 697 nm,
693 nm, 694 nm, 707 nm.

Emma takes the following measurements: 697 nm, 698 nm,
694 nm, 699 nm, 696 nm.

Identify and explain which set of results is more accurate and
which set is more precise.



9B WAVE SPEED

This lesson builds on the fundamental properties of waves which were established in

the previous lesson to introduce wave speed. It will explain how wave speed relates to
wavelength, frequency, and period via the wave equation without being dependent on those
properties. This relationship will be used in much of Unit 4.

9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing
fundamentals effect interference and waves
path difference

9G Diffraction

Study design key knowledge dot point

e calculate the wavelength, frequency, period and speed of travel of waves using: v= f?\=%

Key knowledge units

Wave speed

4.14.1

Wave equation

4.1.4.2

Formulas for this lesson

Previous lessons New formulas
_1 * =
ZCHNN= v=FA
A
VS3r

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

wave speed the speed at which a wave propagates through a medium

Wave speed 4.1.4.1
OVERVIEW

Every wave propagates at a certain speed. This knowledge unit will cover the dependence of
wave speed on the physical medium through which the wave is propagating.

THEORY DETAILS

Lesson 9A explained that waves are a transfer of energy through a medium. The wave speed
is the speed at which the wave transfers its energy through the medium. That is, it is the
speed at which the crests and troughs, or compressions and rarefactions, move through

the medium. Wave speed is not the speed of the individual oscillating particles in the wave.
Wave speed is determined only by the physical properties of the medium in which it travels
(e.g. material, density, and temperature). For mechanical waves, it does not depend on the
frequency, wavelength, period, or amplitude of the wave.

Consider sound waves as an example. The speed of sound in air is approximately 340 m s71.
This value remains constant for all frequencies and amplitudes (i.e. volumes) of sound.

340ms?
_

/\/\/\/\ 340ms™
—_—

_

Figure 1 Sound waves being produced by a speaker travel at the same speed in air regardless of frequency,
amplitude, or wavelength.
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Additionally, sound waves travel at different speeds through different media due to
differences in the physical properties of the media. For example, sound travels at 260 m st in
carbon dioxide, 340 m s71in air, 1482 m s~! in water, and 5960 m s~L in steel.

Wave equation 4.1.4.2
OVERVIEW

The wave equation is a formulaic representation of the relationship between wave speed,
period or frequency, and wavelength.

THEORY DETAILS

Wavelength (A) measures the distance of one wave cycle, and period (T) measures the time

it takes to complete one wave cycle. By applying these properties to the familiar formula,

distance
time

speed =

_A
V=T

a version of the wave equation is formed:

v =wave speed (m s™1), A = wavelength (m), T = wave period (s)
Given f= %, the wave equation also takes the following form:

v=FfA
v =wave speed (m s™1), f=frequency (Hz), A = wavelength (m)

If the frequency is changed, for example, the wavelength will also change such that the speed
remains constant in a given medium so the following proportionalities can be derived:

° 7\0(%
e AxT

Worked example

A wave of frequency 48 Hz is travelling along a string at a speed of 24 m s™1. What is
the wavelength?

v="FfA
24 =48 x \
4

_24_
A=25=0.50m

Theory summary

Wave speed is defined as the speed at which a wave propagates through
a medium. This speed is determined by the physical properties of the
medium and is independent of wave properties even though it does
relate to the properties of the wave by the wave equation.

9B Questions

THEORY REVIEW QUESTIONS

KEEN TO INVESTIGATE?

PhET 'Wave on a string' simulation
https://phet.colorado.edu/en/simulation/
wave-on-a-string

Question 1 Question 2

The speed of a wave is determined by The frequency of a wave in a given medium is

A the wave frequency. A inversely proportional to the wavelength.

B the disturbance that caused the wave. B proportional to the wavelength.

C the medium in which the wave travels. C proportional to the square of the wavelength.

D the period of the wave. D notrelated to the wavelength.
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Question 3

A student is creating waves that propagate along a rope, and
wants to alter the speed at which the waves travel. What
could the student do to change the wave speed?

A Change the frequency of wave generation.

B Use arope with different physical properties.

C Change the period of wave generation.
D

Increase the amplitude of the waves.

Question 4

A car sounding its horn is travelling at 30 m s™. What is the
speed of the sound waves produced by the horn? Assume the
speed of sound in airis 340 ms™L.

A 355mst
B 370ms!
C 310mst
D 340ms!
Question 5

A speaker is emitting waves at 220 Hz into air. The waves
move at the speed of sound, 340 m s™%, and have a
wavelength of 1.55 m. Which option best describes the
motion of an air particle at point P?

The air particle oscillates horizontally 220 times a second.

The air particle oscillates vertically 220 times a second.

The air particle moves horizontally away from the
speaker at 340 ms™1.

D Theair particle moves 1.55 m to the right.

Question 6

Which of the following will occur when the frequency of a
wave is doubled?

A The amplitude will double.

B Thespeed will double.

C The wavelength will halve.

D The period will double.

Question 7

Choose the graph that best represents the relationship
between wave frequency and wavelength for a wave
travelling in constant medium.

A A B A

> f > f
C A D A

> f > f
Question 8

A student spends their lunchtime recording the frequency
and wavelength of various waves found around the school
campus and presents the data in a graph. Which of the four
waves has the greatest speed?

A(m)

I s

35¢

[ Ig]

30+

25¢

o>
ow

20¢

15¢

104

» f (Hz)

0 2:0 4:0 6:0 8:0
EXAM-STYLE QUESTIONS
This lesson

Question 9 (2 MARKS)

Sound waves originating in air enter a large tank of water
before emerging into the air on the other side. How does
the speed of the sound waves before and after the tank
compare? Why?

Question 10 (2 MARKS)

Astudent doubles the period of waves he is producing on a
string. What is the effect on the wavelength? Use an equation
to support your answer.

Question 11 (1 MARK)

A set of speakers at a school assembly are driving sound
waves at a frequency of 135 Hz. Calculate the resulting
wavelength, assuming the speed of sound in airis 340 m s2.
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Question 12 (1 MARK)

Timmy is playing the trumpet and produces sound waves
with a frequency of 440 Hz that travel at 340 m s~1. What is the
wavelength of the sound waves produced by the trumpet?

Question 13 (1 MARK)

A student records the wavelength and frequency of sound
waves emitted by a speaker to experimentally determine the
speed of sound in air. He records a frequency of 1000 Hz and
a wavelength of 0.338 m. What is his experimental value for
the speed of sound in air?

Question 14 (1 MARK)

A bodybuilder is creating waves along exercise ropes. The
waves exhibit a period of 2.00 s and a wavelength of 4.50 m.
At what speed do waves propagate along these ropes?

Question 15 (2 MARKS)

Given the wave equation, v=fA, explain why increasing wave
frequency does not increase wave speed.

Question 16 (4 MARKS)

a  Waves are being generated along the length of a string
with a frequency of 10 Hz and a wavelength of 0.25 m.
The frequency of the waves changes to 15 Hz. What is
the wavelength of the new waves? (2 MARKS)

b Astudentis creating waves on a string, and finds the
time and distance between successive wave crests to
be 2.0 sand 0.25 m, respectively. The student then
generates waves that complete 2.0 cycles per second.
What is the wavelength of the new waves? (2 MARKS)

Question 17 (1 MARK)

A wave with A=2.0 cm is travelling along a guitar string.
Waves on this particular string have a speed of 70 m s1.
Calculate the frequency of the wave.

Question 18 (2 MARKS)

A longitudinal wave is travelling along a slinky with a period
of 8.0 s and speed of 0.40 m s7L,

AR I A

a Determine the wavelength of the slinky wave. (1 MARK)

b  Draw an arrow(s) showing the direction of movement
over time of a slinky ring at point P. (1 MARK)

Question 19 (2 MARKS)

The graph shows the variation in pressure over time of a
single point as sound waves pass. Calculate the wavelength
of these sound waves to two significant figures. Assume the
speed of sound in this medium is 330 m s™1.

313

Pressure
F 3

Question 20 (2 MARKS)

A cruise ship’s instruments determine the time between wave
crests of a tsunami with A =500 km is 20.0 minutes. Calculate:

a thefrequency of the tsunami. (1 MARK)
b thespeed at whichitistravelling. (1 MARK)

Question 21 (1 MARK)

The highest frequency of sound waves produced by an
animal are emitted by a rare species of katydid, reaching
30 kHz. Assuming the speed of sound in airis 340 m s,
calculate the wavelength, in millimetres, of these waves.

Question 22 (2 MARKS)

A pair of headphones can emit sound waves between 85

Hz and 18 kHz. What is the longest possible wavelength
produced by the headphones? Assume the speed of sound in
airis340ms.

Question 23 (2 MARKS)

A student is using waves to determine the identity of an
unknown gas. Waves inside the 2.00 m tube of gas are
measured to have a frequency of 534 Hz and a wavelength
one quarter of the tube length. What is the unknown gas in
the tube?

Gas Speed of sound (m s™1)
Helium 1007

Krypton 221

Hydrogen 1270

Nitrogen 349

Oxygen 326

Carbon dioxide | 267

Question 24 (3 MARKS)

The graph shows the deviation in pressure against distance at
t=0s for a wave travelling at 3 m s~1. Sketch a pressure-time
graph to show how the pressure at point Q varies over time
fromt=0stot=6s.

Pressure (Pa) Direction of wave travel ———»

4
2 /\

» d(m)
2 2\/@ ¢ \y
-4
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Question 25 (4 MARKS)

The two displacement-distance graphs represent a single

mechanical wave at two times.
2 (m)

t=0.25s » d (m)
z\/n \/z
-2

a Determine the wavelength of this wave. (1MARK)

b  Whatis the lowest possible frequency of the
wave? (2 MARKS)

¢ Whatis the speed of the wave based on this
frequency? (1 MARK)

Question 26 (4 MARKS)

The graph shows the deviation in pressure against distance
of awave travellingat2 ms™L.

Pressure (Pa) Direction of wave travel ——»

4
’ /
10

a  Whatis the wavelength of the wave? (1MARK)
b  Whatis the period of the wave? (1 MARK)

¢ Sketch a pressure-distance graph of the same wave 2 s
after the initial graph. (2 MARKS)

Previous lessons

Question 27 (2 MARKS)

The length of an asteroid is measured to be one quarter of
its rest length as it passes a space station. What is the speed
of the asteroid determined by the space station? Give your
answer as a proportion of ¢ to three significant figures.

Question 28 (5 MARKS)

¢ Sketch the path of electrons moving through the
magnetic field in the diagram. (1 MARK)

e

O

Key science skills

Question 29 (1 MARK)

A student is measuring wave frequency with an oscilloscope.
The smallest measurement increment on the oscilloscope is
10 Hz. What is the uncertainty of the oscilloscope?

Question 30 (2 MARKS)

Four measurements of period and wavelength are graphed.
From this graph, determine the speed of waves in this
medium to two significant figures.

A (m)

Y 3

K}

T (s)
0

Question 31 (3 MARKS)

Electrons are accelerated from rest between two charged
plates in an arm of a particle accelerator. The final speed of
the electronsis 5.0 x 10’ ms™L,

a Whatis the potential difference between the plates?
Ignore relativistic effects. (2 MARKS)

b  Theelectrons then pass through a perpendicular
magnetic field of strength 350 T. What is the radius of
curvature of the electrons? (2 MARKS)

Morgan conducted an experiment where she gradually
increased the frequency of a wave and measured the resulting
wavelength. She recorded four measurements. Plot these
measurements on a suitable graph, including uncertainty
bars, and draw an appropriate curve of best fit. Note that the
frequency was recorded to a high level of confidence.

Frequency (Hz) | Wavelength Smallest increment of
(m) wavelength measuring device (m)
25 2.5 0.5
45 1.5 0.5
60 1.0 0.5
110 0.5 0.5




9C THEDOPPLER EFFECT

Have you ever noticed how the pitch of a police siren or a car horn seems to change when the
vehicle passes you? This is known as the Doppler effect.

This lesson will investigate motion in a wave medium and how the Doppler effect arises from

such motion.
9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing 9G Diffraction
fundamentals effect interference and waves

path difference

Study design key knowledge dot point

e explain qualitatively the Doppler effect

Key knowledge units

Motion in a medium 4.1.6.1

The Doppler effect 4.1.6.2

Formulas for this lesson

Previous lessons New formulas

9B *v=FfA No new formulas in this lesson

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

Doppler effect the detected frequency change due to the relative motion between a wave source
and detector

Motion in amedium 4.16.1

OVERVIEW

The movement of a wave source and/or detector relative to the wave medium has
an effect on the properties of the waves observed.

(e

THEORY DETAILS

In any system where waves are observed, there is a wave source (e.g. speaker, tap
dripping) and a wave detector (e.g. microphone, human ear). The motion of either
the source or detector relative to the medium they are in will modify the properties

of the waves created or observed.

. . . . Image: GeoArt/Shutterstock.com
Consider a tap dripping (the source) regularly into a pool of water. Waves propagate

- . - I Figure 1 Waves created by a stationary source
out at a constant frequency in all directions from the source as in Figure 1.

Moving source

Now consider the case where the source is moving through the medium. As the
source moves, it chases the wave crests in front of it and moves further away
from wave crests behind it. This causes waves in front of the source to bunch up
(decrease wavelength) while waves behind the source spread apart (increase
wavelength) as in Figure 2.

Moving source

(e

Waves in front of a moving source have a shortened wavelength and increased
frequency. Waves behind a moving source have a lengthened wavelength and
decreased frequency.

Image: GeoArt/Shutterstock.com

Figure 2 The effect on wave frequency as the
source moves through a medium
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Moving detector

Now consider the case where the wave detector is moving. If the wave detector

moves towards the wave source, the wave speed relative to the detector will

increase. If the wave detector moves away from the source, the wave speed
relative to the detector will decrease. Regardless of the direction the detector

moves, the wavelength remains constant.

To determine the effect of this movement on frequency, we rearrange the wave

equation v=FfAto the form f= %

When the detector is moving towards the source, relative wave speed increases
so the detected frequency increases.

When the detector is moving away from the source, relative wave speed
decreases so the detected frequency decreases.

Image: GeoArt/Shutterstock.com

Figure 3 The effect on detected wave frequency
as the detector moves towards and away from

Itis important to remember that, in all cases, the waves do not change speed the source

relative to the medium.

Worked example

a A motorbike rider is moving at 20 m s! towards a stationary car sounding its horn.
What is the speed of the sound waves from the horn relative to the rider? Assume the
speed of sound in air is 340 m s~L.

b  Would the frequency of waves observed by the rider be greater, equal or less than if
the rider was stationary?

a  Relative speed is the difference in speed between the rider and the sound waves. Taking
the rider’s direction of motion as positive, the waves have a velocity of -340 m s™! in the air:

Vsound relative to rider ~ 20 - (-340)=360m =

b Thefrequency would be greater than if the rider was stationary, because relative motion

of a detector towards the source increases detected frequency.

The Doppler effect 4.1.6.2
OVERVIEW

The Doppler effect is the detected frequency change due to the relative motion between a
wave source and detector.

THEORY DETAILS

Based on conclusions made for the different cases of relative motion, the Doppler effect can
be described as:

e theincrease in wave frequency when source and detector are moving towards each
other, and

e the decrease in wave frequency when source and detector are moving away from
each other.

The relative motion of the source and detector can be due to either one or both moving.

The Doppler effect is observed commonly as the sudden drop in frequency when a vehicle
sounding a horn or siren drives past an observer. Light can behave as a wave (this will be
investigated in Chapter 10) so it can also have its frequency shifted by the Doppler effect.
While the explanation for the Doppler effect is different in the case of light, since light does
not require a medium to propagate, the result is the same: light from stars that are moving
towards the earth is blue-shifted (increase in detected frequency) and light from stars moving
away is red-shifted (decrease in detected frequency).



Image: Vecton/Shutterstock.com

9C THEORY

(a)

Low frequency

317

High frequency
I &

(b)

Figure 4 Examples of the Doppler effect. (a) The measured frequency of an ambulance siren depends on the
relative motion of the ambulance and the observer. (b) The measured frequency of light from a star depends on
the relative motion of the star and the observer.

Theory summary

The speed of a wave is not affected by the movement of its source or a detector, however the
relative motion between the wave source and detector affects the properties of the detected
waves. The Doppler effect describes the general result for such motion:

e relative motion of source and detector towards each other increases frequency.

e relative motion of source and detector away from each other decreases frequency.

KEEN TO INVESTIGATE?

oPhysics ‘The Doppler effect and sonic boom’ simulation

https://ophysics.com/w11.html

9C Questions

THEORY REVIEW QUESTIONS

Question 1

Question 2

A motorbike is travelling at speed v, along a straight road
when an oncoming car with speed v, sounds its horn. The
speed of sound in air is v.. What is the speed of the sound
waves relative to the motorbike?

A VetV

B
C v,tv,
D

A cyclist is travelling at speed v, and rings their bell. The
speed of sound in airis v,. What is the speed of the sound
waves relative to the cyclist?

A v tv,
B v,-v,
C v
D v
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Question 3

A police car with its sirens on is initially stationary, then drives
away from a pedestrian. How do the sound waves reaching
the pedestrian change, as observed by the pedestrian?

A The speed of the sound waves has decreased.

B The speed of the sound waves has increased.

C The frequency of the sound waves has decreased.
D

The frequency of the sound waves has increased.

Question 4

A student is walking to class and is moving away from the
source of the school bell. Compared to the frequency of
waves that would be observed if the student was stationary,
the frequency of waves reaching the student while moving
away from the bell has

A notchanged.
B decreased.

C increased.
D

Not enough information to conclude

Question 5

An air traffic controller observes the sound from a plane that
is initially stationary, and then moves towards her. What
wave property changes when the plane moves towards her,
and how does it change?

A Wavelength decreases
B  Wavelength increases
C  Wave speed increases
D

Wave period increases

Question 6

UNIT 4 | AOS 1 | CHAPTER 9: PROPERTIES OF MECHANICAL WAVES

- (=)@

J v

Question 8 (1 MARK)

Abusis driving at 30.0 m s~ along a highway, sounding its
horn. What is the speed of the sound waves emitted, relative
to the bus? Assume the speed of sound in airis 340 m s™1.

30.0ms*

4+—
340 N 1 /\/V\/\/
Question 9 (2 MARKS)

Tahlia is stationary on a football oval and measures the
speed of sound from an umpire’s whistle as the umpire runs
towards and then away from her at 8.00 m s™%. What is the
speed of sound measured by Tahlia in each case? The speed
of sound in airis 340 m s™2.

Question 10 (2 MARKS)

A student hears a police siren from a stationary police car.
The car begins to move towards them. Compared to the
sound waves from the stationary car, the sound heard by the
student has increased frequency. Explain why, and name the
physical principle involved.

Question 11 (1 MARK)

Afootball player is running towards an umpire blowing a
whistle. What is the effect on the sound waves reaching the
player, compared to if the player was stationary?

A The wavelength has increased.
B The wavelength has decreased.
C Thefrequency hasincreased.
D

There is no effect on the waves heard.

EXAM-STYLE QUESTIONS
This lesson

Question 7 (2 MARKS)

The diagram shows student A running towards a sound
source at speed v, and student B running away from the
sound source at speed v,. What is the speed of the sound
relative to student A and student B, given the speed of sound
isvg?

Afire engine is moving away from a pedestrian, sounding
its siren. Compared to the fire engine being stationary,
qualitatively describe the change in distance between wave
fronts reaching the pedestrian.

Question 12 (2 MARKS)

A wave receiver is travelling away from a sound source.
Describe the sound received compared to if the receiver
was stationary. Explain your answer, and state the relevant
physics principle involved.

Question 13 (2 MARKS)

Draw a diagram of a moving sound source to visually
represent the Doppler effect. Include the sound waves in
front of and behind the source.
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Question 14 (5 MARKS)

Two cars are on a quiet road. Car A is equipped with a
constant frequency wave source and car B with a wave
detector. The detector records a measurement of wave
frequency while both cars are stationary.

a CarsAand B now drive towards each other. How does
the frequency of the waves recorded by car B compare to
the waves recorded while stationary? (1 MARK)

b  CarBnowdrivesin front of car A, travelling in the same
direction and at the same speed. How does the frequency
of the waves recorded by car B compare to the waves
recorded while stationary? Justify your answer. (2 MARKS)

¢ CarBnowdrivesin front of car A, in the same direction
but travelling faster than car A. How does the frequency
of the waves recorded by car B compare to the waves
recorded while stationary? Justify your answer. (2 MARKS)

Question 15 (3 MARKS)

Mike and Tamika are discussing why wave frequency
increases when a wave detector moves towards a wave
source. Mike says that it is because wave speed has increased
relative to the medium, but Tamika argues that Mike’s
reasoning is incorrect. Evaluate, using relevant theory, which
student is correct and why the increase in frequency occurs.

Previous lessons

Question 16 (3 MARKS)

A comet travelling at a speed of u =0.05c¢ relative to the Earth
is hit head on by a particle moving at v=0.70c relative to the
comet. The comet has a length of 3000 m in its own reference
frame. What is the length of the comet measured in the
particle’s reference frame?

v u

—>r

Adapted from 2016 VCAA Exam Section B Detailed study 1 Q7
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Question 17 (2 MARKS)

Electrons are accelerated from rest in a particle accelerator
by a potential difference of 40 kV. What is the final velocity
of the electrons as a fraction of the speed of light? Ignore
relativistic effects.

Key science skills

Question 18 (3 MARKS)

An experiment is performed to determine the effect of the
speed of an approaching vehicle on the detected wave
frequency. A constant 100 Hz source is used on the vehicle.
What are the independent, dependent, and

controlled variables?

Question 19 (2 MARKS)

Two students are investigating the Doppler effect. Tane is
using a microphone connected to an oscilloscope to measure
the frequency of sound waves. Bodhi is listening to the pitch
of the sound. Who is using a qualitative variable and who is
using a quantitative variable?



9D WAVE INTERFERENCE AND
PATH DIFFERENCE

This lesson builds on the fundamental wave properties to understand the interactions
between multiple waves. The result of these interactions is known as an interference pattern.
It will be used as evidence of the wave behaviour of both light and matter in later chapters.

9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing 9G Diffraction
fundamentals effect interference and waves
path difference

Study design key knowledge dot point

e investigate and analyse theoretically and practically constructive and destructive interference from two sources with
reference to coherent waves and path difference: nA and (n—%)% respectively

Key knowledge units

Constructive and destructive interference 4.1.5.1

How path difference affects wave interference 4.1.5.2

Formulas for this lesson

Previous lessons New formulas

9B *v=fA * Constructive: p.d. =nA

* Destructive: p.d. = (n - %)7\

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
antinode a point where constructive interference consistently occurs

coherence a property of two wave sources when they create waves of the same frequency in the
same medium

interference superposition creating a larger (constructive) or smaller (destructive) resultant wave
node a point where destructive interference consistently occurs

path difference the difference in length between paths from two different wave sources to the
same endpoint

superposition the addition of overlapping waves in the same medium

Constructive and destructive interference 4.1.5.1
OVERVIEW

Where two waves overlap, the result is the sum of each wave at that point. This is called
interference. Interference can be constructive, if the waves have the same sign, or destructive,
if the waves have opposite signs.

THEORY DETAILS

Interference occurs where waves meet one another. The result is that the waves add up at
that point. This is also called superposition. After the interference occurs, the waves continue
unaffected along their original path.

In Figure 1 we see constructive interference. This occurs where two waves of the same sign
(both positive or both negative) interact. In this case the resultant wave is exactly double the
amplitude of the individual pulses since the individual pulses have the same amplitude.
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In general, the resultant wave will be larger than the individual waves.

In Figure 2 we see destructive interference. This occurs where one wave interacts with
another wave of the opposite sign (one positive and one negative). In this case the two wave
pulses exactly cancel each other since they have the same amplitude. In general, the resultant
wave will be smaller than the individual waves.
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Wave travel Wave travel Wave travel Wave travel
—_— “— —_— “—
Timel /\ /\ Time 1l /\ \/
Time 2 /\ Time 2
Time3 /\ /\ Time3 /\
Wave travel Wave travel Wave travel Wave travel
— — — —
Figure 1 Constructive interference. The dashed line represents the Figure 2 Destructive interference. The dashed line represents the
individual wave pulses and the solid line shows the result. individual wave pulses and the solid line shows the result.
In the case of sound, constructive interference means louder noise and destructive
interference means quieter noise. Noise-cancelling headphones use destructive interference
of sound waves to reduce ambient noise.
How path difference affects wave interference 4.1.5.2 Wave
source S,

OVERVIEW

When two coherent waves meet, the path difference at that point determines whether the
waves interfere constructively or destructively.

THEORY DETAILS
Path difference

Path difference is the difference in length between paths from two different wave sources to
the same endpoint:
p-d. = |S;X = S,X|

Path difference, as a multiple of wavelength, determines the type of interference that occurs
at any given point in an interference pattern.

Interference patterns

Coherent waves describe two waves with the same frequency (and wavelength, given the
medium is the same for both waves). They create an interference pattern that is constant:
points of constructive and destructive interference do not change. Points of consistent
constructive interference (e.g. crests meet crests or troughs meet troughs) are called antinodes.
Points of consistent destructive interference (e.g. crests meet troughs) are called nodes.

—— Crests Troughs —— Antinodes

A Wave source S, Wave source S,

Figure 4 Interference pattern for two coherent waves. Antinodes occur where the path difference is an integer
multiple of the wavelength and nodes occur where the path difference is half a wavelength less than an integer
multiple of the wavelength.

\ ' ~7/
Wave ‘<! PathlengthSX
source S,

Figure 3 Path lengths from two
wave sources to a point, X

Nodes

R /ﬂ

A
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Figure 4 shows coherent waves propagating from two sources and the corresponding
interference pattern. It could represent ripples in water or sound waves, for example.

e Blue lines are crests (or compressions) propagating from each source.
e Dashed lines are troughs (or rarefactions) propagating from each source.

e Red lines are antinodes where consistent constructive interference occurs (blue lines meet
blue lines and dashed lines meet dashed lines).

e Green lines are nodes where consistent destructive interference occurs (blue lines meet
dashed lines).

e The path difference along any given red or green line is the same.

e Aisa particular antinodal point and B is a particular nodal point, both of which are
referred to later in the text.

—— Antinodes Nodes

Although the crests and troughs continue to propagate away from the sources
(i.e. the blue and dashed lines would be in different places at another time), the

locations of the antinodes and nodes do not change.

Where the path difference is an integer multiple of the wavelength, the waves will )

be in phase (meaning both waves are at the same stage of their cycle, e.g. both

crests or both troughs) and so constructive interference occurs. /
Consider point Ain Figure 4 which is an antinode: S;A=1.5A and S,A=3.5A so

p.d. =11.5A = 3.5A|=2A. Any point along the same red line as point A will have

p.d.= 2\, R

In general, constructive interference occurs where the path difference satisfies
the following condition.

p.d.=n\ or |S;X-S,X|=nA

p.d.=|S,X-S,X| = path difference (m), A= wavelength (m),n=0, 1, 2,3, ... Figure 5 An interference pattern caused by
coherent water ripples

Where the path difference is half a wavelength less than an integer multiple of the
wavelength, the waves will be exactly out of phase (meaning the waves are at opposite stages
of their cycle, e.g. crests meet troughs) and so destructive interference occurs.

Consider point B in Figure 4 which is a node: S, B=3Aand S,B=1.5Aso0
p.d. =[3A = 1.5A|=1.5\. Any point along the same green line as point B will have p.d. = 1.5\,

In general, destructive interference occurs when the path difference satisfies the
following condition.

_ 1 _ 1
p.d.= (n —5)7\ or |S,X-S,X|= (n -3)7\
p.d.=|S,X~S,X| = path difference (m), A = wavelength (m),n=1,2,3, ...

Worked example

Two speakers, located at point X and at point Y, are producing coherent waves with a
wavelength of 1.50 m. Naomi is 6.00 m from speaker X and 3.00 m from speaker Y.

a Determine what type of interference she is experiencing.

b Miriamis standing at an equal distance from both speakers. She walks in a straight
line towards Y and stops at the third quiet region. She measures that she is 4.00 m away
from speaker X. Calculate how far away is she from speaker Y.

a  We need to find the path difference where Naomi is standing.

p.d. =IXN - YN
p.d. =16.00 - 3.00]
p.d.=3.00m

Next we need to determine the path difference, as a multiple of the wavelength, to
decide whether it fits the conditions for constructive or destructive interference.
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p-d.- _3.00 _
T 1502
p.d.=nAwheren=2

pd.

As ——is an integer, we know that Naomi is experiencing constructive interference.

Quiet regions imply destructive interference is occurring.
The third quiet region implies n = 3.

p.d.=(n-2

p.d.=(3-3)x1.50

p.d.=3.75m

IXM - YMI=3.75m

|4.00 - YM|=3.75m

YM=0.25m

Miriam is 0.25 m from Y.

Theory summary

Interference can be either constructive or destructive. Constructive interference occurs
where waves of the same sign overlap and destructive interference occurs where waves of
the opposite sign overlap.

When waves from two coherent sources overlap an interference pattern is established.
This pattern includes antinodes (constructive interference) and nodes (destructive
interference) in fixed positions.

The path difference to these points, as a multiple of wavelength, can show whether the
pointis an antinode or a node.

KEEN TO INVESTIGATE?

oPhysics ‘Wave pulse interference and superposition’ simulation
https://ophysics.com/w2.html

oPhysics ‘Wave interference in 3D’ simulation
https://ophysics.com/w12.html

PhET ‘Wave interference’ simulation
https://phet.colorado.edu/en/simulation/wave-interference

9D Questions

THEORY REVIEW QUESTIONS

Question 1 Question 2

Two waves from coherent sources, with amplitude A, interact  In the graph, what sort of interference will occur?
and perfect constructive interference occurs. What will be the

amplitude of the resultant wave? WMGI

A 0
A
B 3
cC 2A

D 44 Wave travel

‘_

A Negative B Destructive

C Constructive D Superposition
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Question 3 W X Y 7
X A Antinode Node Node Antinode
B Node Antinode Antinode Node
3.0m 5.0m (ot Node Antinode Antinode Antinode
D Antinode Node Node Node
s, 4.0m s, )
Question 7

What is the path difference from the two wave sources, S;
and S,, at X? The path difference from two coherent wave sources at

point X is 3.0 m. For which wavelength would X be a node

A~ 20m (consistent destructive interference)?
B 10m A 30m
¢ -Lom B 20m
D -20m C 15m
Question 4 D 1.0m
For which of the following path differences, in terms of Question 8
wavelength, would a given point correspond to an antinode
(consistent constructive interference)? Select the statement which correctly describes the
A 05\ interaction between waves from non-coherent sources.
B 1.2\ A Constructive and destructive interference occurs
c 15\ but the positions of constructive and destructive
) interference change.
D3\ B Constructive and destructive interference form
. consistent antinodes and nodes.
Question 5
C Interference occurs but it is neither constructive
For which of the following path differences, in terms of nor destructive.
wavel'ength, would :?\ glyen point correspond to a node D Interference does not occur.
(consistent destructive interference)?
A 0.75A EXAM-STYLE QUESTIONS
B 125\ This lesson
c 25\ Question 9 (4 MARKS)
D 3A

The diagram shows a coherent wave pattern produced by

Question 6 two taps, P and Q, dripping into water. The point Mis an
antinode at which the path difference is 4.0 cm.

Points W, X, ¥, and Z all lie within the interference pattern
caused by the coherent speakersat Sand T.

® [ )
A P Q

X
x [ ] '@ o ) )
S T a Calculate the wavelength, A, in centimetres. (2 MARKS)
Which option correctly identifies the antinodes and nodes? b  Usingyour previous answer, calculate the path

difference at node N, |QN - PN|, in centimetres. (2 MARKS)
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Question 10 (2 MARKS)

325

Question 13 (3 MARKS)

Two speakers of the same frequency, P and Q, are turned on
at the same time. The diagram represents the propagating
sound waves.

X

[} [ J
A P Y Q

With reference to wave behaviour, explain why the sound is
louder at position X than at position Y.

Question 11 (2 MARKS)

In a shallow tray of water, two point sources, Pand Q, are
placed producing waves of the same wavelength, A=5.00 cm.
The point T is the third node from the centre and is 15.0 cm
from the nearer source, Q. Determine the distance from Pto T.

Question 12 (6 MARKS)

Two speakers are set up to play a coherent sound with a
wavelength of 0.60 m. A student stands at point C, which is
equidistant from both speakers, and then walks in a straight
line recording positions where the sound is loudest. In
addition to position C, the student records positions X and Y.
Point Yis 1.0 m from speaker 1.

X
S1

eC

S

a Calculate the distance, S, Y, from speaker 2 to
point Y. (3 MARKS)

b  The student now changes the wavelength of the sound
from both speakers to 0.80 m. For this new sound,
determine whether

i  point Cwill be a point of high or low intensity
sound. (1 MARK)

ii  point Ywill be point of high or low intensity
sound. (2 MARKS)

Two point sources, A and B, are creating ripples with a
wavelength of 2.0 cm in a ripple tank. X is a point in the
interference pattern 7.0 cm from A and 12.0 cm from B.

a  What sort of interference occurs at point X? (2 MARKS)

b  Copy the diagram (which is not to scale) and indicate a
possible location of X. (1 MARK)

—_— —
/ —_— - —_— \
— I ~~
/ R N
A B
[ ] [ ]
Question 14 (5 MARKS)

Mark stands half way between two speakers, A and B,
producing a coherent sound of 680 Hz. As Mark walks towards
speaker A, he notes alternating loud and quiet regions.

Mark

a Explain why Mark experiences the alternating loud and
quiet regions. (2 MARKS)

b  Atthe third quiet region from the centre, Mark stops.
Given the speed of sound in air v = 340 m s™1, how far did
Mark travel from the centre? (3 MARKS)

Question 15 (3 MARKS)

A pool of water has two taps suspended over it. Both taps are
dripping simultaneously at 4.0 Hz, creating ripples. There is
an antinode at point P which is 2.0 cm from one of the taps
and 5.0 cm from the other tap. The wavelength of the ripples
isl.5cm.

a  Whatis the speed of the ripples created by the
dripping water? (1 MARK)

b  How many antinodes from the centre is P? (2 MARKS)

Question 16 (3 MARKS)

Two speakers, S, and S,, are set up a few metres apart on an
oval. Megan walks away from the centre until she is at the third
node. She is 4.50 m away from S, and 7.00 m away from S,,.

a Calculate the wavelength. (2 MARKS)

b The speed of sound in air is 340 m s~1. What frequency
are the speakers producing? (1 MARK)

Question 17 (3 MARKS)

Beyoncé sets up two speakers to simultaneously play a sound
of frequency 400 Hz. She notes the position, P, of the first
antinode from the middle. She then changes the frequency

in both speakers and point P becomes the second node from
the middle. Calculate the second frequency played.
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Previous lessons Key science skills

Question 18 (4 MARKS) Question 20 (4 MARKS)

A muon passes the length of a cloud. An observer on Earth Batman is investigating sound waves and sets up two
measures the cloud to be 100 m long but in the muon’s speakers to play a coherent sound with an unknown
reference frame the cloud is 20 m long. frequency. In order to measure the wavelength of the sound,

he listens for the first node from the centre and measures the

a  Which principle of special relativity is occurring? (1 MARK) ) ; :
distance from each of the speakers to this particular node. He

b How much time, measured in the muon’s reference

. _ _l .
frame, does it take to pass the cloud? (3 WARKS) then uses the equation p.d. = (n 2)?\ to find the wavelength.

Is the experimental process valid? (1 MARK)

Question 19 (3 MARKS) . . .
b Identify one way to improve the reliability of

the result. (1 MARK)

A square loop of 15 turns and a cross-sectional area of

4.0 x 103 m? passes into a magnetic field of magnitude ¢ Usingyour understanding of interference patterns,
2.4 x 1072 T at a constant speed. It takes 0.25 s for the loop to suggest one way to improve the accuracy of the result
travel from position 1 to 2. and explain how your suggestion would help. (2 MARKS)

Position 1 |

Movement of loop

Position 2 |

Calculate the magnitude of the average emfinduced in the
loop as it moves from position 1 to 2.

Adapted from 2018 VCAA Exam Section B Q2



9E RESONANCE

Resonance is a common phenomenon with spectacular effects, allowing a singer to break a
glass with only their voice. It is a specific case of energy conservation, where most of the work
done by a periodic external force adds energy to a system.

This lesson will explore wave resonance as a consequence of wave reflection which is
important to understand standing waves in the next lesson.

path difference

9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing 9G Diffraction
fundamentals effect interference and waves

Study design key knowledge dot point

matching the natural frequency of vibration

Key knowledge units

e explain resonance as the superposition of a travelling wave and its reflection, and with reference to a forced oscillation

Wave reflection 4.17.1
Resonance 4.1.7.2
No previous or new formulas for this lesson
Definitions for this lesson
forced oscillation the oscillation caused by the periodic application of an external driving force
natural frequency the frequency of oscillations within an object when not driven by an external
periodic force
resonance the process by which the amplitude of an oscillation increases when forced oscillations
match the natural frequency
resonant frequency see natural frequency
Wave reflection 4.1.7.1
OVERVIEW (a) —
Some or all of a wave’s energy will be reflected back when it reaches the end of its medium. Incident
THEORY DETAILS
. . . Reflected +——
When a travelling wave or wave pulse reaches the end of its medium, some or all of the wave’s B
energy is reflected back into the medium. Consider a wave travelling along a string. When
it reaches the end of the string, it will encounter either a fixed end (where the end cannot
oscillate) or free end (where the end can oscillate), and be reflected back along the string. The  (b) >
type of end encountered affects the orientation of the reflection. Incident / \ i
Fixed ends reflect and invert the wave.
-—

Free ends reflect but do not invert the wave.

Resonance 4.1.7.2
OVERVIEW

Forcing the oscillation of an object or string at its natural frequency will cause resonance,
leading to a large increase in the amplitude of oscillations.

THEORY DETAILS

An object or system undergoes forced oscillations when acted on periodically by a force such
as plucking a string, vibrating a glass with sound, or pushing a playground swing. This driving
force has its own frequency at which it oscillates the object or system.

Reflected / AN i

Figure 1 Theincidentand
reflected wave pulses for (a) fixed
and (b) free ends
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Additionally, any object or system that can vibrate has one or more natural frequencies at
which vibrations within the object/system will oscillate if it is disturbed. We can see this by
pushing a mass hanging on a spring or a pendulum bob. The natural frequency is determined
by physical properties only (it is independent of the magnitude of the disturbance/force
applied), and can also be referred to as the resonant or resonance frequency.

If the frequency of forced oscillation is equal to the natural frequency of the object/system,
resonance will occur. As a result the amplitude of oscillation will significantly increase. During
resonance, each forced oscillation adds energy to the oscillation of the object/system. This
contrasts to a forced oscillation not at the natural frequency, where the force can act against
the oscillating motion, reducing energy. An example of this principle being applied is a
playground swing: to push the swing higher, you must push (force oscillation) at just the right
time (the natural frequency). Resonance can lead to spectacular results. When a singer (or
any sound source) produces sound waves at the natural frequency of glass, it can vibrate so
violently that it shatters.

The natural frequency of a string depends on the time it takes for a wave to travel along the
string, reflect, and return to its origin. If another wave is forced just as the first wave returns to
the origin, the energy of each wave will sum to a larger amplitude through wave interference.
Figure 2 demonstrates this process using wave pulses.

1.

IF A

4. 5.

v U '

Figure 2 The process of a periodic force F acting at the natural frequency of a string with a fixed end, causing wave
pulse amplitude to increase

Lesson 9F will examine the wave patterns that form on resonating strings.

Theory summary

e Waves reflect at the end of a string and are inverted if the end is fixed.

e Anobject or system will resonate if it is driven at its natural frequency.

e The superposition of reflections and travelling waves on a string can cause resonance.

e Resonance greatly increases the magnitude of oscillation in an object or system.

KEEN TO INVESTIGATE?

oPhysics ‘Wave pulse reflection’ simulation
https://ophysics.com/w9.html

PhET ‘Wave on a string’ simulation
https://phet.colorado.edu/en/simulation/wave-on-a-string
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9E Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following physical characteristics can affect the
natural frequency/frequencies of an object?

A Thesize of the object

B The material of the object
C The shape of the object

D Allofthe above

Question 2

J\f
A wave pulse is reflected by the fixed end of a string. Which
option shows the reflected pulse?

/=
VANV Vi

Question 3

4/\/_@
Awave pulse is reflected by the free end of a string. Which
figure shows the reflected wave?

aVinindVe
ARV Vi

Question 4

Wave resonance occurs when

A the amplitude of the external driving force is
large enough.

B theforcing frequency is fast enough.
the forcing frequency is equal to the natural frequency.

the external driving force is not periodic.

Question 5

The amplitude of oscillation observed when an object is
forced at its natural frequency is

A greater than when forced at other frequencies.
B smaller than when forced at other frequencies.
C thesame as when forced at other frequencies.
D

always sufficiently large to break the object.
EXAM-STYLE QUESTIONS
This lesson

Question 6 (4 MARKS)

a Awave pulse travels down a string towards a fixed end.

_

~

Sketch the wave pulse after it has been reflected and
indicate the direction of travel. (2 MARKS)

b  Theend of the string is changed from a fixed to a free end.
/_/_\—o
Sketch the wave pulse after it has been reflected and
indicate the direction of travel. (2 MARKS)
Question 7 (1 MARK)

Students are trying to determine the natural frequency of an
object that can vibrate by forcing oscillation at various fre-
quencies. How will the students know when they are driving
oscillation at the natural frequency?

Question 8 (2 MARKS)

Explain why, at a certain frequency, objects resonate. Use
your explanation to describe how a human voice is able to
shatter a glass.
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Question 9 (2 MARKS)

Question 13 (2 MARKS)

The graph shows the frequency of oscillation associated
with a machine performing different tasks. The machine
has a resonant frequency of 75 Hz. Which task will cause the
machine to vibrate the most, and why?

1201
1001 ([ ]
80+

60T

Frequency (Hz)

40+

201

Taskl Task2 Task3 Task4

Question 10 (3 MARKS)

Two fathers are arguing over the most effective way to push
their children higher on a swing. George says that pushing

at the highest frequency possible is the most efficient way of
achieving a high swing. He reasons that each push does work
on the system, so more frequent pushes will result in a higher
swing. Francis argues that there is a more efficient way of
achieving a high swing.

Who is correct? Explain the reasoning behind your decision.
Previous lessons

Question 11 (3 MARKS)

An observer notices that a clock on a passing 1.2 x 10° kg
train is running at half the speed of their watch. What is the
kinetic energy of the train in the observer’s reference frame if
the train is not accelerating?

Question 12 (3 MARKS)

A charged particle with y =4.5 and mass m collides with

a second, larger particle which is initially stationary. The
kinetic energy of the first particle after the collision is

mc?. What is the kinetic energy of the second particle if
kinetic energy is conserved in the collision? Give your answer
as a multiple of mc2.

The magnetic flux through a circular loop of resistance 0.5 Q
is reduced from a positive value pointing down the page to
zero. In what direction (clockwise or anticlockwise) does the
induced current pass around the loop? Why does the current
flow this way?

Anticlockwise Clockwise
1] S VY

v v v

Key science skills

Question 14 (5 MARKS)

Scientists conduct an experiment to determine the natural
frequency of a new radar dish. They force oscillation at a
range of frequencies and record the amplitude of oscillation
on the dish.

Forcing frequency (Hz) Oscillation amplitude (m)
20 0.30
40 0.40
45 0.85
50 0.40
70 0.30

The measurement uncertainty of the oscillation amplitude is
+5cm.

a  Sketch a graph of the scientists’ data, fitting an
appropriate curve to the graph. Be sure to include
uncertainty bars. (4 MARKS)

b  Whatis the approximate natural frequency of the
radar dish? (1 MARK)



9F STANDING WAVES

Standing waves are particular kinds of waves that appear to be oscillating on the spot instead
of travelling. Standing waves can form on a string when travelling waves interfere with their
reflections. This lesson will build on the concept of resonance to examine what a standing
wave is and the properties of standing waves in strings that have one or both ends fixed.

9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing 9G Diffraction
fundamentals effect interference and waves
path difference

Study design key knowledge dot point
e analyse the formation of standing waves in strings fixed at one or both ends

Key knowledge units

Standing waves with two fixed ends 4.1.8.1

Standing waves with one fixed end 4.1.8.2

Formulas for this lesson

Previous lessons New formulas
B  *v=fA A=2
—nv
f= 2L

A= ‘;'1—1' for odd values of n

fi= % for odd values of n

T
¥_>/

(*Indicates formula, or a similar version, is on VCAA formula sheet) /4—\

v
Definitions for this lesson \/‘\
fundamental frequency the lowest frequency of a standing wave in a given medium

harmonic astanding wave with a frequency equal to an integer multiple of the

— el
—
fundamental frequency >4__<
_/ \

standing wave a wave for which the positions of maximum amplitude (antinodes) and zero
amplitude (nodes) are constant; a superposition of two waves travelling in opposite directions with
the same frequency and amplitude ® ® ® ® g

stationary wave see standing wave

travelling wave awave for which the crests and troughs (or compressions and rarefactions) travel ~ _~——  ~__
in the direction of wave propagation ~~—
A
Standing waves with two fixed ends 4.1.8.1
OVERVIEW
Standing waves with two fixed ends are formed by the superposition of two identical waves
travelllng in opposite directions to produce an interference pattern. They always have nodes Figure 1 Three images show
at both fixed ends. three different points in time for
a standing wave (pink) which is
THEORY DETAILS formed by the superposition of a
X wave travelling right (orange) and
Formation its inverted reflection travelling left
. R R X . . (blue) from a fixed end. Antinodes
When two waves with the same amplitude and frequency travel in opposite directions, an (green dots) and nodes (yellow

interference pattern forms from their superposition. dots) are shown.




332 UNIT 4 | AOS 1 | CHAPTER 9: PROPERTIES OF MECHANICAL WAVES

This interference pattern is called a standing wave, or stationary wave, because it has fixed
nodes and antinodes. The resulting wave has an amplitude that changes with time but the
positions of maximum amplitude (antinodes) and zero amplitude (nodes) are constant. The
wave does not appear to travel.

On a string, a standing wave can form due to the superposition of a travelling wave and its
reflection (which has the same frequency and amplitude). As explained in lesson 9E, when a
wave on a string hits a fixed end the reflected wave will be inverted. The fixed ends must be
nodes, always undergoing destructive interference, because they are physically restrained.
A standing wave will form if the frequency of the travelling wave is a resonant frequency of
the string. For other frequencies a standing wave will not form because the returning waves
will not be in phase with the forced oscillations.

Node Antinode Node Antinode Node

'

Figure 2 Motion of a standing wave with two fixed ends. The darkest line shows the starting position and the
lightest line shows the position after half of a period. This is a second harmonic standing wave.

Harmonics

Standing waves on strings are constrained by the existence of nodes and/or antinodes at the
string ends. This means only certain wavelengths and frequencies of standing waves can
form on a given length of string which correspond to the resonant frequencies of the string.
The various frequencies of standing waves are called harmonics and are designated by a
harmonic number, n, which is always an integer.

On a string with two fixed ends, there must be a node at both ends of the standing wave. The
first harmonic (n=1) is the fundamental (lowest) frequency. This corresponds to the longest
wavelength which meets the constraints: there is a node at each end and one antinode in the
middle of the string so the wavelength is double the length of the string. Higher harmonics
have shorter wavelengths and higher frequencies than the fundamental frequency.

L

r 3
v

Fixed end (node) Fixed end (node)

r 3

»
»

Figure 3 For a standing wave with two fixed ends at the fundamental frequency, the length of the string is half of
the wavelength of the wave. The grey lines represent the imaginary continuation of the wave.

v
v
v

USEFUL TIP

We can think of the
harmonic number of
a standing wave with
two fixed ends as

n=1 L=1><A A=2L n=2 L=2x35 A=L n=3 L=3><§ 7\=? the number of half-

A A

2 2

143 ”
Figure 4 The first three harmonics for standing waves on strings with two fixed ends wavelength “packets

that fit into the length
For strings with two fixed ends, the wavelength and frequency of standing waves can be of the string (L =nA).
calculated by the following formulas. z

A=2L

A =wavelength (m), n = harmonic number (1,2,3,...), L = string length (m)
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vV _nv
f=2=

A2

f=frequency (Hz), n = harmonic number (1,2,3,...), v=wave speed (m s™1), L = string length (m)

Worked example

A string with a length of 3.00 m is tied firmly between two trees. A series of waves are sent
along the string (travelling at 300 m s™1) such that a fourth harmonic standing wave is
formed. What is the wavelength and frequency of this wave?

As both ends of the string are tied tightly to the two trees, the two ends of the string are fixed.
A fourth harmonic means n=4.

2l

A=T
_2%3.00

A==

A=1.50m

_nv
f= 2L

4x300
2x3.00

f=200 Hz

f=

Given that we had already calculated A, we could have found the frequency using the wave

equation: f=%=%= 200 Hz

The wavelength of the wave is 1.50 m and the frequency of the wave is 200 Hz.

Standing waves with one fixed end 4.1.8.2
OVERVIEW

Standing waves with one fixed end and one free end are again formed by the superposition
of two identical waves travelling in opposite directions. They always have a node at the fixed
end and an antinode at the free end.

THEORY DETAILS
Formation

The formation of standing waves on a string with one fixed end and one free end is very
similar to that for a string with two fixed ends. The only difference is that the free end must
be an antinode. This is because waves reflected at the free end are not inverted and so
constructive interference occurs at this end.

Harmonics

On a string with one fixed end, standing waves are constrained by the fact that there must be
a node at the fixed end and an antinode at the free end. To meet this constraint, only odd
harmonics can form, so n must be an odd integer.

At the fundamental frequency, or first harmonic (n=1), the wavelength is the longest
wavelength which meets the constraints: there is a node at one end and an antinode at the
other end so the wavelength is four times the length of the string.

&
<

v

Free end
(antinode)

A=4L

&
<

v

Figure 5 Fora standing wave with one fixed end at the fundamental frequency, the length of the string is one
quarter of the wavelength of the wave. The grey lines represent the imaginary continuation of the wave.
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USEFUL TIP

We can think of the
harmonic number of
a standing wave with
one free end as the
number of quarter-
wavelength “packets”
that fit into the length
of the string (L = n%)
As there must be an
antinode at the free
end of the string,
there must be an odd
number of quarter-
wavelength “packets”,
so only odd harmonics
can form.
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v

A A

n=1 L=1x4 r=aL n=3 L=3x4 A=% n=5 L=s5x2 A=

Figure 6 The first, third, and fifth harmonics for standing waves on strings with one fixed end

For strings with one fixed end, the wavelength and frequency of standing waves can be
calculated by the following formulas.

A= % for odd values of n

A =wavelength (m), n = harmonic number (1,3,5,...), L = string length (m)

f= % for odd values of n

f=frequency (Hz), n = harmonic number (1,3,5,...), v= wave speed (m s™!), L = string length (m)

Worked example

A string with a length of 6.00 m is tied firmly around one tree and loosely around a metal
pole so the string is free to move up and down at this end. A series of waves are sent along
the string (travelling at 240 m s™1) such that a third harmonic standing wave is formed.
What is the frequency and wavelength of this wave?

The string has one fixed end and one free end. A third harmonic means n = 3.
A=4L

_4x6.00
A= 3

A=8.00m

_nv
f=ar

f= 3x240
" 4x6.00

f=30.0 Hz

Given that we had already calculated A, we could have found the frequency using the wave

equation: f= % = % =30.0 Hz.

The wavelength of the wave is 8.00 m and the frequency of the wave is 30.0 Hz.

Theory summary
The key points in the formation of a standing wave on a string are:

KEEN TO INVESTIGATE?

oPhysics ‘Superposition of

e Waves reflect at both ends of the string. transverse waves’ simulation

e Reflections travel in opposite directions with the same amplitude and frequency. https://ophysics.com/w3.html

e Wave superposition between the travelling wave and its reflection produces an oPhysics ‘Standing waves’
interference pattern with antinodes and nodes. simulation

e Fixed ends are nodes and free ends are antinodes. https://ophysics.com/w7.html

Standing waves on a string with two fixed ends form so that the length of the oPhysics ‘Standing waves on

string is an integer multiple of half of the wavelength. Standing waves on a string strings’ simulation

with one fixed end and one free end form so that the length of the string is an odd https://ophysics.com/w8.html

multiple of one quarter of the wavelength.

From these relationships, the wavelength can be derived in terms of the string
length. The frequency can then be determined from the wave equation (f=%).
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9F Questions

THEORY REVIEW QUESTIONS

Question 1

The best description of a standing wave in a string is

A theinterference of two transverse waves that travel in
the same direction.

B theinterference of two transverse waves that travel in
the opposite direction.

C theinterference of two longitudinal waves that travel in
the same direction with the same frequency.

D theinterference of two transverse waves that travel in
the opposite direction with the same frequency
and amplitude.

Question 2

The number harmonic (n value) of the standing wave
pictured below is

Question 3

The number harmonic (n value) of the standing wave
pictured below is

Question 4

What is the fundamental frequency of a string with both ends
fixed that has a length of 2.0 m and a wave speed of 100 m s71?

A 25Hz

B 50Hz

C 100Hz
D 200Hz
Question 5

What is the wavelength of the first harmonic standing wave
on a string with both ends fixed that has a length of 4.0 cm
and a wave speed of 400 m s71?

A 40cm
B 8.0cm
C 12cm
D 16cm

Question 6

What is the fundamental frequency of a wave on a string with
one fixed end that has a length of 2.00 m and a wave speed of
200 ms71?

A 25.0Hz
B 50.0Hz
C 100Hz
D 200Hz
Question 7

What is the wavelength of the first harmonic standing wave
on a string with one fixed end that has a length of 4.0 cm and
awave speed of 400 m s71?

A 0.04m
B 0.08m
C 012m
D 0.16m

EXAM-STYLE QUESTIONS
This lesson

Question 8 (4 MARKS)

A 5.0 mtightrope is tied to a tree at both ends. Waves travel
at 200 m st along the rope.

a Calculate the wavelength of the lowest frequency
resonance of the rope. (1 MARK)

b Calculate the fundamental frequency of the rope. (1 MARK)
¢ Calculate the wavelength and frequency of the second
harmonic standing wave on the rope. (2 MARKS)

Question 9 (4 MARKS)

The waves on a cello string have a speed of 330 m s™L. The
length of the string is 69.0 cm and both ends of the string are
considered fixed.

a Calculate the wavelength of the third harmonic of
the string. (1 MARK)

b Calculate the frequency of the third harmonic of
the string. (1 MARK)

¢ Thecellist then begins playing a note of a higher
frequency by producing a fourth harmonic wave.
Calculate the new wavelength and frequency of the
standing wave in the string. (2 MARKS)

Question 10 (4 MARKS)

Consider a 0.90 m long string with one fixed end and one free
end that has a wave speed of 360 m s71.

a Calculate the wavelength of the lowest frequency
resonance of the string. (1 MARK)

b Calculate the fundamental frequency of
the string. (1 MARK)
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¢ Calculate the wavelength and frequency of the second
lowest frequency resonance of the string. (2 MARK)

Question 11 (4 MARKS)

The ‘A’ string on Zoe’s violin has a length of 32.5cm and a
fundamental frequency of 440 Hz. It is fixed at both ends.
Zoe presses her finger halfway down the ‘A’ string and plays
a note.

a Calculate the wavelength of the lowest frequency
resonance that now forms on the string. (2 MARKS)

b  Calculate the frequency of the resulting note Zoe plays.
Justify your answer. (2 MARKS)

Question 12 (2 MARKS)

a Redraw the displacement-distance graph for a time 1.0
second after that shown. (2 MARKS)

b  Redraw the displacement-distance graph for a time 2.0
seconds after that shown. (2 MARKS)

¢ Calculate the frequency of the fifth harmonic standing
wave that would form on this string. (3 MARKS)

Question 18 (2 MARKS)

Alex is going to set up a standing wave at the fundamental
frequency on a string with one fixed end and one free end.
Alex wants the wavelength of the wave to be 3.0 m. How long
should he cut the piece of string?

Question 13 (4 MARKS)

Determine what length of string is needed to make a stand-
ing wave with exactly two nodes and two antinodes with a
frequency of 10 Hz and a wave speed of 20 m s71.,

Previous lessons

Question 19 (6 MARKS)

a Draw adiagram of the 15t and 3™ harmonics of a string
with both ends fixed. (2 MARKS)

b  Draw adiagram of the 15t and 3"4 harmonics of a string
with one end fixed. (2 MARKS)

Question 14 (3 MARKS)

Explain how a standing wave is formed on a string. Include a
diagram in your answer.

Question 15 (2 MARKS)

Distinguish between standing waves and travelling waves
with reference to locations of maximum amplitude.

Question 16 (5 MARKS)

Afifth harmonic standing wave is formed in a string with a
length of 10.0 cm. The first antinode measured from a fixed
end is located 2.0 cm along the length of the rope.

a Does the string have one fixed end or two fixed ends?
Justify your response. Use diagrams to support
your answer. (3 MARKS)

b  The speed of the wave in the string is 300 m s71,
Calculate the frequency of the wave. (2 MARKS)

Question 17 (7 MARKS)

Displacement (m)
A

1+

+—» Distance (m)

14
v

The graph shows the displacement-distance relationship for
a second harmonic standing wave on a string. The period of
the standing wave shown is 4.0 seconds.

Two students set up a small model generator with the
generator output fitted with slip rings and connected to
an oscilloscope.

a Explain why the oscilloscope shows an AC signal instead
of a DCsignal. (2 MARKS)

o

Calculate the frequency of the AC signal given that the
coil of the generator makes one quarter turn every
30 ms. (2 MARK)

¢ Describe the effect(s) on the oscilloscope output of
changing the rotation speed of the coil to be one quarter
turn every 10 ms. (2 MARKS)

Adapted from 2014 VCAA Exam Section A Q18

Question 20 (2 MARKS)

Clare, an astronaut who is stationary in an inertial reference
frame inside a spaceship, sees another spaceship piloted by
fellow astronaut, Belle, move past her at constant velocity.
Clare measures the clocks on Belle’s spaceship to run 5
times slower than her clocks. Belle’s spaceship has a mass
of 15000 kg.

Calculate the kinetic energy of Belle’s spaceship in Clare’s
frame of reference.

Key science skills

Question 21 (2 MARKS)

James is measuring how the frequency of sound changes

when pressing his finger down at different positions on a

guitar string. James’ physics teacher recommends that he:

e takes multiple readings of the frequency for each finger
position, and

e hasa friend repeat the experiment later.

Explain how each recommendation will improve
James’ experiment.



9G DIFFRACTION

Have you ever wondered how we hear sound from another room or how waves from out at
sea can bend around headlands on their way to the shore? Diffraction is a behaviour of waves
which helps explain these phenomena. This lesson will explore the way that wavelength and
gap width or obstacle size affect diffraction.

9A Wave 9B Wave speed 9C The Doppler 9D Wave 9E Resonance 9F Standing 9G Diffraction
fundamentals effect interference and waves
path difference

Study design key knowledge dot point
e investigate and explain theoretically and practically diffraction as the directional spread of various frequencies with

reference to different gap width or obstacle size, including the qualitative effect of changing the % ratio

Key knowledge units

Describing diffraction 4.1.9.1

Analysing diffraction 4.1.9.2

Formulas for this lesson

Previous lessons New formulas
9B *v=1\ diffraction o %

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
aperture a hole, gap, or slit through which a wave travels

diffraction the spread of a wave around an obstacle or through an aperture

Describing diffraction 4.1.9.1

OVERVIEW \

Diffraction describes how waves spread around obstacles and through gaps.

THEORY DETAILS

Diffraction occurs every time a wave interacts with the edge of an obstacle. Unlike particles, /
when a wave interacts with an obstacle the wave spreads around it rather than being blocked.
This is explained by Huygen’s principle (which is beyond the scope of this course).

A gap, which is commonly referred to as an aperture in the context of waves, can be seen as Figure 2 Waves diffract around
the space between the edges of two obstacles so diffraction occurs through a gap in a similar ~ an obstacle.
fashion. As a wave moves through the gap it spreads around both sides. In this way, sound

originating in one room can pass through a doorway and spread into the next room.

Figure 3 Waves diffract through
a gap. The dashed line divides the
e = pattern in half showing the similarity

Figure 1 Water waves from the ocean diffracting through a rock wall with diffraction around an obstacle.
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Analysing diffraction 4.1.9.2

OVERVIEW

The amount that a wave diffracts when it meets an obstacle or gap depends on the
wavelength and the size of the obstacle or gap.

THEORY DETAILS

The extent (amount) of diffraction is proportional to the ratio of wavelength to obstacle/
gap width.

diffraction oc 2
A =wavelength (m), w = obstacle/gap width (m)

This means that waves with longer wavelengths (lower frequencies) will diffract more than
waves with shorter wavelengths (higher frequencies). We experience this when we hear

the heavy bass in a song from another room more clearly than the treble (higher frequency
notes). It also means smaller obstacles/gaps will cause greater diffraction than larger ones.

For the purposes of VCE study, diffraction is a qualitative behaviour. The extent of diffraction
is typically considered significant when the wavelength is of the same magnitude or larger

than the width; that is, when % >1.

B < i N <
N ) ] N )

A A
+—> +“—>
Longer wavelength Shorter wavelength Smaller obstacle

T L) el

La

| ]

R

rger obstacle

—> | W
A A
+——> +—>
Longer wavelength Shorter wavelength Smaller gap Larger gap
Figure 4 For a given obstacle/gap width, a longer wavelength diffracts Figure 5 For a given wavelength, a smaller obstacle/gap width will cause
more than a shorter wavelength. more diffraction than a larger width.
Theory summary

e Diffraction is the way that waves spread around obstacles and through gaps.

e The greater the value of the ratio % the more significant the diffraction.

KEEN TO INVESTIGATE?

PhET ‘Wave interference’ simulation
https://phet.colorado.edu/en/simulation/wave-interference
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9G Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following distances (A, B, C, or D) is the gap
width in this scenario?

F s
A
< B
F 3
C
D
v
Question 2

Diffraction is best defined as

A thechange in the speed of a wave as it passes an
obstacle or gap.

B the spreading behaviour of waves around an obstacle or
through a gap.

the pattern formed by two waves when they interact.

the ratio of wavelength to width.

Question 3

For a given wavelength, which of the following gap widths
will cause the greatest diffraction?

A 0.10m B 020m C 030m D 040m

Question 4

For a given gap width, which of the following wavelengths
will diffract most?

A 010m B 020m C 030m D 040m

Question 5

For a given gap width and wave medium, which of the
following frequencies will diffract the most?

A 10Hz B 20Hz C 30Hz D 40Hz

Question 6

For ripples of water passing through a gap, which of the
following combinations of wavelength and gap width will
lead to the most significant diffraction?

A A=1.0m,w=10m
B A=20m,w=10m
C A=10m,w=2.0m
D A=20m,w=2.0m

EXAM-STYLE QUESTIONS
This lesson

Question 7 (1 MARK)

In which of these situations is diffraction most likely to be
responsible for the observation?

A Astudent notices regions of high intensity and low
intensity sound while walking around a field with two
coherent speakers.

B  Wave crests travelling along a rope reach a wall and
return as troughs.

C  The pitch of an ambulance siren is observed to change
as it drives past.

D The lower pitch sound of a siren on a stationary
ambulance around a street corner is heard more clearly
than the higher pitch sound.

Question 8 (2 MARKS)

Two speakers are producing sound at the same intensity in a
room. Speaker A is producing sound with a 1.0 m wavelength
and speaker B is producing sound with a 3.0 m wavelength.
Which speaker can be heard with greater intensity around
the corner from a 2.0 m door? Justify your answer with
supporting calculations.

Question 9 (4 MARKS)

The diagram shows waves in a ripple tank passing through a
slitin a barrier.

The frequency of the incident waves is then increased.

a Copy the diagram with the original frequency (for
comparison), and draw a new diagram showing the
pattern for the higher frequency. (2 MARKS)

b  Explain the change in the diffraction pattern. (2 MARKS)
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Question 10 (3 MARKS)

The diagram shows a speaker playing a single frequency, f,
which is placed a distance, d, from a soundproof barrier which
has a gap of width, w. Three students measure the width of
the audible region on the other side of the barrier to be x.
They want the audible region to be approximately 2x. To

achieve this, Hannah suggests using a frequency of if
Ash suggests moving the speaker closer to a distance, %
Shahan suggests using a gap width of 2w.

X
IW Audible region

A
v

Evaluate these three suggestions.

Question 11 (2 MARKS)

A trombonist is practising slides along her trombone’s
frequency range. She wants to show this off by leaving the
door open. A pianist is jealously listening outside the door
and notices that the sound gets quieter during each slide.
Is the trombonist sliding up or down the frequency range?
Justify your answer.

Question 12 (3 MARKS)

Campbellis a large dog in a kennel with a 60 cm opening.

He barks with a wavelength of 1.8 m. Dion is a small dogin a
kennel with a 20 cm opening and he barks with a frequency
of 850 Hz. Both dogs are barking with same sound intensity.

Which of the dogs' barks will diffract more? Use calculations
to justify your answer. Assume the speed of sound in air is
340msL.

60 cm

4l

Campbell:A=1.8m

b

Dion: f=850 Hz

Previous lessons

Question 13 (7 MARKS)

An AC alternator is used to power a distant campsite. The
alternator produces 140 Vo and a current of 40.0 A .

In order to reduce the power loss to the campsite, a 1:4
step-up transformer is used between the alternator and the
transmission lines - which have a resistance of 1.00 Q in each
line - and a 4:1 step-down transformer is used between the
transmission lines and the campsite.

AC alternator

Step-up Step-down
transformer transformer
P X =T
5[e] i i i =1
s Transmission 0 Y C it
. lines E L ampsite
Primary  Secondary Primary  Secondary

Adapted from 2009 VCAA Exam 2 Section A Q12-15
a Calculate the peak voltage produced by
the alternator. (1 MARK)

b  There are 2000 turns in the primary winding of the
step-down transformer. How many turns are in the
secondary winding? (1 MARK)

What is the power loss in the transmission lines? (2 MARKS)

d  Whatis the voltage reaching the campsite, V,,? (3 MARKS)

Question 14 (2 MARKS)

The star Aldebaran emits 5.7 x 1028 J s71in the form of
electromagnetic radiation as a result of nuclear fusion
reactions in the star’s core. Calculate the rate of the
corresponding loss in the star’s mass.

Adapted from 2017 VCAA Exam Section A Q11

Key science skills

Question 15 (4 MARKS)

Michael is creating plane waves in a ripple tank. He inserts a
wall with a gap to observe how the width of the diffraction
pattern, y, is affected by the size of the gap, w.

Source

) WI y

a Identify the independent, dependent, and
controlled variables. (3 MARKS)

b  Norafollows the same method as Michael and records
very similar results. What does this suggest about the
experiment and its results? (1 MARK)



CHAPTER REVIEW 341

CHAPTER 9 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Use the following graph to answer Questions 1 and 2.

Displacement (m)

A
1+

Distance (m)

-1 4
v

Question 1

Which wave results from the superposition of the other two waves?
A Green wave

B Orange wave

C Purplewave
D

None of the waves result from superposition of the other waves.

Question 2

Which option correctly identifies the properties of the orange wave (B)?
A Wavelength =6 m, amplitude = 0.3 m, frequency =3 Hz

B  Wavelength =3 m, amplitude =0.3 m, frequency = 0.33 Hz

C  Wavelength =3 m, amplitude =0.25 m, frequency = 3 Hz
D

Wavelength =3 m, amplitude = 0.3 m, frequency unknown

Question 3

Which concept is not involved in the formation of a standing wave?
A Reflection
B Diffraction
C  Superposition
D

Interference
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Question 4

For which of the following wavelengths would a given point that is 1.0 m from one wave source and 2.0 m from another
coherent wave source correspond to a node?

A 10cm
B 20cm
C 30cm
D 40cm
Question 5

Gareth is standing next to the Melbourne Grand Prix track. Which of the following describes the engine sound that
Gareth hears as a result of a race car’s movement as the car approaches and then drives away from him?

A Alouder sound while the car is moving towards him and a softer sound while the car is moving away from him
B  Asofter sound while the car is moving towards him and a louder sound while the car is moving away from him

C Ahigher frequency sound while the car is moving towards him and a lower frequency sound while the car is moving
away from him

D Alower frequency sound while the car is moving towards him and a higher frequency sound while the car is moving
away from him

SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (8 MARKS)

The two graphs represent the characteristics of the same transverse wave travelling along a rope. The displacement-
distance graph depicts the rope at t =0 s. The displacement-time graph represents a single particle on the rope.

Displacement (m) t=0 Displacement (m)
1 A
0.5
Distance (m)

10

-1 D

Calculate the speed of the wave. (2 MARKS)

o o

In which direction (up, down, left, or right) is particle C moving at the instant shown? (1 MARK)

(2]

Which particle (4, B, C, D or E) could the displacement-time graph represent? (1 MARK)

=

Draw the displacement-distance graph att=1.0s. (2 MARKS)
e Draw the displacement-time graph for particle A betweent=0and t =6.0s. (2 MARKS)

Question 7 (2 MARKS)

Draw the following wave pulse after reflection from

a afreeend. (1MARK)

b afixed end. (1MARK)
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Question 8 (5 MARKS)

343

Two speakers are used at a school assembly. Take the speed of sound in airas 340 ms™1

a Two humanities teachers setting up the assembly are discussing the effect of using two speakers rather than one.

Mr Ridley suggests that all students in the hall will hear the sound to be twice as loud, while Ms Hawes believes
the volume will depend on the students’ position. Evaluate the two opinions with reference to the
relevant theory. (2 MARKS)

b  Two troublesome friends have been separated for assembly. Toby sits 5.0 m from one speaker and 8.4 m from the
other. Reginald sits 1.0 m from one speaker and 2.7 m from the other. Use calculations to compare the sound heard
by each student when both speakers emit a 100 Hz coherent sound. (3 MARKS)

Question 9 (5 MARKS)

Waves travel along a 5.0 m long string at 28 m s™1. Both ends of the string are fixed.
a Determine the longest wavelength standing waves possible on such a string. (1 MARK)
b Calculate the third lowest frequency standing waves possible on such a string. (2 MARKS)

¢ Calculate the third lowest frequency standing waves possible on such a string if one end is now free. (2 MARKS)

Question 10 (2 MARKS)

Explain the difference between standing waves that form on a string with two fixed ends compared to a string with one
fixed end.

Question 11 (5 MARKS)

Andrew and Missy are studying a variety of wave phenomena using variable wave sources
and a wave receiver.

a Two coherent sources emit waves in all directions. A wave receiver is placed within
range of the sources however the receiver does not register any incoming waves.
Explain how this is possible. (1 MARK)

b  Andrew and Missy now observe the diffraction pattern of waves from a single source
passing through a gap. Explain what will happen to the diffraction pattern as they
decrease the frequency emitted by the source. (2 MARKS)

¢ Thestudents set up a new experiment where the wave receiver moves away from the Diagram relates to part b

wave source. What will be the effect on the detected frequency, compared to if the
receiver was stationary? Identify the relevant physics principle. (2 MARKS)

Question 12 (4 MARKS)

Water waves are being created in a swimming pool. The waves have a period of 1.50 s and a wavelength of 9.00 m.
a Calculate the speed of the waves. (1 MARK)

b  Water waves with the same properties are now produced by two coherent sources, A and B. Point P
is located on the second nodal line 12.0 m away from source A. Calculate the distance from source B
to the point P. (3 MARKS)

Question 13 (4 MARKS)

A string with one fixed end and one free end forms a 5th harmonic standing wave with a frequency of 30 Hz. The wave
speed on the stringis 6.0 m s,

a Draw adiagram of the standing wave. (2 MARKS)

b  Calculate the length of the string. (2 MARKS)

Question 14 (2 MARKS)

Students set up a fourth harmonic standing wave on a 1.40 m string with a frequency of 250 Hz and an amplitude of
6 cm. Calculate the speed of the wave on the string.
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Question 15 (5 MARKS)

Waves with wavelength 2.0 m are being generated by a source Son

an 8.0 m string with one fixed end and one free end. S )_(
a Willastanding wave form in this situation?
Explai . (2MARKS < >
xplain your answer. ( ) 3.0m

b  What type of interference occurs between the original
travelling wave and the reflection at point X, halfway along
the string? (3 MARKS)

Question 16 (3 MARKS)

Arock band is playing in a soundproof room but with an open door. An observer stands outside the room with the wall
in between her and the band.

The graph shows the mean frequency of sound produced by the four instruments in a rock band. Assume all instruments
are producing the same volume.

800 T (]
N 600 +
i o
/ 9
()
c
$ 400 +
E,' o
'
) 200 +
o
Observer

Trumpet Bass Guitar Synth

a Whyitis possible for the observer to hear the instruments despite the soundproof wall in between? (1 MARK)

b  Which instrument will the observer be least likely to hear? Justify your answer. (2 MARKS)
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Light behaving as a wave

10A Electromagnetic waves
10B Refraction and reflection
10C Polarisation and colour dispersion

10D Young's double slit experiment

Key knowledge

describe light as an electromagnetic wave which is produced by the acceleration of charges, which
in turn produces changing electric fields and associated changing magnetic fields

identify that all electromagnetic waves travel at the same speed, c, in a vacuum

compare the wavelength and frequencies of different regions of the electromagnetic spectrum,
including radio, microwave, infrared, visible, ultraviolet, x-ray and gamma, and identify the distinct
uses each has in society

explain polarisation of visible light and its relation to a transverse wave model
investigate and analyse theoretically and practically the behaviour of waves including:

— refraction using Snell’s Law: n,sin(8,) = n,sin(6,) and n,v; =n,v,

~ total internal reflection and critical angle including applications: n,sin(6 ) = n,sin(90°)

investigate and explain theoretically and practically colour dispersion in prisms and lenses with
reference to refraction of the components of white light as they pass from one medium to another

explain the results of Young’s double slit experiment with reference to:
— evidence for the wave-like nature of light

- constructive and destructive interference of coherent waves in terms of path differences: nA and

(n—%)?\ respectively

- effect of wavelength, distance of screen and slit separation on interference patterns: Ax =

Image: Anna Om/Shutterstock.com




10A ELECTROMAGNETIC WAVES

This lesson introduces the concept of light as an electromagnetic wave and discusses the
features and uses of the electromagnetic spectrum. We will explore the wave nature of light
throughout the rest of Chapter 10.

10A Electromagnetic waves 10B Refraction and reflection 10C Polarisation and colour 10D Young’s double slit
dispersion experiment

Study design key knowledge dot points

e describe light as an electromagnetic wave which is produced by the acceleration of charges, which in turn produces
changing electric fields and associated changing magnetic fields

e identify that all electromagnetic waves travel at the same speed, ¢, in a vacuum
e compare the wavelength and frequencies of different regions of the electromagnetic spectrum, including radio, microwave,
infrared, visible, ultraviolet, x-ray and gamma, and identify the distinct uses each has in society

Key knowledge units

Light as an electromagnetic wave 4.1.10.1 & 4.1.11.1

The electromagnetic spectrum 4.1.12.1

Formulas for this lesson

Previous lessons New formulas

9B *v=fA No new formulas in this lesson

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

electromagnetic spectrum the range of all possible electromagnetic waves ordered by frequency
or wavelength

electromagnetic wave a transverse wave comprised of changing electric fields and perpendicular
changing magnetic fields produced by the acceleration of charged particles. Unlike a mechanical
wave, it does not require a medium

Light as an electromagnetic wave 4.1.10.1 & 4.1.11.1

OVERVIEW

Light can be modelled as an electromagnetic wave comprised of changing perpendicular
electric and magnetic fields. It is produced by the acceleration of charged particles. The speed
of electromagnetic waves in a vacuum is a constant.

THEORY DETAILS

Electric field

A stationary charged particle has a constant electric field around it.
Magnetic field

When the particle is accelerating, this electric field changes. A changing
electric field produces a perpendicular changing magnetic field, and the
changing magnetic field likewise produces a changing electric field. This
is known as an electromagnetic wave or electromagnetic radiation. An
accelerating charged particle will therefore emit electromagnetic waves.
If the charged particle is oscillating, the frequency of the electromagnetic
wave will be equal to the frequency of the oscillation. Visible light Image: Fouad A. Saad/Shutterstock.com

consists of a small range of frequencies of electromagnetic waves. Figure 1 An electromagnetic wave. The changing electric and
magnetic fields are perpendicular to each other.

Itis important to recognise that, unlike mechanical waves,
electromagnetic waves do not require a medium. Whereas mechanical
waves exist as the transfer of energy through matter, electromagnetic
waves exist as the transfer of energy through the propagation of electric
and magnetic fields.
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All electromagnetic waves travel at the same speed in a vacuum, independent of frequency
and wavelength. As we saw in chapter 4, this speed is denoted by the symbol c which is equal
t0 3.0 x 108 m s71 to two significant figures.

Electromagnetic waves can be described by the wave equation with ¢ substituted in as the
wave’s velocity: ¢ = fA.

The electromagnetic spectrum 4.1.12.1

OVERVIEW

All possible frequencies of electromagnetic waves comprise the electromagnetic spectrum.
The different regions of the electromagnetic spectrum all have valuable uses within society.
The visible spectrum is just one of these regions.

THEORY DETAILS

The electromagnetic spectrum is divided into regions defined by their frequency range as
shown in Figure 2. Only one small region of this spectrum (wavelengths between ~380 nm
and ~750 nm) is visible light. The other regions are invisible to the human eye.

IR

AM FM TV Radar TVremote Lightbulb Sun  X-ray machine Radioactive elements

Radio waves Microwaves Infrared Ultraviolet X-rays
Long wavelength
Low frequency <«

Short wavelength

0.0lcm 1000nm P High frequency

0.01lnm 0.0001nm

Low energy m é% High energy
Building size Atom size

Image: VectorMine/Shutterstock.com

Figure 2 The electromagnetic spectrum. Energy and frequency increases and wavelength decreases from left
to right. Red is at the low frequency end of the visible spectrum and violet is at the high frequency end.

The following summarises the properties and uses of the regions of the electromagnetic
spectrum in order of increasing frequency and energy.

Radio waves

e Travel long distances uninterrupted due to their long wavelength

e Diffract around obstacles like buildings and mountains and can reflect off the ionosphere
to help travel long distances

e Mostly used in radio and television communications where they are emitted by radio
towers and picked up by antennae on devices such as car radios

Microwaves

e Used to cook food in microwave ovens by matching the resonant frequency of water
molecules in food causing them to vibrate

e Also used for mobile phone signals, Wi-Fi and radar systems

e Cosmic microwave background (CMB) radiation is electromagnetic radiation which was
created in the early stages of the universe and continues to reach Earth, and provides
strong evidence for the Big Bang Theory.

Infrared

e All objects emit electromagnetic radiation due to the thermal vibration of charged particles.
At temperatures for which life exists most of this radiation is infrared. For this reason
thermal vision goggles use infrared and convert it to visible light to ‘see’ temperature.

Image: Dezay/Shutterstock.com

e When infrared radiation hits an object, it causes the particles in that object to vibrate so

the object heats up. Radiator heaters and heating lamps use this principle. Figure 3 A thermal image.

Redder colours indicate higher
e |tisalso usedin some forms of signal transmission such as TV remote controls. temperatures.
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Visible light
e |tallows humans (and many species) to see.

e When we see an object as coloured, the object is reflecting the wavelengths of the colour
it appears to be and absorbing the complementary (all other) wavelengths.

e Red is at the low frequency/long wavelength end of the visible spectrum and violet is at
the high frequency/short wavelength end as shown in Figure 2.

Ultraviolet

e Used in sterilisation processes and to cure (harden) different materials due to its high energy

e Usedin black lights (UV light bulbs) for forensic analysis as it causes other substances,
including bodily fluids, to fluoresce (emit visible light)

e Produced along with visible light and infrared by the Sun
X-ray
e High energy and highly penetrating

e Useful forimaging bone structures as they pass easily through soft tissue

Image: Puwadol Jaturawutthichai/
Shutterstock.com

e Candamage the DNAin cells or even kill cells in significant doses
e Produced by cosmic objects and used by astronomers to study those objects Figure 4 A medical x-ray image
Gamma rays

KEEN TO INVESTIGATE?

oPhysics ‘Electromagnetic Waves’
simulation
https://ophysics.com/em3.html

e Higher energy, more penetrating, and more damaging than x-rays
e Produced by nuclear reactions

e Used in medicine to target and kill tumour cells but care must be

taken to minimise damage to other cells
PhET ‘Radiating Charge’ simulation

https://phet.colorado.edu/en/simulation/
legacy/radiating-charge

e Produced by cosmic objects and used by astronomers to study
those objects

Theory summary PhET ‘Radio Waves and Electromagnetic
Charge’ simulation
https://phet.colorado.edu/en/simulation/
legacy/radio-waves

e Lightis a self propagating electromagnetic wave comprised of
perpendicular electric and magnetic fields that is produced by the
acceleration of charged particles.

e The speed of light and all electromagnetic waves in a vacuum is YouTube video: CrashCourse - Maxwell’s
3.0x108msL Equations

e The regions of the electromagnetic spectrum from lowest frequency e
to highest frequency are radio, microwave, infrared, visible light, YouTube video: BestOfScience - The
ultraviolet, x-ray, and gamma. Electromagnetic Spectrum
https://youtu.be/cfXzwh3KadE

THEORY REVIEW QUESTIONS

Question 1 Question 2
The best description of an electromagnetic wave is Which of the following statements about mechanical waves
A aself propagating longitudinal wave consisting of does not apply to electromagnetic waves?
changing electric and magnetic fields. A ltis atransmission of energy without a net transfer
B aself propagating transverse wave consisting of of matter.
changing electric and magnetic fields which can be B Thereisan inverse relationship between its frequency
produced by the acceleration of a charged particle. and wavelength.
C changing electric and magnetic fields resulting in both C Itrequires a medium.

transverse and longitudinal waves. It can diffract.

D away to transfer energy through a medium.



10A QUESTIONS

Question 3

Which region of the electromagnetic spectrum travels the
fastest in a vacuum?

A Gammarays

B  Ultraviolet rays
C Radiowaves
D

They all travel at the same speed.

Question 4

Which of the following options lists electromagnetic waves in
order of increasing wavelength?

A Microwave, red light, violet light, ultraviolet, gamma
B Gamma, x-ray, red light, violet light, radio

C Infrared, radio, yellow light, ultraviolet, x-ray
D

X-ray, green light, red light, microwave, radio

Question 5

As we progress along the entire electromagnetic spectrum
from radio to gamma waves, which option correctly describes
the way wavelength, frequency, and energy change?

Wavelength Frequency Energy
A Decreases Increases Increases
B Increases Decreases Increases
C Increases Increases Decreases
D Decreases Increases Decreases

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

Order the following regions of the electromagnetic spectrum
from longest wavelength to shortest wavelength: orange
light, x-rays, microwaves, radio, ultraviolet, infrared.

Question 7 (1 MARK)

Order the following regions of the electromagnetic spectrum
from highest energy to lowest energy: red light, radio,
ultraviolet, blue light, infrared, gamma.

Question 8 (1 MARK)

Wavelength, nm
400 4?0 5<|Jo 550 th)o 6.?0 700

A B C

The vertical lines in the diagram show the wavelengths of
light which a mercury atom can emit (known as an emission
spectrum, which will be covered in Chapter 12). The following
list gives the five visible colours that are emitted by the
mercury atom.

D E

Yellow Green Blue-green Blue Violet

349

Identify which band (4, B, C, D or E) represents the
green emission.

Adapted from 2018 VCAA Exam Section B Q19a

Question 9 (2 MARKS)

With reference to charged particles, describe how an
electromagnetic wave is produced.

Question 10 (3 MARKS)

During the Apollo 11 mission when NASA was
communicating with astronauts on the Moon, which is

384 400 km from Earth, there was a time delay in the process
of sending radio messages.

a Calculate the time it takes for a radio signal to travel
from Earth to the Moon. (1 MARK)

b Ifthe signal has a frequency of 144 MHz, calculate
its wavelength. (2 MARKS)

Previous lessons

Question 11 (5 MARKS)

The Sun emits energy in the form of electromagnetic radiation
that is produced through nuclear fusion.

a Calculate the decrease in the Sun’s mass in one second if
the Sun’s power is 3.85 x 1026 J s71. (2 MARKS)

b  Given that the mass defect of a single fusion reaction
that takes place inside the Sun is 0.0276 u (where
1u=1.66x 10727 kg), calculate the energy released in
one fusion reaction. (2 MARKS)

¢ Hence, calculate the number of nuclear fusion reactions
that take place in the sun each second. (1 MARK)

Question 12 (2 MARKS)

Amy is choosing which kind of generator to use for her cabin.
She can choose between an AC generator that has a peak
voltage of 325V or a DC supply of 250 V. With the AC supply,
the total resistance of appliances in the cabin is 8.0 Q. Using
the DC supply, the total resistance is 9.0 Q. Which option will
provide the most power?

Adapted from 2012 VCAA Exam 2 Section A AoS 1Q3

Key science skills

Question 13 (2 MARKS)

Several students take measurements of the wavelength
of a laser. The wavelength is cited as 532.0 + 0.1 nm.
The wavelengths they measure are: 532.3 nm, 532.5 nm,
532.1nm, 531.9 nm and 532.7 nm.

Calculate the average value with an appropriate uncertainty.



10B REFRACTION AND REFLECTION

Have you ever noticed the way a straw in a glass of water appears disjointed or bent? Or the
way the surface of water can behave a bit like a mirror? This lesson will explore refraction and
reflection as behaviours which are consistent with the wave model of light, and introduce
Snell’s law to describe the behaviour of waves at boundaries.

10A Electromagnetic waves 10B Refraction and reflection 10C Polarisation and colour
dispersion

10D Young’s double slit
experiment

Study design key knowledge dot point
e investigate and analyse theoretically and practically the behaviour of waves including:
- refraction using Snell’s Law: n,sin(8,) = n,sin(6,) and n,v, = n,v,
- totalinternal reflection and critical angle including applications: n,sin(8 ) = n,sin(90°)

Key knowledge units

Refractive indices 4.1.14.1
Light at boundaries 4.1.14.2
Snell’s law 4.1.143
Total internal reflection and critical angle 4.1.14.4

Formulas for this lesson

Previous lessons New formulas
* = _C
9B v=fA n=y

Y v =nyv,
* n;sin(8,) =n,sin(8,)
nlsin(ec) =n,

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

angle of incidence the angle to the normal of a ray approaching a medium boundary
angle of reflection the angle to the normal of a ray reflected by a medium boundary
angle of refraction the angle to the normal of a ray refracted by a medium boundary
critical angle the angle above which total internal reflection occurs

normal animaginary line perpendicular to the medium boundary at the point of incidence

refraction the change in direction of a wave moving between two media with different
refractive indices

refractive index for a given medium, the ratio of the speed of light in a vacuum to the speed of
light in that medium

total internal reflection the reflection of all incident light at a boundary between two media

transmission the transfer of wave energy from one wave medium to another wave medium

Refractive indices 4.1.14.1
OVERVIEW

The refractive index of a medium is defined as the ratio of the speed of light in a vacuum to
the speed of light in that medium. It is always equal to or greater than one.




10B THEORY

THEORY DETAILS

The speed of light waves in a medium is determined by how fast the wave’s alternating
electric and magnetic fields can permeate through that medium. This permeability, or optical
density, is dependent on the physical characteristics of the medium and is quantified by the
refractive index, n.

-C
n=y

n = refractive index of medium (no units), ¢ = speed of light in a vacuum (3.0 x 108 m s™1),
v =speed of light in medium (m s™1)

Because the speed of light can never exceed ¢, the minimum value for a refractive index is one
(n=1). The speed of light in air is very close to ¢ so n=1.00 to three significant figures in air.

From the definition of refractive index, the refractive indices and speeds of light in two
different media can be related mathematically.

mv,=mv,
n, = refractive index of first medium (no units), n, = refractive index of second medium (no units),
v, = speed of light in first medium (m s), v, = speed of light in second medium (m s71)

Worked example

Light in a glass prism has a speed of 2.0 x 108 m s™1. The speed of light in water is 1.15 times
as fast as light in the prism.

a  Calculate the refractive index of the prism.

b Calculate the refractive index of water.

c _3.0x108
a n_._= = =1.5
prism — Vprism 2.0 x 108
b nyvi=nmv, nprism Vprism = Nyater Vwater

1.5x2.0x108=n x1.15%2.0x 108

1.3

water

nwater =

Light at boundaries 4.1.14.2
OVERVIEW

When light reaches a boundary between two media with different refractive indices, some
of the light will be reflected and some will be transmitted. The transmitted light will change
direction if it is incident at an angle to the normal. This is called ‘refraction’, and is due to the
change in speed between media.

Lo
Normalline | Refracted ray
Lower 0
refractive g
index i
Higher
refractive
index
ei =0,
Incidentray  Reflected ray reflect =i
Figure 1 Theincident, reflected and refracted Figure 2 The angle of incidence, angle of
light rays at a boundary between media with reflection (which is equal to angle of incidence)
different refractive indices and the angle of refraction at a boundary

between media. In this case 8,> 0, because the
light is entering a lower refractive index from a
higher refractive index.

351
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THEORY DETAILS

Just like mechanical waves, whenever light hits the boundary between two media some of
the light will be reflected. In most scenarios, transmission of light will also occur across the
boundary, with some of the wave’s energy moving into the new medium.

If light hits a boundary at an angle to the normal (a line perpendicular to the boundary) the
change in wave speed will cause the light to change direction. This change of direction is
known as refraction.

Light entering a lower refractive index (faster) medium will refract away from the normal,
while light entering a higher refractive index (slower) medium will refract towards the normal.
No change in direction occurs when the media have the same refractive index. Light rays are
always reflected at the same angle as they were incident. It is useful to define the rays of light
at a boundary by their angles.

Snell’s law 4.1.14.3

OVERVIEW

Snell’s law relates the refractive indices in two media to the angle of incidence and angle
of refraction.

THEORY DETAILS

When light crosses a boundary from one medium to another it bends either towards or away
from the normal, depending on whether it has passed into a medium with a higher or lower
refractive index. The angle of refraction is related to the incident angle and the refractive
indices of the boundary media by Snell’s law:

n,sin(6,)=n,sin(8,)
n, = refractive index of first medium (no units), n, = refractive index of second medium (no units),
0, = angle to the normal in first medium (°), 6, = angle to the normal in second medium (°)

Worked example

A ray of light passes from air (n=1.00) to water (n=1.33). If the incident angle of the ray is
43.0°, calculate the angle of refraction.

We know Snell’s law relates these four variables: n, sin(8,)=n,sin(,)
ny is the refractive index of the first medium (air) .. n; =1.00

n, is the refractive index of the second medium (water) .. n, =1.33
0, istheincident angle .. 6, =43.0°

Substitute in known values: 1.00 xsin(43°)=1.33 xsin(6,)

1.00xsin(43.0°)

133 ) =30.8°

Rearrange for the unknown value: 92=sin‘1(

The angle of refraction is 30.8°.

Total internal reflection and critical angle 4.1.14.4
OVERVIEW

When light is refracted away from the normal, the incident angle can be increased
to the point where the angle of refraction reaches 90°. The angle of incidence for
which this occurs is called the critical angle. Light with an incident angle greater
than this angle will be totally internally reflected.

THEORY DETAILS

When light travels from a higher to a lower refractive index (slower to faster)
medium, it bends away from the normal. As a result, the angle of refraction will reach
90° before the incident angle does. The incident angle at which the refracted angle is
90° is called the critical angle.

Figure 3 The variables related by
Snell’s law at a boundary between
two media
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Once the incident angle is such that the angle of refraction would exceed 90°, light is no longer (a) i
transmitted across the media boundary: it is totally internally reflected. This can only occur
when light moves from a higher to a lower refractive index.

When determining if total internal reflection occurs we must find the critical angle at the
medium boundary. We know that when 6, =8, 8, =90°. Substituting these values into Snell’s
law gives:

nlsin(ec) =n,sin(90°)

Now, given sin(90°) =1: <6,

nlsin(ec):n2

n, = refractive index of first medium (no units), (b)

n, = refractive index of second medium (no units), 8 = critical angle between the media (°)

Rearranging for 6 . >

9C=sin‘1(z—i>

Total internal reflection occurs when 6, > GC.

Total internal reflection is utilised in telecommunications by using optical fibres, which
totally internally reflect light through the length of the fibre. Fibres are often surrounded by a

protective, transparent ‘cladding’ for use, which has a lower refractive index than the fibre.

>ec

Figure 5 Totalinternal reflection in a glass rod and the use of total internal reflection to transfer a light signal from

one end of an optical fibre to another

Figure 4 The resultant rays from

an incident ray at (a) less than, (b)
Theory summary equal to, and (c) greater than the

e Refractive index is the ratio of speed of light in a vacuum to speed of light in a medium. critical angle passing from a higher

to a lower refractive index medium.

e Atamedium boundary, light always reflects and can also be transmitted.
e The angle of reflection equals the angle of incidence.
e Transmitted light refracts if incident light hits the boundary at an angle.

e Refraction is away from the normal when moving to a lower refractive index
and towards the normal when moving to a higher refractive index.

e Snell’s law mathematically describes the direction of waves at a boundary.
e When the angle of incidence is the critical angle, the angle of refraction is 90°.
e Above the critical angle, total internal reflection occurs and no light is transmitted.

e Total internal reflection can only occur when passing from a higher to a lower
refractive medium.

KEEN TO INVESTIGATE?

oPhysics ‘Reflection and Refraction’ simulation
https://ophysics.com/I7.html

PHet ‘Bending Light’ simulation
https://phet.colorado.edu/en/simulation/bending-light
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10B Questions

THEORY REVIEW QUESTIONS

Question 1

Which is the best description of the conditions required for
light to reflect?

A Whenever light hits a shiny surface, such as a mirror

B  Whenever light passes from a lower refractive index to a
higher refractive index material

C  Whenever light passes from a higher refractive index to a
lower refractive index material

D Whenever light reaches the boundary between two
different media

Question 2

Which statement is correct?

A Light bends towards the normal whenever it enters a
medium with a high refractive index.

B Light bends away from the normal whenever it enters a
medium with a high refractive index.

C Light bends towards the normal whenever it passes from
a lower refractive index medium to a higher refractive
index medium.

D Light bendstowards the normal whenever it passes from
a higher refractive index medium to a lower refractive
index medium.

Question 3

Higher refractive indices correspond to

A lower speeds of light and n =1 is the highest value
refractive index.

B higherspeeds of light and n =1 is the highest value
refractive index.

C lower speeds of light and n =0 is the lowest value
refractive index.

D lowerspeeds of lightand n=11is the lowest value
refractive index.

Question 4

Which option correctly identifies the angles of incidence,
reflection and refraction in the diagram?

Angle of incidence | Angle of reflection | Angle of refraction
A 0, 0, 0,
B 0, 0, 0,
C 0 0, 0,
D |6 0, 5,
Question 5

Which of the following relationships between the four
labelled variables is correct?

nZ
A nsin(8,)=n,sin(,)
B n,sin(0,)= nlsm(62)
C n,sin(90-0,)=n,sin(90-86,)
D n,sin(90- 91) nsm(90 9)

Question 6

Which of the following conditions must be met for total
internal reflection to occur in medium 1 when light hits the
boundary between medium 1 and 2?

Medium 1

n,

Medium 2

2

ny=n,
n,=n,
n

1M

No condition has to be met.

o 0 w >
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EXAM-STYLE QUESTIONS
This lesson

Question 7 (1 MARK)

355

Question 13 (3 MARKS)

The refractive index of polycarbonate is 1.60. Calculate the
speed of light in polycarbonate.

Question 8 (2 MARKS)

Aray of light passes through the boundary between air
(n=1.00) and glass. The incident and refracted angles are
45.0° and 30.0°, respectively. Calculate the refractive index of
the glass.

Question 9 (2 MARKS)

Aray of light is observed to bend when passing between two
transparent liquids. Calculate the angle of refraction of the
ray if it has an incident angle of 42°.

42°
n =132

n,=1.40

Question 10 (3 MARKS)

The wavelength and frequency of a light wave in saltwater
are 540 nm and 4.085 x 10'# Hz. Calculate the refractive index
of saltwater.

Question 11 (2 MARKS)

An optical fibre has a core refractive index of 1.46 and a
cladding with a refractive index of 1.28. Calculate the critical
angle inside the optical fibre.

Claddingn=1.28

Coren=1.46

Adapted from 2018 VCAA Exam Section B Q12

Question 12 (2 MARKS)

The desired critical angle for an optical fibre with n_, = 1.7
is 48°. What refractive index would the cladding of the fibre

need in order to achieve this critical angle?

Copy the diagram and draw the rays reflected or refracted
when the incident angle of the ray in the figure is

a slightly greater than the critical angle. (1 MARK)

b  slightly less than the critical angle. (2 MARKS)

Question 14 (3 MARKS)

The speed of a ray of light passing between two media with
unknown refractive indices increases by a factor of 1.2.

If the ray of light has a refracted angle of 60°, what is the
incident angle?

Question 15 (2 MARKS)

A laser light passes into and is then guided by the stream of
a hose. Explain how it is possible for the stream to guide
the light.

A
A
§
ey

s

Question 16

/

(2 MARKS)

A glass fibre has a critical angle of 50° in air. Will total internal
reflection still be possible inside the fibre if it is placed in a
tub of water with n=1.33? Assume the refractive index of air
is 1.00.

Question 17 (3 MARKS)

Alight ray passes from air (n = 1.00) into a glass cube
(n=1.50) and then into a liquid (n = 1.33). The boundaries
between the media are parallel. Calculate the magnitude (in
degrees) of the difference between the initial incident angle
of 30° and the final refracted angle.

n=1.00 n=1.50

_________ | —> |

n=1.33
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Question 18 (4 MARKS)

A cubic prism is floating in water and has a refractive index
such thatv =0.80x%v and v, =0.60xv,,.Alight

prism water prism
ray from the water hits the prism at 55° to the normal. Deter-
mine whether the ray will be totally internally reflected the
next time it reaches a boundary, assuming the next boundary
is on the opposite face of the prism. Do not assume values for
the refractive indices of air or water.

Air

Prism | Water

Previous lessons

Question 19 (2 MARKS)

a Draw field lines for the gravitational field created by a
stationary spherical object with uniform mass density.
Use eight lines. (1 MARK)

b Draw field lines for the electric field created by a
stationary spherical object with uniform positive charge.
Use eight lines. (1 MARK)

Question 20 (5 MARKS)

Step-up and step-down transformers are used between

a power source and load to reduce power loss. The
transmission wires have a total resistance of 9.00 Q and carry
an 8.00 Agy s current.

a  Whatis the power loss in the transmission wires? (1 MARK)
b  The step-up transformer takes an input voltage of
240 Vg5 and outputs 200 kVpeak. Determine the turns

ratio, N, : N, of this transformer to three significant

figures. (2 MARKS)

¢ The step-up transformer is changed so that it steps up to
50 kVpeak instead of 200 kVpeak. By what factor would the
power loss in the transmission lines increase? (2 MARKS)

Key science skills

Question 21 (7 MARKS)

Ascientist is analysing the diamond engagement ring given
to them by their fiancé. They alter the incident angle of a
540 nm green laser light and record the refracted angle after
it moves from air (n = 1.00) into the diamond. Real diamonds
have refractive indices above 2.80.

a  What are the dependent and independent variables in
this experiment? Also name one controlled variable in
this experiment. (3 MARKS)

b  The scientist plots the results. Calculate the gradient of
the line of best fit. (2 MARKS)

A

0.5+

044 3

0.3+
sin(6) I
0.2+
0.1¢+
0 0.2 0.4 0.6 0.8 1

sin(@)

¢ Usethevalue of the gradient to determine whether the
diamond analysed is real. (2 MARKS)



10C POLARISATION AND COLOUR DISPERSION

This lesson will introduce the polarisation of light, how polarisation can be achieved, and why
the ability to polarise light supports the transverse wave model of light. The lesson will also
explore how white light can be dispersed into separate colours.

10A Electromagnetic waves 10B Refraction and reflection 10C Polarisation and colour 10D Young’s double slit
dispersion experiment

Study design key knowledge dot points

e explain polarisation of visible light and its relation to a transverse wave model

® investigate and explain theoretically and practically colour dispersion in prisms and lenses with reference to refraction of
the components of white light as they pass from one medium to another

Key knowledge units

Polarisation 4.1.13.1

White light and colour dispersion 4.1.15.1

No previous or new formulas for this lesson

Definitions for this lesson

dispersion the separation of white light into its constituent colours due to the different refractive
indices for different frequencies (colours) of light in a given medium

plane aflat, two-dimensional space
polarised wave a transverse wave whose oscillations exist in only one plane

polarising filter a material which polarises light in the direction of the filter’s transmission axis

Polarisation 4.1.13.1
OVERVIEW

The polarisation of light is dependent on light being a transverse wave. Polarisation restricts
the direction of wave oscillations to one plane.

THEORY DETAILS

The oscillations of a travelling transverse wave, such as light, can be in any plane that is
perpendicular to the direction of wave travel. When a transverse wave is polarised, the
oscillations occur in only a single perpendicular plane.

Light can be polarised by polarising filters (made of materials known as polaroids) or by reflection
off non-metallic surfaces. The polarisation direction of light is the direction of oscillations in
the electric field. The observation that light can be polarised supports the model that light is
a transverse wave because polarisation is solely a property of transverse waves. Longitudinal
waves cannot be polarised as their oscillations are only in the direction of wave travel.

Unpolarised Transmission axis
incident beam

Polariser

Figure 1 Transverse light waves originally unpolarised are polarised in the direction of the transmission axis of a
polarising filter. The arrows indicate the direction of electric field oscillation.
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Polarising filters will:
e polarise lightin a single plane.

e block light that is already polarised in a perpendicular direction to the filter’s
transmission axis.

e notalter light that is already polarised in the filter’s transmission axis.

e transmit the parallel component of light that is already polarised at an angle
(but not perpendicular) to the filter’s transmission axis.

A common scenario where it is useful to polarise light is when looking at reflective surfaces
such as oceans, lakes, snow, and windows. A polarising filter such as polarised sunglasses can
be used to minimise the reflections seen from the surface.

ck.com

Image: Ebsigma/Sh

Polarisingfilter = =

Figure 2 A comparison of viewing the surface of water without (left) and with (right) a polarising filter. The filter
blocks the reflections from the water, which were polarised in a different direction to the filter.

White light and colour dispersion 4.1.15.1
OVERVIEW

White light is made up of a continuous spectrum of the visible wavelengths of light. White light
The colours within white light are refracted at different angles by refractive media,

so they disperse when white light is shone through a prism or lens. . .- Visible spectrum

THEORY DETAILS

. . . . . . Figure 3 The continuous spectrum of visible
White light is not a particular colour or wavelength of light, but a combination light forming what is perceived as white light

of the continuous visible spectrum of electromagnetic radiation. This spectrum,
when viewed all together, is perceived as white light.

The refractive index of a material depends on the wavelength (and therefore colour) of light
passing through the material. This means different colours of light are refracted by different
amounts through a refracting medium. Mathematically, this difference can be calculated by
Snell’s law. When each colour component of white light exits the medium, the spectrum has
been separated and the component colours are visible.

Consider red and violet waves passing through a prism as these colours are the extremes

of the visible spectrum (Figure 4). The refractive index of the prism is higher for shorter
wavelengths (like violet) than longer wavelengths (like red), so the prism refracts the violet
light more than the red light at both of the material interfaces. When white light is shone onto
the prism, this effect is seen across the whole spectrum.

Light dispersed into
component colours
i.e. aspectrum

>\§>\ -
-

Prism Prism .

Figure 4 Red and violet waves being refracted Figure 5 White light being dispersed into its
through different angles by a prism component colours as each colour is refracted
through different angles by the prism
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Lenses also disperse white light into a spectrum. This is an important factor to consider when
designing the lenses used in scientific instruments and cameras.

~

KEEN TO INVESTIGATE?
oPhysics ‘Polarization of

Figure 6 White light being dispersed into its Figure 7 White light being dispersed into its L .

component colours as each colour is refracted component colours as each colour is refracted Light’ simulation

through different angles by a convex lens through different angles by a concave lens https://ophysics.com/13.html
Theory summary oPhysics ‘Dispersion of

Light’ simulation

e Only transverse waves can be polarised. .
https://ophysics.com/18.html

e Lightis polarised by polarising filters or reflection off non-metallic surfaces.

oPhysics ‘Lenses and Chromatic
Aberration’ simulation
https://ophysics.com/l15.html

PhET ‘Bending Light’ simulation

https://phet.colorado.edu/en/

e Because the refractive index is dependent on wavelength, white light can be simulation/bending-light
dispersed into its constituent colours by lenses and prisms.

10C Questions

e The ability of light to be polarised is evidence that light can be modelled as a
transverse wave.

e Polarising filters block waves already polarised in a perpendicular direction.
e White light is made up of the spectrum of visible light.

THEORY REVIEW QUESTIONS Question 4
Question 1 The dispersion of white light by a prism or lens is due to
What type of waves can be polarised? A the high refractive index of these objects.
A Mechanical waves only B total internal reflection.
B Transverse waves only C thepolarisation of different colours of light.
C Longitudinal waves only D thedependence of refractive index on wavelength.
D Allwaves EXAM-STYLE QUESTIONS
Question 2 This lesson
Question 5 (2 MARKS)

A polarisation filter

A blocks all planes of oscillation except those in the Unpolarised light from a lamp is incident on a surface.

filter direction. What is the qualitative effect on the intensity of light hitting

B blocks all planes of oscillation except those this surface if a polarising filter is placed between the source
perpendicular to the filter direction. and the surface? Explain your answer.

blocks all planes of oscillation.

blocks all waves except longitudinal waves.

Question 3

White light is

A asingle wavelength of light.

B visible light waves with extremely high intensity.
C thefull, continuous electromagnetic spectrum.
D

a continuous spectrum of visible light.
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Question 6 (4 MARKS)

Unpolarised light waves pass through two polarising filters
as shown.

Determine the direction of the transmission axis (horizontal
or vertical) of each polarising filter in each case.

]

Unpolarised
incident beam

Transmitted
beam

(2 MARKS)

Unpolarised
incident beam

(2 MARKS)

Question 7 (1 MARK)

How does the ability of light to be polarised support the
wave model of light?

Question 8 (3 MARKS)

Light inside diamonds is totally internally reflected off
multiple surfaces, giving diamonds their famous shine. The
shine of diamonds also exhibits multiple colours when only a
white light is incident on the diamond.

Explain why diamonds exhibit a colourful shine, justifying
your response with relevant theory.

Question 9 (2 MARKS)

The diagram shows red, green, and violet light being shone
through a convex lens.

What can be concluded about how the refractive index of the
lens changes based on the wavelength of light?

@‘S

Question 10 (3 MARKS)

Explain why wearing appropriately polarised sunglasses
enables the wearer to more clearly view an object under the
surface of a lake.

UNIT 4 | AOS 1 | CHAPTER 10: LIGHT BEHAVING AS A WAVE

Previous lessons

Question 11 (2 MARKS)

The following diagram represents field lines around a
spherical particle of uniform mass density. Could these field
lines represent the particle’s gravitational field?

Explain why or why not.

N
K

Question 12 (2 MARKS)

Determine the amplitude and wavelength of this
mechanical wave.

Displacement (m)

F 3
0.2
0.1
» Distance (m)
2 4 8 10
-0.1
-0.2
v
Question 13 (1 MARK)

Astring is being plucked at 10 Hz, producing waves of
wavelength 0.15 m. What is the period of these waves?

Key science skills

Question 14 (2 MARKS)

Toni Stark is investigating the effect of lens shape on colour
dispersion. She shines white light through a glass lens and
records the distance between the dispersed red and violet
light. She then replaces the glass lens with a plastic lens that
has greater curvature, and repeats the measurements. Is this
a valid scientific experiment?

Explain why or why not.

Question 15 (2 MARKS)

Astudentin a well-lit classroom is investigating the effect

of a polarising filter where a single wavelength light source
passes light through the filter onto a detector. The student
records the intensity with and without the filter present, and
presents their results to the class.

List one way to reduce the effects of random errors and
one way to reduce the effects of systematic errors in
this experiment.



10D YOUNG'S DOUBLE SLIT EXPERIMENT

This lesson introduces Young’s famous double slit experiment. We will relate our knowledge
of diffraction and interference from Chapter 9 to the context of light and show how this
supports the wave model of light.

10A Electromagnetic waves 10B Refraction and reflection 10C Polarisation and colour 10D Young’s double slit
dispersion experiment

Study design key knowledge dot point

e explain the results of Young’s double slit experiment with reference to:
- evidence for the wave-like nature of light
- constructive and destructive interference of coherent waves in terms of path differences: nA and (n —%)7\ respectively
- effect of wavelength, distance of screen and slit separation on interference patterns: Ax = %L

Key knowledge units

Evidence for the wave-like nature of light 4.1.16.1

Fringe spacing 4.1.16.2

Formulas for this lesson

Previous lessons New formulas

* - _ * _AL
9D Constructive: p.d. =nA Ax="F
9D * Destructive: p.d. = (n - %)7\

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson

fringe spacing the distance between adjacent bright or dark bands in a double slit
interference pattern

Evidence for the wave-like nature of light 4.1.16.1
OVERVIEW

Young’s double slit experiment shows light exhibiting
the wave properties of diffraction and interference. This
challenged the particle nature of light and provided evidence

for a wave model of light. ﬂ_ _______________

THEORY DETAILS Laser

In 1801, a physicist called Thomas Young performed an Double slit >
experiment in which he shone light through two slits onto
a screen and observed alternating bright and dark regions
(see Figure 1).

Screen

Image: Emre Terim/Shutterstock.com

Figure 1 A setup of Young’s double slit experiment

Interference and diffraction of light

The pattern of alternating high and low intensity (bright and dark) regions can be explained
as a wave interference pattern (see lesson 9D). Bright bands are caused by constructive
interference and the dark bands by destructive interference.

When the laser is shone through the two slits diffraction occurs. This is what we would
expect a water wave to do when passing through a gap (see lesson 9G). This allows the slits to
be treated as sources of light. The diffracted light from these slits is coherent as it originates
from the same source.
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Constructive and destructive interference results from the interaction of the diffracted light
from the two slits.

Antinodal line (bright) Nodal line (dark)
Screen
/
/
\
/ /< ®
Double slit

Figure 2 The slits act as sources of light and an interference pattern occurs between the diffracted light from
each slit. Antinodal lines lead to bright bands and nodal lines to dark bands.

As the concepts are the same, the process used to answer questions about Young’s double slit
experiment will be similar to that used for interference patterns in lesson 9D.

Worked example

A l B
The above diagram represents the pattern observed in a double slit experiment. The arrow
indicates the central bright band. The path difference to bright band Ais 1.2 x 10" m

a Calculate the wavelength of the light.
b Determine the path difference to the dark band B.

a ‘Bright’ tells us to use the constructive path difference equation.
Band A is the 2nd bright band from the centre so n=2 in the equation.
p.d.=n\ .1.2x1076=2xA
A=6.0x10""m

b ‘Dark’ tells us to use the destructive path difference equation.

Band B is the 1st dark band from the centre so n=1 in the equation.
pd.=(n-3)A = pd.=(1-3)x6.0x107
p.d.=3.0x107"m

How Young’s double slit experiment supports the wave model of light

e Young’s double slit experiment results in an interference pattern.
e Interference is a wave behaviour.
e This means light exhibits wave properties. This is evidence for the wave-like nature of light.

e The particle model incorrectly predicts two bright spots on the screen rather than an
interference pattern.



10D THEORY
Fringe spacing 4.1.16.2 Bands on screen
OVERVIEW
The distance between adjacent bright bands in an interference pattern < %7
depends on the slit separation, the distance between the slits and the screen,
and the wavelength. Screen_
THEORY DETAILS L
The fringe spacing is the distance between the centre of adjacent bright bands. v 4_—dz

This is the same as the distance between adjacent dark bands.

The fringe spacing can be calculated by the following relationship.

Ax = % Laser I:I

Ax = fringe spacing (m), A = wavelength (m), L = distance from slits to screen (m),
d =slit separation (m)

4 2 4 Arrows point
in the increasing
direction
v [I]]]]]]]]

d AN L Ax

Figure 4 Visual representation of the change in variables

for the fringe spacing equation

Worked example

A laser with wavelength 600 nm is incident on a sheet with two slits 3.00 x 10> m apart.
The interference pattern is visible on a screen 1.00 m behind the slits.

Calculate the distance between the adjacent bright bands.

Calculate the distance between the central bright band and the dark band to its right.

a Forthe fringe spacing equation we have A=600 nm = 6.00 x 10~"m, L =1.00 m, and
d=3.00x10"°m

6.00x1077x1.00

300x105  =2:00%x107m

_AL_
Mx="=
The distance between the adjacent bright bands is 2.00 x 1072 m.

b Thedistance between a bright band and the next dark band is half the distance between

adjacent bright bands.

_2.00x1072
A==

The distance between the central bright band and the dark band to the right is 1.00 x 1072 m.

=1.00%x102m

Theory summary

. . . KEEN TO INVESTIGATE?
e Young’s double slit experiment supports the wave model of light.

oPhysics ‘Double slit diffraction and

interference’ simulation

e Constructive interference leads to bright bands and destructive https://ophysics.com/l4.html
interference leads to dark bands. These can be predicted by path

. . . . . phET ‘Wave interference’ simulation
ffi h h . . .
difference equations by ’;\reatlngt eslits as light sources eesliphces ot eed il Een)

e The fringe spacing, Ax = FL, predicts the distance between the centre wave-interference

of fringes. The Open Door Website: Proof of fringe
spacing equation
https://www.saburchill.com/physics/
chapters2/0014.html

e |t exhibits the wave property of interference.

Figure 3 Simplified version of Young’s double
slit experiment indicating the relevant distances
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10D Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following options correctly describes Young’s
double slit experiment?

Model of light
supported

Observed result on the
screen

Explanation of
observed result

A Two bright spots Light travels in Wave

straight lines

B Alternating bright and Interference Particle
dark regions

(ot Alternating bright and Interference Wave
dark regions

D Alternating bright and Light travelsin Particle

dark regions straight lines

Question 2

When constructive interference of light occurs, what can be
said about the resultant light at that point?

A The wavelength of the light at the point is greater.
B Thefrequency of the light at the point is greater.
C Thelightis less intense (darker).

D Thelightis more intense (brighter).

Question 3

Given the distances from each slit to the fourth dark band
from the centre, which equation is most appropriate to find
the wavelength of light in a double slit experiment?

A p.d.=nhA
B p.d.=(n—%)7\

M
C Ax—d
A
D d=4;
Question 4

Referring to the diagram, which option represents the
distance, Ax, in the fringe spacing equation?

Bands on screen

Screen

C AI
Laser b

|:| stits[} o

v

53

Question 5

Which is the correct distance between the points Aand B on
the interference pattern shown given that the fringe spacing
is 2.00 cm and the wavelength is 576 nm?

Bands on screen

A

B 3.00cm C

B

A 1.00cm 400cm D 6.00cm

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

Which of the following options correctly describes the effect
of increasing the slit separation in a double slit experiment?

A Thedistance between adjacent bright bands will be
closer together.

The central bright band has greater intensity.
The central bright band has lower intensity.

D Thedistance between adjacent bright bands will be
further apart.

Question 7 (1 MARK)

Which of the following options correctly describes the effect of
increasing the frequency of light in a double slit experiment?

A Thedistance between adjacent bright bands will be
closer together.

The central bright band has greater intensity.
The central bright band has lower intensity.

The distance between adjacent bright bands will be
further apart.

Question 8 (5 MARKS)

Alaser is shining on two slits which produces an interference
pattern on a screen. The fourth dark band is 2.40 x 107 m
further away from one slit than the other.

Calculate the wavelength of the incident laser. (2 MARKS)

b Adifferent wavelength laser is used and the fourth dark
band is now 3.00 x 10~% m further away from the first slit
than the second. Calculate the path difference to the first
bright band. (3 MARKS)

Question 9 (2 MARKS)

In a setup of Young’s double slit experiment, the sheet
behind the slits has a series of alternating dark and bright
bands. Explain the existence of these bright and dark bands.

Question 10 (3 MARKS)

Batman and Robin are locked in a cage by the ghost of
Thomas Young and have to set up three different double
slit experiments with the exact same fringe spacing in order
to escape. In each experiment they are given all but one
variable which they have to correct. Calculate the unknown
values needed to escape.



10D QUESTIONS

Screen
L
CEEEEREPES =
Laser Slits
ol
v
Ax A (nm) L (m) d(m)
2.88x107°m a (1 MARK) 1.50 3.00x 1072
2.88x107°m 425 b (1 MARK) 1.96 x 1072
2.88x107°m 650 2.00 ¢ (1 MARK)
Question 11 (3 MARKS)

Two students set up a double slit experiment. Before turning
on the laser, Jeffrey claims that a dark spot will occur in the
centre of the pattern. Eva disagrees, claiming that the centre
is always a bright band.

Evaluate Jeffrey and Eva’s opinions. Justify your answer.

Adapted from 2015 VCAA Exam Section A Q17b

Question 12 (3 MARKS)

The centre of the second dark band in a double slit
experiment is 9.15 x 1077 m further from one slit than the
other. Find the frequency of the incident light.

Question 13 (3 MARKS)

Explain, with reasons, what implications Young’s double slit
experiment had on understanding the nature of light.

Question 14 (5 MARKS)

In two experiments, light of different wavelengths is shone
through double slits and the interference pattern is recorded.
The first experiment used a wavelength of 300 nm.

The pattern for each experiment is shown. Points A and C are
fixed points on the screen.

First experiment

[I]]]]]][I]]]]

Another point on the screen to the left of Cis further
from one slit than the other by a distance of 1.50 x 10" m
Copy the diagram of the interference pattern for the first
experiment and identify where this point is by writing
the letter X above it. (3 MARKS)

Second experiment

b Calculate the wavelength used in the
second experiment. (2 MARKS)

Adapted from VCAA 2012 Exam 2 Section A AoS 2 Q2
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Question 15 (4 MARKS)

Mr Bean lives 1.20 km from the radio tower for his favourite
radio station which has a frequency of 1.00 x 10° Hz. A second
radio tower is installed, further from Mr Bean’s house, which
emits the same frequency. After the installation, Mr Bean stops
receiving his favorite channel but can still receive most others.

a Give one reason that Mr Bean’s house could no longer be
receiving his favourite channel. (1 MARK)

b  MrBean speaks to the neighbours in his suburb and
discovers that, of all the positions where the problem
occurrs, his house is at the closest position to the
midpoint between the towers. How far is his house from
the second tower? (3 MARKS)

Previous lessons

Question 16 (2 MARKS)

A craft of mass 20 kg is orbiting Ganymede, Jupiter’s largest
moon, at an altitude of 400 km. Considering the radius of
Ganymede is 2630 km and its mass is 1.48 x 1023 kg, calculate
the gravitational force on the craft by Ganymede.

Question 17

[T
In air, light travels at approximately 3.0 x 108 ms™. Ina
denser medium, such as water, it travels slower but the
frequency does not change. The graph represents the electric

field oscillations of a beam of light with a frequency of
5.10 x 1013 Hz travelling through a dense liquid.

(4 MARKS)

d(x10°°m)

a Calculate the speed of light in the medium. (2 MARKS)
b Calculate the refractive index of the liquid. (2 MARKS)
Key science skills

Question 18 (3 MARKS)

In a replication of Young’s double slit experiment, a student
measures consecutive fringe spacings tabulated here whilst
keeping the slit distance and space between the slits and the
screen constant.

Wave- Fringe Fringe Fringe Fringe Fringe
length spacel space 2 space 3 space4 | space5
(nm) (10>m) | (10°m) | (10°m) | (105m) | (1075m)
450 2.50 2.51 2.51 2.48 2.50

500 7.73 1.74 7.72 7.72 7.73

550 6.18 6.20 6.19 6.21 6.20

a Thestudent states that the results for the 500 nm
experiment are most precise. Why is this the case? (1 MARK)

b  Usethe data and relevant theory to show that

systematic errors have affected these results. (2 MARKS)
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CHAPTER10 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Which of the following gives the order of light from lowest to highest energy?
A Radio, infrared, blue, green, red
B Red, green, blue, infrared, radio
C Radio, infrared, red, green, blue
D

Infrared, radio, red, green, blue

Question 2

A glass prism (n = 1.50) and a bowl of water (n = 1.33) are being used in a refraction .
experiment. The medium surrounding the experiment is air (n = 1.00). The student A
conducting the experiment records a diagram of the experiment. What can be concluded
about the experimental setup?

A Theglass prism is fully submerged in water.

The glass prism is only surrounded by air.

B
C Theglass prism is partly submerged in water.
D

Unable to conclude any of the above statements.

Question 3

Determine which of these wavelengths is not a component of white light.
A Infrared B Red C Green D Blue

Question 4

Polarisation of light suggests that light is behaving as
A anytype of wave.

B aparticle.

C alongitudinal wave.

D

a transverse wave.

Question 5

In a double slit experiment, a student establishes an interference pattern. He then halves the distance between the laser
and the slits and doubles the wavelength. Determine the change to the pattern.

A There would be no change to the pattern.

B We can not determine the change as the student changed two variables.
C The fringes would be spaced twice as far apart.
D

The fringes would be spaced four times as far apart.
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SECTION B

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

Alight-year is the distance light travels in a year and is a common unit of measurement to use when describing
astronomical scales. Assuming that an average year has 365 days, convert 0.75 light-years to metres.

Question 7 (2 MARKS)

Describe how light is produced when an electron is accelerated.

Question 8 (1 MARK)

Students observe a light ray moving between media. What can be
concluded about the refractive indices of the media? Medium A

Medium B

Question 9 (2 MARKS)

Two media have refractive indices of 1.30 and 1.40. Determine the ratio of the speed in the higher refractive index medi-
um to the speed in the lower refractive index medium. Express your answer in decimal form.

Question 10 (3 MARKS)

The wavelength of a light wave in a medium with n = 1.80 is 880 nm. Calculate the frequency of this wave.

Question 11 (2 MARKS)

In a double slit experiment, the third bright band on the screen is 1.50 x 107® m closer to one slit than the other.
Calculate the wavelength of the light in nanometres.

Question 12 (2 MARKS)

Aray of light is travelling through a prism. It hits the top of the prism at an angle of 78° to the normal. The critical angle
of the prism in air is 76°. An observer standing above the prism is shocked that they cannot see the light. Explain how
this is possible.

Question 13 (2 MARKS)

Michael argues that regardless of the medium or observer’s frame of reference, light will always travel at 3.0 x 108 m s™L,
Evaluate Michael’s argument.

Question 14 (6 MARKS)

a Describe the conditions required for total internal reflection to occur. (2 MARKS)

Air
n=1.000

0=41.30°
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b  To transfer information through a fibre optic cable, light beams must travel along the cable without escaping. The
minimum angle of incidence along this cable is 41.30°. Which colour(s) can we use to transfer information through
this fibre optic cable? Use calculations to support your answer. (3 MARKS)

Colour Refractive index in
fibre optic cable

Red 1.509

Yellow 1.511

Green 1.513

Blue 1.517

Violet 1.521

¢ Ifthe fibre optic cable was straightened out so no internal reflection occurred, which of the five colours would reach
the end of the cable first? (1 MARK)

Question 15 (4 MARKS)

The diagram shows white light being split into its constituent colours by a prism.

a  Order the colours below as they would appear from left to right. Justify
your answer. (2 MARKS)

W31 SHYM

green blue yellow red violet orange

b  Identify and describe the phenomenon that splits white light into its constituent
colours when it travels through a prism. (2 MARKS)

Question 16 (3 MARKS)

An experiment is conducted where a light source is shone through two polarising filters whose transmission axes are
perpendicular to each other.

a Ifastudent was to look through the second polarisation filter, what would they observe? (1 MARK)

b  What does the polarisation of light suggest about the nature of light? Explain your answer. (2 MARKS)

Question 17 (5 MARKS)

Superman keeps his super clean super suits in a locked room. The only way to unlock the room is by creating a
particular interference pattern using his laser eyes which have a wavelength of 640 nm.

0, Slits Screen

a To make sure the laser does not destroy the lock, it must first pass through a prism which absorbs some of the
laser’s energy. The angle of incidence when entering the prism is 43.2°, the refractive index of the prism is 1.9, and
the refractive index of air is 1.00. Calculate the angle of refraction, 8,. (2 MARKS)

b Tounlock the room, the second dark band from the centre must be 1.60 x 107® m further from one slit than the
other. Superman shines his laser eyes through the prism and into the lock. Use calculations to determine whether

the lock opens. (3 MARKS)
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Question 18 (8 MARKS)

In a double slit experiment, the slits are separated by a distance of 3.00 x 1072 m, the screen is 1.50 m away from the
slits, and the laser produces light with a wavelength of 480 nm.

Screen
1.50 m

slits |I3.oo x102m

Calculate the path difference, in metres, to the second bright spot from the centre. (2 MARKS)
b  Calculate the fringe spacing. (2 MARKS)

¢ Describe how the spread of the interference pattern would change if a laser producing 350 nm light is used
instead. (1 MARK)

d Thediagram shows the interference pattern using the original wavelength. Band A is the centre of the pattern. After
changing the wavelength of light, would band A be a node or antinode? Explain why this is the case. (3 MARKS)

A

Question 19 (3 MARKS)

Explain how Young’s double slit experiment provided evidence for a wave model of light and against a particle model
of light.
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UNIT 4, AOSTQUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

Which of the following is a possible explanation for observing the sound of a car horn to have a lower pitch than normal?
A Thecaris further away from the observer than normal.

B Thecaris closer to the observer than normal.

C Thecarhornis quieter than normal.
D

The observer is moving away from the car.

Question 2

Boris is choosing between 2.4 GHz and 5 GHz frequencies for his Wi-Fi router. He lives in a brick house so the Wi-Fi
signal cannot easily pass through the walls. Which of the following options correctly describes a difference between
these two frequencies?

A The5GHzsignal will bend around the corners of the house better.
B The 2.4 GHz signal will bend around the corners of the house better.
C The5GHzsignal will travel faster.

D The 2.4 GHz signal will travel faster.

Question 3

Which types of waves are able to be polarised?

A Longitudinal mechanical waves and longitudinal electromagnetic waves.
B Longitudinal electromagnetic waves and transverse mechanical waves.
C Transverse electromagnetic waves and transverse mechanical waves.
D

Transverse electromagnetic waves and longitudinal mechanical waves.

Question 4

<4——— Direction of wave travel

A

Asstring is vibrated to form a travelling wave. Which of the following best gives the direction that point A is moving at the
instant shown?

| — | —

A B C D
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Question 5

Which is the best description of the way resonance can occur on a fixed length of string?
A The superposition of a travelling wave with its reflection

B Ahigh enough frequency

C Aforced oscillation matching the natural frequency of vibration

D BothAandC

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (2 MARKS)

An ambulance is driving towards a pedestrian. Describe the Doppler effect and conclude what the pedestrian would
hear when compared with a stationary ambulance.

Question 7 (1 MARK)

Order the following regions of the electromagnetic spectrum from highest frequency to lowest frequency: microwaves,
red light, X-rays, gamma rays, infrared waves, green light.

Adapted from 2017 Sample VCAA Exam Section B Q8

Question 8 (3 MARKS)

Adisplacement-distance graph at t =0 seconds for a t=0seconds

length of rope which has a transverse wave travelling D'SP"aceme“t (m) p

along itis shown. A point halfway along the rope is 104

marked and labelled X.

Given that the wave speed on the ropeis2 ms™, 51

draw a displacement-time graph for point X between

t=0seconds and t =5 seconds. .
0 +—p Distance

(m)
-5 4
-10 +

Question 9 (3 MARKS)

How many times can the infrared beam in an underwater communications cable with n = 1.4 travel the circumference of
the Earth in one second? Take the radius of the Earth to be 6.37 x 106 m, and assume the beam travels a circular path.

Question 10 (2 MARKS)

The refractive index of a prismis 1.35 for red light, 1.38 for yellow light, and 1.45
for blue light. When yellow light is shone into the prism as shown, it is incident
on the opposite surface (at point X) at the critical angle.

Incident ligh X
a Identify which path(s) (4, B, C, D, or E) red light would take if it had the same neident ight » E
incident path. (1 MARK) D
b Identify which path(s) (4, B, C, D, or E) blue light would take if it had the A ¥ c

same incident path. (1 MARK)
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Question 11 (2 MARKS)

Three optical fibres are available for purchase from Bunnings. Using calculations, determine which fibre should be used
by a cable installer who requires the critical angle within the fibre to be smaller than 67.0°?

Fibre type Neore ncladding
OF-ONION | 1.43 1.35
OF-SAUCE 1.43 1.33
OF-SNAGZ | 1.43 1.29
Question 12 (4 MARKS)
Xi, Kim and Donald are carrying out a double-slit experiment with a Bands on screen
laser of frequency 5.0 x 1014 Hz. The arrangement of their apparatus
is shown. The point Cis the central bright band of the interference Screen
pattern and point Q represents the second dark band from C.
A Calculate how much larger the distance from S, to Q is than the
distance from S, to Q. (2 MARKS)
Laser
B Xi, Kim and Donald repeat the experiment using a different Slits S, c
laser and find that the point Q is now the second bright band s
from C. Calculate the wavelength of the new laser. :
Show your working. (2 MARKS)
Adapted from 2014 VCAA Exam Section A Q19 Q

Question 13 (3 MARKS)

Mollie and DeAndre are playing with a 0.50 m string with one fixed end and one free end. They produce a travelling wave
in the string with a wavelength of 8.0 cm and a period of 0.020 s. After this, DeAndre attempts to create a standing wave
with a frequency of 20 Hz on the same string. Use calculations to identify whether DeAndre will be able to produce this
standing wave in the string.

Question 14 (5 MARKS)

Jess and Viv attend a music festival. There are coherent speakers at each end of

the 20 m stage. Jess is standing directly in front of the left speaker, 15 m away. 8 8
Viv is standing directly in front of the right speaker, 48 m away. The note from 20m
a bass guitar has a frequency of 85 Hz and the speed of sound is 340 m s™L. Use » > @
supporting calculations to describe the intensity of sound received by each of
the festival goers. Ignore the effects of any other obstacles at the festival. Il5m
48m
Jess
Viv

Question 15 (5 MARKS)

Alight ray is passing across a double glazed window. All four surfaces
of the two layers of glass are parallel. The surrounding medium is air
with n =1.00. The light ray hits the top pane at 75° to the normal.

a Calculate the angle of refraction when the ray enters the top
layer of glass. (2 MARKS)

b  Calculate the angle of refraction when the ray exits the top layer
of glass. (1 MARK)

¢ Atwhatangle does the ray exit the bottom layer of glass?
Justify your answer. (2 MARKS)
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Question 16 (3 MARKS)

Ms Smyth is a Biology teacher who is covering a VCE Physics class. She tells the class that ‘Young’s double-slit experiment
provides evidence for the wave model of light rather than the particle model of light’ Evaluate Ms Smyth’s statement.

Adapted from 2013 VCAA Exam Section A Q22d

Question 17 (3 MARKS)

Two speakers are set up directly facing each other. They output coherent sound waves with a frequency of 425 Hz.
Leslie stands in the centre between the two speakers, then walks toward one speaker until she hears the third loud
region from the centre. How far has Leslie walked? Take the speed of sound to be 340 m s™%.

Adapted from 2018 VCAA Exam Section B Q11b

Question 18 (3 MARKS)

Alength of string has a series of knots on it which are used to identify particular points on the string. Consider two options:
e  Thestring forms a travelling wave with an amplitude of 2.0 cm and a wavelength of 10 cm.

e Thestring forms a standing wave with an amplitude of 2.0 cm and a wavelength of 10 cm.

Evaluate the statement that ‘the motion of each knot does not depend on whether a standing wave or travelling wave
exists on the string’.

Question 19 (6 MARKS)

A double-slit experiment is carried out with an apparatus that has two slits separated by 2.00 x 107> m.
Describe, with a reason, the intensity of light at the centre of the interference pattern on the screen. (2 MARKS)

b  Thelaseris replaced with one that has a lower wavelength. The third bright band from the centre of the
interference pattern would

A move further away from the centre of the pattern.
B move closer to the centre of the pattern.
C remain in the same position.
D become wider.
(1 MARK)
¢ The path difference from the slits to the second dark fringe from the centre of the interference pattern is 800 nm.

Calculate the path difference, in metres, from the slits to the first bright band from the centre of the pattern. (3 MARKS)

Adapted from 2013 VCAA Exam Section A Q22
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In this area of study students explore the
design of major experiments that have led to
the development of theories to describe the
most fundamental aspects of the physical
world - light and matter. When light and matter
are probed they appear to have remarkable
similarities. Light, which was previously
described as an electromagnetic wave, appears
to exhibit both wave-like and particle-like
properties. Findings that electrons behave in

a wave-like manner challenged thinking about
the relationship between light and matter,
where matter had been modelled previously as
being made up of particles.

4

-

Outcome 2

On completion of this unit the student should
be able to provide evidence for the nature of
light and matter, and analyse the data from
experiments that supports this evidence.

Shutterst

Reproduced from VCAA VCE Physics Study Design 2017-2021
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UNIT4A0S 2,CHAPTER 11

The photoelectric effect -
evidence for the particle-like
nature of light

TA Experimental design of the photoelectric effect
1B Changing intensity in the photoelectric effect
11C Changing frequency in the photoelectric effect

11D What the photoelectric effect means

Key knowledge

e analyse the photoelectric effect with reference to:
evidence for the particle-like nature of light

experimental data in the form of graphs of photocurrent versus electrode potential, and of
kinetic energy of electrons versus frequency

kinetic energy of emitted photoelectrons: E, . = hf - ¢, using energy units of joule and
electron-volt

- effects of intensity of incident irradiation on the emission of photoelectrons

describe the limitation of the wave model of light in explaining experimental results related to the
photoelectric effect

analyse the absorption of photons by atoms, with reference to:

— the change in energy levels of the atom due to electrons changing state

- the frequency and wavelength of emitted photons: £ = hf=%

Image: foxbat/Shutterstock.com




1A EXPERIMENTAL DESIGN OF THE
PHOTOELECTRIC EFFECT

Einstein never won a Nobel prize for his work in relativity but he did win one for his
understanding of the photoelectric effect experiment. The results of the photoelectric effect
experiment support a particle model of light, as we will explore throughout this chapter.

This lesson will look at the independent and dependent variables of the photoelectric effect
experiment and introduce the key ideas of the electron-volt, work function, and stopping
voltage to be expanded upon in future lessons.

11A Experimental design of the 11B Changing intensity in the 11C Changing frequency in the 11D What the photoelectric
photoelectric effect photoelectric effect photoelectric effect effect means

Study design key knowledge dot point
e analyse the photoelectric effect with reference to:

- evidence for the particle-like nature of light

- experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic energy of electrons
versus frequency

- kinetic energy of emitted photoelectrons: £, .. =hf- ¢, using energy units of joule and electron-volt

- effects of intensity of incident irradiation on the emission of photoelectrons

Key knowledge units

The electron-volt 4.2.2.7
Understanding the photoelectric effect experiment 4.2.2.1
Work function 4.2.2.6
Dependent and independent variables of the photoelectric effect experiment 4222
Stopping voltage as a way to evaluate the maximum kinetic energy of electrons 4.2.2.3

Formulas for this lesson
Previous lessons New formulas

6A Ww=qVv No new formulas in this lesson

Definitions for this lesson

electron-volt a measure of energy equal to 1.6 x 10712 J, derived from the loss or gain of
energy by an electron moving across a potential difference of 1 volt

photocurrent the electrical current produced by photoelectrons in the photoelectric effect
photoelectrons electrons emitted in the photoelectric effect

stopping voltage the reverse potential that repels the most energetic electrons from the
collector electrode and causes the photocurrent to become zero. It has the same numerical
value as the maximum kinetic energy of emitted electrons in electron-volts

work function the minimum energy of light required to release the most loosely bound
electron from a metal surface

The electron-volt 4.2.27

OVERVIEW

The electron-volt, or eV, is a measure of energy which is useful when describing very small
quantities. It will be used alongside the standard measure of energy, the joule, in this chapter
to describe the energy of light and photoelectrons.




11A THEORY

THEORY DETAILS

From lesson 6A, when a charged particle moves through an electric field it can either lose
or gain energy as per the formula W = gV. If we consider an electron that moves across a
potential difference of 1 volt, given its charge is 1.6 x 1071% C, we can determine the energy
lossorgainby: W=qV=1.6x10"¥x1=1.6x107°J

This defines the value of an electron-volt: 1 eV =1.6 x 107%° J. The unit eV can be used to
describe the energy of anything. It is not confined to electrons.

Understanding the photoelectric effect experiment 4.2.2.1
OVERVIEW

The photoelectric effect demonstrates the effect that light striking a metal surface is able to
free electrons from the metal. The electrons released are known as photoelectrons and their
movement produces a current known as the photocurrent.

THEORY DETAILS

Metals are made up of positively charged metal cations and negatively charged electrons.
These opposite charges exert an electric force on each other that holds the electrons within
the metal structure. When light is incident on the metal surface it can cause electrons that are
held within the metal to be released, as seen in Figure 2. The frequency (colour) of light can
be selected using a filter or a monochromatic light source.

Within the photoelectric effect experiment, this metal surface is referred to as the cathode.
Electrons liberated from the metal surface travel to another plate that is known as the
collector electrode or anode, and the apparatus of the anode and cathode is known as a
photocell. From the collector, these electrons will move through an external circuit that
includes an ammeter to measure the photocurrent, and a power supply to produce a variable
voltage between the collector electrode and the metal surface.

Light

Photoelectrons
Q—
—

Q—

Metal Collector
Surface electrode
(cathode) (anode)

A

Variable voltage source

Figure 3 General photoelectric effect experimental setup

Work function 4.2.2.6
OVERVIEW

The work function is a property of a metal that relates to how strongly electrons are held within
its structure. This characteristic has an important influence over whether electrons will be
liberated from the metal surface (cathode) and, if they are, how much kinetic energy they have.

THEORY DETAILS

Electrons in a metal will be bound with different amounts of energy and therefore require
different amounts of energy to be removed. The work function (¢ or W) is a property that
differs between metals. It describes the amount of energy required to release the most
loosely bound electron from a metal and is most often measured in electron-volts, but it can
be measured in joules.
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x (1.6x107"°)

T

Electron-volts Joules
eV J

+ (1.6x107°)

Figure 1 Conversion factor
between electron-volts and joules

Photoelectric effect

Electron Light

\

Metallic surface

Figure 2 Incident light shone upon
a metal surface can result

in electrons being released from
the surface.
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When light interacts with an electron on a metal surface some of the light’s energy is used
to overcome the work function, and any remaining energy is transferred to the electron as
kinetic energy (since energy is conserved). If the light energy absorbed by each electron is
less than the work function, electrons cannot be ejected.

This relationship can be expressed as a worded equation:
Electron KE, = light energy delivered to each electron - work function (¢)

The details of the ‘light energy delivered to each electron’ will be further explained in lessons
11C and 11D so that the worded equation can be developed into a mathematical equation.

Itis important to note that electrons will be ejected with a range of kinetic energies. KE,

describes the kinetic energy of the most loosely bound electron which uses the least energy
to escape (overcome the work function).

Worked example

Students conduct a photoelectric experiment in which the sodium metal has a work
function of 2.3 eV. Given that each electron absorbs 3.2 eV of energy from the light,
calculate the maximum kinetic energy of the photoelectrons produced.

Identify the known values and the relevant relationship.

KE ... = light energy delivered to each electron - ¢

m

light energy delivered to each electron = 3.2 eV
¢p=23¢eV

Substitute values into the equation.

KE, .x=32-23=0.9eV

Dependent and independent variables of the photoelectric
effect experiment 4.2.2.2

OVERVIEW

The photoelectric effect experiment has both independent and dependent variables that
are fundamental to the evidence it provides about the nature of light. These ideas will be
expanded upon in the following lessons.

THEORY DETAILS

The independent variables of the photoelectric effect experiment are:

e theintensity of light (brightness).

e the frequency of light (colour, when in the visible range).

For an experiment to be valid, measurements must be affected by a single independent
variable only: when the intensity of light is changed, the frequency should be kept constant

and vice versa. The metal surface, and hence work function, is typically kept constant for a
given experiment too.

The dependent variables of the photoelectric effect experiment are:

e the photocurrent.

¢ the maximum kinetic energy of electrons (KE_ ).

Photocurrent describes the rate of flow of charge due to the electrons being ejected from
the metal surface and reaching the collector anode. It is measured by an ammeter in the
external circuit. The maximum kinetic energy of electrons can be predicted using the energy
conservation relationship from the previous section, or it can be determined using the
stopping voltage which will be discussed in the next section.
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Stopping voltage as a way to evaluate the maximum kinetic energy
of electrons 4.2.23

OVERVIEW

Stopping voltage (V, or V;), alternatively called cut-off potential, is used to measure the maximum
kinetic energy of photoelectrons. The magnitude of the stopping voltage, measured in volts, has
the same numerical value as the KE, , of the electrons when measured in electron-volts.

THEORY DETAILS

The variable voltage source can be used to make the collector anode negatively charged and
the metal surface positively charged. This is known as a reverse potential. The negatively
charged electron is repelled by the negative collector anode and attracted to the positive
metal cathode from which it was ejected.

When the reverse potential is increased to the point where even the most energetic electrons
do not reach the anode, the current will be zero. At this point the reverse potential is the
stopping voltage. The magnitude of the stopping voltage, measured in volts, has the same
numerical value as the KE, , of the electrons when measured in electron-volts. For example if
the stopping voltage is 1.7 V then the maximum kinetic energy of electrons is 1.7 eV.

To better understand the idea of determining kinetic energy by measuring another variable,
consider the analogy of rolling a ball up a hill. When the ball reaches the top of the hill it will have
less kinetic energy than when it started. We can increase the height of the hill until the ball no
longer reaches the top. This is similar to increasing the reverse potential until the current becomes
zero. If we know the mass of the ball (which is like knowing the charge of the electron) we could
determine the initial kinetic energy of the ball by measuring the height of the hill required to stop
the ball reaching the top. Similarly, the size of the V; tells us the KE,, of the electrons.

Worked example

Bill and Bob wish to find the work function of a metal. It is known that light incident on the
metal surface transfers 4.7 eV to each electron and it is found that when a reverse potential
of 1.2 Vis applied, the current reaches to zero. What is the work function of the metal?

Identify that the reverse potential at which current drops to zero is the stopping voltage,
which has the same numerical value as the maximum kinetic energy of the electrons in eV.

KE 0= 1.2 €V

light energy delivered to each electron = 4.7 eV
KE, .. = light energy delivered to each electron - ¢
Substitute values into the equation.

12=47-¢

¢$=35¢eV

Theory summary
e Anelectron-volt is a measure of energy that is equivalent °
to 1.6 x 10712 .

e The photoelectric effect describes how light is able to free -
electrons, called photoelectrons, from a metal surface to
produce a photocurrent.

experiment are:

the photocurrent

e Theindependent variables of the photoelectric effect
experiment are:
- theintensity of light.

- thefrequency of light. bound electron.
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+ Light -
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Figure 4 A reverse potential
applies a force on photoelectrons
directed back towards the metal
surface cathode.

Less
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-
o [ R
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A

Figure 5 Reverse potential s like a
hill up which a ball must roll.

(a) If the ball reaches the top it will
have less kinetic energy than at
the bottom. (b) Stopping voltage
is equivalent to the height of a hill
which stops a ball reaching the
top (hy).

The dependent variables of the photoelectric effect

- the maximum kinetic energy of electrons (KE, )

max

measured in electron-volts or joules, which can be
determined by measuring the stopping voltage in volts.

e The work function is specific to each metal and is the
amount of energy required to free the most loosely

e The maximum kinetic energy of electrons is given by:
KE,..« = light energy delivered to each electron - ¢.
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11A Questions

THEORY REVIEW QUESTIONS

Question 1

An electron moves against a potential difference of 3 V. The
energy loss in both joules and electron-volts respectively is

A 3Jand4.8x10%eV.

B 3Jand1.875x107%eV.
C 4.8x101°Jand3eV.

D 1.875x10°Jand3eV.

Question 2

Complete the table using the appropriate variables below for
the photoelectric experiment using a sodium metal surface.
Not all options need to be used.

V1: kinetic energy of electrons

V2: frequency of light

V3: photocurrent

V4: work function of metal surface
V5: frequency of electrons

V6: brightness/intensity of light

V7: brightness of electrons

Independent Dependent Controlled
variable(s) variable(s) variable(s)
Question 3

Stopping voltage measured in volts has the same numerical
value as

A KE, . ineV.

B work functionineV.
C KE,,inV.

D lightenergyineV.

Question 4

The work function is best described as

A the maximum energy of incident light required to
liberate electrons from a collector electrode.

B  aproperty of metals due to the interaction of negative
cations and positive electrons.

C theenergy of incident light in the photoelectric
experiment.

D the minimum energy of incident light required to
liberate electrons from a specific metal surface.

Question 5

The maximum kinetic energy of a liberated electron is equal
to the difference between

A the stopping voltage and the work function of the metal.

B theenergy ofincident light absorbed by an electron and
the stopping voltage.

C thekinetic energy of electrons and the energy of
incident light.

D theenergy ofincident light absorbed by an electron and
the work function of the metal.

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

The surface of a metal has a work function of 3.2 eV.

What is the minimum energy that light must transfer to an
electron to release a photoelectron in joules?

Adapted from 2018 VCAA NHT Exam Section A Q17

Question 7

A specific metal used in a photoelectric experiment has a work
function of 2.3 eV and ejects electrons at a maximum energy
of 0.2 eV from the cathode. What is the cut-off potential
required so that no photoelectrons reach the anode?

A 0.2V

B 21V
Cc 23V
D 25V
Question 8 (2 MARKS)

An electron has a mass of 9.1 x 1073! kg and is shot out of an
electron gun at a speed 0f 2.2 x 106 ms™L.

Measured in electron-volts, what is the kinetic energy of
the electron?

Question 9 (5 MARKS)

The graph depicts the results obtained when comparing the
magnitude of the reverse potential measured in volts and
the photocurrent measured in pA in a standard photoelectric
experiment.

I (nA)

r

> » V(volts)
0 X

a  Explain why the current drops to zero at point X, and
how kinetic energy of electrons is determined in the
photoelectric experiment. (3 MARKS)

b  Given the value of Xis 1.1, determine the maximum
kinetic energy of the electrons in both electron-volts
and joules. (2 MARKS)

Adapted from 2011 VCAA Exam 2 Section A AoS 2 Q5
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Question 10 (2 MARKS)

381

Question 16 (2 MARKS)

During an investigation into the photoelectric effect, a
scientist uses light which can transfer energy of 3.70 eV to an
electron in the attempt to release electrons from a metal of
work function ¢ =2.90 eV. The scientist also decides to use
joules in her final answer to impress her non-science friends
with scientific notation.

What value would she obtain for the maximum kinetic energy
of the photoelectrons?

Question 11 (2 MARKS)

A specific metal has a work function of 2.8 eV. Describe the
kinetic energies of the ejected electrons when each electron
absorbs 2.9 eV from light incident on the metal surface.
Explain your answer.

Question 12 (2 MARKS)

From the diagram find the maximum kinetic energy of the
ejected electrons in electron-volts.

Energy of light by an
electron =
42eV /"
ea0 0 & ©
- -19 (-] (-]
$=4.2x10"J e © 00
Question 13 (3 MARKS)

Bill sets up an apparatus to study the photoelectric effect

in which the light used can transfer an energy of 2.8 eV to
individual electrons in the metal surface. Bill uses a variable
power supply to create a reverse potential between the
cathode and anode. He finds that the lowest value of reverse
potential for which no current is measured is 0.6 V.

Determine the work function of the metal. Show your working.

Adapted from 2017 VCAA NHT Exam Section B Q18

Question 14 (3 MARKS)

Tony Stark decides to take time out of his busy day to
investigate the photoelectric effect with zinc metal. Using his
hand lasers, he fires monochromatic light onto a zinc metal
surface. He applies a reverse potential which, when it reaches
6.67 V, stops all photoelectrons from reaching the collector.
The work function of the zinc metal is 6.93 x 1071° J.

What is the energy absorbed by each electron due to the
incident light in joules? Show your working.

Previous lessons

Question 15 (2 MARKS)

At a point on the surface of the planet Mars, which is R metres
from the centre, the value of the gravitational field strength is
3.71 N kg™L. Calculate the magnitude of the gravitational field
strength at a distance 3R above the surface of Mars.

Adapted from 2018 VCAA Exam Section A Q7

Two bodies of an equal mass of 8.50 x 1022 kg are attracted
by a force of 3.40 x 1017 N.

Find the distance between the centres of the two masses.
Take G=6.67 x 10711 N m? kg2,

Question 17 (1 MARK)

A physics student sets up a speaker which produces 180 Hz
sound waves. Given the speed of sound is 340 m s71, find the
wavelength of the sound waves.

Question 18 (2 MARKS)

Students utilise a tube filled with hydrogen to investigate the
speed of sound through a gas. They measure the distance
between the microphone and the loudspeaker to be 0.25 m
and the time taken for sound to travel between them to be
0.20 ms. Knowing that the wavelength of the sound used is
9.0 m, calculate the frequency of sound used.

Loudspeaker

Signal : é —_—— {Oscilloscope)

generator R R

Microphone

|Gas-filled tube
Key science skills

Question 19 (2 MARKS)

Investigations into the photoelectric effect have multiple
independent and dependent variables. Outline a key
controlled variable of the photoelectric experiment and
explain why it is necessary to keep it controlled.

Adapted from 2017 VCAA Sample Exam Section B Q17e

Question 20 (1 MARK)

This ammeter is used to measure the photocurrent during a
photoelectric effect experiment. What is the uncertainty in
its measurements?

4
2 \\\\\||u///, 5

-~
=
-—

—_—

8

Adapted from 2018 VCAA Exam Section A Q19



11B CHANGING INTENSITY IN THE
PHOTOELECTRIC EFFECT

This lesson explores the impact of changing the intensity of incident light on the results
of the photoelectric effect. The interpretation of these results as evidence for a particle
model of light will be explored in lesson 11D.

11A Experimental design of the 11B Changingintensity in the 11C Changingfrequency in the 11D What the photoelectric
photoelectric effect photoelectric effect photoelectric effect effect means

Study design key knowledge dot point
e analyse the photoelectric effect with reference to:
- evidence for the particle-like nature of light

- experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic energy of electrons
versus frequency

- kinetic energy of emitted photoelectrons: £, . = hf- ¢, using energy units of joule and electron-volt

- effects of intensity of incident irradiation on the emission of photoelectrons

Key knowledge units

Photoelectric effect graphs 4.2.2.5

Effect of changing the intensity of light 4.2209.1

No previous or new formulas for this lesson

Photoelectric effect graphs 4.2.2.5
OVERVIEW

There are two kinds of graphs commonly used to analyse the photoelectric effect:
photocurrent-electrode potential graphs and kinetic energy-frequency graphs (explored
further in lesson 11C).

THEORY DETAILS
Photocurrent-electrode potential graphs

These graphs show the photocurrent for all values of potential or reverse potential
caused by incident light of a fixed frequency and intensity. If either frequency or intensity
change, the graph will change. There are two key features that we need to interpret from
photocurrent-electrode potential graphs.

Table 1 Key features of photocurrent-potential graphs A(A)
Photocurrent-potential graph feature What the feature represents

Horizontal axis intercept Negative value of stopping voltage (-V,) Maximum
. . . . photocurrent | /
Maximum vertical axis value Maximum photocurrent

When the applied voltage is positive, electrons emitted from the metal surface
are attracted to the anode (or collector). When the applied voltage is negative
(reverse potential), emitted electrons are repelled from the anode so that
fewer photoelectrons are able to reach it. At a certain reverse potential called
the stopping voltage, no photoelectrons will be able to reach the collector. Figure 1 Photocurrent-potential graph for the

. . . . photoelectric effect. The horizontal axis intercept is
This occurs at the horizontal axis intercept on a photocurrent-potential graph. .. negative value of the stopping voltage.

-V, V)

The photocurrent is determined by how many photoelectrons travel from the
cathode to the anode every second. Only a small positive voltage is needed to
collect all emitted photoelectrons at the collector.
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A more positive voltage does not liberate more photoelectrons. This is represented by the
photocurrent flattening out to a maximum current after a small positive potential.

Kinetic energy-frequency graphs

The results of the photoelectric effect generate a kinetic energy-frequency graph with a
positively sloped linear trendline. The intercept on the horizontal axis is the ‘threshold
frequency’. The features of this graph will be explored in more detail in lesson 11C.

Effect of changing the intensity of light 4.2.2.9.1
OVERVIEW

Changing the intensity of the incident light in the photoelectric effect experiment affects the
maximum photocurrent but does not affect the kinetic energy of the emitted photoelectrons.

THEORY DETAILS

When the intensity of light incident on the metal surface is increased, more electrons are
emitted every second. As such, an increase in the intensity of the light causes an increase
in the maximum current. Similarly, a decrease in the intensity of light causes a decrease in
the maximum current.

Changing the intensity of light does not change the stopping voltage and therefore it does not
change the kinetic energy of photoelectrons (assuming frequency is constant).

r
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Figure 3 The maximum photocurrent is different for different intensities of light, but the stopping voltage is the
same for all intensities of light that have the same frequency.

Since the intensity has no impact on the kinetic energy of the emitted electrons, a kinetic
energy-frequency graph does not change if the intensity is changed. The work function (metal
surface) is the only variable that can change the position of a kinetic energy-frequency graph.

1 KEmax (J) 1 KEmax (J) 1 KEmax (J)
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Figure 4 Increasing or decreasing the intensity of light has no impact on kinetic-energy frequency graphs. The
increased or decreased intensity graph is exactly the same as the initial graph.

Theory summary

e The data from the photoelectric effect can be displayed on photocurrent-potential graphs
and kinetic energy-frequency graphs.

e Photocurrent-potential graphs display two important features:
- maximum photocurrent
- stopping voltage which is shown as the negative of the horizontal axis intercept
e Increasing the incident light intensity results in an increase in maximum photocurrent.

e Changing the intensity does not change the stopping voltage (the kinetic energy of the
photoelectrons is unchanged).

»
»

Figure 2 Kinetic energy-frequency
graph for the photoelectric effect

KEEN TO
INVESTIGATE?

PhET ‘Photoelectric
effect’ simulation
https://phet.colorado
.edu/en/simulation/
photoelectric

The Physics Aviary
‘Photoelectric
Effect Lab’
https://the
physicsaviary.com
/Physics/Programs
/Labs/Photoelectric
Effect/index.html
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11B Questions

THEORY REVIEW QUESTIONS

Question 1

Which important quantity can be determined from the
horizontal axis intercept of the photocurrent-potential graph?

A The maximum current

B Thethreshold frequency

C  The minimum kinetic energy
D

The stopping voltage

Question 2

What is the best explanation for why the photocurrent
plateaus as voltage increases in the photoelectric effect?

A Only asmall voltage is needed to collect all
emitted photoelectrons.

No electrons are able to reach the anode.

The frequency is above the threshold frequency.

D Electrons are emitted from the cathode to the anode.

Question 3

What feature of the current-voltage graph indicates that the
kinetic energy of the photoelectrons does not change with
doubling intensity?

A  Thecurrent doubling

B  The current not changing

C Thevalue of the stopping voltage doubling
D

The value of the stopping voltage staying the same

Question 4

Consider the photocurrent-potential graph shown.
X represents the value at the horizontal axis intercept and Y
represents the maximum value on the vertical axis.

41 (A)

X Vv (V) g

Choose the option which best describes how the values of X
and Y would be affected if the intensity of incident light was
reduced while the frequency was held constant.

Change to X ChangetoY
A No change Decrease
B Decrease in magnitude Decrease
C Decrease in value No change
D No change No change

EXAM-STYLE QUESTIONS
This lesson

Question 5 (2 MARKS)

Colin is performing a photoelectric effect experiment,
analysing how changing the frequency of light impacts the
maximum kinetic energy of the emitted electrons.

He produces the graph shown. He then doubles the intensity
of the light and repeats the experiment. Copy the original
graph (for comparison) and draw a graph of the results of the
repeated experiment. Justify the similarities and/or
differences between the graphs.

A KE ()

Adapted from 2015 VCAA Exam Section A Q18¢

Question 6 (2 MARKS)

a Katie is measuring the current produced when she
varies the applied voltage in the photoelectric effect
experiment, plotting the results as a dashed line.

She then doubles the intensity of the light (keeping

the frequency of light constant) and plots the results

as a continuous line. Identify which graph below best
illustrates the results of the second experiment. (1 MARK)

A B
+1(A) M (A)
/| /|
II » Il Y
V (V) v(v)
C D
+1(A) M (A)
4 7
i (4
/A > /4 >
vv) V)

Adapted from 2017 VCAA NHT Exam Section A Question 18e
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b  Bradley then repeats the photoelectric effect
experiment initially performed by Katie but he decides
to use light with half of the original intensity. Katie’s
original results are shown with a dashed line. Bradley’s
results are indicated by a continuous line. Identify
which graph below best illustrates the results of the
second experiment. (1 MARK)

A B
H(A) M (A)
— R SO
/ YA
//
/
N / N
V(V) vv)
C D
b1 (A) M (A)
4 /
/ /
/ > >
V) vv)"

Question 7 (1 MARK)

Using the graph, calculate the maximum kinetic energy in
joules of the photoelectrons in this photoelectric
effect experiment.

Photocurrent

»

-1.85 0
2013 VCAA Exam Section A Question 21a

Previous lessons

Question 8 (2 MARKS)

Voltmeter reading (V) "

Gen is stopped at a stop sign while an ambulance drives
through the intersection with its siren blaring. Describe how
the sound Gen hears will vary as the ambulance approaches,
is directly in front of her, and then continues to drive away
and identify the principle responsible for what she observes.
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Question 9 (3 MARKS)

The International Space Station (ISS) has a mass of

4.17 x 10° kg. Take the mass of the Earth to be 5.98 x 102* kg,
the radius of the Earth to be 6.37 x 106 m and
G=6.67x10"1'Nm2kg2.

a Calculate the magnitude of the gravitational field
strength 400 km above the Earth’s surface. (2 MARKS)

b  Hence calculate the magnitude of the gravitational force
experienced by the ISS as it orbits at this height. (1 MARK)

Key science skills

Question 10 (5 MARKS)

In a photoelectric effect experiment, we usually consider
light intensity and frequency to be the independent variables
and consider photocurrent and electron kinetic energy to be
the dependent variables. However, intensity and frequency
are both constant when generating a single photocurrent-
potential graph.

a Explain why voltage is an independent variable and the
photocurrent is a dependent variable when generating a
single current-voltage graph. (2 MARKS)

b  When performing the photoelectric effect to generate
a current-voltage graph, what kind of variable is the
intensity of the incident light? (1 MARK)

¢ Ifthe aim of an experiment about the photoelectric
effect is to understand the impact of changing intensity
of incident light on the maximum photocurrent, what
kind of variable does intensity become?
Justify your answer. (2 MARKS)



11C CHANGING FREQUENCY IN THE
PHOTOELECTRIC EFFECT

Does light behave as a wave or a particle? This lesson will highlight a key piece of evidence
to help answer this question by analysing the impacts of changing frequency in the
photoelectric effect. The implications of the results will be examined in the next lesson.

11A Experimental design of the 11B Changingintensity in the 11C Changing frequency in the 11D What the photoelectric
photoelectric effect photoelectric effect photoelectric effect effectmeans

Study design key knowledge dot point
e analyse the photoelectric effect with reference to:

- evidence for the particle-like nature of light

- experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic energy of electrons
versus frequency

- kinetic energy of emitted photoelectrons: E, . =hf- ¢, using energy units of joule and electron-volt

- effects of intensity of incident irradiation on the emission of photoelectrons

Key knowledge units

Effect of changing the frequency of light 4.2.29.2

The relationship between electron kinetic energy and frequency of light 4.2.2.8

Formulas for this lesson

Previous lessons New formulas
. s B —
No previous formulas in this lesson KEmax =hf-¢
¢ =hf,

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
Planck's constant aconstantequalto6.63x1073*Jsor4.14x10 % eVs

threshold frequency the minimum frequency of light at which electrons are ejected from a
metal surface in the photoelectric effect

Effect of changing the frequency of light 4.2.2.9.2

OVERVIEW T

Changing the frequency of the incident light in the photoelectric effect
experiment affects the kinetic energy of emitted electrons but does not yuarﬂmngm -
affect the maximum current.

High

THEORY DETAILS frequency Low

- s e I frequency
When the frequency of incident light is increased, the kinetic
energy of released photoelectrons increases which suggests each
electron absorbs more energy. However, the number of electrons -V, -V, v(v)
rel.eafsed do.e's not changg, rr'1a|nta|.n|ng a Fonstant photocurrent. Figure 1 For higher frequencies there will be a larger
This is conditional on the incident light being above the threshold stopping voltage due to increased KE, . Maximum current is

frequency, which will be discussed later in the lesson. not affected by the frequency of light.
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The relationship between electron kinetic energy and
frequency of light 4.2.2.8
OVERVIEW

The relationship between electron kinetic energy and frequency of light can be seen in the
equation KE, = hf— ¢. This resembles a general linear equation, y = mx + ¢, and can be used

to explain elements of the kinetic energy-frequency graph.

THEORY DETAILS

A kinetic energy-frequency graph shows the value of the maximum kinetic energy of
photoelectrons (or stopping voltage) for a range of frequencies of light when incident on a
specific metal surface. It indicates a positively sloped linear relationship between the kinetic
energy of photoelectrons (or stopping voltage) and frequency. There are three key features
that we need to interpret from these graphs.

Table 1 Key features of kinetic-energy frequency graphs.

Kinetic energy-frequency graph feature =~ What the feature represents
Horizontal axis intercept Threshold frequency (fo)
Vertical axis intercept Negative value of work function (-¢)

Gradient

Planck’s constant (h)

AKE_ (eV)orV, (V)
25+

15+

0.5 +

+ + + ,: + + + + + > f(lO” Hz)
1 2 3 - 4T 5 6 7 8 9 10
-0.5 4 -

-15¢+ -
- ¥
24

-2.5 ¢

v

Figure 2 Kinetic energy-frequency graphs are linear relationships with a gradient equal to Planck’s constant h. It
is also common to use joules for the kinetic energy on the vertical axis. The horizontal intercept is the threshold
frequency and the vertical intercept is the negative value of the work function.

Worked example

From Figure 2, determine
work function.
b threshold frequency.

¢ Planck’s constant.

a  Work function is the negative of the vertical axis intercept: ¢p = 1.75 eV
b  Threshold frequency is the horizontal axis intercept: fy = 4.25 x 1014 Hz

¢ ForPlanck’s constant use two points on line to calculate gradient:
_riﬁ_ 2.0-0.75 _ =15
h=Tun =3 ox101-6.0x 100 +2X1077 Vs
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USEFUL TIP

Itiscommon for the
exam to ask students to
find Planck’s constant
from a graph or set of
data. In this case find
the gradient of the

line of best fit. Do not
quote values of Planck’s
constant from the
formula sheet.
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The kinetic energy-frequency graph shows an independent variable (frequency) on the
horizontal axis and a dependent variable (kinetic energy or stopping voltage) on the
vertical axis. That is, a single graph shows the KE_ , of photoelectrons for a range of
frequencies. The specific metal surface (and its work function) is the only variable that
can change a kinetic energy-frequency graph. The graph is not affected by intensity.
This contrasts the photocurrent-potential graphs where each graph represents only a
single frequency and intensity.

The negative portion of the kinetic energy-frequency graph is dashed as it is not physically
valid to have negative kinetic energy. However, it is often drawn as an extension of the
positive portion to show the work function.

This linear relationship can be understood by comparing the general linear equation
y=mx+cwith the equation from lesson 11A: KE, . = light energy — ¢. We can conclude that

e light energy must be proportional to its frequency: light energy = hf where h is the
gradient of the graph.

- This gradient is known as Planck’s constant (h). This is comparable to the gradient min
the general equation y =mx +c.

e work function must be the negative value of the vertical intercept.

- Thisis comparable to the c in the general equation y = mx + c. The vertical intercept
on a kinetic energy-frequency graph has a negative value but work function is a
positive number.

We can substitute light energy = hf into our KE_, | equation from lesson 11A, where h'is
a constant.
KE, ..=hf-¢

KE,.x = maximum Kinetic energy of electrons (eV or J), h = Planck’s constant (6.63 x 10734 s
or4.14x 10715 eV s), f= frequency (Hz), ¢ = work function (eV or J)

Using Planck’s constant
Planck’s constant has two different values and units that cannot be used interchangeably.
e 6.63x1073*Js

- Use this value when all values in an equation are measured in Sl units
(including joules).

- This will be the value of the gradient of a kinetic energy-frequency graph when the
maximum kinetic energy values are measured in joules.

o 4.14x10715eVs

- Use this value when working in electron-volts and when the desired answer is
in electron-volts.

- This will be the value of the gradient of a stopping voltage-frequency graph or a kinetic
energy-frequency graph when the maximum kinetic energy values are measured
in electron-volts.

Worked example

During a photoelectric experiment, light of frequency 8.5 x 1014 Hz is incident on a metal
surface which has a work function of 3.0 eV or 4.8 x 1071 J. Find the maximum kinetic
energy of electrons in:

a electron-volts.

b joules.
a KE,,=hf-¢$=414x10"°x85x101-3.0
KE, 0 = 0.52 €V

b KE,, =hf-$=6.63x1034x85x101%-4.8x10719
= -20
KE, 0= 84%10720
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Threshold frequency

The threshold frequency is a property that differs between metals and indicates the minimum
frequency of light required to release electrons from a metal cathode. As the frequency

of light is related to energy, threshold frequency can be linked to an explicit energy value:

the work function. That is, threshold frequency is the minimum frequency of light required
for electrons to overcome the work function. If incident frequency is below the threshold
frequency, the photocurrent will be zero (regardless of intensity).

At the point where the kinetic-energy frequency graph intersects the horizontal axis, all the
light energy absorbed by electrons has been used to escape from the metal surface. This
intersection represents the threshold frequency.

¢= hfo
¢ = work function (eV or J), h = Planck’s constant (6.63 x 103* J s or4.14 x 10 1> eV s),
f,=threshold frequency (Hz)

Knowing this, we can modify our equation for KE_  :
KE, . .=hf-hf,=h(f-f,)

Worked example

The threshold frequency of sodium is 4.40 x 101* Hz. Determine the work function of
sodium in electron-volts.

Choose h=4.14 x 10 "> eV s to obtain a result in electron-volts.
¢=hf,=414x1071°x4.40x 10 =1.82eV

Different metals have different work functions and will translate the kinetic energy-frequency
graph in the vertical direction. This is equivalent to changing the value of c in the general
equation y=mx + c. This means different metals have different threshold frequencies but their
kinetic energy-frequency graphs will remain parallel with a gradient equal to Planck’s constant.

AKE  (eV)orV, (V)

Metal 1 Metal 2

+ + —— -+ + + + +—> (10 Hz)
2 & 276 8 10

-2 4 St

v

Figure 3 Kinetic energy-frequency graphs for two different metals
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Theory summary

e Changing the frequency of light incident on a metal surface will directly alter the
kinetic energy of photoelectrons and hence their stopping voltage, but have no
impact on the number of electrons released and therefore the current produced.

KEEN TO INVESTIGATE?

PhET ‘Photoelectric effect’
simulation
https://phet.colorado.edu/en/

® Kinetic energy-frequency graphs show the KE_  of photoelectrons for all simulation/photoelectric

frequencies of light incident on a specific metal surface. . . .
The Physics Aviary ‘Photoelectric

- The horizontal axis intercept represents the threshold frequency, . Effect Lab’
- The vertical axis intercept represents the negative work function, —¢. https://www.thephysicsaviary
- The gradient represents Planck’s constant, h. .com/Physics/Programs/Labs/

PhotoelectricEffect/index.html
® The graph can be described by the equation KE,_, . = hf - ¢, where h is Planck’s otoelectricEffect/index.ntm

constant equal t0 6.63x1073* Jsor4.14x 10 15 eVs.

® Thethreshold frequency f, is the minimum frequency of light required to release
photoelectrons from a metal surface. If f < f;, there will be no photocurrent.

e The work function is linked to the threshold frequency by the equation ¢ = hf,
forming the equation KE = hf - hf = h(f-f))

11C Questions

THEORY REVIEW QUESTIONS Question 2

Question 1 Which option correctly describes X and Y on the graph?

Which combination best describes the effect of increasing A X=work function, Y = threshold frequency
frequency in the photoelectric effect? Assume the original

frequency is already greater than the threshold frequency. X=Planck’s constant, ¥ = threshold frequency

B
C X=threshold frequency, Y=work function
D

Phot t Kineti f elect . .
otocurren inetic energy of electrons X =negative work function, Y = threshold frequency
A Decreases Increases
B Does not change Increases Question 3
C | Doesnotchange Decreases Which of the following changes would cause the graph
D Increases Does not change to change?
A Decreasing the frequency of incident light
Use the following information to answer Questions 2 and 3. B Increasing the intensity of incident light
The graph shows the kinetic energy of electrons and the C  Changing the specific metal used
frequency of light in a photoelectric experiment. D All of the above
TKE__(eV)orV, (V) .
ox (V) 0T Vo Question 4
24 From this current-voltage graph, what can be concluded
about the relative size of the frequencies f; and £,?
Akl A
11 (A)
— : +> £ (10" Hz)
2 4 -7 6 8 10
-1 ,/'
1T T
-2+ . .
L ¢
A f<f
A 4 B f2 > fl
c f=f
D Thereis not enough information to make a conclusion.
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Question 5

391

Question 10 (2 MARKS)

Threshold frequency is best described as
A the minimum frequency of incident light required to
release electrons from a metal surface.

B theenergy of incident light required to overcome a
reverse potential.

C thefrequency corresponding to the maximum kinetic
energy of electrons.

D afrequency thatis the same for all metals causing
photoelectrons to be released.

EXAM-STYLE QUESTIONS
This lesson

Question 6 (1 MARK)

If a metal has a threshold frequency of 3.6 x 104 Hz, what is
the value of the metal’s work function in electron volts?

A 15eV

B 0.leV

C 24x10%ev

D 1l4eV

Question 7 (2 MARKS)

Two students, Sam and Isabella, are conducting a
photoelectric experiment and have conflicting views as to why
they observe no photocurrent despite light being incident on
the metal surface. Sam says that if they simply increase the
brightness of the light, they will measure a current. Isabella
suggests that only by increasing the frequency will they
produce a current. Who is correct? Explain your answer.

Adapted from 2018 VCAA Exam Section B Q17ai

Question 8 (4 MARKS)

A metalis illuminated with light that has a frequency of
9.5x 10 Hz and is found to eject electrons at an energy
of 0.80 eV.

a Whatis the work function of the metal in
electron-volts? (2 MARKS)
b  Whatisthe value of the metal’s threshold

frequency? (2 MARKS)

Question 9 (2 MARKS)

It turns out that Green Lantern’s green lantern has a
frequency of 5.5 x 1014 Hz, which corresponds to the
threshold frequency of a metal cathode. What frequency of
light must be used on this metal for photoelectrons to have a
maximum kinetic energy of 2.6 x 1071° J?

The graph shows the maximum kinetic energy vs frequency
for a photoelectric experiment. In a subsequent experiment,
the scientists decide that they will use a metal with a work
function one third larger than the original metal. Copy the
graph and use a dotted line to show what the graph will look
like with the new metal.

r' s KE

max (ev)
24

15

0.5

4 4 4 4 ¢ 4 + P (10 Hz)
2 4 6 8 10

Adapted from 2015 VCAA Exam Section A Q18d

Question 11 (3 MARKS)

Pauline conducts a photoelectric experiment in which the
incident light has a frequency of 7.3 x 101 Hz and the metal
cathode has a threshold frequency of 5.8 x 1014 Hz.

a Calculate the stopping voltage. (2 MARKS)

b  Pauline then repeats the experiment with a new
frequency, £,, whilst maintaining a constant intensity.
This frequency is larger than the previous frequency f,.
The graph shows the current-voltage curve for the original
frequency. Copy the graph and sketch the new curve that
Pauline would obtain on the with a dotted line. (1 MARK)

A | (A)

v V)
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Question 12 (6 MARKS)

A scientist is conducting a photoelectric experiment to
determine the work function of a newly discovered metal
that landed on Earth in an asteroid. To accomplish this,

she sets her laser to 375 nm and shines it onto the metal,
recording the maximum kinetic energy of released electrons
tobe1l.25eV.

a Calculate the work function of the metal
injoules. (4 MARKS)

b  Calculate the threshold frequency. (2 MARKS)
Previous lessons

Question 13 (5 MARKS)

Key science skills

Question 15 (10 MARKS)

Students in a physics class are conducting an experiment to
investigate the photoelectric effect. The metal surface is
unknown to the students and they are tasked with finding
out what it is. Their results are shown in the table below.

Steve has one goal in his life: to feel like he is on the Moon.
He plans to build a rocket and instead of going to the

moon, because that is scary, he will fly into space until the
gravitational field strength from Earth is equivalent to that on
the surface of the Moon.

a Knowing that the gravitational acceleration on the Moon
is 1.62 m s72, how far will Steve need to be above the
surface of the Earth to achieve this?

Take the radius of the Earth to be 6.37x10° m, and its
mass to be 5.98 x 1024 kg. (3 MARKS)

b  If Steveis orbiting the Earth at the altitude identified in
part a of this question, will he feel the same as standing
on the Moon? Explain your answer. (2 MARKS)

Question 14 (4 MARKS)

Stopping voltage (V) | Frequency (Hz)
0.25 6.0x1014

0.60 7.0x10%

0.90 8.0x10%*

1.50 9.0x10%4

1.90 10.0x10%

Three physics students are conducting a double-slit
experiment and decide to use a laser that has a wavelength
of 595 nm. The interference pattern they produce is shown.
There is a bright band at point C in the centre of the pattern.

C
[ T N N ]

a Explain why a bright band is seen at the centre of the
pattern rather than a dark band. (2 MARKS)

b  When measuring the distance between each slit and one
of the dark bands to the left of the centre, they find that
the difference in the path is 8.925 x 107" m. Copy the
pattern and mark the relevant band. Justify your answer
with a calculation. (2 MARKS)

Adapted from 2017 VCAA Sample Exam Section B Q13

a Plottheir data on a set of axes and draw a line of
best fit. (3 MARKS)

b Identify the independent and dependent variables in
the experiment. (2 MARKS)

Use the graph to estimate the threshold frequency. (1 MARK)

d Usethe graph to estimate the value of Planck's constant
obtained by the students. (2 MARKS)

e Usingtheincluded table, determine which metal is being
used as a cathode in this investigation. (2 MARKS)

Element Work function (eV)
Cesium 1.9
Europium 2.5
Magnesium 3.7
Manganese 4.1

Adapted from 2017 VCAA Sample Exam Section B Q17



11D WHAT THE PHOTOELECTRIC
EFFECT MEANS

This lesson will expand upon our knowledge of the photoelectric effect. We will interpret
the results of photoelectric experiment as evidence for the particle model of light and
learn how to calculate the energy of individual photons (particles) of light.

11A Experimental design of the 11B Changingintensity in the 11C Changing frequency in the
photoelectric effect photoelectric effect photoelectric effect

Study design key knowledge dot points
® analyse the photoelectric effect with reference to:

- evidence for the particle-like nature of light

versus frequency
- kinetic energy of emitted photoelectrons: £,

- effects of intensity of incident irradiation on the emission of photoelectrons

e analyse the absorption of photons by atoms, with reference to:
- thechangein energy levels of the atom due to electrons changing state
- thefrequency and wavelength of emitted photons: £ = hf=h—7f

Key knowledge units

11D What the photoelectric
effect means

- experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic energy of electrons

= hf- ¢, using energy units of joule and electron-volt

e describe the limitation of the wave model of light in explaining experimental results related to the photoelectric effect

Why the wave model fails 4231
Evidence for the particle-like nature of light 4224
The energy of a photon 4.2.10.1

Formulas for this lesson

Previous lessons New formulas

9B * v=fA * Eppoton=hf

et KE,,=hf-¢ Eopoton™ s
max photon™ )\

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
discrete limited to certain values (not continuous)
particle atheoretical object that is discrete and has a defined location

photon a particle of light with a discrete amount of energy

Why the wave model fails 4.2.3.1
OVERVIEW

The wave model of light fails to predict important results of the photoelectric experiment.
This will lead us to reconsider our understanding of light.
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THEORY DETAILS

The wave model makes three incorrect predictions about the photoelectric effect.

Table 1 Theincorrect predictions of the wave model of light compared with the actual observations
What the wave model predicts What is actually observed

Atime delay between when light is turned on Negligible time delay
and when a current is measured

Any frequency of light would produce a Existence of the threshold frequency
photocurrent given enough time

The kinetic energy of electrons would depend ~ Maximum kinetic energy of emitted electrons
on the intensity (amplitude) of light is independent of intensity

Understanding the wave model’s incorrect predictions
The reasons the wave model makes these incorrect predictions are explained in this section.
1. Time delay

Fundamentally, a wave is a continuous distribution of energy. So it was predicted that when
a wave hits an electron its energy would be absorbed by the electron until the electron has
enough energy to escape the metal plate. A time delay would be observed over the time it
takes for an electron to absorb enough energy to be emitted.

2. Any frequency can produce a photocurrent

Awave’s energy is determined by both its frequency and intensity (amplitude). As a light wave is
absorbed by an electron its energy would gradually transfer to the electron. Hence, even though
a lower frequency wave carries less energy, all frequencies of light could cause an electron to be
emitted (producing a current) if given sufficient time and the light is intense enough.

3. Kinetic energy of electrons depends on intensity (amplitude) of light

USEFUL TIP
‘Intensity’ is often a
better word to use
than ‘amplitude’ to
describe brightness as
it can be used when
When asked a question about why the wave model fails to explain the referring to both a
photoelectric effect: wave or a particle.

The wave model predicts that the light energy is proportional to intensity. Greater intensity
should transfer more energy to the electrons. Hence, it is predicted that the intensity should
affect the kinetic energy of photoelectrons.

Problem solving process

1 State that the wave model’s predictions do not match experimental results.
2 |dentify what the wave model predicts.

3 Explain what the actual corresponding observation is.

Evidence for the particle-like nature of light 4.2.2.4
OVERVIEW

A photon represents a particle of light. A discrete particle interpretation of frequency and
intensity of light sufficiently explains the photoelectric effect.

THEORY DETAILS

In order to understand the particle model we must first understand that a particle is any
object with a defined location. A photon is modelled as a particle of light and it has a discrete
amount of energy. By interpreting frequency and intensity of light in line with a particle
model, we can correctly predict the results of the photoelectric effect.

Table 2 Wave and particle interpretations of frequency and intensity

Wave interpretation Particle interpretation
Frequency The number of wave cycles A property of individual photons related to the
(colour) completed per unit of time photon’s energy
Intensity The amplitude of the wave A measure of the number of incident photons
(brightness) per unit of time (assuming the frequency is

held constant)
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Figure 1 Avisual comparison between the particle and wave models of light. Blue light has a higher frequency
than red light.

Understanding the particle model’s correct predictions

The reasons the particle model correctly predicts the results that the wave model failed to
predict are explained in this section.

1. Negligible time delay

A photon’s energy is discrete. When a photon reaches an electron the entire photon’s
energy is absorbed instantly, rather than accumulating over time. If the photon has
sufficient energy then the electron will be emitted. If the photon does not have enough
energy then the electron will not be emitted at all.

2. Threshold frequency

A photon’s energy is discrete and proportional to its frequency. An electron will absorb a
single photon, and if that photon’s energy is less than the work function no electrons will
be emitted. Hence there is a certain frequency (the threshold frequency) below which the
incident light cannot produce a current.

3. Electron kinetic energy does not depend on intensity

An electron will absorb and gain the energy of a single photon. Intensity is a property of

a group of photons rather than an individual photon which means the intensity does not
affect the kinetic energy of individual electrons. The energy of a single photon depends on
frequency only. Hence, the kinetic energy of the electron that absorbs the photon will also

depend on the photon’s frequency (according to KE, = hf - ¢ as seen in lesson 11C) but not

the intensity of the light.

Note that the independence of electron kinetic energy from intensity assumes a
constant frequency.

Problem solving process

When asked a question about why the photoelectric effect supports the particle model:
1 State that the particle model correctly predicts the experimental results.

2 Identify an observation of the photoelectric effect.

3 Describe the particle interpretation of the relevant property of light.

4 Explain how that interpretation supports the observations of the experiment.

The energy of a photon 4.2.10.1
OVERVIEW

A photon is modelled as a particle of light with a discrete amount of energy which can be
calculated if the frequency or wavelength of the photon is known.

395

USEFUL TIP

Wave-particle

duality claims light
demonstrates both
wave and particle
behaviours depending
on the situation.
Thereforeitis
important never to state
that light ‘is’ a wave or
‘is’ a particle. Instead,
state that light ‘can
behave/be modeled’ as
awave or particle.
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THEORY DETAILS

Each photon has a discrete amount of energy. The energy of a photon depends on the

hf

frequency (or wavelength) of the light according to the following equation.Ephoton =

Ephoton

f=light frequency (Hz)

= photon energy (J or eV), h = Planck’s constant (6.63 x 10734 J s or 4.14 x 107> eV s),

The photon energy equation may be recognisable as the first part of the equation
KE,.x = hf— ¢. We can rewrite the equation as KE | = Ephoton ~ -

Given ¢ = fA, the photon energy also takes the following form.

_hc
Ephoton A
Ephoton = PhOtoN energy (J or eV), h = Planck’s constant (6.63 x 1034 Jsor4.14x 1075 eVs),

c=speed of light (3.0 x 108 m s'1), A =wavelength (m)

Worked example

A laser shines monochromatic light with a wavelength of 30 nm.
a Whatis the energy of each photon in joules?

b Ifthe laser power outputis 4.0 x 1072 J s, calculate the number of photons being
produced each second.

a  Wavelength:A=30x10"m b E poton=6-63% 10718 J from previous question
To obtain an answer in joules we must use
E,y=40x1072Js71
h=6.63x10734 J s for Planck’s constant. dorl >
Speed of light: ¢ =3.0 x 108 m 54 Let n be the number of photons per second.
_hc Etotal =nx Ephoton
Ephoton_T

40x1072=nx6.63x10718

Substitute values into the equation.
q n=6.0x 10 photons per second.

£ _6.63x10734x3.0x108

= -18
photon — 30109 =6.63x107°J

The energy of each photon is 6.6 x 10718 J to two
significant figures.

Theory summary
e The wave modelincorrectly predicts

- atimedelay.
- any frequency can emit electrons.
- electron kinetic energy is related to light intensity.
e The particle model correctly predicts the results of the photoelectric experiment:
- Notime delay
- Existence of the threshold frequency

KEEN TO
- Electron kinetic energy is independent of light intensity INVESTIGATE?
e The particle model of light states that YouTube video:
- frequency is a property of individual photons that determines the photon’s energy. OpenMind - The
- foragiven frequency, intensity is a measure of the number of incident photons per Photoelectric Effect
unit of time. https://youtu.
be/0b0axfyJ4oo

e Aphoton’s energy can be calculated by E=hfand E= %
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11D Questions

THEORY REVIEW QUESTIONS

Question 1

A particle can be best described as

A areally small object.

B adiscrete object with a defined location.
C anelectron.
D

a discrete bundle of energy.

Question 2

Which result of the photoelectric experiment does the wave
model not predict?

A Kinetic energy of electrons depends on the work function.

B  Only light above a certain frequency can produce
acurrent.

The total amount of energy in light depends on frequency.

The current depends on the intensity of light.

Question 3

Complete the table using the descriptions and predictions
provided below.

Descriptions

D1 The number of photons per unit time

D2 Discrete

D3 The amplitude

D4 A property of individual photons that determines energy
D5 Continuous

D6 Number of cycles per unit time
Predictions

P1 The existence of a threshold frequency
P2 Atimedelay

P3 For a given frequency, intensity determines electron
kinetic energy

P4 For a given frequency, intensity has no effect on electron
kinetic energy

P5 Negligible time delay

P6 Any frequency can produce a current

Wave Particle
g -
b= Description
o 3
o2
Ss
2 .
A Prediction
> P
o Description
[
>
o
[ o g
B Prediction
> Description
)
=
[
c .
= Prediction

EXAM-STYLE QUESTIONS
This lesson

Question 4 (3 MARKS)

James Clerk Maxwell argues that the wave model of light can
fully explain the results of the photoelectric experiment.

Max Planck disagrees. Who is correct? Use one observation
from the photoelectric experiment to support your answer.

Question 5 (2 MARKS)

A photon has a frequency of 4.0 x 1014 Hz. Calculate its
energy in joules.

Question 6 (2 MARKS)

Christiaan Huygens is performing the photoelectric
experiment using light with a frequency of 6 x 1014 Hz but
measures zero current. He then doubles the brightness
of his light source but still observes no current. How does
Huygens’ observation support the particle model but not
the wave model?

Question 7 (3 MARKS)

a Anelectron has a kinetic energy of 160 eV, and emits a
photon with a frequency of 3.80 x 101> Hz. What is the
kinetic energy of the electron after emitting the photon,
in electron-volts? (2 MARKS)

b  Whatis the wavelength of the photon? Give your answer
to the nearest nanometre. (1 MARK)

Question 8 (3 MARKS)

While conducting a photoelectric experiment with a
particular metal surface, Erwin Schrédinger finds that he
observes the same maximum kinetic energy vs frequency
graph for two different values of light intensity. Explain what
this result reveals about the nature of light.
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Question 9 (2 MARKS)

Question 13 (1 MARK)

An electron loses 15 eV of kinetic energy by emitting a
photon. Calculate the frequency of the emitted photon.

Question 10 (3 MARKS)

Which of the following does the wave model fail to predict?
Justify your answer.

Observation 1: Incident light can liberate electrons when
shone on a metal plate.

Observation 2: The photocurrent depends on the intensity of
incident light.

Observation 3: There is negligible time delay between
when the light shines on the plate and when a photocurrent
is observed.

Adapted from 2010 VCAA Exam 2 Section A AoS 2 Q2

Question 11 (4 MARKS)

Students are trying to determine the natural frequency of a
string by forcing oscillation at various frequencies. How are
students able to identify when resonance occurs?

Question 14 (2 MARKS)

Starting from rest, Enrico Fermi skis down a 150 metre high
mountain. What is the magnitude of his speed when he
reaches the bottom of the slope? Ignore the effect of
resistance forces.

Key science skills

Question 15 (3 MARKS)

Albert Einstein won the Nobel prize in 1921 for the
photoelectric experiment. Identify two results from this
experiment that support the particle model of light. Explain
why these conclusions support the particle model of light.

Previous lessons

Question 12 (1 MARK)

The string shown below has fixed ends.

Sketch the wave after it has been reflected once and indicate
the direction of travel.

Two students perform the photoelectric experiment for a
range of frequencies, both using a zinc plate. They compared
their results and found different stopping voltage vs
frequency graphs. Explain which type of experimental error
has occurred, and why might it have occurred.

4 7

Student 1 results N Student 2 results

Stopping voltage (V)
N

Frequency (10*° Hz)
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CHAPTERT1QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

SECTIONA

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

An experiment was set up to test the effect of changing photon energy on the photocurrent using a zinc plate as the
metal cathode.

Which of the following is an independent variable in this photoelectric experiment?
A Frequency of light B Cathode C Metal D Photocurrent

Question 2

Which of the following observations from the photoelectric effect does not provide evidence for the particle nature of light?
A Notimedelay

B  Electron kinetic energy does not depend on intensity

C Greaterintensity leads to a larger photocurrent
D

Existence of a threshold frequency

Question 3

Akinetic-energy frequency graph for a particular photoelectric experiment is drawn with a solid line. The experiment is
then repeated with higher intensity light and the metal surface is replaced with one that has a lower work function. The
new results are recorded with a dotted line on the same set of axes. Which option best represents the student’s results?

A Ek max (ev) B Ekmax (ev)
rF s r 3
J.
2 2 .
s
,
’
,
V4
Vs
1 1 Nid
V4
V4
Y4
4
V4
Va
- > £(10% Hz)
2 2 4 6 8 10
C E,.(eV) D
rF s
I
2 /
s
,
’
'
4
1
> (104 H - > £(104H
2 8 1o/ (10*H2) > 4 6 8 fo10%H2)

Adapted from 2018 VCAA Exam Section A Q17
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Question 4

Photoelectrons are released with a maximum kinetic energy of 4.0 eV. What is the stopping voltage?
A -64x10719) B 6.4x1071%) C 25x101%v D 4.0V

Question 5

Students conduct a photoelectric experiment. They map their first results on a current-voltage graph with a solid line.
The students repeat the experiment with light that has a higher intensity and lower frequency (but it is still above the
threshold frequency). They plot the new results on the same axes with a dotted line. Which of the following is closest to

their results?

A A1) A1)
,” /"
,
’
’
’
4
4
4 .
4\% >
v(V)
C 41(A) s
,/’ ,/ -
X4 4
II ’I
1 )

! ’

! _— ’

)

]
'
]
> v(v)
V) (V)
SECTION B

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6

(8 MARKS)

Amelia, Lara and Zadie are conducting the photoelectric
experiment to determine how changing the frequency of a
light source affects the kinetic energy of photoelectrons.

°_6_>° Iw

Photoelectrons

a  Forthefirst part of the experiment the students use a
potassium cathode. The students placed their results
. Metal Collector.
in atable.
surface electrode
Frequency (Hz) Stopping voltage (V) (cathode) (anode)
5.8x 10 0.1 | m
6.5x 10 0.5 \ A /
7.5x 10 0.7 Ammeter
Variable voltage source
8.0x 101 1.1
9.5x 10 1.5

Plot the results on a set of axes and draw a line of best fit to show the maximum kinetic energy of the emitted
electrons (in electron-volts) versus frequency falling on the metal plate. (3 MARKS)

Adapted from VCAA 2011 Exam 2 Section A AoS 2 Q6
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b  Usethe graph to find the work function for potassium that the students would obtain. (1 MARK)

Use the graph to calculate the value of Planck’s constant that the students would obtain from this data. (2 MARKS)

d Thestudents replace the potassium cathode with a different metal that has a work function of 1.8 eV. An electron is
ejected from this plate with a kinetic energy of 6.56 x 1071%J. Calculate the energy (in electron-volts) of the photon
that was absorbed by the electron. (2 MARKS)

Question 7 (6 MARKS)

a Legolas and Gimli cannot remember the energy of the light used in a photoelectric experiment and need their lab
partner Aragorn to help calculate it. It is known that the work function of the metal used was 7.36 x 1071°J and the
stopping voltage was 1.4 V. Aragorn obtained an answer of 3.2 eV. Is this correct? Show your working. (3 MARKS)

b  Tauriel conducts a photoelectric experiment using a zinc plate and light with a frequency of 6.0 x 1014 Hz. She
allows the light to shine for a long time and increases the intensity but no photocurrent is measured. Explain how
Tauriel’s observations support a particle model of light but do not support a wave model. (3 MARKS)

Adapted from 2019 VCAA NHT Exam Section B Q16¢

Question 8 (9 MARKS)

Aliya performs a photoelectric experiment using a metal with a work function of 3.0 eV and a variable electrode potential.

a Inherfirst experiment, the light incident upon the plate is of high enough energy that a steady stream of
photoelectrons is leaving the plate. Aliya increases the reverse potential from zero to a large value.
Describe, with justification, the photocurrent as the reverse potential is increased from zero. (3 MARKS)

b  Aliya stops increasing the reverse potential when it reaches 5.0 V as no photocurrent is detected. Calculate the
maximum kinetic energy of electrons being ejected in joules. (2 MARKS)

¢ Calculate the minimum frequency photon that Aliya needs to release an electron. (2 MARKS)

d Calculate the frequency of light for which Aliya measured a stopping voltage of 5.0 V. (2 MARKS)

Question 9 (11 MARKS)

The photocurrent-electrode potential curve for a photoelectric experiment is 41(n)

shown. The work function of the metal surface is 1.8 x 10719 J. |

a Copy the graph and draw the resultant curve if the experiment was
repeated with lower intensity incident light of the same frequency. Use a
dashed line for the new curve. (2 MARKS) R

b Identify which feature of both curves in part a provides evidence for the S vv)
particle model of light but not the wave model. Explain your answer. (4 MARKS)

¢ Explain why the graphis a flat, straight line for large positive values of electrode potential. (2 MARKS)

d Calculate the wavelength of the incident light. (3 MARKS)

Adapted from 2017 VCAA NHT Exam Section A Q18

Question 10 (4 MARKS)

Evaluate the following statement. ‘When photoelectrons are emitted from a metal surface due to light of a single
frequency, all photoelectrons have the same kinetic energy.

Justify your answer. (2 MARKS)
Within the photoelectric experiment, describe the effect on photocurrent when the frequency of incident light

is decreased from well above the threshold frequency to the threshold frequency, and then to well below the
threshold frequency. (2 MARKS)
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Question 11 (7 MARKS)

Lily has set up the following circuit.

Lily measures the speeds of the electrons being ejected

from the metal cathode with zero electrode potential w
applied across the plates. The greatest speed was ° -2 Q > I
1.22 x 108 m s™ when using incident light of frequency o— J
1.96 x 1015 Hz. Platinum

plate

a  Find the magnitude of the voltage that would
need to be applied to the circuit to stop the |
photocurrent. (2 MARKS) m

b Calculate the work function of platinum, u
in joules. (2 MARKS)

¢ They repeat the experiment with a plate of zinc which has a work function of 4.33 eV. Find the longest wavelength of
a photon that can be used to release a photoelectron. (3 MARKS)
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UNIT 4 AOS 2,CHAPTER12

The wave-partlcle duallty
of Ilght and matter

12A Comparing Iight and matter

12B Heisenberg's uncertainty principle

12C Absorption and emission spectra

12D Production of light

Key knowledge

investigate and describe theoretically and practically the effects of varying the width of a gap or
diameter of an obstacle on the diffraction pattern produced by light and apply this to limitations of
imaging using light

interpret electron diffraction patterns as evidence for the wave-like nature of matter

distinguish between the diffraction patterns produced by photons and electrons

calculate the de Broglie wavelength of matter: A =g

compare the momentum of photons and of matter of the same wavelength including calculations
using: p=+-

explain the production of atomic absorption and emission line spectra, including those from metal
vapour lamps

interpret spectra and calculate the energy of absorbed or emitted photons: AE = hf

analyse the absorption of photons by atoms, with reference to:

— the change in energy levels of the atom due to electrons changing state

- thefrequency and wavelength of emitted photons: £= hfand E = %

describe the quantised states of the atom with reference to electrons forming standing waves, and
explain this as evidence for the dual nature of matter

interpret the single photon/electron double slit experiment as evidence for the dual nature of
light/matter

explain how diffraction from a single slit experiment can be used to illustrate Heisenberg’s
uncertainty principle

explain why classical laws of physics are not appropriate to model motion at very small scales

compare the production of light in lasers, synchrotrons, LEDs and incandescent lights

Image: katjen/Shutterstock.com




12A COMPARING LIGHT AND MATTER

The 20th century brought about a fundamental shift in how we understand the behaviour of
atomic and subatomic particles. This development is called quantum theory. This theory was
necessary as the classical models for the universe continued to fail to model the interactions of
small objects.

12A Comparing light and matter 12B Heisenberg’s uncertainty 12C Absorption and emission 12D Production of light
principle spectra

Study design key knowledge dot points

e investigate and describe theoretically and practically the effects of varying the width of a gap or diameter of an obstacle on
the diffraction pattern produced by light and apply this to limitations of imaging using light

e interpret electron diffraction patterns as evidence for the wave-like nature of matter

e distinguish between the diffraction patterns produced by photons and electrons

e calculate the de Broglie wavelength of matter: A =%

e compare the momentum of photons and of matter of the same wavelength including calculations using: p =%

e interpret the single photon/electron double slit experiment as evidence for the dual nature of light/matter

Key knowledge units

Matter waves: electrons diffract 4241&4.26.1
The diffraction of light 4211

Photons and electrons in the double slit experiment 4.2.12.1
Comparing the momentum and diffraction of electrons and photons 427.1&4.25.1

Formulas for this lesson

Previous lessons New formulas
* - * - h
3A p=mv A= P
. . A _h
9G Diffraction « v; Py
_pg-hc -
11c * photon ~ hf= By Ephoton =pc

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Definitions for this lesson
de Broglie wavelength the wavelength associated with a particle due to its momentum

wave-particle duality the concept of light and matter exhibiting both wave behaviours and
particle behaviours depending on the context

Matter waves: electrons diffract 4.2.4.1&4.2.6.1
OVERVIEW

Although electrons are typically modelled as particles, when they pass through small gaps,
wave-like diffraction patterns emerge. This observation led to the discovery of the de Broglie
wavelength for matter, which is dependent on momentum.

THEORY DETAILS

If we propel electrons through a small gap, like the space between atoms in a crystal lattice,

a diffraction pattern appears (see Figure 1). The first experiment to demonstrate this brought
about confusion as it proved that matter, which was considered to demonstrate only particle
properties, can behave like waves at very small scales. This is called the wave-particle duality.




12A THEORY

It is important to understand that ‘waves’ and ‘particles’ are just models for the way certain
physical objects behave. Therefore, it is best to describe electrons as demonstrating the
properties of both particles and waves.

Given that electrons can behave like waves, a French physicist named Louis de Broglie
hypothesised (and it was later proven) that electrons must have a wavelength which is related
to the momentum of the particle and Planck’s constant. Although large objects do not exhibit
measurable wave-like properties, all objects have a de Broglie wavelength. Note that the de
Broglie wavelength does not imply that particles of matter follow the path of a wave. Instead,
the de Broglie wavelength is a property of the matter which determines to what extent it
exhibits wave behaviour such as diffraction and interference.

-h
A= p
A =de Broglie wavelength (m), p = momentum (kg ms 1), h = Planck’s constant (6.63 x 10734 J s)
It is important to recognise that Planck’s constant must take the value 6.63 x 10734 J s in this

formula because the wavelength and momentum both use Sl units. It cannot take the
value 4.14x 107 eVs.

Worked example

Your uncle Bob is running his first lap of the block since 1999. He has a mass of 80 kg and is
running at a speed of 4.0 ms™L.

a Calculate the de Broglie wavelength of your uncle Bob.

b  Usethe answer to explain why uncle Bob does not exhibit measurable diffraction as he
runs through a doorway.

a AsA =%, we need to find Bob’s momentum.
p=mv ..p=80%x4.0=320kgms?

Substitute this into the de Broglie equation and using the Sl unit value of Planck’s
constant

h=6.63x1073%Js.

-34
7\=% . 3-6:63x10

- -36
320 =2.1x10"°m

b  Uncle Bob’s de Broglie wavelength is so small (many orders of magnitude smaller than a
doorway) that diffraction will be insignificant.

The diffraction of light 4.2.1.1
OVERVIEW

Light, like mechanical waves, can diffract through apertures or around bends. It follows the
same principles of diffraction understood from lesson 9G.

THEORY DETAILS

In chapter 10 we established that light exhibits the wave property of diffraction through our
discussion of the double slit experiment. The diffraction of light follows the same principle

that we understand for mechanical waves: diffraction « ZI\, (see Figure 2).

AR LR

Smaller aperture Larger aperture Longer wavelength Shorter wavelength

Figure 2 Demonstration of shifting wavelength and aperture size impacting the size of the diffraction pattern.

405

Figure 1 Diffraction pattern of
electrons through a crystal lattice
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As shown in Figure 2, the diffraction of light is directly proportional to wavelength and
inversely proportional to aperture width - like mechanical waves.

Photons and electrons in the double slit experiment 4.2.12.1
OVERVIEW

If we set up a double slit experiment using individual photons or electrons instead of a beam
of light, an interference pattern occurs. This provides strong evidence for the dual wave-
particle nature of small objects.

THEORY DETAILS

When single photons/electrons are sent through the slits one at a time, each one creates a
single spot on the screen. This is as expected for single particles. However, over time the
stream of single particles causes an interference pattern to appear on the screen behind

(see Figure 3). As we know that only one particle is traveling at a time, it cannot be interfering
with other particles. Hence, the individual electron can be considered to demonstrate the
wave properties of diffraction and interference

How this provides evidence for wave-particle duality

e Asingle electron or photon leaves the source with particle-like discreteness and creates a
single discrete spot on the screen.

e The interference pattern, which occurs over time, is a wave property.

P ees

Figure 3 The expected and actual results of the double slit experiment when performed with photons
and electrons

Comparing the momentum and diffraction of electrons
and photons 4.2.7.1&4.2.5.1
OVERVIEW

Photons, unlike electrons, are astonishing as they can have momentum without mass.

This changes how we calculate their momentum. One way to do this is to compare the
diffraction patterns of electrons and photons of the same de Broglie wavelength. This allows
us to calculate their momentum.

THEORY DETAILS
Momentum

Experiments have shown that photons have momentum even though they do not have mass.
‘Compton scattering’ is key evidence for this, but it is beyond the scope of this course. As such
we must not use the traditional momentum equation, p = mv, for photons. If we transpose

the de Broglie wavelength equation, A = %, we find an expression for momentum that does

phol‘on=
we can derive a relationship between the energy and the momentum of a photon.

not rely upon mass: p =£. By combining this with the equation £ % from lesson 11D,

Ephoton =pc

Ephoton = PhoOton energy (J), p = momentum (kg m s™), C = speed of light (3.0 x 108 ms)

Diffraction
As covered in lesson 9G, the extent of diffraction is determined by the wavelength and the gap

width (diffraction %). Hence, when electrons and photons with the same wavelength (and
momentum) diffract through the same gaps, the diffraction pattern will be the same
(see Figure 4).

Figure 4 Electrons and X-rays with
the same fring spacing



Table 1 Atable of useful equations sorted by the types of particles that can be used with them. Of these equations,

12A THEORY

USEFUL TIP

In general, when electrons and photons produce the same diffraction pattern for a
given gap width, the energy of each photon will be different to the kinetic energy

of each electron. If we know the diffraction patterns are the same then our (only)
conclusion should be that the wavelength (and momentum) of electrons is the same as
that of the photons.

E,p= hf= % is the only equation which can take both values of Planck’s constant.
Photons Both Matter/electrons
_ e hc _h -
Eph‘hf_T P=3 p=mv
_ _h _
E,p=pc 7\—5 p=1+/2mKE
hf 1 p?
p=c KE = 5m v2= m

Worked example

An X-ray and a ray of electrons are shone through a lattice and the resulting diffraction
pattern exhibits the same fringe spacing.

Given that each electron has a momentum of 2.50 x 10723 kg m s7%, calculate the
energy of each X-ray photon.

The X-ray emitted is changed so that each photon has an energy of 6.00 x 10716 J.
Calculate the speed of electrons which would produce the same pattern.

Calculate the wavelength of the electrons used by the electron gun from part b.

“Same fringe spacing” tells us that the momentum of the X-rays is the same as that of
the electrons.

Since X-rays are photons, we need to use equations applicable to photons.

_E . 23___ E
p=¢ ..2.50x10 =3 0% 108
E=7.5x%x10715)

E . 6.00x 10716

P=¢ P73 0x10° =2.0x10%*kgms!

p=mv ..2.0x107%4=9.1x10"31 xv

v=2.2%x10°ms!

Take momentum from the last question and use the Sl units value of Planck’s constant.

_h . 24_6.63x1073*
p=L . 20x10724= 2835

A=33x10"10m

407
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Theory summary

e Electron diffraction provides evidence for wave-particle duality of matter.

e Aparticle’s wavelength can be described using the de Broglie equation: A = %

e Just like other waves, the extent of diffraction of light and electrons depends on the

relationship between the wavelength and the size of the aperture (diffraction « % )

The double slit experiment with single electrons and photons supports wave particle duality.

- It exhibits the wave properties of diffraction and interference.

- It exhibits the particle property of discreteness as each photon or electron produces a

single spot on the screen.

When the diffraction patterns of photons and electrons in the same experiment are the

same, we can equate the wavelength (or momentum) of the photons with that of the

electrons. We should not equate energies.

KEEN TO INVESTIGATE?
Hyperphysics ‘Davisson-Germer Experiment’

http://hyperphysics.phy-astr.gsu.edu/hbase/DavGer.html#cl

YouTube video: Clover Learning - Compton Scattering
https://youtu.be/G1xEF5r69q0

YouTube video: PBS Space Time - How the Quantum Eraser Rewrites the Past

https://youtu.be/8ORLN_KwAgs

YouTube video: ‘PBS Space Time - The Quantum Experiment that Broke Reality’

https://youtu.be/p-MNSLsjjdo

YouTube video: The Science Asylum - Momentum Does Not Require Mass

https://youtu.be/LoadZQkrfcQ

12A Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following objects, when in motion, has
a wavelength?

A Electrons

B Tennis ball

C You

D Allof the above

Question 2

Which properties do matter and electromagnetic waves share?

A The ability to diffract around objects

B They can interfere causing constructive and destructive
interference.

The ability to diffract through apertures
All of the above

Question 3

Which of the following best describes the results of the single
photon/electron double slit experiment?

A Each photon/electron creates a diffraction pattern.

B Overtime, the photons/electrons land in two distinct
bands corresponding to the two slits.

C Each photon/electron creates a single spot on the screen
but, over time, these spots form an interference pattern.

D Allthe photons/electrons land on the same spot on
the screen.

Question 4

Why was the single electron double slit experiment
important to the theory of wave-particle duality?

A It wasthe same experiment that Young ran on light,
proving that electrons are always waves.

The results proved that electrons were particles.

The results proved that electrons moved at the speed
of light.

D Theresults proved that electrons displayed both wave
and particle properties.



12A QUESTIONS

Question 5

Photons and then electrons of the same wavelength are used
in a double slit experiment. How does the size of the electron
fringe spacing compare with that of the photons?

A Asphotons travel at the speed of light, the photon
diffraction pattern will be larger.

The fringe spacing is the same.
Whichever one has less energy will diffract more.

As electrons are particles, they cannot diffract.

Question 6

Which of the following entries into the table gives the correct
momentum equations for photons and electrons?

Photon momentum | Electron momentum
h h
A P=y p=mv&p=5
B p=hf p=mv
_ _h
C p=hf&p=3 p=mv
h h
D p=mv&p=y p=5

EXAM-STYLE QUESTIONS
This lesson

Question 7 (4 MARKS)
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Question 9 (2 MARKS)

An electron gun is fired into a crystal lattice and the
diffraction pattern is recorded and found to be the same
diameter as a previous experiment where X-rays at

1.20 x 10# eV were shone through the same lattice.
Calculate the wavelength of the electrons.

Question 10 (6 MARKS)

A photon has an energy of 50 keV.

a Calculate the magnitude of the momentum of
this photon. (2 MARKS)

b  Calculate the kinetic energy, in joules, of an electron
which has the same momentum as the photon. (2 MARKS)

¢ What can be said about the diffraction patterns that
would be formed if a photon and an electron with these
momenta were fired through the same lattice? Justify
your conclusion. (2 MARKS)

Question 11 (2 MARKS)

The Joker’s lair uses an electron gun diffraction pattern as a
key and Batman knows the required wavelength to unlock
the lairis 0.20 nm. However, Batman only has his X-ray gun
with him. Calculate what energy X-ray is required to unlock
the door in electron-volts.

Question 12 (3 MARKS)

The following diffraction pattern emerges when a beam of
light is incident upon a pinhole.

a Abeam with considerably shorter wavelength is used
to repeat the experiment and a new diffraction pattern
is produced with the same number of bright lines. Copy
the diagram (for comparison) and draw the new pattern
next to it. (2 MARKS)

b  The experimentis repeated again with the original
wavelength but with a smaller aperture. Describe and
justify the change to the diffraction pattern. (2 MARKS)

Question 8 (2 MARKS)

Explain how the single-electron double slit experiment
provides evidence for wave-particle duality of matter.

Question 13 (3 MARKS)

When electrons from a particular electron gun are diffracted
through a silicon lattice, the same diffraction pattern occurs
as when X-Ray photons of 1.38 x 10714 J pass through
through the same lattice. At what speed are the electrons
leaving the gun?

Question 14 (3 MARKS)

Your friend Bailey has just finished his time at the CERN
particle accelerator. In one of his final experiments he
accelerated a single proton to 95% of the speed of light
(v=2.85x 108 m s71). Considering the mass of a proton is
1.67 x 10727 kg, calculate the de Broglie wavelength of the
proton. Ignore relativistic effects.

Students are setting up diffraction patterns using electron
guns and photon beams. Sam hypothesises that if the energy
of the electrons and photons were the same, the same
diffraction pattern would emerge. Eva disagrees and suggests
that as long as the wavelengths are the same, the diffraction
pattern will be identical.

Evaluate the two students' claims.
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Previous lessons
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Key science skills

Question 15 (2 MARKS) Question 17 (5 MARKS)
Your class has just recorded an experiment mapping the
K velocity of electrons, v, incident on a metal lattice to the size
10m of the fringe spacing, Ax, in the diffraction pattern created.
Experiment Ax (103 m v(10°ms™
< 30m > P ( ) ( )
1 3.64 1.00
A caris rolling down a hill from rest. Calculate the magnitude 2 2.43 1.50
of the velocity of the 1000 kg car 30 m further along the track 3 1.82 2.00
assuming no friction.
4 1.46 2.50
Question 16 (3 MARKS) 5 121 3.00

Ariel walks down a hallway and hears a song coming from
an open door on the side of the hallway, but can only hear
the bass. As she gets closer to the door, she starts to hear the
higher frequencies as well.

Explain her experience of the sound.

Plot a graph of the fringe spacing, Ax, on the horizontal axis
against % on the vertical axis. Include:

e Aline of best fit

e Ascale on each axis

e Alabel with units on each axis



12B HEISENBERG'S UNCERTAINTY PRINCIPLE

The smaller the particles we analyse, the more they deviate from our classical understanding
of the world. How can photons have momentum without having mass? How can a particle
also behave as a wave? The subatomic world exhibits ‘weirdness’ and Heisenberg’s
uncertainty principle presents a fascinating way of explaining some of this weirdness.

12A Comparing light and matter 12B Heisenberg’s uncertainty 12C Absorption and emission 12D Production of light
principle spectra

Study design key knowledge dot points

e explain how diffraction from a single slit experiment can be used to illustrate Heisenberg’s uncertainty principle

e explain why classical laws of physics are not appropriate to model motion at very small scales

Key knowledge units

Heisenberg’s uncertainty principle in the single slit experiment 4.2.13.1

Classical laws fail at very small scales 4.2.14.1

Formulas for this lesson

Previous lessons New formulas

3A * p=mv No new formulas in this lesson
_h

12A *A=p

(*Indicates formula, or a similar version, is on VCAA formula sheet)

Heisenberg’s uncertainty principle in the single slit experiment 4.2.13.1
OVERVIEW

Heisenberg’s uncertainty principle offers an explanation for the wave-like diffraction of small
particles such as electrons and photons.

THEORY DETAILS

Heisenberg’s uncertainty principle states that there is an inherent uncertainty in the
measurements of the position and the momentum of any physical object, and that these
uncertainties are related. As momentum is a vector, the uncertainty in momentum leads to
uncertainty in the direction that the particle is travelling. It is important to understand that
Heisenberg’s uncertainty principle is not related to the quality of the measuring devices being
used. Instead, it is a physical limit.

Heisenberg developed an inequation to quantify this in relation to Planck’s constant. The
following formula does not need to be applied in this course, but it is helpful to properly
understand the meaning of Heisenberg’s uncertainty principle.

h
> —
AxAp, 2 e
Ax = uncertainty in position in the x-direction, A p, = uncertainty in momentum in the

x-direction, h = Planck’s constant

As the right hand side of the equation, % ,is a constant, when we take a measurement which
reduces the uncertainty in the position of a particle it will increase the uncertainty in the
momentum of the particle. Similarly, a measurement which reduces the uncertainty in the
momentum will increase the uncertainty in the position of the particle.



412 UNIT 4 | AOS 2 | CHAPTER 12: THE WAVE-PARTICLE DUALITY OF LIGHT AND MATTER

It is important to note that this uncertainty is directional:
e Uncertainty in the x-position impacts the uncertainty in the momentum only in the
N . h
x-direction. That is AxAp, = 7.
e Uncertainty in the y-position impacts uncertainty in the momentum only in the

N . h
y-direction. That is, AyAp, =7

y
Figure 1 shows electrons incident upon a small slit and a diffraction pattern on the screen
behind the slit. Table 1 shows how Heisenberg’s uncertainty principle can be used to explain
this result. x
Electron
Table 1 How the diffraction pattern in Figure 1 illustrates Heisenberg’s uncertainty principle. direction
. E—
Stage Explanation
_
1 We cannot measure the exact position of each electron or its exact momentum as it approaches the
slit; there is uncertainty in both position and momentum.
2 The uncertainty in each electron’s y-position is reduced to the width of the slit (since we are certain
it passes through the slit). This increases its uncertainty in the momentum of the y-direction. _—
Stage 2
3 The uncertainty in the momentum in the y-direction means each electron could follow a path
anywhere in the cone shape of the diagram. Over time, due to many electrons, this appears as a Stage 1 Stage 3
diffraction pattern.

Figure 1 Abeam of electrons
incident on a single slit

Classical laws fail at very small scales 4.2.14.1
OVERVIEW

The laws of classical physics fail to describe the motion of very small particles because
classical laws assume all measurements can have unlimited certainty and that particles and
waves are distinct, rather than all objects having a dual nature.

THEORY DETAILS
The Heisenberg uncertainty principle explanation

If we evaluate the right-hand side of Heisenberg’s inequation we have AxAp, =5.28 x 1073° J s.

For very small (subatomic) particles this leads to a significant amount of uncertainty in their
position or momentum, relative to their small size and momentum. The classical laws of
physics rely on certainty which means they cannot model motion at very small scales.

Heisenberg’s uncertainty principle still applies at large scales but the confidence limit
stipulated by Heisenberg’s uncertainty principle is much less significant, due to the large
values of momentum and the size of the objects. This means the classical laws do a sufficient
job of predicting the behaviour of large objects.

The wave-behaviour explanation

From de Broglie’s wave equation (7\ = g ), we know that the wavelength of small objects (with a
small mass and therefore small momentum) is large and the wavelength of large objects (with

a large mass and momentum) is small. This means that the extent of wave behaviours (such as
diffraction which depends on the % ratio) which a particle exhibits is much more significant for

objects at very small scales. The classical laws of physics treat particles and waves as distinct
(mutually exclusive) and therefore they cannot accurately model motion at very small scales.

THEORY SUMMARY

e Heisenberg’s uncertainty principle states that it is physically impossible to measure both
the position and the momentum of an object with unlimited certainty.

- The greater the confidence in one measurement, the greater the uncertainty in the
other measurement.

- Therelationship between the uncertainty in position and momentum is directional
(uncertainty in position in the x-direction affects the uncertainty in momentum in the
x-direction only).

e The limitin the certainty of measurements is significant for very small scales but it is
negligible at larger scales.
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e Classical laws of physics assume that all measurements can have unlimited certainty and

that waves and particles are distinct.

- At large scales these assumptions are appropriate.

- Atsmall scales these assumptions are not appropriate because uncertainty is
significant compared to the size of the objects and the de Broglie wavelengths are

large enough to cause significant wave behaviour.

KEEN TO INVESTIGATE?

YouTube video: TED-Ed - What is the Heisenberg Uncertainty Principle?

https://youtu.be/TQKELOE9eY4

YouTube video: Veritasium - Heisenberg’s Uncertainty Principle Explained

https://youtu.be/a8FTr2qMutA

12B Questions

THEORY REVIEW QUESTIONS

Question 1

Screen

L.

A wide beam of electrons passes through a small slit.

Which option correctly describes the direction in which the
uncertainty in position is affected by the slit, and the change
in uncertainty in position caused by passing through the slit?

Electron direction

Direction of uncertainty Uncertainty in position
affected by slit

A X Decreased

B X Increased

C y Increased

D y Decreased

Question 2

A particle’s y-momentum uncertainty is decreased when a
measurement is taken. What else can be said about
the particle?

A Thex-momentum uncertainty is increased.
B They-position uncertainty is increased.

C They-position uncertainty is decreased.
D

The x-momentum uncertainty is decreased.

Question 3

To which of these objects can the classical laws of physics
appropriately be applied?

A Anelectron

B Aphoton

C Acricket ball

D Alloftheabove

Question 4

To which of these objects does Heisenberg’s uncertainty
principle apply?

A Ashoe

B Acell

C Anelectron

D Alloftheabove

EXAM-STYLE QUESTIONS
This lesson

Question 5

Screen

L.

Electrons scatter as they pass through a slit. Using
Heisenberg’s uncertainty principle, we can explain the
scattering by the uncertainty in the electrons’

Electron direction

A y-position affecting uncertainty in their x-momentum.
B y-position affecting uncertainty in their y-momentum.
C  x-position affecting uncertainty in their y-momentum.
D x-position affecting uncertainty in their x-momentum.

Adapted from 2018 VCAA Exam Section A Q15
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Question 6

Question 11 (3 MARKS)

Electrons are fired through a small circular hole in a screen.
Which of these options is true when the electrons pass
through the hole?

A Thex-position uncertainty increases.
B Thex- and y-position uncertainties increase.

C Theuncertainty in momentum in the
y-direction decreases.

D The uncertainties in momentum in the x- and
y-directions increase.

Question 7 (3 MARKS)

With reference to the single slit experiment, explain how
the diffraction of electrons illustrates Heisenberg’s
uncertainty principle.

Question 8 (4 MARKS)

Explain why we can not apply classical laws to very small
scales, but we can to large scales:

a usingthe de Broglie wavelength of matter. (2 MARKS)

b using Heisenberg’s uncertainty principle. (2 MARKS)

Question 9 (2 MARKS)

Tadhg and Alice are propelling electrons towards each other
and want to analyse the collisions. Tadhg claims that we can
use classical physics to analyse the collisions but Alice claims
that this will not give accurate predictions.

Evaluate Tadhg and Alice’s claims.
Previous lessons

Question 10 (4 MARKS)

C=3.0kg

B=10kg
Table

a Draw afree body diagram representing the forces
upon block A and label the arrows. You do not need to
calculate the forces, but the length of the arrows should
reflect their relative magnitudes. (2 MARKS)

b Thetableis removed and the blocks are sentinto
free fall. Taking gravity to be g =9.8 m s72, what is the
force on block B by block A. Justify your answer. (2 MARKS)

Adapted from 2011 VCAA Exam 1 Section A AoS 1Q8

a Ittakes 8 minutes and 19 seconds, on average, for light
to travel from the Sun to Earth. Calculate the average
distance between the Sun and Earth. (2 MARKS)

b  The sun emits photons over the full range of the
electromagnetic spectrum. Sort the following types
of electromagnetic waves from lowest frequency to
highest frequency:

Ultraviolet, visible light, X-rays, gamma rays,
microwaves. (1 MARK)

Key science skills

Question 12 (3 MARKS)

Davisson is using an electron gun to fire individual electrons
at a single slit with a fixed width. Davisson changes one
property (an independent variable) of the electrons and
records the resulting diffraction pattern spacing.

Identify a controlled variable. (1 MARK)

b Remembering the diffraction equation and de Broglie’s
equation for wavelength, what property of the electrons
must be varied for the diffraction pattern spacing to be
the dependent variable? Justify your answer. (2 MARKS)



12C ABSORPTION AND EMISSION SPECTRA

This lesson will introduce the quantised states of the atom through observations of
absorption and emission spectra and show how this is a consequence of the wave
properties of electrons.

12A Comparing light and matter 12B Heisenberg’s uncertainty 12C Absorption and emission 12D Production of light
principle spectra

Study design key knowledge dot points

e explain the production of atomic absorption and emission line spectra, including those from metal vapour lamps
e interpret spectra and calculate the energy of absorbed or emitted photons: AE = hf

e analyse the absorption of photons by atoms, with reference to:

- thechangein energy levels of the atom due to electrons changing state

- thefrequency and wavelength of emitted photons: E=hfand E= %

e describe the quantised states of the atom with reference to electrons forming standing waves, and explain this as evidence
for the dual nature of matter

Key knowledge units

Absorption and emission spectra 42.81&4.29.1

Electron standing waves 42111

Formulas for this lesson

Previous lessons New formulas

11D ¥ E=hf Eppoton = AE
h

11D E= TC

(*Indicates formula, or a similar version, is on VCAA formula sheet)

absorption spectrum the specific set of frequencies of light that a material absorbs due to
electron energy transitions

discrete limited to certain values (not continuous)

emission spectrum the specific set of frequencies of light that a material emits due to
electron energy transitions

quantised see discrete

Absorption and emission spectra 4.2.8.1 & 4.2.9.1
OVERVIEW

Electrons exist in quantised (or discrete) energy levels around an atom that determine the
discrete photon energies an atom can emit or absorb, as seen in its spectral lines. Metal
vapour lamps produce light in the form of an emission spectra.

THEORY DETAILS

An absorption spectrum shows the discrete frequencies of light that a particular atom will
absorb when the full spectrum of light is shone through it. The emission spectrum of an
element s, in a sense, the opposite of its absorption spectrum. When an atom is excited (has
enough energy) it will emit the same discrete wavelengths that the element absorbs when
the full spectrum of light is shone through it. Every element has a unique absorption and
emission spectrum.
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Continuous spectrum

i HE — =

White light

Emission spectrum

Absorption spectrum

i e .

White light Cool gas cloud
(absorbs some light)

Hot gas cloud (emits light)

Figure 1 Light passing through a cold gas cloud produces an absorption spectra. A hot gas cloud of the same
material produces spectral lines in matching locations.

Why do the emission and absorption spectra occur?

Electrons exist in an atom in quantised (or discrete) energy levels (see Figure 2). The energy
level is commonly represented by the integer valuen =1, 2,3,... The lowest energy level
(n=1)is known as the ground state. The electrons can transition between these energy
levels by absorbing or emitting energy in the form of photons. Since energy is conserved,
the photon energy must equal the difference in energy levels. An electron must absorb
a photon to transition to a higher energy level and it must emit a photon to transition to
a lower energy level. Since the electron energy levels are discrete, the photons also have
discrete energies. This results in the observation of discrete spectral lines.

Absorption Emission
Incoming photon is Higher-energy
absorbed by the electron photon is emitted

Nucleus Nucleus

Lowest
energy level

Lowest

Electron energy level Electron

Incoming photon is
absorbed by the electron

Lower-energy
photon is emitted

Figure 2 Theincreasing energy levels of an electron. Energy levels are represented by n.

Ephoton =0E
Ehoton = PhoOton energy (eV or J), AE = change in energy level (eV or J)

Energy levels in hydrogen

Energy (eV)“ : : : : : : ,
13.6 lonisation energy
13.2 p——  n=6 Fifth excited state
13.1 n=5 Fourth excited state
12.8 n=4 Third excited state
12.1 y n=3 Second excited state
10.2 n=2 First excited state

0 n=1 Ground state

Figure 3 Electron energy levels in hydrogen. The arrows represent examples of electrons transitioning between
energy levels.



12C THEORY

An electron can transition between any two energy levels. We use an arrow to indicate this on
an energy level diagram. Figure 3 shows transitions in a hydrogen atom. The red arrow shows
an energy transition from n =2 to n = 1 by emitting a photon of 10.2 eV. The blue arrow shows
an energy transition from n=1to n =3 by absorbing a photon of 12.1 eV. The green arrow
shows an energy transition from n =5 to n = 3 by emitting a photon of 1.0 eV.

We use the phenomenon of electrons emitting photons as they change energy levels to

light up our streets using metal vapour lamps. In a metal vapour lamp, a gaseous element is
energised so that its electrons move into an excited state (higher energy level). They will then
emit photons of discrete frequencies and wavelengths as the electrons transition to lower
energy levels.

lonisation

The ionisation energy represents the energy an electron needs to be emitted from the atom.
Any incident photon greater than or equal to the ionisation energy of an electron will emit
an electron from the atom. By the conservation of energy, KE,. ..., = Ephoton ~ Eionisation- 1N @
metal, this ionisation energy is the same as the work function in the photoelectric effect.

Worked example

Energy levels in hydrogen

Energy (eV)“ : : : : : ,
13.6 lonisation energy
132 ———n=6
131 —— n=5
128 ——n=4
121 p———n=3
102 ——n=2
0 n=1

An electron in a hydrogen atom changes energy states fromn=5ton=2.
Will the electron emit or absorb a photon?

What is the energy of the photon?

a Asanelectron goes fromn=5ton =2, itis losing energy so it will emit that energy in the
form of a photon.

b Ephoton =AE = ES B EZ

E;=13.1eV,E,=10.2eV

Ephoton = 13.1-102=2.9eV

Electron standing waves 4.2.11.1
OVERVIEW

Electrons can only exist if their orbital circumference forms a standing wave which means
it must be an integer multiple of the de Broglie wavelength of the electron. This is further
evidence that electrons exhibit wave-like properties.

THEORY DETAILS

An electron can exhibit both wave and particle properties, and the wave properties of an
electron are used to explain why electrons exist only in discrete energy levels. An electron

can exist only if its orbital circumference is an integer multiple of the electron’s de Broglie
wavelength (see Figure 4), allowing the electron to exist as a standing wave. This can also be
written mathematically as nA = 2rtr, where n =1, 2, 3, ... This means that only discrete energies
are allowed. If an electron were to orbit at a radius where it did not form a standing wave, the
electron would destructively interfere with itself.

Note that, in this model, the electrons do not travel as particles along the path of a standing
wave. Instead, each individual electron exhibits wave properties with a distributed location.

417
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(a) (b)
Wave Forbidden energy

representation level, no standing USEFEUL TIP
of an electron wave is formed
\ Wavelength A \ Itis common to

represent electrons
forming standing
waves using diagrams
like Figure 4. To find the

Nugleus nvalue for an electron
standing wave around
anucleus, count the
number of wave peaks.

2nr=n\ Allowed energy level, 21r#nA
n=1,2,3.. standing wave is formed n=1,2,3..

Figure 4 (a) An electron standing wave at the n =4 energy level. (b) Circumferences that are not integer multiples
of the de Broglie wavelength are not permitted.

THEORY SUMMARY

e Electrons can only emit and absorb specific photon energies corresponding to the
difference between energy levels.

Ephoton =AE
- When a photon is absorbed, the electron transitions to a higher energy level.
- When a photon is emitted, the electron transitions to a lower energy level.

e Metal vapour lamps use the emission spectra of an energised gas to produce light.

e Electrons can only exist in discrete energy levels where the circumference is an integer
multiple of the electron’s de Broglie wavelength. This forms a stable standing wave where
constructive interference can occur.

e Discrete energy levels of electrons is evidence of their wave-like nature.

KEEN TO INVESTIGATE?

oPhysics ‘Hydrogen Atom: Energy Levels’ simulation
https://ophysics.com/m1.html

PhET ‘Models of the Hydrogen Atom’ simulation
https://phet.colorado.edu/en/simulation/legacy/hydrogen-atom

12C Questions

THEORY REVIEW QUESTIONS

Question 1 Question 2

Why can an electron, in a given atom, emit photons with only ~ What physical phenomenon do metal vapour lamps utilise to
certain energy values? produce light?

A Because total energy is conserved A Production of light in random thermal collisions

B Because an electron can only exist in certain discrete Conversion of matter to pure energy

B
energy levels C  Acceleration of electrons
D

C Because an electron can transform its energy into the
energy of a photon

D Allofthe above

Change in electron energy levels of an energised gas
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Use the following diagram to answer Questions 3-6.

Question 9

Energy levels in hydrogen

Energy (eV)“
13.6 ; lonisation energy
13.2 n=6
13.1 l T n=5
12.8 K n=4
12.1 I T n=3
102 ! T n=2
0 J n=1
Question 3

Which two electron transitions correspond to an emission
and absorption of the same photon energy?

A HL B [,J C LK D JM

Question 4

Which electron transition involves the absorption of the
smallest wavelength of light?

A | B J C K D M

Question 5

Which of the following lists only transitions that are a result
of an electron absorbing a photon?

A UM B HILM € JKH D JKL

Question 6

Which of the following lists only transitions that are a result
of an electron emitting a photon?

A UM B HILM € JKH D JKL

Question 7

What happens if an electron absorbs a photon with a greater
energy than its ionisation energy?

A Theelectron will spiral down into the nucleus.

B Thisisimpossible, the electron will not absorb a photon
greater than its ionisation energy.

The electron will be ejected from the atom.

The electron will go to a higher energy level.

Question 8

Why must electrons only exist in discrete energy levels?

A Anelectronis a particle, meaning that all its quantities,
including orbit, must be discrete.

B Anelectron has wavelike properties and is stable only
when a standing wave can form.

An electron is a wave and waves are always discrete.

This is not true. When an electron goes from one orbit to
another it exists between discrete orbits.

Which diagram represents the standing waves of an electron
whenn=3?

EXAM-STYLE QUESTIONS
This lesson

Question 10 (3 MARKS)

Explain why a sodium vapour lamp emits discrete
wavelengths of light.

Adapted from 2018 VCAA Exam Section B Q19

Question 11 (4 MARKS)

How do wave-like properties of electrons explain discrete
electron energy levels? Support your answer with a diagram.

Question 12 (10 MARKS)

Below is a diagram of the possible electron energy levels in a
sodium atom.

A
lonisation

3.91eV

n=5 3.75eV

n=4 3.61leV

n=3 3.19eV

n=2 2.10eV

n=1 0eV Ground state

a Listall the different photon energies that the electron
can emit as it returns to the ground state from the third
excited state (n=4). (3MARKS)

Adapted from 2016 VCAA Exam Section A Q21c

b  Richard Feynman reports observing a photon of 2.3 eV
emitted from the atom. Is this possible? Explain
your answer. (2 MARKS)

¢ Asodium atom emits a photon of 1.353 x 1014 Hz. Draw
an arrow to show the electron’s change in energy levels.
Support your drawing with a calculation. (2 MARKS)



420 UNIT 4 | AOS 2 | CHAPTER 12: THE WAVE-PARTICLE DUALITY OF LIGHT AND MATTER

d If a photon of 14 nm is absorbed by an electron in the
ground state (n = 1), explain what would happen to the
electron. Include the final electron energy in
your answer. (3 MARKS)

Question 13 (2 MARKS)

Stephen Hawking wants to determine if there is mercury in
the planet Mercury’s exosphere by analysing the spectrum
of light passing through it and reaching a telescope. Using
your understanding of absorption spectra, explain how
Stephen will be able to determine the presence of mercury
in this exosphere.

Previous lessons

Question 14

(5 MARKS)

NASA’s Juno space probe has a mass of 1590 kg and has

been sent to Jupiter which has a mass of 1.90 x 102" kg. Juno
orbits Jupiter in an elliptical orbit. At its closest point, Juno is
only 75 600 km from Jupiter’s core, but at its furthest from
Jupiter the space probe moves to 8.10 x 10° m from the
planet’s centre.

a Calculate the gravitational force that Juno experiences
when it is furthest away from Jupiter. (2 MARKS)

b Whatis Juno’s speed when it is closest to Jupiter? The
orbit can be treated as circular at this point. (3 MARKS)

Question 15 (4 MARKS)

Aray of light enters a fibre-optic cable submerged in water.

Water n, =1.33

VBT

Cablen,=1.20

a Fortheray of light in the diagram, explain why or why
not total internal reflection would occur? (2 MARKS)

b  Forthe same ray of light, what is the maximum
value of n, for which total internal reflection can
occur in this cable? Give your answer to three
significant figures. (2 MARKS)

Key science skills

Question 16 (4 MARKS)

Jane and Al are independently measuring wavelengths from
the emission spectra of hydrogen.

Jane’s measurements of a particular spectral line are:
124 nm, 120 nm, 127 nm (average 124 nm). Al’'s measurements
of the same spectral line are: 116 nm, 130 nm, 117 nm
(average 121 nm). The emission line is known to be at 122 nm.

a Comment on whose results were more precise.
Justify your answer. (2 MARKS)

b Comment on whose results were more accurate.
Justify your answer. (2 MARKS)



PRODUCTION OF LIGHT

In this lesson we will learn and compare how LEDs, lasers, incandescent globes, and
synchrotrons produce light.

12A Comparing light and matter 12B Heisenberg’s uncertainty 12C Absorption and emission 12D Production of light
principle spectra

Study design key knowledge dot point
e compare the production of light in lasers, synchrotrons, LEDs and incandescent lights

Key knowledge units

Comparison of light sources 4.2.15.1

No previous or new formulas for this lesson

Definitions for this lesson
coherent light a beam of light with a consistent frequency and phase

monochromatic light light of a single frequency

Comparison of light sources 4.2.15.1
OVERVIEW

Light is produced when charged particles accelerate or when electrons transition from a
higher to a lower energy state. This lesson will compare common technologies we use to
produce light.

THEORY DETAILS
Laser

The word laser is an acronym for ‘light amplification by stimulated emission of radiation’.
Inside a laser, atoms are energised by a pump source which excites their electrons. When the
excited electrons return to their ground state they emit a photon of a single frequency.
These monochromatic photons bounce between two mirrors, and stimulate the other atoms
in the laser to release more of the same photons which amplifies the light (makes it more
intense). Eventually, the light escapes through the one partially reflective mirror, as shown in
the diagram.

Alaser produces light which is coherent, high intensity, monochromatic (single frequency),
and directional. Due to these properties, laser light stays focused over long distances.

Highly Partially
reflective reflective
mirror Flashlamp (pump source) mirror

[] []

Laser
output

Crystal (laser medium)




Image: theerakit/Shutterstock.com
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The synchrotron utilises these principles to generate light when the electrons are forced Electronic beam
to change direction by the magnetic fields. The light is emitted with extreme intensity in a

direction which is tangential to the electron path. Synchrotrons can emit a broad range of Bending
electromagnetic frequencies (but specific frequencies can be tuned) in highly polarised beams. magnet

LED (light-emitting diode)

A diode has a specific energy gap between particular electron energy levels. When electrons
transition from a higher energy level known as the conduction band to a lower energy level
known as the valence band, they release a photon with energy equivalent to the change

. . . . Synchrot

in electron energy. This occurs when electrons move across the junction of an N-type rg:igt::nron
sgmlconductor (material vylth an excgss of electrons) to a If’-type semlconductpr (material Figure 2 The red circle shows
with a lack of electrons) within the diode. A current replenishes the electrons in the N-type the path of electrons as they are
semiconductor and removes the extra electrons from the P-type semiconductors. accelerated by extremely strong

magnets (the blue boxes) in a
The intensity of light emitted depends on the input current and can be easily controlled. LEDs  synchrotron. The green arrows

are very energy efficient (they generate much less heat than incandescent lights), typically represent the resultant light.
cheap, long lasting, and emit a very narrow (but not quite monochromatic) spectrum of light

(see Figure 5). Uniquely, they can be switched on and off very quickly (in a nanosecond)

which helps improve efficiency.

P-type N-type
region region

Figure 3 Electrons move from the N-type to the P-type semiconductors, changing the energy level of the electrons
and emitting light in the process.

Incandescent globe

Incandescent bulbs produce light through the acceleration of electrons in random thermal
collisions. This is called black body radiation. In an incandescent bulb, an electric current
passes through a thin filament (often made of tungsten) until it is hot enough that the thermal
collisions create visible light. Incandescent lighting is inefficient (usually less than 20%
efficient), low intensity, and produces a wide range of electromagnetic radiation (see Figure 5).

Comparison of the spectrum produced by different light sources

Figure 5 shows a comparison of the emission spectrum of LEDs, lasers, incandescent globes,
and synchrotrons. Observe that both lasers and LEDs produce thin spikes in their spectra.
Synchrotrons and incandescent lights produce radiation across a broad spectrum. The
spectrum of an incandescent bulb’s light is most intense around the infrared end of the
spectrum, which is why it is very inefficient. In comparison, a synchrotron’s light is most
intense around x-rays.

Figure 4 The heated tungsten
filament of an incandescent globe

Wo2"20}s1933NYS /leydusepas|y yessuoyd :a8ew|



Wavelength (nm)

Wavelength (nm)

Figure 5 The spectra produced by lasers, synchrotrons, LEDs, and incandescent lights

Theory summary
Comparison of light sources

Laser

Synchrotron

LED

Incandescent

Cause of light production

Electron transitions in atoms in a gas
due to stimulated emission

Acceleration (deflection) of charged
particles (electrons) due to
magnetic fields

Electron transition in semiconducting
material from conduction band to
valence band

Acceleration of charged particles due
to thermal vibrations

KEEN TO INVESTIGATE?

ANSTO ‘The Austalian Synchrotron’
https://www.ansto.gov.au/research/facilities/australian-synchrotron/overview

Hyperphysics ‘Lasers’
http://hyperphysics.phy-astr.gsu.edu/hbase/optmod/qualig.html#c2
YouTube video: Minutephysics - How lasers work (in theory)

https://youtu.be/y3SBSbsdiYg
YouTube video: Minutephysics - How modern light bulbs work
https://youtu.be/oCEKMEeZXug

Features of the light

Coherent, polarised

Wide range of wavelengths, polarised,
very intense
(can be coherent)

Can be monochromatic
(single wavelength)

Continuous spectrum

12D THEORY 423
Synchrotron Laser
Blue laser Green laser Red laser
2 2
w w
c c
2 2
£ £
X-rays Soft X-rays UV Vis§ Infrared J k ) k J
Wavelength 300 400 500 600 700 800
Wavelength (nm)
Incandescent light bulb LED
Blue LED Green LED Red LED
2 2
w w
c c
] 2
£ £
400 500 600 700 800 900 300 400 500 600 700 800
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12D Questions

THEORY REVIEW QUESTIONS

Question 1

Which of the following best describes how light can
be produced?

A Electrons accelerate or move from a higher to a lower
energy state.

An electron moves from a lower to higher energy state.
Neutrons accelerate from rest.

Electrons move close to the speed of light or move from
a lower to a higher energy state.

Question 2

Which light source always produces coherent light?

A Laser

B  Synchrotron
C LED

D Incandescent
Question 3

Which light sources produce light due to a change in electron
energy levels?

A Lasers andincandescent lights
B  Synchrotrons and LEDs

C LEDsand lasers
D

Incandescent lights and synchrotrons

Question 4

Which light sources produce light from the acceleration of
charged particles?

A Lasers and incandescent lights
B  Synchrotrons and LEDs

C LEDsand lasers
D

Incandescent lights and synchrotrons
EXAM-STYLE QUESTIONS
This lesson

Question 5 (1 MARK)

An electron is accelerated around a circular path in a
__________.Thisproduces in a direction __
to the direction of motion.

A Laser Electromagnetic radiation | Perpendicular
B Synchrotron Electromagnetic radiation | Tangential
C Laser Photons Tangential
D Synchrotron Photons Perpendicular

Question 6 (1 MARK)

The production of light by an LED can best be described by

A electrons transitioning from a high to a low energy
state, releasing the difference in energy as
electromagnetic radiation.

accelerating a particle around a circular track.
the black body radiation of a hot metal.

heating of a gas to excite its electrons, which then drop
energy levels, producing light.

Question 7 (1 MARK)

The Boltzmann family are thinking of buying a new lighting
system for their home and can choose either LEDs or
incandescent globes. LEDs are often considered a superior
choice because

A LEDs produce a broader range of wavelengths.

B LEDs produce more thermal energy, helping to heat up
the house during winter.

C LEDsare an older and therefore far more reliable
lighting source.

LEDs are far more efficient than incandescent bulbs,
helping them save on electricity costs.

Question 8 (1 MARK)

Which of the following best describes the light emitted by
a laser?

A Coherent light of a single wavelength

B Incoherent light with a single wavelength

C  Coherent light with a broad range of wavelengths
D

Incoherent light with a broad range of wavelengths

Question 9 (1 MARK)

Which best describes how an incandescent bulb produces light?

A Heating of a gas to excite its electrons, which then drop
energy levels, producing light

Accelerating electrons in random thermal collisions
Accelerating electrons around a circular path

D Electrons moving from an N-type to P-type semiconductor

Previous lessons

Question 10 (5 MARKS)

Elon Musk has recently launched a new constellation of
satellites. In order to decrease internet latency he places
them in orbit 540 km above the Earth’s surface. Earth’s
mass is 5.98 x 1024 kg, Earth’s radius is 6.37 x 10° m, and the
gravitational constant G is 6.67 x 10711 N m? kg 2.

a  Whatis the orbital period of Elon Musk’s
satellites? (3 MARKS)

b  Whatisthe speed of his satellites? (2 MARKS)
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Question 11 (2 MARKS)

The diagram below shows light in a cable that is submerged
in water.

47°

Cablen,=1.20

With respect to the normal, at what angle would the light
refract when leaving the cable?

Key science skills

Question 12 (2 MARKS)

Marie Curie uses a photometer to determine the intensity of
her light source in lux. The image shows a reading of 2253 lux.

Image: Egoreichenkov Evgenii/Shutterstock.com
a How would the uncertainty in a measuring device like
the photometer shown be found? (1 MARK)

b  Hence calculate the uncertainty in the measurements for
the device shown. (1 MARK)
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CHAPTER12 QUESTIONS

These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

How can Heisenberg’s uncertainty principle be used to explain the diffraction of an electron through a single slit?

A When moving through a slit the uncertainty in an electron’s position decreases, which increases the uncertainty in
the direction in which the electron is travelling.

B When moving through a slit the uncertainty in an electron’s momentum increases, which increases the uncertainty
in the electron’s position.

C  When moving through aslit the uncertainty in an electron’s position decreases, which decreases the uncertainty in
the direction in which the electron is travelling.

D Diffraction cannot be explained by Heisenberg’s principle. It can only be explained by the de Broglie wavelength of
the electron.

Question 2

Spectral lines in the emission and absorption spectra of an atom can be best explained by

A electrons behaving as discrete particles.

B electrons having the same energy as the photons corresponding to the spectral lines.

C electrons having the same wavelength as the photons corresponding to the spectral lines.
D electrons behaving as waves, only allowing them to form standing waves around a nucleus.

Adapted from 2017 VCAA Exam Section A Q17

Question 3

Which best gives the properties of laser light?

Coherence Spectrum Intensity
A Coherent Single wavelength | High
B Not coherent Broad spectrum Low
C Not coherent Monochromatic High
D Coherent Narrow spectrum | Low
Question 4

An incandescent light bulb uses which principle to produce light?
A Electrons are accelerated around a circular track.

B Achangein the energy levels of an electron.

C The acceleration of electrons in random thermal collisions.
D

A gas is heated up until it emits thermal radiation.
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Question 5

Monochromatic laser light shines through a narrow slit, with the experimental setup shown below on the left. The
intensity graph of the resulting pattern is shown below on the right.

Narrow X I
slit

]

X
Screen

Which one of the following intensity graphs best represents the pattern that would be seen if a slightly wider slit were used?
A 1 B / C i D 1
AAA‘ X /\/i\/\ X /l\ — X J\/\A'/\/\/\% X

2019 VCAA NHT Exam Section A Q15

SECTION B

In questions where more than one mark is available, appropriate working must be shown.
Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (3 MARKS)

Draw a diagram that shows the wave nature of an electron in an n = 3 orbit around the nucleus. (3 MARKS)

Question 7 (4 MARKS)

Harry Potter and Hermione Granger are having an argument.

Harry, ironically, doesn’t believe in magic. He states that for an electron to get from one orbit to another it must increase
or decrease its energy over time, meaning momentarily the electron must exist between energy levels. Hermione
disagrees with Harry. She read that an electron will instantly jump between energy levels and she claims that this
knowledge isn’t even magic; it’s physics!

Identify who is correct and justify your answer with reference to the wave nature of matter.

Question 8 (12 MARKS)
a Draw arrows on the energy level diagram to represent all the possible Energy levels
transitions for which an electron can emit a photon when transitioning in hydrogen
from the n =5 state. (2 MARKS) Energy (eV)
A R )
b  Whatis the lowest frequency photon that can be emitted by a hydrogen 136 ggfg;'o”
atom in the n =5 state? (2 MARKS)
13.2 n=6
¢ Whatis the longest wavelength photon that can be absorbed by a hydrogen  13.1 n=5
atom in the n =3 state? (2 MARKS) 12.8 n=4

d Copy the diagram and draw the spectral lines that would appear in the
emission spectra of a hydrogen vapour lamp as an electron transitions from  12.1 n=3
n=6ton=1andn=2ton=1.Show yourworking. (3 MARKS)

50 nm 75 nm 100 nm 125nm 150 nm

e Identify the conditions for an electron to occupy a stable orbit with
reference to the wave behaviour of electrons. (3 MARKS) 0 n=1
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Question 9 (6 MARKS)

a Isabellais attempting to explain to Alessandro that you can not apply Heisenberg’s uncertainty principle to heavy
objects which is why we must apply the classical laws of physics to them. Allesandro counters explaining that heavy
objects do follow Heisenberg’s principle.

Evaluate the pair’s statements. (3 MARKS)

b  Explain how Heisenberg’s uncertainty principle can be used to explain electron diffraction in the single slit
experiment. (3 MARKS)

Question 10 (10 MARKS)

Scientists set up an experiment to compare electron and X-ray diffraction
patterns. A laser was used to shoot 6.0 x 10¢ Hz X-rays through a thin foil sheet,
and afterwards they fired electrons using an electron gun though the same
sheet. Both the electrons and X-rays produced diffraction patterns with the
same spacing.

a What do their results reveal about the nature of matter? Justify your
answer. (2 MARKS)

b  Whatis the de Broglie wavelength of the electrons? Give your answer in
nanometres. (3 MARKS)

¢ Calculate the momentum of the X-ray photons. (2 MARKS)
d Calculate the kinetic energy of the electrons in joules. (3 MARKS)

Adapted from 2018 VCAA Exam Section B Q18

Question 11 (3 MARKS)

Bonnie reads in an article that ‘all electromagnetic radiation is produced by atomic energy level transitions’. Evaluate
this statement with reference to light from lasers, incandescent globes, synchrotrons, and LEDs.

Adapted from 2019 VCAA NHT Exam Section A Q12

Question 12 (3 MARKS)

Describe how a sodium vapour lamp produces light.

Question 13 (4 MARKS)

The single photon double slit experiment is performed to display the wave-particle duality of light. Identify one result
of the experiment which supports the particle model and a second result which does not. Explain why these results
support or do not support the particle model of light.
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These questions are typical of one hour’s worth of questions on the VCE Physics Exam.

TOTAL MARKS: 50

All questions in this section are worth one mark.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 1

A light-emitting diode produces visible light by

A accelerating electrons through thermal collisions.
B  accelerating electrons using magnetic fields.
C passing light through a gaseous medium in order to stimulate atoms to produce coherent and monochromatic light.
D electrons changing energy levels when they transition to a lower energy state inside a semiconductor.
Question 2
Electrons travel towards a slit, as shown in the diagram, and a diffraction y
pattern is produced on the screen behind the slit. [
Which of the following is the best explanation for the existence of the electron X
diffraction pattern on the screen behind the slits?
A Areduction in x-position uncertainty causes an increase in -
X-momentum uncertainty.
Electrons ————»
B  Areduction in y-position uncertainty causes an increase in -_
y-momentum uncertainty. - 5
C Areduction in y-momentum uncertainty causes an increase in
y-position uncertainty.
D Aselectrons are always particles, the diffraction pattern is a result of them
bouncing off the walls of the slit.
Question 3

The wave model fails to make accurate predictions about the photoelectric effect. One of the predictions of the
wave model is that any frequency of incident light could produce a photocurrent. Which one of the following correct
observations from the photoelectric experiment disproved this prediction?

A Foragiven frequency, increasing intensity does not affect the kinetic energy of photoelectrons.
B The maximum kinetic energy of photoelectrons depends upon the work function of the metal.
C Ata certain frequency, increasing intensity increases maximum photocurrent.

D There exists a threshold frequency.

Question 4

A diffraction pattern is produced when electrons with a speed of 3.56 x 10°> m s™! pass through a single slit. In a second
experiment with the same apparatus, the speed of the electrons is increased to 7.82 x 10° m s™L, The resulting diffraction

pattern will

A bethesame.

B havea larger spread.
C have asmaller spread.
D ceaseto exist.
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Question 5

Two photoelectric effect experiments are conducted using incident 1(A)
light with the same frequency. The measured photocurrent is
plotted against electrode potential for both experiments. Which of
the following statements could provide a complete explanation for
the different results observed between experiment one (E1) and
experiment two (E2).

Maximum current -

A The metal plate used in E1 has a greater threshold frequency

than that used in E2. >
v (V)

The light used in E1 has a higher intensity than in E2.
The light used in E1 has a lower intensity than in E2.

The metal plate used in E1 has a lower threshold frequency than that used in E2.

In questions where more than one mark is available, appropriate working must be shown.

Unless otherwise indicated, the diagrams in this book are not drawn to scale.

Question 6 (5 MARKS)

An electron emerges from a particle accelerator with a kinetic energy of 1.3 eV. Ignore relativistic effects for this question.
a Calculate the de Broglie wavelength of the electron. (3 MARKS)

b  Determine the momentum of a photon which would diffract by the same amount as an electron travelling at
7.92 x 10® m s~ when diffracted through the same silicon lattice. (2 MARKS)

Question 7 (4 MARKS)

Explain two incorrect predictions that the wave model makes regarding the photoelectric effect and identify the results
which disprove these predictions.

Question 8 (3 MARKS)

A group of students are performing the photoelectric experiment with an unknown metal cathode. The table describes
the work function of various possible metals.

Metal Work function (eV)

Sodium 2.38

Calcium 2.98

Copper 4.70

Platinum | 6.39

The students use a beam of photons with a frequency of 1.14 x 1015 Hz. Photocurrent is measured only when the reverse
potential applied between the metal cathode and the collector plate is less than 1.72 V. Determine which metal is
being used.

Question 9 (1 MARK)

When successive individual electrons are passed through a set of double slits, an interference pattern forms on the
screen behind the slits. This observation supports the dual wave-particle model of electrons. Identify which feature of
the results of the single electron double-slit experiment indicate particle behaviour.
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Question 10 (9 MARKS)
The diagram shows the electron energy levels of a hydrogen atom. Energy (eV)
Consider the photon emitted when an electron transitions from A
n=6ton=2.
13.6 lonisation energy

a  Show that the energy of the photon is 4.8 x 1071° J. (2 MARKS) 13.2 n=6
b Calculate the momentum of an electron that has a kinetic energy 13- n=s

of 4.8 x 1071 J. (2 MARKS) 12.8 n=4
¢ Identify all the possible energies (in eV) of the photons that could 12.1 n=3

be emitted due to transitions when an electron starts in then =5

state and ends in the n = 3 state. (3 MARKS) 102 n=2
d Explain why electrons in atoms exist in discrete energy

levels only. (2 MARKS)

0 n=1

Question 11 (2 MARKS)

Identify one similarity and one difference between the light that is produced by a synchrotron and the light that is
produced by incandescent light globes.

Question 12 (2 MARKS)

Tai is investigating the photoelectric effect using photons with a frequency of 9.82 x 1014 Hz incident on a plate of zinc.
The work function of zinc is 4.33 eV. Will a photoelectron be released in this experiment?

Question 13 (3 MARKS)

Asingle slit experiment using electrons is set up as shown.

[ B3

Electrons are passing through the slit but the diffraction pattern does not spread
as wide as point A.

Explain how the speed of the electrons travelling through the slit could be
changed so that the diffraction pattern spreads to point A.

y

L.

Electrons

Question 14 (3 MARKS)

The following graph is produced during a photoelectric KE,.. (V)
effect experiment.

Use the graph to determine an experimental value for Planck’s 24
constant. Give your answer in J s.

: : 14
S (10 Ha)
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Question 15 (3 MARKS)

Dorothy conducts two photoelectric effect experiments. She uses a different frequency of light for each experiment.
In both cases, she starts with light that has a very low intensity and she measures the photocurrent as she steadily
increases the intensity.

In the first experiment, she uses light with a fixed frequency of 6.0 x 101* Hz and she finds that increasing the intensity
causes an increase in the photocurrent. In the second experiment, she uses light with a fixed frequency of 2.0 x 1013 Hz
and she finds that there is no current when the light intensity is low. This is summarised in the table.

f=6.0x10"Hz | f=2.0x1013Hz

Low intensity Low current No current

High intensity High current ?

When she increases the intensity for the second experiment, she expects to measure a current.

Explain why she may believe this is the case, and whether her prediction is correct.

Adapted from 2018 VCAA Exam Section B Q17a

Question 16 (4 MARKS)

Bailey is investigating the effect of changing the frequency of light on 1(A)
photocurrent in the photoelectric experiment. The graph shows the 4
photocurrent produced versus electrode potential for the first 5
frequency used. 1T

a Identify what values are represented by the A on the horizontal axis and
the B on the vertical axis. (2 MARKS)

b  Bailey repeats the experiment using light with double the frequency
of the first experiment. Copy the graph and draw the expected results
using a dotted line. (2 MARKS)

A V(V)

Question 17 (5 MARKS)

Calculate the energy of electrons that would produce the same diffraction pattern as X-rays with a frequency
of 5.0 x 1018 Hz. Provide your answer in electron-volts.

Adapted from 2019 VCAA Exam Section B Q17b



1A Asking questions, identifying

variables, and making predictions

Theory review questions

B

a Observation/measurement

b Model

¢ Theory

a DV b Cv c v
Band D

Quantitative: b, c, e.

Qualitative: a, d.

Exam-style questions

This lesson

6

a Massof ball
b Time to reach the ground
¢ Height (1MARK)
Initial speed (1 MARK)
d IV:height (1mArK)
DV: speed just before hitting the ground (1 mArK)

CV: mass of ball used (1 MARK)

A
D

[If the final speed varies with the slope angle,"| then the final speed will
increase when the slope angle increases.?|

% 2% Ihave stated a predicted relationship between the DV (final
speed) and the IV (slope angle).

% 52 Ihave explicitly addressed the effect on the DV (final speed)
when the IV (slope angle) increases.?

% 22 Ihave used an ‘If..then...when... statement.

1B Scientific conventions

Theory review questions

1

a 3(trailing zeros are significant)

b 1

n

5 (all non-leading zeros are significant)
d 3
e 4 (leading zeros are not significant)

f 6

e

f

ANSWERS

5 (leading zeros are not significant)
4 (leading zeros are not significant)
3

3.0 x 103 (2 significant figures as per the accuracy mentioned
in the question)

2.6x10°

5.98 x 104

2.4x107! (note all digits beside leading zeros are significant)
45x107*

6.0x107°8

45.6 (1 decimal place)

654.5 (1 decimal place)

49.281 (3 decimal places)

52 (0 decimal places)

60 (0 decimal places)

70.01 (2 decimal places)

28 (2 significant figures)

3.15 x 1072 (3 significant figures)

1.2 x 10* (2 significant figures)

1.7 x 107 (2 significant figures)

3x 103 (L significant figure)

2.33 x 10# (3 significant figures)
3.2x103J

8.0x10712A

750 Nnm=750x10°m=7.50x10""m
500 ms=500x10"3s=5.00%x10"'s
0.300 ug =0.300 x 107 kg =3.00 x 1010 kg

54MQ=54%x10°0=5.4x107Q

6 B,H,JL

Exam-style questions

This lesson

7 a

Fret=ma=0.250 3.0 (1 MARK)
Foet=0.75N (2 significant figures) (1 MARK)
total distance = 132 + 56 = 188 m (3 significant figures) (1 MARK)

o = fotaldistance _ 188

spee tme =220 (LMARK)

speed = % =8.55ms™ (3 significant figures) (1 MARK)

433
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1C Collecting data

Theory review questions

1 a False b False ¢ True d False
e False f True g True h True
i True j  True k True |l False
m True

Exam-style questions

This lesson

2 B 3 D 4 B 5 B
6 C 7D 8 A 9 B
10 A 11 A 12 D 13 B

14 |Experimental uncertainty is the quantitative indicator of the random
error associated with a measu rement.‘] [One method to reduce
experimental uncertainty is to use equipment that can take more
precise measurements.?|

% ©  Ihave explicitly addressed the meaning of
experimental uncertainty.!

% ° Ihave explicitly addressed a way to reduce
experimental uncertainty.?

15 |Multiple measurements can be averaged to find a value that is generally
going to be more accurate than an individual measurement.‘] [Thisis
because the variations of individual measurements from the ‘true’
value due to random errors will tend to offset each other when an
average is taken.?|

% ©2 Ihave used the relevant theory: how averages affect accuracy.!

% 2% Ihave used the relevant theory: reducing the effect of
random error by taking an average.?

16 a Sam:

w= 66 Hz (1 MARK)

79+81+60+64
4

Jess: =71 Hz (1MARK)

b Sam:76-54=22Hz (1MARK)
Jess: 81 -60=21Hz (1MARK)

¢ [Sam’s data is more accurate than Jess’ data'||as Sam’s average
of 66 Hz is closer to the true frequency of 64 Hz than Jess’ average
of 71 Hz.2|

% 22 I'have explicitly compared the accuracy of Sam’s and
Jess’ data.!

% 2% Ihave used relevant theory: accuracy.?

% ©% Ihave related my answer to the context of the question.

d [Jess’ datais more precise than Sam’s data'||as the range of Jess’
results (21 Hz) is smaller than the range of Sam’s results (22 Hz).z]

% > I'have explicitly compared the precision of Sam’s
and Jess’ data.!

% > I'have used relevant theory: precision.?

Q/ 22 I'have related my answer to the context of the question.

17 b, e, f, h,i (5MARKS)

1D Representing and analysing data

Theory review questions

1 B. Thisisthe only option for which the data takes up the majority of the
graph space.

2 Aline of best fit could be used for: b and d.
A curve of best fit must be used for: a, ¢, and e.

w
>

Exam-style questions

This lesson

4 a [Firstly, draw vertical uncertainty bars of equal size on each data
point.‘] [Then test if a straight line can be drawn through the
uncertainty bars of all data points. If it can, then a line of best

fitis valid.?|

% > I'have used the relevant theory: uncertainty bars."

Q/ 2% Ihave used the relevant theory: lines of best fit.?

o

The graph can have a line of best fit

Force between charges (107 N)

0.2 0.4 0.6 0.8 1 1.2
Distance between charges (1072 m)

v

7 &
7 &8
7 &8
7 &
7 &8

| have correctly labelled the horizontal axis and included
correct units.

I have correctly labelled the vertical axis and included
correct units.

| have included an appropriate and consistent scale on the
horizontal axis.

I have included an appropriate and consistent scale on the
vertical axis.

I have plotted each point of data: (0.50, 0.92), (0.60, 0.64),
(0.80,0.36), (1.00, 0.24), (1.20, 0.16)
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I have drawn correctly sized uncertainty bars: (horizontal: | have plotted each point of data: (0.010, 2.3), (0.020, 1.1),
+0.05 x 10712 m, vertical: +0.02 x 1073 N) (0.030, 0.8), (0.040, 0.6), (0.050, 0.5)
I have drawn a curve of best fit which passes through all | have drawn correctly sized uncertainty bars (horizontal:
uncertainty bars. +0.005 T, vertical: £0.1 x 1072 m)

| have drawn a curve of best fit which passes through all

I Current through a light bulb versus voltage uncertainty bars.
4 4
b . 1
3% Radius of electron path versus =
—_— A
< 25+
=
c
223
3 23
£
1% 5151
=2
s
} } } } } > = 11
1 2 3 4 5 6 3
Vi V
oltage (V) ost
I have correctly labelled the horizontal axis and included ! ! ! | | R
correct units. 20 y y 80 100

40 60
1/B(T7)

I have correctly labelled the vertical axis and included

correct units. I have correctly labelled the horizontal axis and included

correct units.

I have included an appropriate and consistent scale on
the horizontal axis.

| have correctly labelled the vertical axis and included
correct units.

I have included an appropriate and consistent scale on
the vertical axis.

| have included an appropriate and consistent scale on
the horizontal axis.

I have plotted each point of data: (1.0, 1.5), (2.0, 2.5),
(3.0,3.3), (4.0,3.8), (5.0, 4.0)

| have included an appropriate and consistent scale on
the vertical axis.

I have drawn correctly sized uncertainty bars:
(horizontal: 0.5V, vertical: +0.1 A)

| have plotted each point of data: (20, 0.5), (25, 0.6),
(33,0.8), (50, 1.1), (100, 2.3)

I have drawn a curve of best fit which passes through all
uncertainty bars.

| have drawn correctly sized uncertainty bars:
(vertical: £0.1 x 1072 m)

The lightbulb is not an ohmic resistor (since a straight line does not

fit the data). I have drawn a line of best fit which passes through all

uncertainty bars.

, Radius of electron path versus magnetic field strength

251 ¢ Michaelis correct thatroc%(sincea straight line fits the
o1 linearised data).
g 8 a A
L 151 100
=
51
% 80 +
& —
I <
0.5 £
e 60 T
: : : : : > o
0.01 0.02 0.03 0.04 0.05 0.06 5
Magnetic field strength (T) © 201
I have correctly labelled the horizontal axis and included
correct units. 20 +
I have correctly labelled the vertical axis and included
correct units. t t t t P
5 10 15 20
I have included an appropriate and consistent scale on Power (W)

the horizontal axis.

I have included an appropriate and consistent scale on
the vertical axis.
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I have correctly labelled the horizontal axis and included
correct units.

I have correctly labelled the vertical axis and included
correct units.

I have included an appropriate and consistent scale on
the horizontal axis.

I have included an appropriate and consistent scale on
the vertical axis.

I have plotted each point of data: (4.0, 18), (8.0, 35),
(9.5,42), (14.5, 63), (20.0, 87)

I have drawn correctly sized uncertainty bars:
(horizontal: £0.5 W, vertical: £5 mA)

I have drawn a line of best fit which passes through all
uncertainty bars.

b > (mA?)
8000

7000
6000
5000
4000
3000
2000

1000

t t t t t t t t t t + P (W)
2 4 6 8 10 12 14 16 18 20 22

I have correctly labelled the horizontal axis and included
correct units.

I have correctly labelled the vertical axis and included
correct units.

I have included an appropriate and consistent scale on
the horizontal axis.

I have included an appropriate and consistent scale on
the vertical axis.

I have plotted each point of data: (4.0, 324), (8.0, 1225),
(9.5, 1764), (14.5,3969), (20.0, 7569)

I have drawn correctly sized uncertainty bars:
(horizontal: +0.5 W)

I have drawn a curve of best fit which passes through all
uncertainty bars.

¢ [Claireis not correct in saying that P o /2"][as the graph in
part b does not have a line of best fit.? P «/ as the graph in
part a®|[has a line of best fit.%]

I have explicitly answered the question.’

I have used the provided data (the graph in part b) in
my answer.?

| have proposed the correct relationship using the
provided data (the graph in part a) in my answer.?

I have used the relevant theory: linearising data.*

1E Gradients of lines of best fit

Theory review questions

A 2 QandS 3 B

Exam-style questions

This lesson

4 Use any two points from the line of best fit that are far apart to calculate

the gradient.

. Y2™Y1_ 75-10 _
gradlem.‘:xz_x1 =30-1.0-93Nkg L (1 MARK)

. F
gradient="5¢ = =g - g=93Nkg™ (1mrK)
a Useany two points from the line of best fit that are far apart to
calculate the gradient.

. YoV 20-5
gradient = X=X, = 20-1.0 (MARK

gradient=5.0 N s? (1 MARK)

b gradient="2¢ = Y

run ~ 1
()
The original equation is
_an’mr

F="m o FT2=4m?mr .. gradient = 4T2mr (1MARK)

50=4x12xmx1.0 (1MARK)
m=0.13kg (1MARK)

a Useany two points from the line of best fit that are far apart to
calculate the gradient.

Yo7Y1 (25-9)x107

gradient = %=X, " (3.9-1.4)x 105 (1 MARK)
gradient=6.4x107°s (1 MARK)
b gradient= ;Liﬁ = 6
The original equationis r= % 5 = fT_B .. gradient = qﬂB (1 MARK)
6.4x10°0=———— M (0

T 1.6x10719x8.7x1074

m=8.9x10"3 kg (1MARK)



25

= N
v o

Speed at ground (m s™?)
)

2 3
Vh (Vm)

% ©Z  I'have drawn a line of best fit that passes through all
uncertainty bars.

% o Ihavedrawn a line that passes through only the range of
values for which we have data.

b Use any two points from the line of best fit that are far apart to
calculate the gradient.

Lo YoV 20-9
gradient = X,7X, = 45-2.0 (1 MARK)

gradient=4.4 /M s71 (1 MARK)
Gradient represents gradient = ;’%ﬁ = #

The original equation is

v=4/2gh .. ﬁ= V/2g .. gradient=+/2g (1MARK)

44=4/2g

g=9.7ms2 (1MARK)

Chapter 1 Review

1D 2 B 3 D 4 B 5 B
6 C 7 C 8 C 9 B 10 C
11 B 12 C 13 A 14 B 15 A
16 B 17 B

18 a i Independent:time

ii Dependent: speed

iii Controlled: mass of ball OR ramp height/length/angle
OR ball type

b Identify two points on the line of best fit such as (0, 0)
and (2.0, 1.5). (1 MARK)

a=3:=50-0=075m S72 (1 MARK)

19

20
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12 (A2)

9.0

16

25

36

(1 MARK FOR CORRECT SIGNIFICANT FIGURES)
(1 MARK FOR CORRECT VALUES)

Independent variable
P (W)
A
2000 +

1500 +
1000 +

500 +

+ + + +—p I? (AZ)
10 20 30 40

VRS

| have correctly labelled the horizontal axis and included
correct units.

&

| have correctly labelled the vertical axis and included
correct units.

I have included an appropriate and consistent scale on
the axes.

&

| have plotted each point of data: (9, 450), (16, 800),
(25, 1250), (36, 1800).

v &

| have drawn correctly sized uncertainty bars.

v &

| have drawn a straight line of best fit which passes
through all uncertainty bars.

v &

P=12R ..gradient=R (1MARK)

Identify two points on the line of best fit such as (34, 1700)
and (10, 500).

. _rise _ 1700 - 500
Gradient=n="33-10

(1 MARK)

R=50Q (1MARK)

6.54%x1073m (2 MARKS)

Independent: Separation of the charged bodies (1 MARK)

Dependent: Force between the charged bodies (1 MARK)

Controlled: Charge on the two spheres (1 MARK)

% (m?)

1.00 x 104

2.50x 103

1.11x 103

6.25x 102

(1 MARK FOR CORRECT SIGNIFICANT FIGURES)
(1 MARK FOR CORRECT VALUES)
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d Force (1072 N)

Y N

80+

60+

a0+

20+

+ + + + + > (
2000 4000 6000 8000 10000 r

I have correctly labelled the horizontal axis and included
correct units.

I have correctly labelled the vertical axis and included
correct units.

I have included an appropriate and consistent scale on
the axes.

I have plotted each point of data: (6.25 x 102, 4.31 x 10728),
(1.11x103,7.67x 10728), (2.50 x 103, 1.73 x 10727),
(1.00 x 10%,6.90 x 10727),

I have drawn a straight line of best fit.

- 1. =
e F=kqg,q,x 7 .gradient=kq,q, (1MARK)
Identify two points on the line of best fit such as
(1.00x 10%,69.0 x 10728) and (625, 4.31 x 10728)

.. _rise _ (69.0 - 4.31) x 10728 ~ . ,
Gradient =5 TI00x104-625 6.90x 10731 N m2 (1 MARK)

.6.90x 10731 =kx5.00%10720x 1,50 x 10721 (1 MARK)

k=9.20x109N m2 C™2 (1MARK)



2A Kinematics recap

Theory review questions
1B 2 D 3 B 4 D 5 A
Exam-style questions

This lesson

_As _50 _ -1
6 v—At—20—2.5ms

7 u=0ms‘1,v=%=10ms’l (1 MARK)

a= % = 21%__% =5.0ms™2 (1MARK)

8 s=vt-3at?=2.0x6.0-5x0.30%6.02=6.6m
9 v2=y2+2a5=4.02+2x0.50 %30 (1 MARK)
v=6.8ms (1MARK)
_1 . _1
10 s—f(v+u)t ..30—5(17+3.0)t (1 MARK)

t=3.0S (1MARK)

_60 _ -1
11 v= 36° 16.7m s (1MARK)

s=2(v+ult 5.50=3 (16.7+0)x 3.6 (1R

u=11.1ms =40 kmh™ (1 marK)

12 a s=ut+lat2=0x4.0+2x30x4.02=24m
b v=u+at=0+3.0x40=12ms*?

13 Bill travels further. (1 MARK)

Yasmin: vZ=u2+2as ... 02=1.702+2 x (-0.500) X 5 (1 MARK)
$§=2.89 M (1MARK)

Bill: v2=u2+2as .. 02=1.602+2 x (-0.400) X S (1 MARK)
$=3.20m (1 MARK)

14 Define upwards as positive.
$=15x0.30=4.5m (1MARK)
5= vt—%at2 S 45=0x% 10—%>< ax102 (1MARK)
a=-0.090 ms2 (1 MARK)

15 Graham ends up running at a faster pace. (1MARK)
Ryan:v2=u?+2as .v2=1.02+2%0.30x 10 (1 MARK)
v=2.6ms (1MARK)
Graham:v=u+at=0.80+0.40x5.0=2.8 ms™ (1MARK)

16 s=ut+3at2=15x2.0+3x2.0x2.02=7m (mare
7 <10, so the shark will not catch the fish. (1 Mark)

OR
s=ut+3at? L 10=15xt+3x2.0%2 5t=255 Lwarg

2.5>2, so the shark will not catch the fish. (1 mARK)
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A 600
17 a V:A_i .'.2.5=A—t (1 MARK)

At=240S (1 MARK)

b vZ=u2+2as ..v2=252+2x(-0.1)x 20 (1 MARK)
v=15ms™ (1marRK)
s =%(v+ u)t ..20= %x (1.5+2.5)xt (1MARK)
t=10S (1MARK)

¢ vZ=u?+2as .v2=152+2%0.60x 20 (1 MARK)
v=5.1ms1 (1mARK)
s :%(v+ u)t -.20= %x (5.1+1.5)xt (1MARK)
t=6.0S (1MARK)

d t=240+10+6=256s

Key science skills

18 a Usingany two points from the line such as (10,8) and (2,4),

. YaTV1_8-4
gradient = X=X, -10-2 (1 MARK)

gradient = % =0.5ms™t (1mARK)

b [Agradientis arate that indicates the change in the vertical axis per
unit of the horizontal axis.‘] [In this case, that is the displacement per
second. This is the rate of change of displacement with respect to
time, which is the definition of velocity.z]

% ©%  Ihave used the relevant theory: gradients.’

% ©  I'have used the relevant theory: velocity.?

¢ v=0.5ms"1tothesouth (2mARKS)

2B Forcesrecap

Theory review questions

1B 2 A 3 B 4 D

5D 6 A

Exam-style questions

This lesson

7 Taking right as the positive direction: 6+3+(-4)=5N

Sum: l}

% 2 I'have drawn a vector in the direction defined as positive.

% 2% I'have labelled the magnitude of the vector.

F
8 a:%:%:z.3ms‘2

9 F,,=ma=2000x30=6.0x10%N
10 |[When the rocket expels the gases it exerts a force on them. As described
by Newton’s 3rd law, this force will have an equal and opposite reaction

force.1] [In this case, the gases exert a force on the rocket in the opposite
direction, accelerating the rocket.?|




11

12

13

14

15
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I have used the relevant theory: Newton’s third law."

| have explicitly addressed how the expelled gases accelerate
the rocket.?

Assuming up and to the right as positive:
Vector A: A, =-50 x cos(35°) = =41 N (1 MARK)
Ay =50x5sin(35°) =29 N (1 MARK)

Vector B: B, =60 x c0s(65°) =25 N (1 MARK)
By: 60 x sin(65°) =54 N (1 MARK)

[The three forces acting on the ball cannot hold it stationary,!|[ because
the upward component of F. cannot be balanced out by a force in the
opposite direction. For the ball to be held stationary, the net force must
be zero.?|

I have explicitly addressed if the ball can be held stationary.!

I have used the relevant theory: net force.?

a F,=mg=1000x-9.8=-9.8x 103N

b Since the boat is not accelerating in the vertical direction:
Fy==F;=9.8x10*N

¢ [The boat exerts a contact force on the ground as a result of the
gravitational force on the boat. From Newton’s 3rd law, we know
that as a result of this contact force,‘] [a reaction force is exerted on
the boat by the ground, known as the normal force.z]

I have used the relevant theory: Newton’s third law.!

I have used the relevant theory: normal force.?

d Since vertical forces are equal and opposite: F,, = 1000 - 970 =30 N

Foet _ 30.0 )
e G—W—W—Z{OOXIO ms

a Defining the positive directions as to the left and up:
Vertical components of forces sum to zero.
Component of each 700 N force in the horizontal direction:
Frorisontat = 700 X €0S(30°) =606 N

F et =900 + 606 +606 — 100 N (1 MARK)

Free=2.0 x 103 N to the left (2 marKks)

Fret _ 2.01x 103
b a=7m=""%

=29ms7?

a When pushing: F=-300 x sin(45°) =-212=-2.1x 102N (1 MARK)
When pulling: F=300 x sin(45°) =212 =2.1 x 102N (1 MARK)

b Forforces in the vertical direction:

Fg =18%x-9.8=-176 N (1 MARK)

When pushing: Fg + Fpgmi= 176 -212=-3.9 x 102N (1 MARK)

ami

When pulling: Fg + Foami= 176 +212=36 N (1 MARK)
¢ Because pulling yields an upwards vertical net force, Rami should

pull the bin.

Key science skills

16 a Force(N)
r
251

20t

151

+>Mass (kg)
2.5

0 0.5 1 1.5 2

I have drawn a straight line of best fit.

I have drawn a line of best fit passing through all
uncertainty bars.

F .
b g :%:%:gradient (1 MARK)

From points on the line of best fit:

g=rse= —129:__0550 =9.7ms2 (1MARK)

2C Inclined planes and
connected bodies

Theory review questions

1B

Exam-style questions

This lesson
5 a Fy=mgcos(B)=5.0x9.8%cos(15°) (1MARK)
FN =47 N (1 MARK)

b F

et = Fgs = Fr=mgsin(B) =0 (1 MARK)

Fro¢=5.0%9.8x5in(15°) =12.7 = 13 N (1 MARK)

¢ F=ma ..127=5.0xa
a=25ms2
6 a F ,=ma=1500x120=1.80x 103N



10

11

As tension is the only force acting on the trailer

F

net trailer = 1 = Mirgiterd (L MARK)

T=700%1.20=840N (1MARK)

Fg m = Myg = 0.25%x9.8=2.45N (1 MARK)

Fret=Fgmy = Ff=ma . 2.45-0.50=(0.25+0.50) xa

a=2.6ms 2 (1MARK)

F = T—Ff:mla . T—=0.50=0.50% 2.6 (1MARK)

netml
T=1.8N (1MARK)
Foee=ma .80=(2.0+6.0)xa

a=10ms™2 (1MARK)

Frots=ma=2.0x10=20N
FnetA=80—FonAbyB 20:80_FonAbyB (1 MARK)

FonAbyB =60 N (1 MARK)

F

OanyA=60 N (1 MARK)

Fonsg byA is to the right by Newton’s third law. (1 MARK)

Fro=T,~F~F=0 .. T,-100-100=0 .. T, =200N

et =

Fnetpyramidz = T2 B Ff: ma .

T,=100=250x0.25 (1 MARK)
T,=163=1.6 X 102N (1 MARK)

F net pyramid 1

=T,-T,~-F=ma ..T,-163-100=250%0.25 (1 MARK)
T,=326=3.3x102N (1MARK)

Rope 1 will break before rope 2 as it has to pull both pyramids. (1 MARK)
Consider the two pyramids: F_ =T, .ok~ Fr~ FF=ma

1800 -100-100=500 % @ (1 MARK)

a=3.2ms2 (1MARK)

Forblock A: F =0=F, 415~ Fg (1 MARK)
FanAbyB: Fg =m,g=2.0x%9.8=19.6=20 Nupwards (1 MARK)
FonAbyB=0 N

Note that since the blocks are now accelerating at g, the only force
acting on each block is Fg=mg. So the contact force must be zero.

F

net = Fas ~ Ff=mgsm(e) -0
Fpot=20.0 9.8 x5in(30.0°) =98 N (1 MARK)

F

net=ma -.98=20xa
a=49ms2 (1MARK)

Fnet: ma=20.0x0.50=10 N (1 MARK)
Foet = Fgs = Fy=mgsin(6) - F;

10=20.0%9.8 xsin(30.0°) = F; (1 MARK)

Fe=88 N (1MARK)

ANSWERS

Previous lessons

12

a F, =mgsin(f)=0.50 x 9.8 xsin(30.0°) = 2.45 N (1 MARK)

F

net

=Fy=ma .2.45=0.50%a
a=4.9ms2 (1MARK)

b v2=u?2+205=02+2%4.9x10.0 (1MARK)
v=9.9ms (1MARK)

¢ F=F=ma ..-0.75=0.50xa

a=-1.5ms2 (1MARK)

v2Z=u2+2as .02=9.92+2x-15%5 (1MARK)
$=33 M (1MARK)

d ‘The force on the ground by the ball’.

Key science skills questions

13

[Random errors will be present due to the difficulty of measuring a
moving object between the 5 cm gradation lines of the ruIer.‘} [Its
significance can be reduced by repeating the experiment multiple times
and taking the average of the measurementsz} [or using a more precise
measurement method such as a slow-motion camera.?|

I have used the relevant theory: random errors.!

I have explicitly addressed one way to reduce the error.?

I have explicitly addressed another way to reduce the error.

2D Basic circular motion

Theory review questions

-
w
N
(@]
w
w
)
pd

Exam-style questions

This lesson
5 a A b G c C d F
e B f D
2 2
6 a="7=%= 1.7x102ms™
2 2
7 F=mx¥Ll=15000x ¥ T2I30=296x 107N
_v2_8.002 _ o
8 a a=F=%55=128ms
b F= mv? _ 55.0x8.002 _ 704N
-r T 500 %
9 a 8revolutions per second, therefore T= ﬁ= 0.125'S (1 MARK)
= 2—;” =2xmx12.0 x(1)-[1><222.0 =603 m s (1MARK)
b Totheright
10 a v:%: 10m st (1uARK)

2 102
a:VT:%zl.Tms'2 (1 MARK)
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_mv?_600x10?

600 x 107 _ 3
b F==F 50 =1.0x10°N
_2nr . _2xmx5.0
11 V=T ..15—7T (1 MARK)

T=2.095 (1MARK)
Time =£: 24ﬂ =0.52's (1MARK)
12 a r=2.30x107+3.00x10%=2.60x 107 m (1 MARK)
T=30.0x60x60=1.08%10%s (1MARK)

7
=M=w= 1.51 % 103 m s—l (1 MARK)

T 1.08x 105
4m%r _ 4xm?x2.60x107 9
et X
b 72 (1,08 x 109)2 8.80x107“ms

2XTUXr

_2nr _
=T =8.00x60x60 MARK

. 3
¢ v==F ..200x10

r=9.17x105m (1 MARK)

Orbital height =9.17 x 106 -3.00 x 106=6.17 x 10 m (1 MARK)

2
13 Net force on the ball is the tension. .. T= mTV (1 MARK)

_030xv2 -1
3.0 =~080 V= 2.8mM S (1MARK)

Previous lessons
14 F, =mgsin(6) =1.5x9.8xsin(15°)=3.80 N (1 MARK)

F _.=ma ~.3.80=15xqg ..a=2.54ms™2 (1MARK)

net
v2=u2+2as .v2=02+2x254%2.0 (1MARK)
v=3.2ms1 (1mMARK)

15 a Normalforce

b Fg =mg=20.0x9.8=196 N (1 MARK)

F
_'9 _19 _
FNperleg_T_ 4 =49 N (1MARK)

Key science skills

16 |The uncertainty in this measuring device is half the smallest
increment on the ruler.'| [ The smallest increment is 0.5 cm so the

uncertainty is 0.25 cm.?|

% 2% Ihave explicitly addressed how to calculate
the uncertainty.!

e=tan‘1<

v2\ _. i 20?2
E)—tan 1 W) (1 MARK)

0 =46° (1MARK)

VRS

| have drawn the tension vector in the direction of the
string away from the mass.

v 8

| have drawn the force due to gravity vector straight down
from the centre of the mass.

&8

| have drawn the net force vector radially inwards (to the
centre of the circular path).

&8

I have drawn the size of the tension and force due to
gravity vectors so that they add to the net force vector.

% 2% Ihave calculated the uncertainty.?

2E Banked circular motion

Theory review questions

Exam-style questions

1D 2 B 3 D 4 B

This lesson

5 a v=+/rgtan(0) = V40x9.8xtan(35°) (1MARK)

v=17ms™! (1mARK)

e =V (2) gy

N2
T=\/(M) +(1.2%9.8)2 (1 MARK)

0.60
T=14 N (1MARK)
2 2
—an-1( Vo) 2pan-1f 15%
0=tan (,g>-tan (0.60><9.8> (1 MARK)

0=21° (1MARK)

v=1/rgtan(B) ..40=+/rx9.8xtan(50°) ..r

1 MARK)

402
9.8xtan(50°) '

r=1.4x102m (1MARK)

v=1/rgtan(f) = v/80x9.8xtan(50°) (1 MARK)

v=31ms (1MARK)

v K

| have drawn the normal force vector perpendicular to
the slope of the track from the track surface.

VRS

| have drawn the force due to gravity vector straight down
from the centre of the vehicle.

v &8

| have drawn the net force vector with a dashed arrow
pointing horizontally to the left.

&8

| have drawn the size of the force due to gravity and
normal force vectors so that the resultant vector matches
the net force vector.




_mv? _ 2000x40?

d F =" go —=40x10*N

net
2 2

_ -1{ VvV _ -1 40

e O=tan (—,g>—tan (—80><9.8) (1 MARK)

0 =64° (1MARK)

__. 1 _opposite )_ . _1(0.4o>_ .
0=sin (7hypotenuse =sin" 570 =34.8° (1 MARK)

F

net

:Fg tan(B)=mgtan(8)=0.30x9.8 xtan(34.8°)=2.0N (1 MARK)

b T= \/(Fﬂet)2+(mg)2 =1/2.02+(0.30%9.8)2 (1MARK)

T=3.6 N (1MARK)
OR
Fret 2.0

T= sin(@) ~ sin4.89 1MARK
T=3.6N (1MARK)
OR

_ Mg _0.30x9.8

= Cos(@) " cos(3a.g) [ MARK
T=3.6 N (1MARK)

Previous lessons
2 2
9 a a:4n r _ 4x1-x0.60 (1 MARK)

I 1.42
a=12ms™2 (1MARK)

b F=ma=020x12=24N

10 F,,=F,=mgsin(6)=0.30x9.8xsin(10°)=0.511 N (1 MARK)
Fret _0.511 2
Fnet:ma ~.'0:W:W:l'70 ms < (1MARK)

v2=0u2+205=0+2x1.70%2.0=6.8 ..v=2.6 MSL (1MARK)
Key science skills

11 a 28.3,56.6,84.8,112,142,169

b v*(m?s?)
A

180+
160
140+
1204
100+
80+
60+
404

20+

» r(m)

% > Ihave correctly labelled the horizontal axis and included
correct units.

% > Ihave correctly labelled the vertical axis and included
correct units.

ANSWERS

v 8

v 8
&
7 8

| have included an appropriate and consistent scale on
the axes.

I have plotted each point of data.

| have drawn correctly sized uncertainty bars.

| have drawn a straight line of best fit which passes
through all uncertainty bars.

Gradient = 2 _f(/i

Use two points on the line of best fit that are far apart.

Gradient=>5.6 (1 MARK)

Depending on the line of best fit drawn, values between 5.1 and 6.2
are acceptable.

) )
Gradient=v7=gtan(6) .'.e=tan‘1<%> (1 MARK)

f=tan’! (%) =30° (1 MARK)

2F Vertical circular motion

Theory review questions

1D

Exam-style questions

This lesson

5 a

b

v

F
g9

§/ 2 I'have drawn all forces acting upon the car.

§/ 2% I'have labelled all forces acting upon the car correctly.

§/ > I'have shown the force due to gravity to be greater in
magnitude than the normal force.

2

%=mg SVER/gr=v9.8x5.2 (1MARK)

v=7.1ms™ (1mARK)

F

net

C

% 2% I'have drawn a force vector pointing in the right direction.

§/ > I'have correctly labelled the net force vector.
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a v=./gr .120=

m ‘F -mg . 60><18

=Fy—60x9.8 (1MARK)
Fy=19%x103N (1MARK)
V9.8 Xr (1MARK)

r=15m (1MARK)

b [Thereis always a force due to gravity acting on the motorcyclist,‘}

[4

[however, as the velocity is minimised the motorcyclist experiences
no normal force.?|[This is perceived as zero gravity.|

I have explicitly addressed the force due to gravity at the
top of the loop.

b D. The gradientis equal to ;5 =

I have explicitly addressed the normal force.?

I have used the relevant theory: zero normal force.?

80><160

——F +hy=mg+Fy 150

=80x9.8+ FN (1 MARK)

Fy=9.2x 102N (1MARK)

Calculate the minimum speed the cart needs to stay on the track.

V=14/9r=+v9.8x13.0 (1MARK)

v=11ms1>9.0ms (1mARK)

No. The cart will fall off the track if it is not supported by an

upwards force. (1 MARK)

a v= =49.8x 1.2 (1MARK)
g

b MV _ 7 mg 32273

v=3.4ms1 (1mMARK)

——=T-mg .. 12 =T-3.2%x9.8 (1MARK)
T=1.7x102>150 N (1MARK)

The string will break. (1 MARK)

Previous lessons

10 m,, =10+20+5=35kg

1 F=MC 12=

Fret =M@ -200=35xa (1MARK)

a=5.71ms2 (1MARK)

v

FncbyB=mCa=5.0><5.71=29N (1 MARK)

[¢]

2 2
my O.A})O;;v (1 MARK)

=4.7ms™1 (1MARK)

Key science skills

12

[vZshould be placed on the vertical axis'||as it is the dependent
variable.?|[r should be graphed on the horizontal axis®|[as it is the
independent variable.”|

I have explicitly addressed the axis on which vZ should
be graphed.!

I have explicitly addressed the axis on which r should
be graphed.?

I have used the relevant theory: independent variables.*

rise _ v?
-7 For zero normal force

(when the cart loses contact with the track), v=1/gr so the

2
gradient¥-=g=~9.8 m s

2G Projectile motion

This lesson

I have drawn a curve with a shorter horizontal range.

I have drawn a curve with a lower maximum height.

I have drawn an asymmetrical graph with the rising slope less
steep than the falling slope.

I have used the relevant theory: dependent variables.?

vy2 = uy2 +2as ..0= uy2 +2x(=9.8)x49 (1 MARK)

u,=£31m s7L. Take positive value since we know the rocket is

travelling upwards.

uy: 31ms! upwards. (1 MARK)

Vertical motion: s, = uyt+%at2 .0=31x% t+%x (-9.8) x t2 (1 MARK)
t=6.325 (1MARK)

t=0is also a solution to the equation but it describes the time when
the rocket leaves the ground, rather than when it lands.

u =usin(8) .- u=31.5ms™t

y .31=uxsin(80°) ..

Horizontal motion: v, =ucos(6) =31.5% cos(80°)=5.47 m st

Sy Sy
v, = 547——6 32

S 35m (1 MARK)

u,=usin(0)=32.0xsin(50°)=24.51 m st
\/y2= uy2+2asy .0=24.512+2x%(-9.8) xS, (LMARK)
5, = 31m (1MARK)

OR
v,=u,tat .. 0=24.51+(-9.8) xt

t=2.50s (1MARK)
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S, =V t-%at?=0x2.50 -3 x (-9.8)x2.502 v =X 575=
y 'y 2 . 2 . . Xt o 9.84
s, =31 m (1MARK) 5,=5.7x102m (1MARK)
Horizontal motion: v, = ucos(8) =32.0x cos(50°) =20.57 m s* ¢ Vertical motion: vyzzuy2+20$ .'.vy2= (48.2)%+2x(~9.8) x (—62) (1 MARK)
v, zs_tx 2057 = 970 v,=+59.5m s7L. Take negative value since we know the stone is

travelling downwards.
t=4.3755s (1 MARK)

v2=y 2+ vy2=57.52+ (-59.5)2 (1 MARK)
Vertical motion:

s,= uyt+%at2=24,51 x4,375+%x (-9.8)x4.3752 (1MARK) v=83ms1>70ms! .. the boat will sink. (1mARK)
5,=13m (1MARK) Previous lessons
2 2
tinat= 2% Uy height = 2 X 2.50 =5.00's, by symmetry. (1 MARK) 12 Forcircular motion, F_ .= oY= % (1 MARK)
S, S, Fpoe= 9.6 x 10% N towards the centre of the circle of motion (1 maArK)
V= ra ».20.57= 5.0

13 At the minimum speed, the gravitational force is the only force providing
5, =103=1.0%x102m (1MARK) . .
X centripetal acceleration.

mv? 400 % 2
Vertical motion: sy=uyt+%at2 51.2=0x t+%x (-9.8)x 2 (1MARK) Fy+mg=—F= .0+400%9.8=""g5— (1MARK)

t=0.4955 (1 MARK) v=9.4mst (1MARK)

: T % Key science skills
Horizontal motion: v, = # - 7.00=5795

_ 14 a |Achol produced precise but inaccurate results.‘} [The results are
S, =3.5m (1MARK) ) ) =

precise because there is not much variation between her results
Vertical motion: v,=u,tat nv,=0+ (-9.8) x0.495 (the range is 0.4 s)z] [but they are not very accurate because the true
value (12.0 s) is not within the range of her results, and significantly

v,=-4.85m s7h amARK) differs from her average (10.25).3|

| have explicitly identified which student produced
precise but inaccurate results.”

I have used the relevant theory: precision.?

I have used the relevant theory: accuracy.?

i i ity: v2=y 24y 2= (-4.85)2 2
Find magnitude of velocity: v¥=v, #+v,%=(~4.85)*+7.00 b [Random errors have had a less significant effect than systematic

1 errors'|[since the variation between measurements is less
v=8.5ms™" (1MARK) o .

significant?|than the difference between measurements and the
Find direction of velocity: =tan™! (%) =34.7°=35° below true value.?|

the horizontal. (1MARK .
" ) I have explicitly addressed the effect of random errors

N 1
sy:uyt+%at2:0 ><5.0+%>< (-9.8) x5.02 (1 MARK) and systematic errors.

| have used the relevant theory: random errors as a cause

__ __ 5 S 5
s, 122.5=-1.2x 102 m. The heightis 1.2 x 10> m. (1 MARK) of variation in results.2

S
v, = TX = % =56ms! | have used the relevant theory: systematic errors as cause

of consistent deviation between results and a true value.®

u,=usin()=75xsin(40°)=48.2m st

v2=u 2+2as .0=48.22+2%(-9.8)xd (1 MARK) .
n Chapter 2 Review

d=1.2%x102m (1 MARK)

Vertical motion: s, = uyt+%at2 .0=48.2% t+%x (-9.8) x t2 (1 MARK)

t=9.84's (1MARK)

1C 2 D 3 B 4 A 5 C

. . . . . . Section B
t=0is also a solution to the equation but it describes the time when
the stone is launched, rather than when it reaches point A. 6 Acceleration of the system:
Horizontal motion: v, =ucos(8) =75x cos(40°) =57.5 m st Frot=Mypo@ --18=(2.0+4.0)xa

__ 18 _ -2
9= 50+4.0) =3.0ms™* (1MARK)
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10

Force on block Y by block X is the net force on block Y: OR
Fret=mya=4.0x3.0=12N (1MARK) sin(0) = —?ig =0.345 (1MARK)
a v=u+at . 10=0+0.50x1t (1MARK) F 2 % 1.22/0.4
sin(0) =LTet = mVT Ir 5.0.345= M (1 MARK)
t=20S (1MARK)
T=5.2N (1MARK)
b Consider the trailer: T - F,=ma
11 Vertical motion: s = ul‘+%at2 S 15=0xt+ % X 9.8 X t2 (1MARK)
T-1000=600x%0.50 (1MARK)
3 t=0.553 s (1 MARK)
T=1.3%10>N (1MARK)
. . As As
Horizontal motion: v=73 ..6.0=5%s3
a s:ut“+%at2 .'.1.5:0><5.0+%><a><5.02 (1 MARK) At 0.553
As=3.3
a=0.12ms2 (1MARK) S M (1 MARK)
) ) Vertical motion: v2=u?+2as=02+2x9.8x 1.5
b F,=mgsin(6) -.F, =15x9.8xsin(20°)=503N erficatmotion:vi =T 2as
=542mst
Fnet= ma ..5.03 - F=1.5%0.12 (1MARK) v mS = (LMARK)
F=a8N (1ARK) Speed 5 6.04=8.1ms™ (1MARK)
a  Consider the whole system The M&M will shatter when it hits the ground. (1 MARK)
i wi y :
= = = 2 2
Fnet m,g 0.50%9.8=4.9N (1MARK) 12 Fnet: m;/ _85 :514 =3.7x102N (1MARK)
F
a= m:ef[ =ﬁ =1.96=2.0m s 2 (1MARK) The net force acts radially inwards OR horizontally towards the
ota . -
centre of the banked track. (1MARK)
b Considerm;:T=F ,=m;a=2.0%1.96=3.9N
_vi__ 142
a T tan(e)—@—m (1 MARK)
0 =24° (1MARK)
13 F4=mgsin(B) = 1.50 x 9.8 x sin(45°) = 10.4 N (1 MARK)
F .=ma ..10.4=150xa
Frot== Ball net
a=6.9ms2 (1MARK)
. _ Opposite . 15
sin(®) = hypotenuse "* sin(45°) = hypotenuse
F hypotenuse = ramp length=21.2 m (1 MARK)
g
. v2=u2+2as . v2=02+2%x6.9%21.2 (1MARK)
I have drawn an arrow to represent the tension
force at the same angle as the string in the v=17ms™! (1MARK)
question diagram.
v=4/Tg=V3.0%x98=54ms!
I have drawn an arrow to represent the force of X 5
gravity pointing straight down and starting at the Frot= Fg +Fy o Fy= mTV -mg= % —-1.50% 9.8 (1 MARK)
centre of the ball.
FN =T0N (1MARK)
I have drawn a dashed arrow to represent the net
force pointing horizontally left. 14 v2=u?+2as . 0%=(50xsin(40°))? +2x (- 9.8) xs (1MARK)
I have drawn all forces with appropriate magnitudes: $=53m (1 MARK
the tension force arrow has the same horizontal v=Bs 50« costag?) = 180 (L MARK)
length as the net force arrow. ot At
. . . At=4.7s (1MARK)
I have drawn all forces with appropriate magnitudes:
the tension force arrow has the same vertical length Horizontal motion: v =50 x cos(40°) m s™*
as the force due to gravity arrow.
Vertical motion:
I have labelled all forces appropriately. v=u+at=50xsin(40°) - 9.8x4.7=-13.9ms™ (1MARK)
Speed = V/(50 x cos(40°))2 + (- 13.9)2 =41 m st (1mARK)
2
mv?
b T=1/(Fue)’+ (Fg)* =V (T) +(Mg)? (1 MARK)

N2
7= \/(%> +(0.50 % 9.8)% (1 MARK)

T=5.2N (1MARK)

s=ut+3at2=50 xsin(40°) x 4.7+ 3 x (-9.8) x 4.72 (1war

S=43m (1MARK)

The village man should not take the bet as the stone will not make it

over the wall. (1 MARK)
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3A Momentum and impulse b & Cownon
miniature bike
1 BandC 2 A 3 D 4 C 5 B
This lesson Image: Graphiqa Stock/Shutterstock.com
6 p=mv=025x4.0=1.0kgms™t (1MARK) 13 a \Vertical motion:
p=1.0kgmsorNstotheright (1MArK) s=ut+ %at2 2 h=0x%0.50 +%x 9.8x0.50% (1 MARK)
7 p=mv ..0.50=0.20 X v (1 MARK) h=1.23=1.2m (1MARK)
v=2.5ms™t (1mARK) b Vertical motion:
8 a [/=Ap=mAv=1500x (0-50) (1MARK) v=u+at=0+9.8x0.5 (1MARK)
/=-7.5x10%=7.5x10*kgmstorNs (1MARK) v=4.9ms™t (1MARK)

b I= Favg At . 7.5x10%= Fuvg %X 8.5 (1MARK) Key science skills

Fuvg =8.8x 103N (1MARK) 14 a __ 35ff
P
9 a Dueto the conservation of momentum: p; = p, £ 30%
)
x 25%
P¢=Pegr+ Peuck = My Uy + My, = 1.5 103 % 20+ 7.5 x 103 x 10 E 5
E 3
2
p;=1.05x10%=1.1x10%kg mstor N s to the right (2 marks) g 151
g 10t
b p=myv .. 1.05%x10%=(1.5x 103+ 7.5x 10%) x v (1 1ARK) =
e 1
£ 5
v=11.7=12ms (1uArRK) ' ' ' ' ' ' —
5 10 15 20 25 30 35
¢ Taking theright as positive Initial momentum (kg m s-)
I=Ap=mAv=1.5x10%x (11.7-20)=-1.3x 10* (1 MARK) o . .
I have drawn initial momentum on the horizontal axis.
/=1.3x10%kgmstorNstothe left (2MmarkS)
I have drawn final momentum on the vertical axis.
d Impulse will be equal in magnitude and opposite in direction due to
Newton’s third law. I have labelled both axes and included units.
The impulse on the truck by the car will be 1.3x 10kgms™torNs I'have used an appropriate and consistent scale so the
to the right (2 MARKS) data takes up at least half of each axis.
10 /=F, At ©.2.90=F,,, x0.010 (1MARK I have plotted each point of data.
Fayg =29 102N (1 MARK) I have included the correct uncertainty bars.
11 a Takingthe right as positive I have included a straight line of best fit which passes
through all uncertainty bars.
I=0Ap=mAv (1MARK)
=0.4 % (55 - (- 20)) =30 (1 MARK) b [The students’ data does support the law of conservation of

momentum."][Itis possible to draw a line of best fit using the
I=30kgms™orNs (LuarK) student’s data that has a gradient of one,?|[indicating that initial

i i 3
b I=F,,At 230=12x 103X At (1 vARK) momentum is equal to final momentum.?|
| have explicitly stated whether the data supports the law

At=0.0255s (1 MARK) .
of conservation of momentum.!

Previous |
revious fessons I have explicitly addressed a line of best fit with

_mv? _110x3.0 gradient one.?

12 a Fnet T T(IMARK)

Foo=12x 102N (1uARK I have linked the gradient to the law of conservation
of momentum.3

¢ They could use a slow motion camera OR electronic speed gun
OR similar.
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3B Kinetic energy, work and power

Theory review questions

Exam-style questions

[
(@}
N
@
w
(@]
E-Y
@
(5]
(@]

This lesson

6

a W=KE~ KE[:%mvz—%mu2

W=2x900x102-2x900% 02 (1uisx)

W=4.5x10%J (1MARK)

b W=KE-KE;=3mv2-3mu?

-1
w=3

X900 x 202 = 3% 900 x 102 (1 AR
W=1.4%10%J (1MARK)

W=KE,~ KE;=3mv2 - 3 mu?

10240=2x80xv2 -2 x80x 122 (1ar)

v=20ms (1MARK)

a W=Fs=KE- KE,
130 x5 =13540-6000 (1 MARK)
$=58.0m (1MARK)

b W=Fs=KE,- KE,
Fx70=4900-9400 (1 MARK)
F=-64N

The negative indicates the force is in the opposite direction to the
motion, but the magnitude of the force is 64 N. (1 MARK)

a W=KE-KE, - Fs=3mv2-3mu?

800 x 5= 3 x 1500 x 142~ 1500 X 9.0 (11RK)

$=1.1x102m (1MARK)
b W=KE~KE . Fs=2mv2-Lmy?
FoKE L Fs=3 2
Fx64=2x1200x 122 - 2 x 1200 x 202 (1 AR

F=2.4%x103N (1MARK)

[Let the kinetic energy for trial A be: KE, = % mv2. Then, kinetic energy

for trial Bis KE, = %m(sv)2 =9x %mv2 =9 xKE,|[Work s equal to the
change in energy so the work done for trial B is 9 times the work done for
trial A.2|[Work is also given by W= Fs.2|[Since the value of F (brake force)
is the same for both cars, s (brake distance) must be 9 times greater for
trial B.%|

11

12

13

14

VRS

VRS
v &

v &

Use the area under the graph: W =65 000 J (1 MARK)

I have used the relevant theory: applied the KE formula to
compare trial Aand trial B.1

I have used the relevant theory: work as a change in energy.?

I have used the relevant theory: the relationship between
work, force, and distance.?

I have related my answer to the context of the question.*

W=KE,~ KE;=3mv2 -3 mu?
65000=2 % 1600 x v2 - 3 x 1600 x 82 (11A%)

v=12ms™ (1MARK)

W=21000J (1MARK)

W=KE,- KE;=2mv2 -2 mu?

6

u=36kmh‘1=3?—6ms‘1=10ms‘l

21000= x 1300 x v2 =3 x 1300 x 102 (1R
v=12ms1 (1MARK)

W=KE,- KE,=1 mv2 -1 mu2

f i 2 2

W=%>< 80.0 x (135—£)2 —% x 80.0 x (%)2 (1 MARK)

W=386J (1MARK)

_Ww_ 38 _
P—E—m—2.14w (1 MARK)
w
_w . _ rem
a P_At"300_30.0

W.__=9000J (1MARK)

rem
W=Fs ..9000= Frem x 15.0 (1 MARK)
Frem =600 N (1MARK)

b F.=Fe,F -.50.0=600-F
Fr=550 N

€ Epoqe=W;=Fs=550%15.0 (1MARK)

8.25 % 103 J dissipated as heat. (1MARK)

Previous lessons

15

a F

net

=0 .. T5=2.0+2.0=40N
b T,- Ff, ,=ma
TA -2.0=0.50x0.80 (1MARK)
TA =2.4N (1MARK)

¢ Thetension in string B will always be greater than in string A so it will
break first.

Miped = TB ~F tor
1.00xa=10-4.0 (1MARK)

a=6ms2 (1MARK)



_mv2_0.15%x3.0% _
16 a Fnet—T—T—O.Z-/ N

b T

---> Fner

I have drawn arrows for both the tension and the force
due to gravity.

| have drawn the net force as a horizontal dashed line
which is pointing to the right.

I have used appropriate lengths for the force vectors so
that the net force is the vector sum of the tension and the
force due to gravity.

I have drawn the force due to gravity originating from the
centre of the ball.

¢ [The net force on the ball is the vector sum of the tension force and
the force due to gravity.1] [The vertical component of the tension
force balances the force due to gravity,z} [so that the resultant (net)
force is the horizontal component of the tension force.3]

I have used the relevant theory: centripetal force and the
net force.

I have explicitly addressed the forces in the
vertical direction.?

I have explicitly addressed the forces in the
horizontal direction.?

d v2=rgtan(6) ..3.02=5.0x9.8tan(B) (1MArK)
6=10° (1MARK)
Key science skills

17 |Mikaelais correct. Sergio and Liam are incorrect.‘} [Random errors are
unpredictable variations in the measurement process which create a
spread of measured values and their effect can be reduced by taking
an average of multiple measurements.?|| Systematic errors cause
measurements to differ from the true value by a consistent amount
every time and can not be reduced by taking multiple measurements.3]
[The uncertainty in each measurement is determined by the smallest
deviations on the measuring instrument, so it cannot be changed by
taking multiple measurements.“}

I have explicitly addressed the correctness of each claim.!

I have used the relevant theory: the relationship between
random error and taking multiple measurements.?

I have used the relevant theory: systematic error.?

I have used the relevant theory: measurement uncertainty.*

ANSWERS

3C Elastic and inelastic collisions

Theory review questions

Exam-style questions

=
@
N
pd

This lesson

3

a Take motion to the right as positive.

P;= MU, + Mgty =110 x 8.00 - 130 x 5.00
p;=2.30x102kgm st or N's to the right

b p;=p;=2.30x102kgms~torNsto theright
€ pEmyEY,e=(110+130)Xv,;=2.30x102 (1 MARK)

Vg =0.958 ms~1 (1 MARK)

d KE, .

-1 2,1 2
initial = 2Mala” + 2MpUp” (1LMARK)

KE,

initial =

1 110%8.002+1 x 130 x5.002=5.15 x 102 J (1A

@ KEj =3 pVas? =1 % (110+130)x0.9582=1.10x 102 J
f Since KE; # KE, the collision is inelastic
a Take motion to the right as positive.

Initial total momentum:
p;= Myl +myu,=10x103x6.0+5.0 x 103x 3.0
p;=75x103kgmsorNs (1mARK)

Final total momentum:
Pp= My Vyy=15x 103 x vy, = p,= 75 x 103
- -1
Vyy = 5.0ms™ (1MARK)
1

-1 2,1 2_ 3 2,1 3 2
b KE; o= 3y + 5Myl,? =5 x 10X 103 % 6.02+ 5 x 5.0 103x 3.0

KE. .. . =2.03x10%J (1MARK)

initial ~

KE gt =3y = 3 X 15X 103 % 5.02= 1.88x 105J (11ARK)

Since KE; # KEp, the collision is inelastic (1 MARK)

By the conservation of momentum, if ball A is stationary after the
collision, and the balls have equal mass, then ball B will have a speed
of 4.0 m st (1MARK)

KE i = 5MU;2 =3 % 0.35 X 4.02=2.8 )

ni
KE, =imv. 2=1x035x4.02=2.8

final = 3MVg* =5 0. .04=2. (1 MARK)
Since KE; = KE;, the collision is elastic (1 mARK)

[Initially there is a net momentum to the right from the motion of the
4 kg block only."|[After the collision, the 4 kg block is moving to the
left so the momentum of the 8 kg block (moving to the right) must be
greater than the initial momentum of the 4 kg block?||for momentum
to be conserved.3|

I have used the relevant theory: momentum.’

I have explicitly addressed why the 8 kg block has a greater
momentum than the 4 kg block initially does.?

I have used the relevant theory: conservation of momentum.3
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T KEygyp=3mv?=2x0.048 X 54.742=T192 J (1MARK
AKEdub =71.92 J (1MARK)

AKE,

cub = KE, - KE,

clubi ™ Ecub r= %mclubuclubz - %mclubvdubz
TL92=5%m,,x30.002 = 3 XMy, X 24742 (L1ARK

My =0.50 kg =5.0 x 102 g (1 MARK)

OR

Pi= Mgyl =30.00xm ) (1 MARK)

Pr=mMupVetub T MpailVpail = 24.74 x mup 54.74 x 0.048 (1 MARK)
P;=P¢

24.74 x M * 2.628 =30.00 x My (1 MARK)

My, =0.50 kg =5.0 X 102 g (1 MARK)

Previous lessons

8 a v=+/rgtan(f) = v/50x9.8xtan(25°) =15m s

—tan-1 V_2>_ —1( 302 )— o
b 6=tan (rg =tan"\ 55595 ) =61

9 [=mAv (1MARK)

1=0.25x60=15kgms™torNs (1MARK)
Key science skills
10 5,1,3,2,1,3.
11 [The gradient shown on this graph'|[is constant and positive.?|

I have explicitly addressed the gradient.!

| have used the relevant theory: relationships
between variables.?

3D Gravitational potential energy

Theory review questions

1 A 2 D 3 C 4 B
5 A 6 A
This lesson

7 a AGPE=mgAh=1800%9.8%(0-15) (1MARK)

AGPE=2.6x105J (1MARK)

b v=+/-2gAh+u?=1/-2x9.8x(15-0)+30% (1MARK)
v=25mst (1MARK)

[Graph B."||When the height is a maximum the ball has non-zero
kinetic energy, and?||as the ball’s height decreases it loses
gravitational potential energy and its kinetic energy increases
since energy must be conserved.?|

10

| have explicitly addressed which graph shows KE as a
function of height.!

| have explicitly addressed the initial kinetic energy at
maximum height.?

I have used the relevant theory: conservation of energy.?

|Graph D."]|As the ball’s height decreases its gravitational potential
energy will also decrease since GPE = mgh.z]

| have explicitly addressed which graph shows GPE as a
function of gravitational potential energy."

| have used the relevant theory: relationship between
height and gravitational potential energy.?

KE;+ GPE,= KEj+ GPE, .. 3 mu?+ mgh, = KE;+ mgh,
$%0.50X5.02+0.5%9.8x 35=KE,+0.50 X 9.8 X 0 (L1ARK)

KE;=1.8x102J (1MARK)

v=1/-2gAh+u? = /-2x9.8x(10-35)+5.02 (1MARK)

v=23ms (1MARK)
W=Fs=560%182=10192J (1MARK)
W= AGPE = mghh

10192 =64 x9.8 x Ah (1 MARK)
Ah=16m (1MARK)

|When moving over the dirt patch the skier’s kinetic energy

would be dissipated, for example into thermal energy.!|[Since

no energy has been created or destroyed (just transformed), energy
is conserved.?|

I have used the relevant theory: conservation of energy.!

I have explicitly addressed if energy is conserved.?

Gravitational
potential energy

- Kinetic energy

4 »

Height (m)

y y »

I have drawn a straight line with an upwards slope labelled
gravitational potential energy.

I have drawn a straight line with a downwards slope labelled
kinetic energy.

I have drawn both lines up to but not passing a maximum
energy of 9 J.

I have drawn both lines up to but not exceeding a maximum
height of 4 m.




Previous lessons

11

12

«©
29

-n

A

% 2% I'have drawn an arrow pointing directly upwards from
the point A.

8.02
3.0

2
F=m¥=+mg=0.50x %+0.50 X 9.8 (1 MARK)
F=16N (1MARK)

I=Ap=p;=p;=0.250%13.0 -~ 0.250 X O (1 MARK)

/=3.25Nsorkgms™ (2MARKS)

I=FAt .3.25=Fx0.150 (1 MARK)

F=21.7N (1MARK)

Key science skills

13

a
Height from which the | Initial gravitational Final kinetic
ball is dropped (m) potential energy (J) energy (J)

2 9.8 9.5
4 19.6 18
6 29.4 27
8 39.2 35
b a0?
30 +
3
w
< 20+
©
k=
('8
10 +
10 20 30 40

Initial GPE (J)

VRS

I have used the data to plot 4 points in the correct position.

I have labelled the horizontal axis as gravitational
potential energy and given the units (joules).

VRS

I have labelled the vertical axis as kinetic energy and
given the units (joules).

< R

I have drawn a straight line of best fit.

8
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3E Spring potential energy

Theory review questions

1 C
5D

2 A 3 B 4 A
6 D

Exam-style questions

This lesson

Gradient of graph = %)Oi)_—(()) =1000 N m™

From graph, Ax=0.04 m

SPE=J k(A2 =3 x 1000  (0.04)2 (114R

SPE=0.8J (1MARK)

W= ASPE= Sk (A%)2 =3 x 1000 x (0.080)2 (11ARK)

W= 3.2J (1MARK)

W= OKE=Jmv?

3.2 =% x 3.0 X V2 (1MARK)

v=15ms1 (1mArRK)

mg = KAX (1 MARK)

0.025%x9.8=kx (0.40 - 0.30) .. k=2.45Nm™1 (1MARK)
SPE=2 k(M2 =3 % 2.45 % (0.50 - 0.302 (1R

SPE=0.049 J (1MARK)
mg =kAx .. 4.5x%9.8=350 % Ax (1 MARK)

Ax=0.126=0.13 m (1 MARK)
SPE=2 k(a2 =3 x 350 x (0.126)? (1R

SPE=2.8J (1MARK)

GPE; + KE; + SPE;= GPE,+ KE,+ SPE;,
GPE,=SPE, ..mgh= %k(Ax)2 (1 MARK)

0.50%9.8x L0=12 xkx (0.1572 .. k=4.4x102Nm™ (mre
By conservation of energy: h=1.0m

GPE, + KE, + SPE, = GPE, + KE; + SPE,
GPE,;=KE, .mgh=2mv?
;= KE; .mgh=5mv

0.5%9.8x 1.0=2x0.5%x V2 (11ARK

v=4.4mst (1uMArRK)

Previous lessons

_mv? o .aomxy2
FN—T—mg—O -.0= 1.0

—m % 9.8 (1MARK)

v=3.13=3.1ms! (1mArK



12 Since momentum is conserved v,
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b GPE;+ KE;= KE,+ GPE,, where KE,= 0

GPE,=KE+ GPE, ..mgh;= %mv2 +mghg (1MARK)

m><9.8><h=%xm><3.132+mx9.8x2 (1 MARK)

Mass cancels out

h=2.5m (1MARK)

%= Veinalpuck =30 M s7L (1 MARK)

initial puci
KE,=3mv2=3x 1.5 x302=675 J
KE=3mv2=1x15x302=675
KE; = KE, therefore the collision was elastic. (1MARK)

OR

Since momentum is conserved Vinitialpuck = Vfinalpuck = 30mst (1 MARK)

The collision must be elastic, since two objects with the same mass
and speed will have the same kinetic energy. (1 MARK)

Key science skills

13

0.8%
0.7
0.6
0.5

0.4 -

Length of spring (m)

0.3 4

0.2+
1 2 3 45 6 7 8 9 10
Mass (kg)

| have labelled the horizontal and vertical axes and
included units.

I have included an appropriate and consistent scale on
the axes.

I have plotted each point of data.

| have drawn correctly sized uncertainty bars.

I have drawn a line of best fit which passes through all
uncertainty bars.

b Use two points on a line of best fit which passes through all

uncertainty bars to determine rise and run.

gradient = % = % =0.044 m kg™l (1MARK)

iont = ise - Ax - F _Mm9 -9
gradient = = and k=7, = 1 SO k_gradient (1 MARK)

k=%= 2.2x102Nm™ (1 mARrK)

Depending on the line of best fit drawn, answers between
1.9x 102N m™and 2.5 x 102N m™ are acceptable.

3F Vertical spring-mass systems

Theory review questions

Exam-style questions

=
(@}
N
(@}
w
pd
E-Y
o

This lesson

5 [Yokabit, Valeriy, and JL have all suggested incorrect maximum
heights.‘} | The highest and lowest position are equidistant from the
equilibrium positionz] [which means the highest position must be 1.0 cm
above the equilibrium position.3]

I have explicitly addressed each student’s suggestion.!

| have used the relevant theory: equilibrium position as
midpoint of oscillation.?

I have explicitly addressed the correct height the mass
will reach.?

| have related my answer to the context of the question.

6 a GPEtop=SPEbot

mgh :%k(Axbm)2 (1 MARK)

top

Since h,,, = DX, 0.800%9.8 Axbot:%x 12X (AXpo,)? (1MARK)

top

Axbot= 1.3 m (1MARK)

b SPE,.,+KE,

mid

+ GPEmid = SPEbot (1 MARK)

2 x12%0.652+2%0.800 % V2, +0.800% 9.8 X 0.65

=%>< 12 x1.32 (1 MARK)

- -1
Viid = 2.5m s (1MARK)

[ A
9.8+
T
e 494
S
E _ Spring extension
ko 0.65 u3 (M
Q
S
$ 491
-9.8

| have shown the acceleration to be -9.8 m s™2 when the
spring is unstretched.

I have shown the acceleration to be +9.8 m s at
maximum extension (1.3 m).

| have shown the acceleration to change linearly between
the top and bottom of the motion.

| have labelled each axis including units and used
appropriate scales.

d DXy =DXp gt (Axmid _AXtop)

A, ,,=0.65+(0.65-0.30) =1.00 m



7 a k=gradient= 30-0 _ 120N m?

0.25-0"
b ASPE=SPE,~ SPE, (1MARK)
ASPE=L k(nx,)2-L k(nx,)?
2 ( Y) 2 ( X/
ASPE=3x120(0.4)2-2x120%(0.2)2=7.2 0 (1usee)
OR

48+24
7 x(

ASPE=area underthe graph= 0.4-0.2) (1 MARK)

aspe=2832%

%(0.40.2)=7.2J (1MARK)
¢ GPE; +KE, + SPE;= GPE,+ KE;+ SPE;

SPE,. = GPEf+ SPEf (1 MARK)

1 1

7k(AXY)2=mgh+ik(AXX) 2
£x120%(0.40)2=0.50%9.8x h+3x 120 % (0.20)2 (1114%K)
h=147=15m (1MARK)

d  GPE,+KE, + SPE, = GPE,+ KE+ SPE;

SPEi = GPE,+ KE+ SPE, (1 MARK)

Lyx 2=mgh+Emv2+Lknx,)?

2 k(Bxy)*=mgh+3 2 k(Bxy)
1%120%(0.40)2=0.50x9.8x0.20+3x0.50x 2 +1 x 120 (0.20)2 (1 1ar

v=5.0ms (1MARK)

e [Thetotal energy of the mass-spring system remains constant.‘}
|Kinetic energy of the ball increases as the ball is launched.?| | Strain
potential energy decreases as the ball is Iaunched.3] |Gravitational
potential energy increases as the ball is Iaunched.“]

I have explicitly addressed how the total energy changes.!

I have explicitly addressed how kinetic energy changes.?

I have explicitly addressed how strain potential
energy changes.?

I have explicitly addressed how gravitational potential
energy changes.*

8 |Total energy should remain constant.!|| The students’ mistake was to
take the strain potential energy to be zero where it was released, rather
than from the unstretched length (which is important since SPE is not
linear - it is proportional to Ax?).2|[Since the mass was released from
20 cm below its unstretched length, it would have initially had a
non-zero strain potential energy.ﬂ

I have used the relevant theory: conservation of energy.!

I have explicitly addressed the students mistake.?

I have related my answer to the context of the question.3
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Previous lessons

_As

. =25 . _
=7af 15.3=7 .t=1.63s

9 v

s=ut+3at?=12.9x1.63+3x(-9.8)x 1632 (1K)
S=7.93m (1MARK)
h=2.0+7.93=9.9m (1MARK)
10 vy, =19
80.0=Vrx9.8 (1MARK)
r=653m (1 MARK)

mv2 2
Frpot = 2ol s g = 60'%);%00 +60.0 9.8 (1MARK)

Fiypot = 1.5% 103N (1 MARK)

Key science skills

11 a Uncertainty= % x5.0=2.5cm

b Independent variable: spring constant
Dependant variable: maximum extension of spring
Controlled variable: mass OR initial height of mass

Chapter 3 Review

1 A 2 B 3 B 4 A 5 C
_90 _ -1
6 v—3.6—25ms

Favg At=mv ..F vg x 0.10 =1200 X 25 (1 MARK)

al
Favg=3:0% 105N (1 MARK)
7 [Crumple zones make crashes safer by reducing the force of the

collision.|[By / = FAt,?|[increasing At (the time of the collision) lowers
the force since the impulse remains constant.3]

I have explicitly addressed how crumple zones
improve safety.

| have used the relevant theory: relationship between
impulse and force.?

| have explicitly addressed the importance of increasing the
collision time.?

8 [The PE teacher is incorrect.’| [ Work is given by W = Fs.2||As the
displacement (s) equals zero for stationary objects, the PE teacher is not
doing work on the object.?|

I have explicitly evaluated the statement.!

I have used the relevant theory: work done.?

| have explicitly addressed the displacement of
the object.?
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There are 32 boxes under the graph (between 30 and 34
is acceptable) (1MARK)

W = Area under force-displacement graph
W=32%0.5%10 (1MARK)

W=1.6x102J (1MARK)

KE;— KE;= W

1%0.150 xv2-0=16x 102 (1wAre

Vp=46ms 1 (11ARK)

10 p,+Pg=pior - Myly+ MgUp=my,v

11

12

13

400 % 15.0+1200 x 10.0 =1600 x v

v=113ms1 (1 mARK)

1

KE;=2m,u,2+2myu,2 =1 x400x 152 + 2 x 1200 x 102
KE;=1.05x 105 J (1MARK)

KEy= 5 mq,,v2 =3 x 1600 x 11.32= 1,01 x 10 J (1 114%K)
As KE; # KE the collision is inelastic (1 MARK)

KE, + GPE, = KE;+ GPE;

SKE; + GPE[ =KE; (1MARK)

6.25+2x9.8x h=3x0.50x312 (1MARK)

h=48m (1 MARK)

SPE;=AGPE=mgAh=1.5%9.8x5.6 (1MARK)

SPE;=82J (1MARK)

OR

SPE,=k(Ax)2 =3 X 457 x 0.62 (11ARK

SPE;=82J (1MARK)

The ball will reach its maximum speed when it stops accelerating.
Fnet =0 ..mg=kAx (1MARK)

1.5x9.8 =457 X Ax (1 MARK)

Ax=3.2%x1072m (1MARK)

KE, + GPE, + SPE, = KE,+ GPE,+ SPE;

GPEi =KEg+ SPEf (1 MARK)

1.5%x9.8%(5.00+7.35%1072) =KE, + % x200% (7.35x1072)2 (1 MARK)
KEf: T4 J (1 MARK)

Energy delivered to light is equivalent to
AGPE =mgAh=30%9.8%2.0 (1MARK)
GPE=588=5.9x102J (1MARK)

P= e 1.5= % (1 MARK)

t=3.9%x102s (1MARK)

14

15

v=240kmh?=20 =667 m s

GPE; + KE; = GPE;+ KE,+ E
. GPE; = GPE+ KE+ Edis (1 MARK)
70.0x9.8x7661=70.0%9.8x61+ % x70.0 X 66.72+ Egis (1MARK)

Eis=5.1%x108J (1MARK)

Total energy at the bottom must equal the total energy when
Aikins first touches the net.

KEpor + GPE o+ SPE, 1= KEtop + GPEtop + S'DEtop

. SPEy = KEmp + GPEmp

(1 MARK)
3xkx612=2x70.0%66.72+70.0x9.8 X 61 (1MARK
k=1.1x102Nm™ (1mARK)

I=Ap=mu-mv

[=70.0%66.7-70.0%0 (1 MARK)

1=4.67x103Nsorkgms™ (1mark)

|As the mass descends from the top to the bottom the GPE
decreases,!|[the SPE increases,?||and the KE increases until
the middle point®||and then decreases back to zero at the
bottom.#|[The total energy of the system remains constant®|
|due to energy conservation.|

I have explicitly addressed the variation in GPE.!

I have explicitly addressed the variation in SPE.?

| have explicitly addressed the variation in KE from
top to middle.?

| have explicitly addressed the variation in KE from
middle to bottom.*

I have explicitly addressed the total energy of
the system.®

| have used the relevant theory: conservation
of energy.®

GPE,y, + SPE,q, = GPEyg + SPEy,
©.GPE = SPEyy
4.8%9.8x h=2x50x (A2 (11ARK)

h=Ax ..4.8x 9.8:%><50 X AX (1 MARK)

Ax=1.9m (1MARK)



4A Special relativity concepts

Theory review questions
1B 2 C 3 C 4 D

5 S1 both
S2 classical physics
S3 special relativity
S4 both

S5 special relativity

Exam-style questions

This lesson

6 B. Thisframeis notinertial because it is changing direction. Note that
we treat the surface of the Earth as an inertial reference frame for the
purposes of VCE Physics.

7 C. Allobservers measure the same speed of light in a vacuum.

8 |Annais not correct.!|[An object can accelerate while moving at a
constant speed by changing its direction, such as in circular motion.z]
|Any object that is accelerating is not in an inertial frame of reference.ﬂ

gf ° Ihave explicitly addressed if Anna is correct.!

% 2% Ihave used the relevant theory: acceleration as a change
in direction.?

% 2 Ihave used the relevant theory: inertial frames of reference.?

9 a D. Thespeed of lightis the same, regardless of the motion of

the source.
11
b v=% .'.3.0><108=% (1 MARK)

At=2.0%1035s (1MARK)
Previous lessons
10 a Takeupwards as positive. u,=30x% sin(20°)=10.3=10ms™t
b Take upwards as positive. Vertical velocity is zero at maximum height.
v2=y2+2as . 02=10.32+2x (-9.8) XS (1 MARK)
$=5.4m (1MARK)

¢ Take upwards as positive. Ball returns to ground when displacement
is zero.

s=ut+ %at2 .0=10.3% t+% X (=9.8) X t2 (1 MARK)
t=2.1s (the solution t =0 relates to the ball leaving the ground) (1 MARK)

11 a Kinetic energy is a maximum at the bottom of the ramp, before
colliding with the crash mat.

GPE, .+ KE, ;= GPEtop + KEtop
- L4 -
KEpot = GPE¢gp, - Smv2= mghy,

$x67xVv2=67x9.8%13 (1MARK

v=16ms1 (1MARK)
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b Compression is a maximum when skateboarder has (momentarily)
come to rest at the end of the ramp.

GPE,

end

+KE,

end

+ SPE,

end

=GPE,

top * KE

mp+SPE

top

- 1 -
SPE g™ GPEy,, 5 k(AX)2= mgh,,,

2 %500 % (Ax)2=67x 9.8 X 13 (11ARK

Ax=5.8 M (1 MARK)

Key science skills

12 [Emma’s experiment is not valid. It does not measure what it claims to
be measuring'||because the experiment is not conducted in an inertial
frame of reference due to the train changing direction.?|| This means the
ball will travel further than 10 metres between the start and finish line
(as it will take a curved path in the train’s reference frame).3]

% 2% Ihave explicitly addressed if Emma’s experiment is valid."

% 2% Ihave used the relevant theory: inertial frames of reference.?

% > Ihave related my answer to the context of the question.?

4B Length contraction and

time dilation
1D 2 D 3 C 4 A
5 C 6 A

7 Sad Bunny, Playful Owl
8 Lucy, Mia
9 Lucy, Mia

10 Sad Bunny, Playful Owl

11 B

Exam-style questions

This lesson
12 D
_ 1 _ 1
13 _\/1_V_2 ) 2786% 1092 (1 MARK)
c? (3.0x109)?
Y=2.7 (1MARK)

_L _L _
14 L—?andL—T LY =4 (IMARK)

v=c 1—%=3.OX108>< \/1—4—12 (1 MARK)

v=2.9%x108ms™! (1MARK)

15 t=1x24=48hours, t=tyy ..4.8=t)x 1.598 (11ARQ

ty=3.0 hours (1mARK)

+5.72=5.00 x L
v 1o v
c? (3.0>< 108)2

v=15%x108m st (1MARK)

16 t= tyy <~ t=¢, (1 MARK)

17 B. Therelative speed between the neutrino and the rocket is the only
speed that is relevant to this question.
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1 1 1
18 a = = = =7.09 (1MARK)
¥ 12 (09902 V1-0.992
z Vo
Ly _10x103
L=="7gg  (1MARK)

L=14x103m (1MARK)

b t=tyy=2.4x10"°x7.09 (1MARK)
t=17%x10"%s (1MARK)

¢ [From the Earth’s frame of reference’|[time dilation as a result of
special relativity?| means the muons have a longer life.3][As such,
the muons will travel further than expected by classical physics
before decaying and so more muons will reach the surface.”|

OR

[From the muon’s frame of reference!||length contraction as a result
of special relativity?| | means the distance to the surface is reduced.?|

|As such, more muons than expected by classical physics can travel
the distance to the surface before decaying.ﬂ

I have explicitly addressed the frame of reference.

I have used the relevant theory: time dilation OR
length contraction.?

I have explicitly addressed the effect of special relativity

in the chosen reference frame.?

I have explicitly addressed the question.*

19 Note this question does not require any time dilation to be calculated
as all the values are measured and calculated in the same frame
of reference.

1.42x1072
t

v=125 1.0.9967x3.0x 108= (1 MARK)

t=4.7x10"11s (1 mARK)
Previous lessons

20 a s=ut+3at2 .26-10=0xt+3x98xt2 (1HARK
t=1.815=1.85 (1MARK)

b v=E L17=fS
As=31m (1MARK)
The distance jumped (31 m) is greater than the distance to the
building (20 m). Therefore, Jim will make the jump. (1 MARK)
21 mg=kAx
mx9.8=289x3.20 (1MARK)
m=94kg (1MARK)

Key science skills
22 time (107°°5s)
A

8..

02 04 06 08 1.0

» speed (x c)

| have identified the independent variable (speed) and
dependent variable (time to decay).

| have drawn the horizontal axis as the independent variable,
and included correct units.

| have drawn the vertical axis as the dependent variable, and
included correct units.

I have included an appropriate and consistent scale on
the axes.

| have plotted each data point.

4C Mass-energy

Theory review questions

Exam-style questions

[
vy)
N
vy)
w
vs)
-
b

This lesson

5

|A particle with mass cannot be accelerated to the speed of light'|
|because the kinetic energy it needs approaches infinity as its speed
approaches the speed of Iight.ZJ

| have explicitly addressed if a particle with mass can be
accelerated to the speed of light.!

I have used the relevant theory: relativistic kinetic energy.?

A. Note that option D is incorrect since the current VCE Physics Study
Design considers mass as a constant quantity regardless of speed.

\/l_vj \/1— (0.8c)2
c? c?

Erpe=ymc? =167 x 1.67 x 10727 x (3.0x 108)2

=1.67 (1MARK)

_ -10
Etot_ 2.5%x107Y J (1 MARK)

AE=Amc? . 420%1026=Am x (3.0x108)2 (1 MARK)
Am=4.7x10%kg s (1MARK)

C. When energy is emitted, mass decreases according to

-12
Am = BE _ 2.7x10

2~ (Box1092 30 107 ke.

Initial energy:
KE,= (y;-1)mc?=(1.40-1)x2.34x10 2 x (3.0 108)2
KE,=8.42x1071 J (1 MARK)

Final energy:
KE;= (y;~1)mc?=(2.30-1)x2.34x10727x(3.0x 108)?
KE;=2.74x10710J (1mARK)

W=AKE=2.74x10710-8.42 x 10711 =1.90 x 10710 J (1 mARK)
OR

W=AE= (yf—y,.)mc2 (1 MARK)

W=(2.30-1.40)x2.34x10727x (3.0 108)2 (1 MARK)

W=1.90%x10710J (1 maRK)



11 KE=(y-1)mc?
1.8x10710=(y-1)x1.67x10727x(3.0x108)2 (1 MARK)

v=2.20 (1MARK)
1
12 Classical KE:
KE=3mv2=12x334x1027x (0.8x3.0x108)2=9.6 X 1011 (1war

y=2.20= Sv=27x108ms™ (1MARK)

1 1
\/l_v_z l_(0.8><3.0><108)2
c? (3.0x108)2

KE=(y-1)mc?=(1.67-1)%3.34x10727%(3.0x108)2=2.0x10710 J (1 mARK)

Relativistic KE: y = =1.67 (1MARK)

Difference: 2.0 x 10710~ 9.6 x 10711 =1.0x 10710 J (1 MaRK)
13 KE=(y-1)mc? .. (y-1)mc2=12mc? (1maRK)
Y=13 (1MARK)
Previous lessons
14 28x10°kmh1=2.8%x10%+3.6ms1=7.78x103ms™!
p=mv=3.0x108x7.78x103 (1MARK)
p=23x102kgms1 (1marK)

15 Becausev=0ms ! at point C, we know the spring is oscillating between
points A and C. Therefore KE =0 J at points A and C.

=1

At point A and C: SPE=%kAx2— 5% 100 22=2x102J (1MARK)

Due to conservation of energy, at the unstretched position where
SPE=0Jall2x 102 J from point A or C must have been converted to
kinetic energy. Therefore, KE =2 x 102 J at point B.

Point KE (J) SPE (J)

A 0 2x102 (1 MARK)
B 2 x 102 0 (1 MARK)
c 0 2x102 (1 MARK)

Key science skills

16 a2 4 ke(x1009)

12 ¢ %
10 +

s+

6+ X

4t o

z °
2+ 5 ®
+—4 4 4 4 4 +—p V(X )
0.5 0.6 0.7 0.8 0.9 1

I have plotted each data point correctly.

I have drawn a curve of best fit.

b The difference between classical and relativistic kinetic energy
increases as speeds approach c.
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Chapter 4 Review

Section B

1D 2 B 3 A 4 B 5 C

a Measuring distance and time in the Earth’s reference frame:

L 16
v=R8="0 - 085x3.0x108=382107 00
t=2.29x108=2.3x108s (1MARK)
_ 1 1 _ 1 _
b y= v 08507 Vi-ogsr o0 mAR0
1 _F 1 —T

t=tyy .229%x108=1t,x1.90 (1MARK)
t,=1.2x108s (1mARK)
¢ y=1.90as calculated in partb.

L 16
_"0_5.84%x10
L= ¥ =" 190 (1 MARK)

L=3.1x10"%m (1marK)
OR
Measuring distance and time in the Earth’s reference frame:

_As_ L . g__ L
V—M—t0 .0.85x3.0x10 = 12x10° (1 MARK)

L=3.1x10%m (1marK)

T y=5 (1MARK)

KE=(y - 1)mc?=(5-1) x 8000 x (3.0 x 108)2 (1 mARK)
KE=2.9x 1021 J (1MARK)

_As _4.24yearsxc

V=Rt~ "20.0years 0.212¢
1 1 1
b y= = = =1.0233 (1 MARK
! \/l_v: \/1— 0.21202  V1-0.2122 ( )
c? c?

t=tyy - 20.0= ty X 1.0233 (1 MARK)
ty=19.5years (1MARK)
¢ y=1.0233 as calculated in part b.

Ly _ 224

L =¥ =10233 (1 MARK)

L =4.14 light-years (1 MARK)

OR

Measuring distance and time in the spacecraft’s reference frame:

_As_L . - L
V_At_to "0'212C_19.5years (1 MARK)

L =0.212¢ x 19.54 years = 4.14 light-years (1 MARK)

[The protons are not in an inertial frame of reference when speeding
up'|[nor when travelling at a constant speed.?|[In both cases, the
protons are accelerating (even when travelling at a constant speed they
undergo centripetal acceleration) which means their reference frame is
non-inertial.3|
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I have explicitly addressed the reference frame when
speeding up.!

I have explicitly addressed the reference frame when
travelling at a constant speed.?

I have used the relevant theory: conditions for inertial
frames of reference.

I have related my answer to the context of the question.

10 |From the Earth’s frame of reference’|[time dilation as a result of
special relativity?||means the muons have a longer life.?||As such,
the muons will travel further than expected by classical physics
before decaying and so more muons will reach the surface.“]

OR

[From the muon’s frame of reference’|[length contraction as a
result of special relativityz] [means the distance to the surface is
reduced.3][As such, more muons than expected by classical physics
can travel the distance to the surface before decaying.“}

I have explicitly addressed the frame of reference.’

I have used the relevant theory: time dilation OR
length contraction.?

I have explicitly addressed the effect of special relativity
in the chosen reference frame.?

I have explicitly addressed the answer.*

11 a 12742km

Length contraction occurs only in the direction of the
particle’s motion.

b The particle will measure a contracted depth of the Earth, L.

L= Ly 12742x103
T Y7 32x101

(1 MARK)
L=4.0%x1079m (1MARK)

¢ KE=(y-1)mc?
KE=(3.2x 10~ 1) x 1.67 x 10727 x (3.0 x 108)? (1 MARK)
KE=48 J (1MARK)

d 0J

The particle is not moving relative to its own reference frame.

1 1 __ 1
\/l_(o.sc)z V1-0.82

y_\/l_V_Z_
C2 CZ

Eqor = ¥MC? = 1.667 x 530 x 103 x (3.0 x 108)2 (1 maRK)

12 a =1.667 (1MARK)

E

total = 8-0X 1022 ) (11ARK)

b Equate the relativistic KE of the rocket with the rest energy of
the fuel.

(Y - ]')mrockei.‘c2 = mfuel(’-2 (1 MARK)
y = 1.667 as calculated in part a.
(1.667 - 1) x 530 x 103 x (3.0 x 108)2=my,, (3.0 x 108)? (1K)

My =3:-5%10% kg (1MARK)

13 [Energy is produced in the Sun by nuclear fusion which is when
two or more nuclei combine to form one or more nuclei.‘] [The
total mass before the reaction is greater than the total mass
after the reaction,z][and the mass defect (lost) is converted into
electromagnetic radiation.ﬂ

| have explicitly addressed the process by which nuclear
fusion occurs.!

I have explicitly addressed a decrease in massin a
fusion reaction.?

I have used the relevant theory: mass-energy equivalence.?

14 Am=m;-m,=(6.647 x 1077 +1.9926 x 10726) - 2.6563 x 10726
Am=1.0x10"2 kg (1MARK)
AE=Amc?=1.0x1072°x (3.0x 108)2=9.0x 10713 J (1 mARK)

15 |Objects with mass can never reach the speed of light'|[ because the
amount of additional energy required to increase the object’s speed
increases with the Lorentz factor, which approaches infinity as the
speed approaches the speed of Iight.z} [Since KE= (y - 1)mc?, aninfinite
amount of energy would be required to reach the speed of Iight.ﬂ

I have explicitly addressed the speed limit of an object
with mass.!

I have explicitly addressed the Lorentz factor.?

I have used the relevant theory: relativistic kinetic energy.>

16 Mass-energy is conserved.

E

tritium

+E +E

proton radiation (1 MARK)

Edeuterium + Edeuterium =

c2+E

2
ot radiation

2_
2xm deuterium €™ = Meritium mproton

2x mdeuterium x (3.0 X 108)2
=5.01%10727x (3.0 x 108)2+ 1.67 x 10727 x (3.0 x 108)2 + 6.45 x 1013

(1 MARK)

=3.34x 10727 kg (1MARK)

M geuterium

Unit 3, AOS 3 Review

Section B

[
@
N
lw)
w
>
»
(@]
(5}
o]

6 F

onAbys =g =30%9.8=2.9x10% N upwards (2 MARKS)

7T a F;;=m;g=9.8x0.500=4.90=49N (1MARK)

ng =m,g= 9.8%x0.300=2.94=2.9N (1MARK)
b Fnet = Fgl - Fg2 = mtota

4.90 - 2.94=(0.500 +0.300) x @ (1 MARK)

a=2.45=2.5ms2 (1MARK)



10

11

¢ Considerm,

F

net ~ My

2

T-2.94=0.300 % 2.45 (1 MARK)

T=3.7TN (1MARK)

| have drawn the normal force vector perpendicular
to the slope of the track from the track surface.

I have drawn the force due to gravity vector straight
down from the centre of the cyclist.

| have drawn the net force vector with a dashed
arrow pointing horizontally to the left.

I have drawn the size of the force due to gravity
and normal force vectors so that their vector sum is
horizontal (consistent with the net force vector).

b v=1/rgtan(0) = v30x9.8xtan (37.4°) (1MARK)
v=15ms! (1mARK)

2 _120x152
[4 Fnet:%:T (1 MARK)

_ 2
Fnet— 9.0 x 104N (1 MARK)

a v=4/gr=v9.8x0.50 (1MARK)
v=22ms1 (1MARK)

6.0 m s™1>2.2 m s therefore the string will remain
under tension (1 MARK)

b KEtDp + GPEtDp = KEbor + GPEbot (1 MARK)

%mu2+mgh:%mv2+0

%x 1.5%6.02+1.5%x9.8x1.0= % X 1.5xv2 (1 MARK)

v=7.5ms1 (1MARK)

Kinetic energy is at a maximum just before the cannonball hits
the ground.

KEf= KE,. + GPE,. (1 MARK)

KEy=3mu?+mgh=%x2.0x 107202+ 2.0x103x 9.8 530 (1R
KE;=5.3%108J (1MARK)

| The gravitational potential energy is maximum at the top and
decreases as the mass faIIs.‘J | The spring potential energy is a
minimum at the top and increases as the mass faIIs.ZH The kinetic
energy is zero at the top and increases to a maximum in the middle
before decreasing to zero at the bottom.3H The total energy of the
mass (gravitational potential and kinetic) decreases as the

mass falls.?|

12

13

14

15

16
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| have explicitly addressed how the gravitational
potential energy varies as the mass falls."

I have explicitly addressed how the strain potential
energy varies as the mass falls.?

I have explicitly addressed how the kinetic energy varies
as the mass falls.?

I have explicitly addressed how the total energy of the
mass varies as the mass falls.*

a Due to conservation of momentum:

Pi= P - Meyup Uetup * MpayUpan = Megub Veub T MpattVoa L MARK)

0.330 x 70 +0.045 x 0= 0.330 X 60 + 0.045 x v, s

Voo =73 M s71 (1 MARK)
-1 2 41 2
b KE=3MupUdiun * 3 MpanYban
KE;=3x0.330x 702 +0=8.1x 102J (1 1AK)
_1 1
KEF=5 Mty Viub + 5 MV ba
KE,=3 %0330 x 602+ 3 x 0.045x 732=7.1x 102 J (1MARK)
KE; # KE, therefore the collision was not elastic. (1MARK)

-bs . 8- 6.0x10°
V=g 301082200

(1 MARK)
At=20S (1 MARK)

L
~0 .
L—y AN

Uil

Sy=5

<[~

y=—A— 5= L
\/1_v_ 1o vi
2 \/ (3.0x109)2

v=2.9%x108ms™ (1MARK)

(1 MARK)

a Thespring constant is the gradient of the force displacement
graph so:

_rise_Y2"Y1_200-0
k_an_Xz'Xl"OAO—O (1 MARK)

k=5.0x102Nm™ (1mARK)

b SPE=JK(AX)2=2x5.0%102x0.402 (1ARK)
SPE=40J (1MARK)

¢ SPE;=GPE;=mgh ..40=0.40x9.8 x (h+0.40) (1MARK)
h=9.8m (1MARK)

2.68x10°kms1=2.68x108ms™!

L = L =2.23 (1MARK)

X (2.68 x 108)2
(3.0x108)2

KE=(y-1)mc2=(2.23-1)x 4.9 x 105 x (3.0 x 108)2 (1 1ARK)

KE =5.4x 1022 J (1 MARK)
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5A Gravitational fields and forces

Theory review questions
1B 2 C 3D 4 C

5 Earth’s mass
6 Astronaut’s mass

7 Both Earth’s mass and astronaut’s mass

Exam-style questions

This lesson
8 C
M, M. 24
9 a F=G-L2=667x1011x280x538x107

r2 (7.00 x 106)2
F=3.91%x103N (1MARK)
b Acceleration of the spacecraft due to Earth’s gravity is equivalent to
the Earth’s gravitational field strength.

5.98 x 1024

_~M_ -11
g Gr2 6.67x10 x(7.00><106)2 (1 MARK)

g=814ms2orNkg™? (1marK)

OR

F=mg .. 3.907x103=480 % g (1 MARK)
g=8.14ms2orNkg™? (1mARK)

10 |Bobisincorrect.'|[ The gravitational field strength is not zero outside
aplanet’s atmosphere.ZJ |Astronauts appear to have a ‘zero gravity
experience’ because?| | there is no normal force acting on them as they
are in constant free fall around Earth with the spacecraft falling at the
same rate.” |

I have explicitly addressed whether or not Bob is correct.!

I have used the relevant theory: gravitational fields.?

I have explicitly addressed the ‘zero gravity experience’?

| have used the relevant theory: zero normal force.*

M, M.
1 F=6—73"

250 x M

L Ef= -11
©50=6.67x 1071 x TG

(1 MARK)

M=4.8x1022kg (1MARK)

12 a Increased. Gravitational field strength decreases as distance from
object increases.
_9 . _0.80
b g, =2 0.089 =T (LMARK)
n2=9.0 .n=3
Mariner 10 moved three times further away from the centre
of Mercury. (1 MARK)
13 a Acceleration of the probe due to Mars’ gravity is equivalent to Mars’
gravitational field strength.
- M= -11 6.39 x 102
g Gr2 6.67x 107+ x (339% 106+3.0% 105)2 (1 MARK)
g=3.130=3.13ms2or N kg™ (1marK)
b F=mg

Use g =3.130 N kg™ from part a.

F=1.12x103x3.130 (1 MARK)

F=3.51%x103N (1MARK)

M, M 23
1 2:6'67X10_11X6.39XI0 % 80

d F=6—p (3.39x 106)2

(1 MARK)
F=3.0%102N (1 MARK)
Previous lessons
14 a Takerightas positive and left as negative.
p;=MmgUgtmgug= 15000 x 8.3 +340 X 56 (1 MARK)
p;=1.44x10%kgms!
pf:pf: MmgVg+mevg .. 1.44 x 10°=15000 x Vg +340 % (=5) (1 MARK)
Vg =9.7ms L to theright (1MARK)
b KE=%mu,2+imu2=%x15000x8.32+2 x 340 x 562
i=2Mglg™ T Msls™ =5 : 2
KE;=1.0x108J (1mARK)
KE=2mov.2+3imw2=1x15000x9.72 + £ x 340 x (- 5)2
=2 MgV~ T3 MsVs™ =3 : 2
KE;=T7.1x10%J (1MARK)

Kinetic energy was lost in the collision as KE;> KE,. Therefore the
collision was inelastic. (1 MARK)

15 KE=(y-1)mc?

5.434x 1020=(y - 1) x 1500 x (3.0 x 108)2 (1 ARK)

Y= 5 =5.03 (1 MARK)
1-a

C
v=2.9%108ms (1MARK)

Key science skills

16 a 20%
15 |

1.0 +

0.5 +

Gravitational field strength (N kg™)

1 2 3 4 5 6 7 8 9 10
Distance from centre (10° m)

| have correctly labelled the horizontal axis and included
correct units.

| have correctly labelled the vertical axis and included
correct units.




I have included an appropriate and consistent scale on the
axes so that the data takes up more than half of each axis.

I have plotted each data point.

I have drawn correctly sized uncertainty bars.

I have drawn a smooth curve of best fit which passes
through all uncertainty bars.

b Maximum mass of Moon will be calculated using the maximum
possible gravitational field strength. .. when r=1.80 x 103 km,
g=155Nkg™ (1MARK)

9=6 - 155=6.67x1071x 7 AR

/A
(1.80x 10°
M=7.53x1022Kg (1 MARK)

5B Gravitational potential energy in

non-uniform fields
1D 2 C 3 D 4 B
5 A 6 C 7 C
This lesson
8 a Thereare approximately 15 squares (between 14 and 16 is acceptable)

Area of each square= (2.0x 107 m) x (2.0 x 103N) =4.0x 100 J (1 marK)
W=15x4.0x1010 (1mArK)
W=6.0x10M1J (1mARK)

b |Asdistance from the centre of Saturn decreases, the gravitational
potential energy of an object also decreases.'} [Therefore the
gravitational potential energy of Cassini would decrease.z}

I have used the relevant theory: gravitational potential
energy in non-uniform fields."

I have explicitly addressed the change in Cassini’s
gravitational potential energy.?

¢ Usingthe graph we can see that at 8.0 x 107 m from the centre of
Saturn, Casini experiences a force of approximately 15 x 103 N.

Fg=mg .15 103=5700 % g (1 MARK)
g=2.6ms2 (1MARK)
There are approximately 7 squares (between 6 and 7 is acceptable)

Area of each square = (1.0 N kg™!) x (1.0 x 10° m) = 1.0 x 10° J kg™t
(1 MARK)

AGPE=7%1.0% 102 x 555 (1 MARK)
AGPE=3.9% 1012 J (1mARK)

b When distance from the Sun is 8.0 x 10° m, gravitational field
strength is approximately 2.0 N kg™

Fg =mg =555x2.0 (1MARK)

10
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Fg= 1.1x 103N (1 MARK)
There are approximately 28 squares (between 26 and 30 is acceptable)

Area of each square = (2.00 x 10° m) x (0.0200 N kg™1)
=4.00% 103 J kgL (1 MARK)

AKE=28%4.00 x 103 x500=5.60 x 107J (1 MARK)
AKE=5.60x107J (1MARK)
1 2.1
AKE = Smve-5mu
5.60 X 107 =3 x 500 x v2 = 3 x 500 x 502 (1 AR

v=476 ms™! (between 459 and 492 m s™! is acceptable, dependent
onparta.) (1MARK)

Previous lessons

11

12 y=

W=AGPE = mgAh=252%1.214 x (10 - 0) (1 MARK)
W=3.06%103J (1MARK)

KE; + GPE,= KE;+ GPE,

KEg=mgh;=252x1.214 x5.00 (1 MARK)

KE=1.53x103J (1MARK)

1 1

/_v_Z: 0.952
-5 \1-73

=3.20 (1 MARK)

Eype=¥mc?=3.20 x 10 000 x (3.0 x 108)2 (1 1aRK)

Eto

(=2.9%1021 J (1MARK)

Key science skills

13

b

Y 3

10¢ .

Gravitational field
strength (N kg™)
o ®

N
°

°
»

4 8 12 16 20 24
Distance from centre of Earth (10° m)

| have correctly labelled the horizontal axis and included
correct units.

| have correctly labelled the vertical axis and included
correct units.

| have included an appropriate and consistent scale on the
axes so that the data takes up more than half of each axis.

| have plotted each data point.

[Kat’s results are more accurate'||because they were consistently
closer than Al’s data to the true values.?|

| have explicitly addressed which results were
more accurate.!

| have used the relevant theory: accuracy.?
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5C Orbital motion

Theory review questions

1 C 2 B 3 AandC 4 B

5 C 6 D 7 C

Exam-style questions

This lesson

8 The orbital period of the satellite must be the same duration of one
rotation of Saturn:

T=(10 hr x 60 min/hr x 60 s/min) + (41 min x 60 s/min) + 57 s=3.9x 10*s
9 4m?r3=GMT?

41?r3=6.67x 10711 x 5.98 x 1024 x (2.376 x 10%)2 (1 MARK)

r=3.849x108m (1 MARK)

Let R, be the radius of the Earth, and let d be the distance from the
surface of the Earth to the Moon.

r=Rp+d .3.849x108=6.37x10°+d
d=3.79%x108m (1MARK)

10 [Georginais correct, and both Alistair and Zev are incorrect.‘}
|Asatellite’s orbital radius is independent of its mass.?|| The radius of
a satellite’s orbit is determined by only the mass of the object being
orbited, and the period (or speed) of the satellite in orbit which is shown

o 3 eMT? _GM)\ 3
by the relationship r= ) (orr— 2 ) }

% > Ihave explicitly addressed who is correct.!

% 2 Ihave used the relevant theory: radius of orbit being
independent of masss.?

% 2% Ihave have supported my answer with a relevant equation or
explained the theory in an equivalent way.?

T =365 days x 24 hr/day x 60 min/hr x 60 s/min
=3.154x107s (1 MARK)

411213 = GMT? (1 MARK)
4xmxr3=6,67x10"1%x1.99 %103 % (3.154 x 107)2 (1 MARK)

r=1.50x101m (1mARK)

_JGM _  [6:67x10x 1,09 x 10%
b ov=VT= \/ 1.495x 1011 (AR

v=2.98x10*ms (1MARK)

OR

_2mr _2xmx1.495x 101

=T 3154x107 MO

v=2.98x10*ms! (1MARK)
12 412r3=GMT? (1MARK)
4xm2x(3.55%x108)3=6.67x 1071 x M x (5.08 x 10%)2 (1 MARK)

M=1.03x1026 kg (1MARK)

13 [The satellite’s speed will increase.!|[v =1/ %, therefore
Vo %2] [Therefore if the radius of the orbit decreases, the speed of the

spacecraft must increase to satisfy the equation.3}

% > I'have explicitly addressed the question.!

% 22 I'have used the relevant theory: the relationship between
speed and radius.?

% 2 Ihave related my answer to the context of the question.3

4m2r3

14 4m2r3=GMT2orT= G~ (LMARK)

r=174x105+121x103=1.86x105m (1 MARK)
4x7x(1.86x109)3=6.67x 1071 x 7.36 x 1022 x T2 (1 MARK)
T=7.20%x103s (1MARK)
Previous lessons
15 KE=im w2 +im 2 =1x0145x362+1x0.96x312
i~ 2" ball®ball 2" "bat“bat 2 . 2 .
KE;=5.6 X102 J (1MARK)
KE,=im, v2 +im 2 =1x0.145x492+1x0.96x 182
f= 2" ball"ball = 2 ""'bat " bat ~ 2 . 2 .
KE;=3.3x102J (1MARK)
KE; > KE, .. the collision was inelastic. (1MARK)

16 Use theinverse square law.

F
_F 500
FZ

=== 1 MARK;
- 2 ( )

F2 =125N (1 MARK)

Key science skills

Y27Y1_300x1013-0

17 a Gradient:XZ_Xl— 10x10%-0

(1 MARK)

Gradient=3.0x 10719 s2m™3 (1 MARK)

2
b Gradient= % =3.0x10719
2 2
4m2r3=GMT? .. % = 4GLM (1 MARK)
2
3.0x1071°= 4xm (1 MARK)

T6.67x107 M xM

M=2.0x103kg (1MARK)

Chapter 5 Review

1B 2 C 3 A 4 C 50D

Section B
v= 5739636 =1.61x10*ms™ (1MARK)
=5 22
v= \/@ . 1.61x10%= \/6‘67 210 r>< 130210 (LMARK)
r=3.35x103m

3.35x 103 m is less than the radius of Pluto. Therefore, New Horizons
cannot orbit Pluto. (1 MARK)



is acceptable).
Each box = (1.0 x 10°m) x (1.0 N kg™%) = 1.0 x 10° J kg™ (1 MARK)
AGPE =45 x 1.0 x 10° x 4.49 x 10> (1 MARK)
AGPE=2.0%x1012J (1mARK)
_./GM _ , [6.67x10711 x5.98 x 1024
b v=VTr= \/ 5.00x105+6.37x106 AR

v=7620m st (1MARK)

KE=3mv2=1x4.49 % 10° 76202 (11ARK)

KE=1.30x10%3J (1MARK)

From graph F, = 0.6 x 102N (1 MARK)

Values between 0.5 x 102 N and 0.75 x 102 N acceptable.
Fy=mg .0.6x% 102=450xg

g=0.13ms2orNkg™? (1MARK)

b Areaunder the graph is estimated as 7 boxes (between 6 and 8
is acceptable).

Each box =(2.0x 106 m) x (0.5x 102 N) =1.0 x 108 J (1 mARK)

AKE=T7x1.0%x108=7x108J (1MARK)

_oM_ 11 1.35x10%
c g Gr2 6.67 %10 (257 % 1092 (1 MARK)
g=136Nkglorms=2 (1MARK)
9 a g=6M=667x1011x 5.98x 102 (LMARK)
r (6.37 x 106 + 400 x 103)2

g=8.70NKkg™ (1MARK)

b |No, the force of gravity is not zero."||Astronauts on the ISS
experience zero normal force (the force of gravity is the only force
acting on them)?||which feels like gravity is not acting on them.?|

I have explicitly addressed whether the force of gravity
is zero.!

Area under the graph is estimated as 45 boxes (between 43 and 47

I have used the relevant theory: forces in orbit.?

I have explicitly addressed why astronauts do not feel
gravity acting on them.?

10 Useinverse square law to find gravitational field strength at distance
10R,.

g1 __ 50 (1 MARK)

()"

9,=0.50 N kg™t (1maRK)

g9,=

Fg=mg=4.0x 103%x0.50=2.0x 103 N (1 MARK)
11 a T=24hours

T=24x60x60=8.64x10%s

12

13

C
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41213 = GMT?
4m2r3=6.67x 1071 x 5,98 x 1024 x (8.64 x 10%)2 (1 MARK)
r=4.225x10"m (1MARK)

Distance above surface
=r-Rg=4.225x 107-6.37x105=3.59x 107 m (1 MARK)

4m?r3=GMT?
4m2r3=6.67x 1071 x 4.87 x 1024 % (8.64 x 10%)2 (1 MARK)

r=3.946x10"m (1 MARK)

M M. 24
— 172 _ 11, 4.87x104"x 517
= = X X————————= 55—
F=G 2 6.67x10 (3.946 x 107)2 (1 MARK)
F=108 N (1 MARK)
r=3.946 x 107 m as calculated in part a.
= 21 _ 27X 3,946 x 107 L ARK)
T 8.64 x 104
v=2.87x103ms™ (1MARK)
13
sz_;rr 538x107=2XMx6.4x107 Gf“ 10 (1 MARK)

T=1.1x107s (1MARK)

v2 (10%* m2s7?)
A
120 ¢
100 ¢
80..
60..
40%
20%

tmetep L (107 m7)
12 14

2 4 6 8 10

| have correctly labelled the horizontal axis and included
correct units.

| have correctly labelled the vertical axis and included
correct units.

| have included an appropriate and consistent scale on
the axes.

| have plotted each point of data.

I have drawn a straight line of best fit.

Gradient:@— (93-5) 10

in =0 —0.5) x 10 1A

Any substitution using two points from the line of best fit
is acceptable.

Gradient=9.3%x1028m3s72 (1 MARK)
v2=GM X% . Gradient = GM (1 MARK)
9.3x10%8=6.67x 1071 x M (1MARK)

M=1.4x103kg (1MARK)
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BONUS - CARTOON QUESTION ANSWERS

lgn e W S T S W W e W Wi Wi S Y an S

Multiple choice questions

1D

2 A KE=Zmv? 049 =7 x0.500 x v2
v=14ms™
From the cartoon, we can see that the left sphere was stationary
after the collision. So
I=0p=mAv=F, At - 0.500x14=F,  x50x1073
Foyg=14x102N

Short answer questions

3 a KE;=3mv?=7x0.500x142=0.49 )
Momentum is conserved so
p;=ps mLuL =mgpvp . 0.500 % 1.4 =0.500 x v,
vp=14ms™ aMARK
KE = 3mv2 =3 x 0,500 x1.42=0.49 ) (1mARK)
KE, = KE,, therefore the collision was elastic. (1 MARK)
OR

[The collision was elastic."|[ As only the right sphere was
moving after the collision, the left sphere's momentum

must have been transferred to the right sphere in order for
momentum to be conserved, sop = mu; = mpVp. Since m; = mp,

this equation tellsus u; = v, as well.z] [Hence

= 2= 2= isi ic.3
KE; = 2mup =zmug = KE;, so the collision was elastic. ]

| have explicitly addressed the question.’

I have used the relevant theory: conservation
of momentum.?

I have used the relevant theory: elastic collisions.?

b Yes, the right sphere achieved the same maximum height.

As kinetic energy is conserved in an elastic collision, the

maximum GPE of the right sphere, and hence its maximum

height, was the same as the left sphere’s.

M1M2
l’2

F=74x107°N (1MARK)

0.500 x 0.500

- -1
6.67 x 107" x 0152

4F=G

(1 MARK)
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H Key science skills
6A Electric fields y
. a 16 a 4
Theory review questions 20
1 H 2 B 3 D 4 G
15+
5 A 6 C = ol 'y .
:; Ld
q 2 101
Exam-style questions S
This lesson 54
7 C
8 G 10 20 30 40 50 60 70
O — O O -
Distance (cm)
+Q -Q -Q
9 C
% 2% Ihave labelled the independent variable (distance) on
_v. -V i is wi its.
10 a E_d ._6_()x1()5_0.15 the horizontal axis with units
V=90x10%V =90 kV % 2% Ihave labelled the dependent variable (force) on the

vertical axis with units.

b imvi=gv . 3x9.1x10%xv2=16x10"x90% 10* (1mare
% 22 I'have used an appropriate and consistent scale.
v=1.8x108ms™t (1MARK)
% 2% I'have plotted each point of data.
3
11 a E:%:% (1 MARK)
’ % 2% lhave drawn a line of best fit.

E=557x103=5.6x103VmTorNC™? (1maRK)

b [Thefield is uniform in this region'||as the force on the charged
b F=gEandF=mg ..mg=qE . . . . . . - .
object remains constant irrespective of its location within the f|eId.2]

mx9.8=4.00x%10"°x557x 103 (1MARK)
% 2% I'have explicitly addressed whether the field is uniform or

m=2.3x1072Kg (1MARK) non-uniform.!
12 %mvz =gVand E=% % 2% Ihave used the relevant theory: force on a charged
particle within a uniform electric field.?
1
Smv?=qkd
1 -31 6)2 — -19 3 M
5%9.1x107 % (6.3x10°)?=1.6 X 107 x 2.0 x 10*x d (1MARK) 6B Magnet": ﬁelds

= 2m= o o
d=56x107m=56cm (MR Theory review questions

13 a To theright (the electric field due to a positive charge points away
from the charge).

[
@
N
(@]
w
@
»
>
(5]
@]

kql 4, 899x10°x3.4x10%%x5.4%x107° Exam'style questions
b F=—75F—= B.0x1079) =0.18 N to the left (2MARKS)
E ; This lesson
¢ From the inverse square law, F, = n—‘z wheren=7=3
! 6 a i
F= 03# =0.020 N to the left (2 MARKS) <

Previous lessons

A A

14 a KE=Smyi=3x25x22'=61x10°)
% $7 Ihave drawn 4 field lines.

b KE+GPE =KE, +GPE,

top

% 2% I'have drawn magnetic field lines that do not touch

KE=GPE,, -.6.1x10°=2.5x9.8xh (1MARK) oF cross.
h=25m (uare % 2% I'have included arrowheads to show direction.
MM, 1o 5.98x10%x M : s
= g = e A Ll I have drawn a uniform magnetic field from the north
15 F=G—5= -.230=6.67x 10 x 28 XM 10 & 8 g

to the south pole.

M=46.7Kkg (1MARK)

ii  Uniform field
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b i 7 A. Field direction is determined using the right-hand grip rule.
‘j \’ 8 D
S S ) .
9 Since Wand X are repelling each other, they must be the same pole.
‘\ [’ Since the field lines are going into the poles, they are south poles.

Wis a south pole, X is a south pole. (1 MARK)

| have drawn 4 field lines. Since the field lines are uniform and flowing from Y to Z:
Yis a north pole, Zis a south pole. (1 MARK)

I have drawn magnetic field lines that do not touch
or Cross. 10 The north point of the compass would point in direction A.

Using the right-hand coil rule, the magnetic field of the solenoid

I have included arrowheads to show direction. would be pointing to the left where the compass is.

I have drawn a non-uniform magnetic field towards 11 |[E could be a magnetic field.!|[F cannot be a magnetic field?|[since it
the south poles. represents a monopole, and there is no known magnetic monopole.?|

. . P
i Non-uniform field | have explicitly addressed if E could be a magnetic field.

c i I have explicitly addressed if F could be a magnetic field.?

F W N

I have used the relevant theory: magnetic monopoles.®

Pttt > 12
"
I have drawn 5 field lines. :I I:
I have drawn magnetic field lines that do not touch
Or Cross. I have drawn four field lines with arrows to show direction.
I have included arrowheads to show direction. I have used the right-hand coil rule to find the direction of the
magnetic field of each solenoid.
| have drawn a magnetic field in the direction
determined by the right-hand coil rule. I have drawn magnetic field lines that do not touch or cross.
ii Uniform field inside the solenoid 13 The currentis travelling upwards.

d i Note that this is determined using the right-hand grip rule.

Previous lessons

14 v=+/-2gAh+u?=+/-2%9.8x(0-1000)+0> (1MARK)
v=1.4%102ms! (1MARK)

15 Approximately 11 squares under the graph (between 10
and 12 acceptable) (1 MARK)

Area of each square =(2x10®m) x (20N kg ™) =40x 10¢ J kg™?
AGPE=11x40x108x200 (1 MARK)

AGPE =8.8x 102 J (1 MARK)

I have drawn 4 field lines.
Key science skills

I have drawn magnetic field lines that do not touch 1 1
or Cross. 16 Uncertainty = x smallest gradation on scale =5 x 10°=5°

I have included arrowheads to show direction.

I have drawn a circular magnetic field lines around
the wire, with direction determined by the right-hand
grip rule.

ii  Non-uniform field



6C Magnetic forces on charged
particles

Theory review questions

1 Yes 2 No 3 No 4 C
5 A 6 BandC 7 C
This lesson

8 a F=qvB=16x 10719 x 2000 x 0.030 (1 MARK)
F=9.6x1078N (1MARK)

b Using the right-hand palm rule: the direction of the force
is downwards.

¢ Usingthe right-hand palm rule with direction of motion reversed:
the direction of the force is upwards.

9 a F=qvB ..2.00x1071=1.6%x10"1xvx3.00
v=42x10"mst

b pomv_9.1x10%x4.2x 10"

TgBT  16x10%x3.00 HMARK

r=8.0x10"°m (1MARK)

10 [The magnetic force on a charged particle moving perpendicular to a
magnetic field is always perpendicular to the direction of motion and is
constant in magnitude.]|In the absence of other forces, the magnetic
force acts as the centripetal force and causes uniform circular motion,
which is sustained since the magnetic field will remain perpendicular to
the motion of the particle.?|

I have used the relevant theory: circular motion in
magnetic fields."

I have explicitly addressed why a charged particle exhibits
uniform circular motion.?

I have used the relevant theory: uniform circular motion.

11 a F=nllB=1x1.50x0.100 % 0.400=6.00 x 10N
b  Using the right-hand palm rule: the force acts into the page.

12 a SidesXYand WZ experience a force.
Note that this is because these sides carry current perpendicular
to the magnetic field, whereas the other two sides carry current
parallel to the field.

b F=nlLB=10%2.50%2.00%6.50x 107 (1MARK)
F=3.25x10"*N for each side (1 MARK)

¢ Usingthe right-hand palm rule:
the side XY experiences an upward force. (1 MARK)
the side WZ experiences a downward force. (1 MARK)

13 B. Useright-hand palm rule with fingers pointing out of the page and palm
pointing towards the centre of the circle. This shows clockwise motion for a
positive charge, which means anticlockwise motion for an electron.
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-31 5
_mv _10_9.1><10 x2.5x10

=g 07 16x10xB

(1 MARK)
B=1.4x10"°T (1MARK)

_v2_ (2.5x10%?

= 10 =2
a=F=""15 =63x10"ms

The wires are attracted to each other when they carry current in the
same direction.

Take the current to flow to the right in both wires. By the right-hand
grip rule, the field due to the upper wire is into the page at the loca-
tion of the lower wire. The right-hand palm rule predicts an upwards
force on the lower wire.

By the right-hand grip rule, the field due to the lower wire is out of
the page at the location of the upper wire. The right-hand palm rule
predicts a downwards force on the upper wire.

Magnetic field and force
due to bottom wire

»[ - — — — — — > 1
-__iF___pl' IF » I

Magnetic field and force
due to top wire

| have stated whether the wires are attracted or repelled
from each other.

I have included a sketch to justify my answer.

| have drawn the magnetic field created by each wire and
the associated forces.

The wires are repelled from each other when they carry current in

the opposite direction.

Take the current to flow to the right in the upper wire and to the left
in the lower wire. By the right-hand grip rule, the field due to the
upper wire is into the page at the location of the lower wire. The
right-hand palm rule predicts a downwards force on the lower wire.
By the right-hand grip rule, the field due to the lower wire is into
the page at the location of the upper wire. The right-hand palm rule
predicts an upwards force on the upper wire.

Magnetic field and force
due to top wire

Magnetic field and force
due to bottom wire

F
> T -——i———> I

Te——em—— T <

| have stated whether the wires are attracted or repelled
from each other.

| have included a sketch to justify my answer.

| have drawn the magnetic field created by each wire and
the associated forces.
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Previous lessons

16 Gradient = % = £= k(1 MARK)
k= %0;)_—8 =500 Nm™ (1maRK)

17 r=2000x10%+6.37 x 10°=8.37 x 10°m (1 MARK)

2 2
g= V- 6900

7= 837x10° =5.69Ms™2 (1MARK)

OR

r=2000x 103+ 6.37 x 105=8.37 x 10°m (1 MARK)

5.98 x 10*

(837 x 1092 =5.69ms™2 (1 MARK)

a=g=6Y=667x107x
Key science skills
18 Independent: magnitude of particles’ charge. (1 mMARK)

Dependent: radius of circular motion within magnetic field. (1 MARK)

Controlled: magnetic field strength OR particle mass OR
particle speed. (1MARK)

6D DC motors

Theory review questions

1A 2 A 3 D 4 B

5 C 6 A

Exam-style questions

This lesson
7 a D. Theforceis zeroif the current is parallel to the magnetic field.

b [The best position to start the motor from rest is the horizontal
position.‘} [In this position, the force exerted on the sides of the coil
acts to create the maximum turning effect (or torque).z]

I have explicitly addressed the best position to start
the motor.!

I have used the relevant theory: turning effect or torque.?

¢ B (1mARK)

Increasing the voltage of the battery will act to increase the current
in the coil, which increases the force (F = n/LB) and therefore the
speed of rotation. (1MARK)

F=nILB=80%2.5%0.10%2.0x 107 (1 MARK)
F=4.0x1072N in the direction D. (2 MARKS)

b [The force onside TU is zero'||as the current through TU runs
parallel to the magnetic field.z]

I have explicitly addressed the force on side TU.1

I have used the relevant theory: conditions for force on a
current-carrying wire.?

¢ [Asplitring commutator in a DC motor reverses the direction of
current in the coil every half rotation so that the force on each
side reverses direction every haIfturn.‘][Therefore the splitring
commutator keeps the coil rotating in a constant direction.z}

| have used the relevant theory: operation of a split
ring commutator.!

I have explicitly addressed the role of the split
ring commutator.?

9 a |The motor will rotate anticlockwise (A)."|| The current flows from M
to N (and O to P)?| and the magnetic field points to the right.%|[By
the right-hand palm rule, the force on side MN is downwards (and

the force on side OP is upwards).“]

I have explicitly addressed the direction of rotation.’

I have identified the direction of current around the loop.?

I have identified the direction of the magnetic field.?

I have used the relevant theory: right-hand palm rule to
determine direction of force.*

b [The motor would no longer function.!|| The coil would rotate
one-quarter of a revolution where it will oscillate around the vertical
position and eventually stop.ZJ

I have explicitly addressed the question.’

I have used the relevant theory: slip rings in DC motors.?

Previous lessons

10 a Whenthe massis stationary, it is in equilibrium. Any data set with
non-zero mass can be used. Our answer uses 3 masses.

mg=kAx ~.3x30%x103x9.8=kx0.15 (1MARK)
k=5.88=59Nm™ (1mARK)

b Take the gravitational potential energy to be zero at the lowest point
of oscillation.

GPE,, = SPE,,, . mgh=3k(Ax)?
5%0.030x9.8% h=3x5.88% (A (1MARK
h = Axsince the top of the oscillation is the unstretched position.
Ax=0.50m (1 MARK)
L=0.60+0.50=1.10m (1 MARK)
11 T=7.40x10°x60%60=2.664x10%S (1MARK
4123 = GMT? (1 MARK)
4xT2x(2.87x10%)3=6.67 x 10711 x M x (2.664 x 10%)2 (1ARK)

M=1.97x10% kg (1 MARK)



Key science skills

12 a Independent: current. (1MARK)
Dependent: Period of rotation. (1 MARK)
Controlled: Number of loops OR length of wire OR magnetic
field strength (1 mARK)
b 4

Average period of rotation (s)
o
=
w

Current (mA)

I have drawn current on the horizontal axis.

< R

I have drawn average period of rotation on the vertical axis.

< R

I have used an appropriate and consistent scale so the
data takes up at least half of each axis.

VRS

I have plotted each point of data.

< R

< R

I have included correct uncertainty bars.

VRS

I have included a line of best fit that passes through all
the uncertainty bars.

Chapter 6 Review

Section B

=2
=

Y4

(7]
=

I have drawn at least 4 field lines for each pair of magnets.

AR
AR
AR

\%//A

$

1IN

I have drawn the correct magnetic field pattern.

I have included arrowheads to show direction.

10

11
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% o2 I'have drawn at least 5 field lines.

§/ > I'have drawn the correct electric field pattern.

§/ > lhaveincluded arrowheads to show direction.

% > I'have drawn 5 magnetic field lines.

§/ 2% Ihave drawn the correct magnetic field pattern.

§/ 2% lhaveincluded arrowheads to show direction.

F=nILB=1x6.6%x3.2%x3.1%107° (1MARK)

F=6.5x10"*N (1MARK)

Direction of force is to the east by the right-hand palm rule. (1 MARK)

a [The north pole of the compass would point up the page.‘}

[The compass would align with the magnetic field (which points
upwards)z} [produced by the two solenoids whose inner ends both
act as south poles by the right-hand grip ruIe.3]

Q/ 2% I'have explicitly stated the direction of the compass.!
% 2% Ihave used the relevant theory: magnetic fields.?

Q/ 2 I'have used the relevant theory: right-hand grip rule.?

b [The force on the wire will be zero'|[because the magnetic field is
parallel to the current flowing in the wire.?|
% 2% I'have explicitly addressed the direction of the force on

the wire.!
§/ 2% I'have used the relevant theory: force on a current-
carrying wire.?

a F=nllB .4.0=100%1.75x L x750 %107 (1 MARK)

L=3.0x1072m (1MARK)

b [The motor would vibrate and eventually stop'|[in a position such
that the coil is perpendicular to the magnetic field because the
direction of the forces on the coil would be constantly rotating it to
this position.?|[ This is because slip rings would cause the current
to flow around the coil in a constant direction rather than changing
direction every half turn.3|
Q/ 2% I'have explicitly addressed how the operation of the

motor is affected.’
Q/ > Ihave used the relevant theory: DC motors.?
Q/ 22 Ihave used the relevant theory: slip rings.?
V. oV
a E—d S 7.0%x10 =35 x 1072 [LMARK)

V=1.8%10%V (1MARK)
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14

15
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+ +

G 9P G Gp P

l J J J J v=25x10°ms™
% 2% Ihave drawn the path of the electron moving
towards the positive plate.

25¢cm

% ©%  I'have drawn a parabolic path.

d=3x25%x102=0.125m

AKE=W=qgEd=1.6x10""%x7.0x 103% 0.125 (1 MARK)
AKE=1.4x107%J (1MARK)

p-ka_8.99x10°x4.0x107

2 2252 (1 MARK)

E=7.1x102NClorVm™ (1mark)

_ka,9, _8.99x10°x4.0x107x1.6x 10
r 2.25%

F (1 MARK)
F=1.1x10"°N (1MARK)

[The force on side BC is zero.!||In the orientation shown, the
current flowing in side BC is parallel to the magnetic field and
hence will experience no magnetic force.z}

% > I'have explicitly stated the force on side BC."

% 22 I'have used the relevant theory: force on a current-
carrying wire.?

F=nllB=1x%x3.5%15.0x107%x45.0x 1073 (1 MARK)
F=2.4x1072N (1MARK)

By the right-hand palm rule, the force on side CD
is downwards. (1 MARK)

| The function of a split ring commutator is to reverse the
direction of the current in the loop every half rotation.1]

| This results in the turning effect on the loop acting in a constant
direction and causes continuous rotation of the motor.?|

% 2% Ihave explicitly stated the function of a split
ring commutator.!

% 22 Ihave used the relevant theory: split ring commutator.?

| The best orientation to start the DC motor is in the horizontal
position.‘J In this orientation the force on sides AB and CD
creates the maximum turning effect (torque).zj

% 2% Ihave explicitly stated the best orientation.!

% 2 Ihave used the relevant theory: DC motor operation.?

1 %mv2
iva=W=qV sV= g (LMARK)

_3X1L7x107 % (1.84x 10°)?
- 16x107"

(1 MARK)

V=1.8x10*V (1MARK)

4
F=qE=qX%=l.GXl0‘19X% (1 MARK)

F=3.8x107N (1MARK)
F=qvB=1.6%10""%1.84x10°x35.0x 107 (1 MARK)
F=1.0x10"N (1 MARK)

_mv_ 17x10%x1.84x10°

I=GB~16x10x350x10° - MARK

r=0.56m (1 MARK)

Unit 3, A0S 1 Review

Section B

6

1 C 2 A 3 B 4 C 5B

| have drawn 6 field lines which do not touch or cross.

| have included arrowheads to show direction.

| have drawn an electric field from positive to
negative charge.

The field is non-uniform.

p-ka_9.0x10°x2.4x10°
r? (5.3x1072)?

(1 MARK)
E=7.7x10°NC1 (1mARK)
F=mv?

=7 (LMARK)

_25x103xv?

18.5= 53x 1072 (1 MARK)

v=6.3ms1 (1 mMARK)
%mv2 =qV

$X9.1x 10 xv2=16x 102 x 14X 107 (11ARQ

v=T7.0%x10*m s (1MARK)

E=¥ . 20x102 =202 )y
d=0.70 m (1 MARK)
X X X X X
X X X X X
X X X
X X X X
X X X\X X
X X X X

% > I'have drawn acircular path.

% > I'have drawn a clockwise path.




9

10

[The path is circular since the magnetic force has a constant
magnitude‘] [and its direction is always at right angles to the
proton’s velocity (the same characteristics as a centripetal
force).z} [This is because the velocity of the proton is at right
angles to the magnetic field.ﬂ

I have used the relevant theory: magnitude of
centripetal force for uniform circular motion.!

I have used the relevant theory: direction of
centripetal force.?

I have used the relevant theory: force on a charged
particle in a magnetic field.?

I have explicitly addressed the reason the path
is circular.

p=mv_ 1.67x1072"x5.00 x 107 (
gB  1.60x107°x500x 107

1 MARK)

r=1.04m (1MARK)

F=qvB=1.60x107x5.00x 107 x 500 x 107 (1 MARK)
F=4.00x102N (1MARK)

r=3.4x10°+8.39x10°=4.24 x10°m (1 MARK)

4ATt2r3 = GMT? (1 MARK)

4xT2%(4.24%10°)°=6.67x 1071 x6.4x 102 x T2 (1 MARK)
T=8.4x10%s (1MARK)

[When radius decreases, speed will need to increase.!| | This

is shown through the relationship v=1/ %, where speed is
inversely proportional to the square root of the radius.?|

I have explicitly addressed the question.

I have used the relevant theory: speed is inversely
proportional to the square root of the radius.?

| The total energy of a satellite is a combination of kinetic and
gravitational potential energy.|[Since the speed of the satellite
will increase, as shown in part b, the kinetic energy must
increase.?|| Therefore, the gravitational potential energy

will decrease.?|

I have used the relevant theory: conservation
of energy.!

I have used the relevant theory: relationship between
speed and kinetic energy.?

I have explicitly addressed the question.?
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11 a Outofthe page

12

b F=nlLB=1x958x1x8.0x10° (1MARK)

F=7.7%x10"2N (1MARK)

[The force is 0 N'|[as the current running through side CD is
parallel to the direction of Earth’s magnetic field.z]

| have explicitly addressed the magnitude of the
force acting on side CD.!

| have used the relevant theory: force on a current-
carrying wire parallel to a magnetic field.?

[The motor will rotate anticlockwise."| The current flows from H
to G (and Fto £)?| and the magnetic field points to the left.?|[By
the right-hand palm rule, the force on side HG is upwards (and
the force on side FE is downwards).“}

I have explicitly addressed the direction of rotation.!

| have identified the direction of current around
the loop.?

I have identified the direction of the magnetic field.®

| have used the relevant theory: right-hand palm rule
to determine direction of force.*

0 N. The forces on the whole motor are balanced.

F=nILB=30x1.5%x0.20%x4.0x 107 (1 MARK)
F=3.6%x10"2N (1 MARK)

0 N. Side FG is parallel to the magnetic field.

|A split ring commutator reverses the direction of the current
every halfturn.'} [This ensures that the force produced on each
side always acts to turn the motor in a constant direction.z}

| have used the relevant theory: split ring
commutator in a DC motor.

I have explicitly addressed the role of a commutator.?

[ The motor would no longer function.|| The loop would rotate
one-quarter of a revolution to the vertical position and oscillate
there, eventually coming to a stop, since the force on each side
would always act to return the motor to the vertical position.z}

| have explicitly addressed the question.’

| have used the relevant theory: slip rings in a
DC motor.?
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7A EMF and Faraday’s law

Theory review questions

1 B,C,AD 2 D
3 a BD 4 A
b AB,C,D

5 Q:zero, R: negative, S: positive 6 C

Exam-style questions

This lesson

7 a ®;=B A=0x0.10x0.10=0 Wb (the magnetic field strength is zero
at that point)

b ®;=BA=0.15%0.10x0.10=1.5x10Wb

1.5x1073-0

Adg
[4 a—NT—ZOX 0.25 (1 MARK)

Magnitude of average EMF is 0.12V (1 MARK)

8 a A
b B
¢ Att=0s:@,=B,A=0.040x0=0Wb
2.5%x103% cm?=0.25 m?

Att=2s:dy=B,A=0.040x0.25=1.0 x 102 Wb

AD, -2
1.0x10™“-0
s:NTthlsxiz_o (1 MARK)

Magnitude of average EMF is 7.5 x 1072 V. (1 MARK)

9 CandD. These two options would both cause a change in the area of
the loop that is inside and perpendicular to the magnetic field, so that
the flux would change.

10 a When therate of change of magnetic flux is zero the emf will also
be zero.

t=0,1,2,3,4,5s

AD _
b 8=NA—tB:4X% (1 MARK)

£=8.0V (1MARK)

¢ When the magnetic flux is a maximum the magnet is in the middle of
the loop.

t=1.0,3.0,5.0s

11 a Maximum flux when entirely within magnetic field:
®,=B A=3.0x1072%(0.25x0.25)=1.875x1073=1.9x 10 Wb
Coil must move 25 cm to be entirely within magnetic field, another
25 cm to begin leaving the field, and another 25 cm to be entirely

outside the field again. Time for each stage:

at=55=08 201255

@, (Wb)

r' s

1.9x103 [~ — ==~

» t(s)
0.125 0.250 0.375

| have shown the magnitude of the magnetic flux to
increase at a constant rate when the loop enters the field.

| have shown the magnetic flux to stay constant when the
loop is entirely within the field.

| have shown the magnitude of the magnetic flux to
decrease at a constant rate when the loop exits the field.

I have included the value of the maximum magnitude of
magnetic flux.

I have included the time for each stage of the motion.

Note that the inverse graph (all flux values negative) is
also acceptable.

AD -3
b e=N—(2=6x28210 29 0x102y
(V)
A
9.0%102 oo c e
0.125
0 > t(s)
0.250 0.375
-9.0x 107

| have drawn a constant EMF when the rate of change of
magnetic flux is constant.

| have drawn zero EMF when the rate of change of
magnetic flux is zero.

| have used the opposite sign for the EMF when the flux is
increasing compared to when the flux is decreasing.

I have included the values of the maximum magnitudes
of EMF.

I have included the time for each stage of the motion.

Note that the inverse graph is also acceptable.

Previous lessons

12 a GPE,=KEy+GPE, ..mgh,= %msz +mghg (1MARK)

0.400 x9.8 x hA = % % 0.400 x 4.02+0.400 x 9.8 X 0.30 (1 MARK)
hy=1.1m (1MARK)
b F . =Fy* Fg (1 MARK)

2 2
% =Fytmg .. %: Fy*+0.400 % 9.8 (1MARK)

FN =39 N (1 MARK)



.6x10719x3.50x 10710
0.0022

13 F= k%= 8.99x10%x 1 (1 MARK)
The direction is to the right as two positive charges will repel.
F=1.3x10"13 N to theright. (2MARkS)

Key science skills

14 a @, (Wb)

' N
24
15+
14
o
0.5+
(3
i i i +—> t(s)
0 1 2 3 4
I have correctly labelled both axes, including units.
I have included appropriate and consistent scales.
I have correctly plotted each point of data.
| have drawn a line of best fit.
b Gradient= % =0.6 Wb s™ (1uaRK)

Ay, _ Aoy )
Gradient = A—tand e=N—pr (magnitude only)
s.e=Nxgradient (1MARK)
6=Nx0.6

N=10 (1 MARK)

7B Direction of induced current and
Lenz’s law

Theory review questions

1C 2 B 3 B 4 C
5D 6 A
This lesson

7 a [The magnetic flux through the coil as the magnet falls from
position 1 to position 2 is increasing! || downwards.?|[ By Lenz’s law,
the induced magnetic field will oppose this change in qux,3] [soit
will be directed upwards.“||Using the right-hand coil rule,|[ the
induced current will flow in an anticlockwise direction when viewed
from above.?|

8

9
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| have explicitly addressed whether the magnetic flux is
increasing or decreasing.’

I have explicitly addressed the direction of magnetic flux.2

I have used the relevant theory: Lenz’s law.?

| have explicitly addressed the direction of the induced
magnetic field.*

I have explicitly referenced the right-hand coil rule.®

I have explicitly stated the direction of the induced current.®

b |[The currentis flowing clockwise.!|[ This change is due to
the magnetic flux now decreasing downwards rather than

increasing downwards.?|

I have explicitly stated the direction of the induced current.!

I have explicitly addressed the difference between the
two situations responsible for the change.?

| The magnetic flux through the loop of wire as it exits the magnetic
field is decreasing'|[upwards (out of the page when viewed from
above).?|[By Lenz’s law, the induced magnetic field will oppose this
change in flux,2|[so it will be directed up (out of the page).”||Using the
right-hand coil rule,%|[the induced current will flow from X to Y through
the ammeter.®|

I have explicitly addressed whether the magnetic flux is
increasing or decreasing.!

I have explicitly addressed the direction of magnetic flux.?

I have used the relevant theory: Lenz’s law.?

| have explicitly addressed the direction of the induced
magnetic field.*

I have explicitly referenced the right-hand coil rule.?

I have explicitly stated the direction of the
induced current.®

a [Using the right-hand coil rule, the solenoid produces a magnetic
field which acts to the left along its long axis.‘} [The magnetic flux
through the loop of wire as it moves away from the solenoid is
decreasing?| to the left.?|[By Lenz’s law, the induced magnetic field
will oppose this change in flux,?|[so it will be directed to the left.|
|Using the right-hand coil rule,®|[the induced current will flow in an
anticlockwise direction when viewed from the solenoid.”|

| have explicitly referenced the right-hand coil rule to
determine the solenoid’s magnetic field.!

I have explicitly addressed whether the magnetic flux is
increasing or decreasing.?

| have explicitly addressed the direction of the magnetic
flux through the loop.?

I have used the relevant theory: Lenz’s law.*
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I have explicitly addressed the direction of the induced
magnetic field.>

I have explicitly referenced the right-hand coil rule.®

I have explicitly stated the direction of the induced current.”

b [The current s flowing out of the right side of the cell and into the
left side of the cell'|[so the cell must be connected in orientation B.2|

Explanation: Using the right-hand coil rule, the anticlockwise
induced current as viewed from the solenoid means the induced
magnetic field is to the left through the loop. By Lenz’s law, this
induced current must create a magnetic field to oppose the initial
change in flux. The flux is increasing since the loop is approaching
the solenoid. Hence the initial change in flux was increasing to the
right. For this to occur when the loop approaches the solenoid, the
right side of the solenoid must be acting as a north pole. Using the
right-hand coil rule, current must flow left to right through the cell,
which is consistent with orientation B.

I have explicitly addressed the direction current is
flowing through the solenoid circuit.!

I have explicitly addressed the orientation of the cell.?

Previous lessons

10 a SPE,=7k(AX2=3x29.4x1.002 (11ARK
5PEb0t= 14.7 J (1MARK)
OR

SPEp: = GPEmp =mgh,

top = 1.50%9.8 x1.00 (1 MARK)

SPEbot: 14.7=15J (1MARK)

b The speed will be at a maximum when its acceleration is zero,
which is at the midpoint.

KE, o+ GPE, .+ SPE, .= KE

'mid

+GPE, .4+ SPE_ .,

SPE, ., =KE, +SPE, . = 147 :%mvz +mgh +%k (AX)2 (1 MARK)

‘mid

+GPE,

‘mid
14.7=3x 1,50 X v2 + 1.50 X 9.8 X 0.50 + 3 X 29.4 X 0.502 (1 AK)
v=22ms1 (1uArK)

¢ [Bisthe correct graph."||At the top, the acceleration is downwards
because the only force is the force due to gravity.z] [The spring force
on the mass is directed upwards and it increases directly with the
extension®|[so that the net force and acceleration is zero at the
midpoint*|[and it is upwards at the lowest point.5|

I have identified the correct graph.’

I have explicitly addressed the acceleration at the top.?

I have used the relevant theory: the relationship between
spring force and extension.?

I have explicitly addressed the acceleration at
the midpoint.*

I have explicitly addressed the acceleration at the
lowest point.>

_ V_10000
1 a E=,=%075

(1 MARK)

E=1.3%x105VmtorNC? 2umarks)
b gV=2mv? . 16x1079x10000=0.5x 1.7 x 10727 xv2 (1R
v=1.4%10mst (1MARK)

Key science skills

12 Independent variable: Direction of magnet’s motion OR the directional
change in magnetic flux

Dependent variable: Direction of induced current

Controlled variable: The magnet used OR the conducting loop used OR
the orientation of the magnet

7C Generators and alternators

Theory review questions

1D

AC alternator

DC generator

Slip rings

Split ring commutator

DC output

@ | > | > W > | W

AC output

Exam-style questions

This lesson

7af=l

=—1 (1 MARK)
T 20x1073

f=50Hz (1MARK)

b [The maximum magnitude of EMF will occur when the coil is parallel
to the magnetic field (horizontal).'][At this position the rate of
change of flux is a maximum.?|

I have explicitly addressed the orientation at which the
magnitude of EMF is a maximum.!

I have used the relevant theory: the relationship between
EMF and rate of change of flux.?

4
Suggested change Effect on EMF amplitude
Decrease the period of rotation | Increase
of the coil.

Decrease the strength of the Decrease
permanent magnets.

Increase the number of turns Increase
in the coil.

Increase the area of the coil. Increase




0 ‘ » Time (s)

— Magpnetic flux
— EMF

I have shown the magnitude of the magnetic flux to be a
maximumatt=0s.

I have shown the magnetic flux to vary sinusoidally and
complete one full cycle in 0.5 seconds.

I have shown the EMF to be zero att=0s.

I have shown the EMF to vary sinusoidally.

I have shown the EMF to be a maximum one quarter of a
cycle (0.125 seconds) later than the magnetic flux.

I have shown two full cycles for both the magnetic flux
and the EMF.

@ =B, A=0.090x%(0.30%0.50) (1 MARK)

®,=135x10"2=14x10"2Wb (1MARK)
Z1_ 1 _

f=4=559=20Hz

1.35x1072
0.50
4

A,
SZNTtZZOX (1 MARK)

£=2.2V (1MARK)

|Slip rings allow the coil in an alternator to rotate while maintaining
contact with an external circuit!|[so that the alternating EMF
induced in the coil is passed to the output as AC electricity.z]

I have explicitly addressed the function of slip rings."

I have explicitly addressed the output of alternators.?

f:% T:%: 0.10S (1 MARK)

_T_0.10_
At—4—74 =0.025s
A¢B A(DB
SZNTt .'.l.stxm (1 MARK)

@,=8.0x10"3Wb (1mARK)
®p=B/A .80x1073=8.0x103xL2

L=1.0m=1.0%x102cm (1MARK)
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b EMF (V)
c . X . > Time (s)
0.05 pa 0.35 P
I A / \ ’
\ I, \ 4
I \\ -7 \\ _/’

| have drawn a solid line which inverts either the positive

or the negative EMF values of the original graph.

Previous lessons
10 a Whenm=60.0g, Ax=5.88cm.
Fy=k,Ax=3.00x 5.88 x 1072 (1 MARK)

F,=0.1764=0.176 N (1MARK)

b The sum of the two spring forces balances the force due to gravity.

When m=60.0 g:
Fy+Fg=F, 01764+ F;=mg
0.1764 + F5=60.0 x 103X 9.8 (1MARK)
Fg=0.4116=0.412 N (1 MARK)

¢ Whenm=60.0g:
Fg=kghx ..0.4116 = ky x 5.88 x 1072 (1 MARK)
kg =7.00 N m™ (1mARK)

d SPE=3ky(802=3x7.00%(5.00x102)2 (1wark
SPE=8.75x1073J (1MARK)

11 a There are approximately 22 squares (between 20 and 24 is

acceptable) beneath the graph between R, and 20 x 106 m.

Area of each square =
(1L.ONkg™)x(2.0x106m)=2.0x108 J kg™ (1 MARK)

AGPE =22 x2.0%10°% 1300 (1 MARK)

AGPE=5.7%1010J (1mARK)

b The area under the graph between the centre and the surface of

Earth is a triangle.
AGPE = % X 6.37%x10%x9.8x 1300 (1 MARK)
AGPE=4.1x10%0J (1MARK)

Key science skills

12 a Voltage output (V)

104
8-
6
4-
2]

v

-2+
41

Time (s)
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. . . . The gradient has a maximum negative value at 0.75 s, 1.75 s,
I have labelled the horizontal axis and included units.
and 2.75s (1 MARK)

I have labelled the vertical axis and included units. ¢ [Asthe magnet approaches the coil, the magnetic flux through the

| have included an appropriate and consistent scale on the coil is increasing'|[to the right.?| By Lenz’s law the induced current

axes so that the data takes up more than half of each axis. would oppose this change in flux®| [ by creating a magnetic field to
the left.%|[ Using the right-hand coil rule,?|the induced current when
I have plotted each data point. observed from the right is clockwise.®|

I have drawn correctly sized uncertainty bars. .
clockwise

I have drawn a curve of best fit which passes through all
uncertainty bars.

coil viewed from
the right

b The time from zero voltage to peak voltage occurs over
one-quarter rotation.

Hence from the graph: T=4.0's (1mARK)
f=—=i= 0.25 Hz (1 MARK)
T 4.0 .

¢ [Thecoil is connected via a split ring commutator?|[because the . . .
[ P & Il I have explicitly addressed whether the magnetic flux is

output voltage has a constant direction (all voltage values . . .
P g ( g increasing or decreasing.’

are positive).?|

I have explicitly addressed the direction of magnetic
I have explicitly addressed the connection between the flux.2

coil and the output.!

I have used the relevant theory: Lenz’s law.?
I have used the relevant theory: relationship between

generator voltage direction and connection type.? | have explicitly addressed the direction of the induced
magnetic field.*

I have explicitly referenced the right-hand coil rule.?

Chapter 7 Review

I have explicitly stated the direction of the induced
current or shown it on a diagram.®

d Position 1:(0),2.0's (1 MARK)

1 8B 2D 3 C 4 A 5D

Section B Position 2: 0.5,1.5,2.55 (1 MARK)
6 T=15s,amplitude=4.0V,f=1=1-=067Hz. Position 3:1.0,3.0s (1MARK)
9 [The flux through the square coil is zero'|[ because the magnetic field
7 | Change Impact on peak EMF (increase, produced by the solenoid is parallel to the plane of the Ioop.z}
decrease or no change)

Increase the period qf the Decrease I have explicitly stated the flux through the coil.!

generator coil’s rotations.

Increase the magnetic field Increase I have used the relevant theory: effect of angle on flux.?

strength.

Increase the number of turnsin Increase

R 10 a @,=BA ..0.15=Bx0.20%0.30 (1 MARK

the generator coil. B ( )

Increase the resistance of the No change B=25TORWbm™ (2MARKS)

phone charger circuit.

, b 7=1=Z2-=0125s
Increase the cross-sectional area | Increase f 80
of the generator coil. . 0.125
For a quarter rotation At = =7~ =3.13 x 1072s (1 MARK)
AD
0.15
AD - SZNJ:5X7_(1MARK)

8 a 8=NA—:;=4><%=9.6V(1MARK) At 3.13x1072

£=24V (1MARK)
V=Rl .9.6=0.80 %/ (1MARK)

¢ [The magnetic flux through the coil in the horizontal position begins

=12 A (1MARK) 1 . . ) )
as zero ][and then increases to a maximum of 0.15 Wb in the vertical
b EMF is a maximum when the rate of change of flux is a maximum position.?|[It then returns to zero in the horizontal position®|| before
(when the gradient has a maximum magnitude). increasing to the 0.15 Wb maximum through the other side of the coil

in the vertical position.“} |After one revolution it will return to having

The gradient has a maximum positive value at 0.25 s, 1.255, zero magnetic flux through the coil in the horizontal position.s}

and 2.25s (1 MARK)
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I have explicitly addressed the initial position.” | have drawn a positively sloped straight line.
I have explicitly addressed the vertical position.? I have drawn a straight horizontal line.
I have explicitly addressed the second I have drawn a negatively sloped straight line.
horizontal position.?
I have explicitly addressed the second b i
vertical position.*
I have explicitly addressed the final position.>

>t

d [The maximum EMF occurs when the coil is in the horizontal

position'||because this is when the rate of change of magnetic flux is

greatestz] [which creates the greatest EMF according to Faraday’s

A¢5)3
|aW(8—NT J

A negative version of this graph (flipped upside down) is also correct.
I have explicitly addressed which orientation(s) create

the maximum EMF.! . .
| have drawn a negative EMF with constant value.

I have used the relevant theory: rate of change of flux.?
y & | have included a period of zero EMF.

I have used the relevant theory: Faraday’s law.?
y y I have drawn a positive EMF with constant value and

duration equal to the negative section.

e |The split ring commutator should be replaced with slip rings.‘J

[The slip rings maintain a constant connection between the external c [As the loop enters the magnetic field, the flux through the coil is
circuit and the rotating coil which produces an alternating current as increasing‘] [upwards.z} [By Lenz’s law the induced current would
itis rotated.”| oppose this change in flux?|| by creating a magnetic field directed

o downwards.*||Using the right-hand coil rule,’||the induced current
I have explicitly addressed how to convert to an

flows from Y to X through the voltmeter.®
AC alternator. & ]

| have explicitly addressed whether the magnetic flux is

I have used the relevant theory: slip rings.? . . .
increasing or decreasing.

f EMF(v) I have explicitly addressed the direction of magnetic flux.?
A

I have used the relevant theory: Lenz’s law.?

I have explicitly addressed the direction of the induced

a. magnetic field.*
p time (s)

I have explicitly referenced the right-hand coil rule.®

I have explicitly stated the direction of the induced
current through the voltmeter.®

I have drawn a sinusoidal graph which has the same
amplitude as the DC graph.

I have drawn a sinusoidal graph which has the same
period as the DC graph.

11 a D,

A negative version of this graph (flipped upside down) is also correct.
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8A Electricity recap

Theory review questions

Exam-style questions

[
(@}
N
>
w
@
E-)
@
(5]
o

This lesson

6

12

R;=300+2.00 x 103 +1.00 x 103 + 500 = 3800 = 3.80 x 103 Q
V=Rl ..9.0=Rx5.0
R=1.8Q
a V=Rl ..10=200x]/

/=0.050 A
b P=%2=%=0.50W

OR

P=VI=10x0.050=0.50 W

OR

P=/2R=0.050%x 200 = 0.50 W
P=/2R=102x100=1.00 x 10* W (1 MARK)
AE=PAt=1.00x10%4x10=1.0x10%J (1MARK)
P=V?2 30=%20 (1 MARK)

V=TTV (1MARK)

Consider the resistor, since it is the only component for which we know
the resistance.

Ve=Veup = Viigne=7-5=2V
V=Rl 5.2=1%2

I=1A (1MARK)

The currentin the light globe is the same, since it is a series circuit.

P,ight = V,ightl =5x1=5W (1MARK)

a R;=20+2.0+12.0=16.00Q

v 2 )
_Ysu” 50,0
= RT =160 (1 MARK)

P
P=156 W (1 MARK)

b R;=2.0+2.0+12.0=16.0Q
V=R ..50.0=16.0x/
1=3.125A (1 MARK)

V=RI=12.0%x3.125=37.5V (1MARK)

¢ R=2.0+2.0=4.0Q
/=3.125Afrom partb
P=12R=3.125%2x 4.0 (1 MARK)

P=39.1W (1MARK)

_AE_12_

13 Psup_E_T 3W (1MARK)
Psup=’Vsup S.3=1x3
I=1A (1MARK)

Vyp=IRy - 321 (24R,)

sup

Ry=1Q (1MARK)

OR
P=%=14—2=3W (1 MARK)
VSUPZ 32
Psup = R, o3= 2+—R2 (1 MARK)

.‘?2 =1Q (1MARK)
Previous lessons
14 a GPE+KE;+ SPE,= GPE,+ KE,+ SPE,
SPE; = GPE; .. %k(AX)Zngh (1 MARK)

$X200% (AX)2=0.1x9.8X0.25 (1MARK
Ax=0.05m
b GPE,+KE, + SPE,= GPE,+ KE,+ SPE,

L1 _1
SPE;= KE; . Sk(Ax)?=5mv?

2x200%(0.05)2=2x0.1xv2 (1warg
v=2ms1 (1MARK)

15 F= k9,9, _8.99x109x5.0x10715x1.6x1071¢
T 102

=7.19x 10726 N (1 MARK)
F=ma .7.192x10726=9.1x10731xa (1 MARK)
a=7.9%x10*ms™2 (1MARK)

Key science skills

16 a Current(A)
r'y

10 +

} } } } +—> Voltage (V)
20 40 60 80 100



I have drawn the horizontal axis as the independent
variable, and included correct labels and units.

I have drawn the vertical axis as the dependent variable,
and included correct labels and units.

I have used an appropriate and consistent scale so that
the data takes up the majority of the graph space.

I have plotted each point of data.

b gradient = ;’uiﬁ = LV :%

_ 1
R= gradient (L MARK)

Using any two points on the line of best fit:

.. 8.0-2.0_ . p—
gradient = 80-20 - 0-10 ..R=

1 __ 1 _
gradient ~ 0.10 ~ 10Q (2 MaRK)

A range of answers is acceptable, depending on the line of best fit
that was drawn.

8B Transformers and comparing AC
and DC power

Theory review questions

te 2 A 3 B 4 C
50D 6 B

This lesson

7 Ny _Vi_345_23

CN,TV, 15T

8 B. Batteries provide a constant DC voltage, so the required voltage is
going to be equal to the Vg, of the AC supply.

Ny 200 135

9 W77 12007

W, S 1=81.0 Agys

10 D. Thepeakis 3.5 cm above the horizontal axis,so V., =3.5%3.0=10.5V.

peal

Ry

Vewss = 75 Vpeak = /5 ¥ 10.5=7.4V
N, V.
1_Y%1 500 _20 ., _
11 a 7=y, 2000~ v, V2= 16 Vews
b V==V, ~16=—=xV
RMS ™ (/2 "peak ** V2 peak
Vpeak=23V
2 2
c P=V _ 16

R ~1000 (1 MARK)

P=0.26 W (1 MARK)

d  [There will be an induced voltage in the secondary coil, and hence
a current in the resistor, only when there is a change in magnetic
flux through the secondary coil."||When the switch is closed, there
isanincrease in the current in the primary coil which results in a
change in the flux in the secondary coil.?|[When the switch remains
closed there is no change in the current in the primary coil and so no
change in the flux.3|
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I have used the relevant theory: Faraday’s law.!

| have explicitly addressed the current and the flux as the
switch closes.?

| have explicitly addressed the current and the flux as the
switch remains closed.?

Ny

12 a UseRMSvalues:N—=

N
r~.l<|»—n<
|

Vl =240 VRMS (1 MARK)

s.240= xV

Convert to peak values: VRMS=%VPW eak

1
V2
v =339 V' (1 MARK)

pea

b Use RMS values for all calculations.
On the secondary side: V, =R, .. 20.0=10x/,

I2 =2.0 ARMS (1 MARK)

Ny 15 20
]

Lol 1

1;=0.13 Agys (1 MARK)

13 Calculate the voltage in the amplifier.

V22 sz
P—T ..144—¥

V2 =72V (1MARK)

N,V
500 _18
N;:Vi =7 R

N2 =2000 turns (1 MARK)

Previous lessons

14 [Einstein’s first postulate is that the laws of physics are the same in
any inertial reference frame."|| This concept is consistent with
classical physics.?|

| have stated Einstein’s first postulate.

| have explicitly addressed whether the concept differs from
classical physics.?

15 D. The attractive forces that the central positive charge experiences
due to the top-right and bottom-left negative charges are balanced.
The attractive and repulsive forces due to the top-left and bottom-right
negative charges both act diagonally up and left.

Key science skills

16 D. The effects of individual deviations in a measurement from a true
value are reduced when the average is calculated due to the division by
the number of measurements. Furthermore, due to the random nature
of random errors (sometimes leading to a greater measured value and
sometimes a smaller measured value), when the average is taken from
multiple measurements, the errors are more likely to offset each other
when more measurements are taken.
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8C Transmission of power

Theory review questions

1D 2 A 3 B 4 D

Exam-style questions

This lesson

5 @ Pu =2 Rine=1252%2.0 (1MARK)

Poss =31250 W=31 KW (1 MARK)

The power in transformer T, must be constant. The new voltage in
the secondary side is smaller by a factor of 10. Therefore the new
current is greater by a factor of 10. (1MARK)

Pioss = 26 Rjine -~ POWer loss is greater by a factor of 10 =100. (11ARK)
OR

The power in transformer T, must be constant.

P=VI -.25%x10%=20x103x/ ../=1250 A (1MARK)

Ploss = 120 Riine = 12502 x 2.0 = 3.125 x 106 W

) _3.125x108 _
Power loss factor increase = 31250 ° 100 (1 MARK)

Consider the light tower:
Proad = Vioadload -~ 720=240 % I - hoag=3.00 A (1MARK)

Circuit is a series circuit, so the current in the line is the same as the
currentin the light tower.

Ploss = Iﬁnelee =3.002% 10 (1 MARK)
P,aSS =90 W (1 MARK)
Vsup = Vdrop + Vlaad = IlineRIine * Vloud =3.00x10+240 (1MARK)

V. =V =270VRMS (1 MARK)

in sup
OR
Psup = P,OSS + P[oad =90+720=810W (1 MARK)

Psup = Vsuplsup and the current in the power supply is the same as the
current in the light tower.
810=V_, x3.00 .. Vm = Vsup =270V (1MARK)

sup

Since the light tower is operating as normal, the current in the light
isthe same asinparta. .. /,,,=3.00A
Ny _lioad . 10 _3.00

Consider the transformer: == A ]
N2 /[ine 1 /[ine

I,,.ne =0.300 A (1 MARK)

Ploss = Iﬁnelee =0.3002% 10 (1 MARK)
P,Gss =0.90 W (1 MARK)
P=VI=4.0%250=10W

The circuit is a single series circuit with a single current flowing
Vsup = lRtota[

5.0=1/%(0.80 + 1.6) (1 MARK)

[=2.08=2.1A (1MARK)

[The pump will not operate correctly'|[since the motor does not
receive enough current.?| The current delivered to the motor is only
2.1 A (from part b) but it requires 2.50 A to operate correctly.ﬂ

| have explicitly addressed whether the pump
operates correctly.

I have related my answer to the context of the question.?

I have used data to support my answer.?

|One way would be to install a step-up transformer near the power
supply and a step-down transformer near the load in order to increase
the transmission voltage and reduce the current in the lines."| | This
would result in a reduced power loss since Py, = 12R.2||A second
method is to reduce the resistance of the connecting wires.?|| Again

this would result in a reduced power loss according to P, =1?R.%|

I have explicitly addressed one method of reducing
power loss.

I have related this change to the power loss equation.?

I have explicitly addressed one method of reducing
power loss.?

I have related this change to the power loss equation.*

| The globe would receive less than 3.0 V (OR 6.0 W)"|[since there is
aresistance in the transmission lines?||which causes a voltage drop
(OR power loss) in the lines.?|

I have explicitly addressed the reason the globe does not
glow as brightly as expected.’

| have explicitly addressed the resistance in the
transmission lines.?

| have used the relevant theory: voltage drop/power loss
in transmission lines.?

Consider the light globe:
Prood=Yioad load -+ 6:0=3:0% i lipag=2.0 A (1MARK)

Circuit is a series circuit, so the current in the line is the same as the
current in the globe.

Varop = liine Riine =2-0 % (L5 + 1.5) = 6.0V (1 MARK)
Veup = Varop * Vioag = 6-0+3.0=9.0V (11aRK)
line =2-0 A as calculated in part b

Pross = 12 Riine =202 % (1.5 + 1.5) (1MARK)

Ploss = 12 W (1 MARK)

|AC is often used for long-distance power transmission because the
alternative, constant DC power, cannot use transformers‘} [which
help to reduce power loss by transmitting power at a lower current.?|

| have used the relevant theory: transformers require
changing current.

| have used the relevant theory: transformers used to
reduce power loss.?

I have explicitly addressed the question.




e l,,g=2.0Aas calculated in partb

Use transformer ratios to find the current in the line.

Ny _load . 5_2.0
FE P 3 E T e =040 A (1MARK)

/ line line

N,

Ploss = 2o Riine = 0402 x (1.5 + 1.5) (1 MARK)
Ploss = 0-48 W' (1 MARK)
' Pop=Ploss * Plogg =048 +6.0=6.48W (11ARK)

[

sup = Iline
circuit as the transmission lines.

=0.40 A, since the power supply is part of the same series

P =V, ! . 6.48=V,

sup = Vouplsup * SupX0.40 (1 MARK)

Vsup =16.2=16V (1MARK)

OR

N V.
Consider the transformer: Wl = Vil where V; is the voltage across
2 load

V.
the primary side of the transformer. .. %= 30 Vi =15V (1MARK)

Veup = Varop * V1 = line Riine + V1 = 040 X (1.5+ 1.5) + 15 (1 1ARK)

V., =16.2=16V (1MARK)

sup

Previous lessons

9 [=4.00-0.040=3.96m

L
L= »3.96=%90 - y=1010 nmwrg
1 1
= v=cy/l-=
Y L 12
CZ
v=cC4/l- 1 (1 MARK)
1.0102

v=0.141C (1MARK)

10 a F=qvB=1.6%x10"1x25x107x8.0x1072 (1 MARK)

F=32x10"13N (1 mARK)

b |The electrons follow a circular path'|[since the force acting on them
is always at right angles to their direction of motion (as is the case
for a centripetal force).?|

I have explicitly addressed the path of the electrons.!

I have used the relevant theory: direction of
centripetal forces.?

Key science skills

11 [Theresults are not valid'|[because there is more than one independent

variable in this experiment.?|[For this experiment to be valid, the
transformer ratio should be the only independent variable but the
specified power of the light globe has been changed too.3]

I have explicitly addressed the validity of the results."

I have used the relevant theory: experimental validity and
independent variables.?

I have related my answer to the context of the question.?

ANSWERS

Chapter 8 Review

Section B

6

1B 2 D 3 C 4 B 5 A

a R;=R +R,=2.0+3.0=500

b V=Rl :.9.0=5.0x/ (1MARK)
/1=1.8A (1MARK)

€ Vyop=IR=2.0%x18=36V

d P,,=/?R=182x3.0=9.7W

a 9.0+9.0=18.0V

b 9.0V

1

- - 1 _
C Vpys= Vpeak x 7 9.0x—==6.4Vyys

V2
A Pl = line Riine = 2.52 X 4.0 (11ARK)
P,oss =25W (1 MARK)

I
b 2=
’1

h 3

Nl
W, 7571

I2 =7.5A (1MARK)

Peharger=VI=5.0x7.5=37.5=38 W (1MARK)
c Ptota[ = Pcharger + Ploss (1 MARK)
P,y =37.5+25=63 W (1MARK)

total

d Vdmp =ineRiine =2:5%4=10V (1MARK)

=5.0x3=15V

Vtransformer input

v

output = Vdrop +V, =10+15=25V (1MARK)

transformer input ~

e Acurrentof 7.5 A (calculated in part b) must still flow through the
charger for it to operate correctly.

h N  15_6
LNy, 1
I,me=ll= 1.25A (1MARK)

Pross = line? Riine = 1.252 X 4.0=6.3 W (1 MARK)

[Unlike DC, AC power can utilise transformers to reduce power loss.!|

| Transformers allow for transmission at a higher (stepped-up) voltage
and a reduced current.z} |As power loss is proportional to the square of
currentby P, . = I,ine2 Rjine> this results in reduced power loss during long
distance transmission compared to DC.3]

I have explicitly addressed why AC is prefered.!

I have used the relevant theory: transformers.?

I have used the relevant theory: the relationship between
power loss and current.?
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10

11

ANSWERS

. 12000 _ My

Vl Nl
VZ_N—Z 27300 " 50 (1 MARK)

N1 =2000 turns (1 MARK)

Ratio of T, doubles > output voltage doubles » current in
transmission lines halves.

_(1 2
Prew loss = (7/[ine) Riine (1MARK)

-1 2 -1
Pnew loss ~ 4 x /line R[fne 4 x Po[d loss (1 MARK)

|A battery produces constant DC power which cannot be
transmitted through a transformer.‘} |Atransformer relies on a
changing magnetic field produced by the primary coil to induce
acurrentin the secondary coil.z} [The constant current from

a battery produces a constant magnetic field so there is no
induced current in the secondary coil.ﬂ

% > Ihave explicitly addressed why DC would
be ineffective.!

% 22 Ihave used the relevant theory: transformer operation.?

% 2% Ihave used the relevant theory: DC power.?

P=VI .15.0x103=250 %/ (1 MARK)
/=60.0 A (1 MARK)

[} V. 3
.2 Y1 .60.0_11.0x10
Step-down transformer: AR P

line 2 line

=1.364 A (1MARK)

Iline
Ploss = line” Riine = 1.364% X 25.0 (1 MARK)
P,ass =46.5W (1 MARK)

Consider the series circuit consisting of the output of T, (the
step-up transformer), the transmission lines, and the input to T,
(the step-down transformer).

Voutput n- Vinput?'z + Vdrop

Voutput 71 = Vinput 72+ line Rine = 11.0 X 103+ 1.364 X 25.0 (1 1ARK)

= 4
Voutput 71 = 1:103 X 10% V' (1 MARK)

N1 25
Step-uptransformer.N—Z-E-W2

N, =1000 turns

Protal™ Phome * Ploss = 15:0 X 103 +46.5 (1 mARK)

total

P, . =1.505x10*W (1 MARK)

total —
OR
Power output of plant is equal to power in step-up transformer.

P=V,

output 71 line = 1-103 % 10 x 1.364 (1 1ARK)

P=1.505x10*W (1MARK)

P=VI=40000x 10.0 =4.00 x 105 W
Pross = line Riine - 7000 =10.02 X R, (1 MARK)
R,me =70.0Q (1MARK)

Vi k39300

’__VZHE_ 240 (1 MARK)

h
= 164 (1 MARK)
1

4 V2 % Vgys= V2 x200=283V

peak = peak

1200 V DC will deliver the same average power as 200 Vg, AC."|
[Root—mean-square is a way of measuring AC currents that gives
the DC equivalent needed to produce the same average power.z}

§/ > I'have explicitly stated the equivalent DC voltage.!

% 2 Ihave used the relevant theory: root-mean-square.?

Unit 3, AOS 2 Review

Section B

6

1 C 2 B 3 B 4 A 5 A

D

Iy

% 2% Ihave correctly labelled the axes.

§/ > Ihave drawn the appropriate graph.

§/ 2% Ihave drawn two repetitions of the same shape.

§/ 2% I'have correctly labelled the axes.

% 2% Ihave drawn the appropriate graph.

% 2% Ihave drawn two repetitions of the same shape.

A®g=AB A=0.500%0.15%0.25-0=1.875x 102 Wb

Ady 1.875x 1072
S_NT_25 XT (1 MARK)

e=4.7TV (1MARK)



d  [When viewed from the north pole, the magnetic flux through
the loop is increasing!|[away from the pole (into the page).?|[By
Lenz’s law, the induced magnetic field will oppose this change in
flux,?|[so it will be directed towards the pole (out of the page).*|
|Using the right-hand coil rule,%|[the induced current will flow
anticlockwise when viewed from the north poleﬂ

I have explicitly addressed whether the magnetic
flux is increasing or decreasing.!

I have explicitly addressed the direction of
magnetic flux.?

I have used the relevant theory: Lenz’s law.?

I have explicitly addressed the direction of the
induced magnetic field.*

I have explicitly referenced the right-hand coil rule.®

I have explicitly stated the direction of the induced
current when viewed from the north pole.®

7 a [Slip rings act as a constant connection between the generator’s
coil and the external circuit.‘} [ This causes the alternating
current produced in the coil during rotation to be transferred to

the external circuit as AC power.z]

I have explicitly stated how slip rings work.!

I have explained the function of slip rings.?

p 22N

_1 l _1
I,”N, *35710

I,=0.35A (1MARK)
Pioss = Piine Riine = 0-35% % 3.5=0.43W (1 MARK)

¢ [The farmer could replace the slip ring with a split ring
commutator.’| [ The split rings would contact alternate sides of
the generator’s coil every half rotation, acting to rectify the AC
output to DC.?|

I have identified how to convert an AC generator to DC.!

I have used the theory: split-ring commutator.?

8 [No power could be transmitted through the transformer.’|[ The
transformer can function with AC as the changing magnetic field
induces a current in the secondary coil, which is not possible with
constant DC.?|

I have stated that no power transmission can occur.

I have used the relevant theory: transformers.?

9 a @p=B/A..75x103=B x75x1072x12.5x 1072 (1MARK)

B, =0.80 TorWb m™2 (21ARKs)

_1_1 -2
b 7= f—12—8.33><10 S
-2
For a quarter rotation: At = % =2.08%1072s (1MARK)
AD -3
L B _ 7.5x10
€= NfAt =10 x 2.08x102 (1 MARK)

£=3.6\V (1MARK)

10

11

C
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|As the coil rotates in the magnetic field, the magnetic flux
through the coil was to the right and increasing when viewed
from the handle.‘] [Hence the induced current would oppose
this change in flux and increase flux to the left by Lenz’s Iaw.z]
|Using the right-hand grip rule, the induced current would be
from Cto B3|

| have explicitly addressed the initial change in
magnetic flux.!

I have used the relevant theory: Lenz law.?

I have explicitly stated the direction of the
induced current.3

€
r N
N A~ 9
\/ N\ g

| have correctly labelled my axes.
| have drawn an oscillating voltage.
I have drawn a graph with decreasing amplitude.
I have drawn a graph with increasing period.

Piyos = P Rpino = 16.02 % 35.0 (1 MARK)

loss — " line "line

Pposs =8.96 X 103 W (1 MARK)

vV, N
Output of step-up: 71 = N—l 9%) = %
2 2

V,=1.35x 104V (1MARK)

v

drop =1

R,

line

=16.0 x35.0=560V (1MARK)

line

Input of step-down: V; =V, =V, = 1.35 104 - 560
V,=1.294 x 104V (1 MARK)

Output of step-down is the voltage across the lamp:
Vi _ N 1.294x10%_15
VZ NZ . V[ump 1

Vigmp = 8:6 X 102V (1MARK)

Increase the output voltage of the power plant OR increase the
ratio of secondary to primary coils on the step-up transformer
OR decrease the ratio of primary to secondary coils on the step-
down transformer OR use a thicker cable with less resistance.

P=VI :.18=45x%]
I=4.0A (1MARK)

N

2 1 .4.0_2

= ST =5 (1MARK)
ll NZ Iline 1

o

l,,-ne =0.20 A (1 MARK)

Pross = Piine Riine = 0202 % (3.0 + 3.0) (1 MARK)

P,OSS =0.24W (1 MARK)
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Vv, N
R L
2 2

=

20
501

IS

V=90V (inputto T,) (1MARK)

Varop = line Riine = 0-20 X 6.0= 1.2V (111aRK)

Voutput =V + Vdmp =90+1.2=91.2V (1 MARK)
ﬂ _& . Vinput _ i
V,” N, "* 912 ~ 20
Vmput =4.6V (1MARK)

d  [Unlike DC, AC power is able to utilise ideal transformers."|
[Transformers allow for the transmission of power at a higher
(stepped up) voltage and a reduced current.z} [As power loss is
proportional to the square of current by P . = I,%ne Riines
this results in reduced power loss compared to when using
DC.3|[Therefore, AC is preferred for long-distance
powertransmission.“}

I have explicitly addressed why AC is prefered.!

I have used the relevant theory: transformers.?

I have used the relevant theory: power loss.?

I have related my answer to the context of
the question.”




9A Wave fundamentals

Theory review questions

1 C 2 C 3 D

4 B 5D 6 A

7 C 8 C 9 B
This lesson

10 a A. Aistheonly particle for which displacement increases from 0 cm
just aftert=0s.

b T=5s (1MARK)

1_1
f:ngzo.Z Hz (1 MARK)
4 t=%T+T(lMARK)
t=3.75+5=8.755s (1 MARK)

11 a A:notmoving, B: up, C: up, D: down

b Distance =2.5 cm. Displacement=-2cm
12 a A:left, B:right, C: right, D: right

b Distance =5.5 m. Displacement=-0.2 cm

13 |The particle oscillates left and right'| at a frequency of 50 Hz.? [ Its initial
position (3 cm from the speaker) is the mean position of the oscillations.3]

I have explicitly addressed the oscillation of the particle.!

I have used the provided data in my answer.?

I have explicitly addressed the initial position of the particle.?

14 [Dominique should make the period shorter‘][as period and frequency

are inversely proportional (f=%), and so a smaller value of T will result

in a greater value of f .2

I have explicitly addressed the question.’

I have used the relevant theory: the relationship between
period and frequency.?

15 a Whole spring: displacement-distance graph.

One point: displacement-time graph.

b A=0.1m
¢ A=4m
d T=6s

“1_1_
e f—T—6—0.167 Hz

ANSWERS 485
f Displacement (m)

01}

0.05
» Distance
2 4 (m)

-0.05
-0.1

v

I have plotted a sinusoidal line going through the points:
(07 _0'1)5 (1) 0): (25 0'1), (3) 0): (45 _O'l); and (55 0)'

| have used a consistent and appropriate scale on each
axis so that the space between each grid line represents
a consistent value and the data takes up at least half the
space on the axis.

| have included appropriate units on each axis.

16 a A=20cm

b $T=020 (LMARK)

11
f=4=2x070=L125Hz (1MARK)
Previous lessons

|
\/l_(%)z Vv1-0.902

17 y= =2.294

| =lto_4.01x101

0 _401x1077 16
=y 3994 = 1.75%x10° m (1 MARK)

1.75x 106

p=d-_L75x10%°
V' 0.90x3.0x108

(1 MARK)
t=6.47x10"s=2.1years (1 MARK)

18 [The coil begins to rotate because forces act on the current-carrying
wires WX and YZ in opposite directions which creates a torque (turning
effect).’| The forces are due to current flowing perpendicular to the
magnetic field.?|[ By the right hand palm rule, as the current flows from
Wto X and the magnetic field is from left to right, the force on the left
side of the coil is directed down. Similarly, the force on the right side of
the coil is directed upwards.?|

I have explicitly addressed the question.’

| have used the relevant theory: conditions for
magnetic force.?

I have used the relevant theory: application of right hand
palm rule.?

| have related my answer to the context of the question.

Key science skills

19 [Izzy has more accurate data and Emma has more precise data."|[1zzy’s
average (696.2 nm) is closer than Emma’s average (696.8 nm) to the
actual wavelength (695 nm).z} [ The range of Emma’s measurements (5
nm) is smaller than Izzy’s range (17 nm).3]
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I have explicitly addressed the question.!

| have used the relevant theory: the definition of accuracy.?

| have used the relevant theory: the definition of precision.?

| have used the provided data in my answer.

9B Wave speed

Theory review questions

1 C 2 A 3 B 4 D
5 A 6 C 7 A 8 C
This lesson

9 [The waves are travelling at the same speed after exiting the tank as
before entering the tank."| [ The speed of sound in air is constant as
wave speed is dependent solely on the medium in which the wave
is propagating.?|

| have explicitly addressed the question: compare wave
speed before and after tank.!

| have used the relevant theory: the dependence of wave
speed on the medium.?

10 [If period is doubled wavelength will also double.’|[ This is determined

from the equation v = .Ar, which can be expressed as A = vT. This shows

that wavelength is proportional to period.z}

| have explicitly addressed the effect of doubling period
on wavelength.!

| have used the relevant theory: the wave equation.?

11 A:%:%:z.szm

A=¥=320=0773m

13 v=fA=1000x0.338=338 ms?

_A_450_ -1
14 v= T—2.00—2.25ms

15 |Although the wave equation v = fA relates wave speed, frequency, and
wavelength, the wave speed is constant for a given medium. Wavelength
and frequency are the only variables.'J |Wave speed is dependent only
on the medium in which the wave is propagating, so will not change
when frequency changes.?|

| have explicitly addressed the wave equation.’

| have used the relevant theory: the dependence of wave
speed on the medium.?

16 a v=fA=10x0.25=25ms™1 (1umarK)

A:%:%:O.IYm (1 MARK)

17

18

19

20

21

22

23

24

b v=%=2‘f205=0.125 ms™1 (1 MARK)

?\=%=%=0.063m (1 MARK)
f=%=%=3.5x103 Hz

a A=v7=0.40x8.0=32m

b Point P moves back and forth in the direction of the wave, since the
wave is longitudinal.

P

- Q—>
T=8.0sfrom graph
A=vT=330%8.0 (1MARK)
A=2.6x103m (1MARK)

a T=20.0 minutes =20.0 x60.05=1.20%x 103s

1_

1 1 -4
T To0a g =833 % 104 Hz

f=

b A=500km=5.00x%10°m
v=fA=8.33x10%x5.00%10°=417ms!

f=30kHz=3.0 x 10 Hz

A=Y= 340
f3.0x10%

=0.011m=11mm

Based on wave equation, longest wavelength occurs at the lowest
frequency 85 Hz. (1 MARK)

_v_340
A=F=%s

=4.0m (1MARK)

A= % length of tube =% x2.00=0.500 m
v=FfA=534x0.500=267ms (1mARK)

The unknown gas is carbon dioxide. (1 MARK)

Use graph and wave speed provided to determine period is 1.5s.

Initially, pressure at point Q decreases as wave is moving to the right.

Pressure (Pa)

4

VANVANANA
AVARVARVA

-4

| have drawn axes with correct labels and units.

I have included an appropriate and consistent scale on
the axes.

I have drawn a sinusoidal graph starting from (0,0) and
finishing at (6,0).

I have drawn a wave with an amplitude of 4 Pa.

| have drawn a wave with a period of 1.5 s.

| have drawn a wave that initially decreases.




25 a A=4mfrom either graph

b Forlowest possible frequency, the wave has moved through %ofa

cyclein 0.25s (1 MARK)
1-_
ZT—OQSS
T=1s
f=L=1Hz (1 MARK)
T
¢ v=fA=1x4=4ms!
26 a A=8mfromgraph

_A_8_

b T=3=5=4s

¢ 2sishalf a period, so the wave has moved half a wavelength to
the right.

Pressure (Pa) Direction of wave travel ——m

4
AN
> d(m)
2 a 6 zxo
-2
_4,\/

I have drawn axes with the correct labels and units.

I have included an appropriate and consistent scale on
the axes.

I have drawn a sinusoidal graph starting from (0,0) and
finishing at (10,-4).

| have drawn a wave with an amplitude of 4 Pa.

I have drawn a wave with a wavelength of 8 m.

I have drawn a wave that has shifted half a wavelength to

the right.

Previous lessons

L 1
27 =3

L, 4

Ly
YZT:T:4 (1 MARK)
a=—t—
l_L

c2

v=0.968C (1MARK)

28 a W=KE

qv=%mv2
1.6x10719x v:%x 9.1x10731x (5.0 x 107)2 (1 MARK)

V=7.1%x103V (1MARK)

b romv_9.1x 10731 x 5,0 x 107

“gBT 16x100x350 MR

r=8.1x107"m (1 MARK)
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¢ Remember, when using the right-hand rule to determine path
direction, an electron has a negative charge.

e

| have drawn a clockwise circular path.

Key science skills

29

30

31

Measurement uncertainty = i% x smallest increment = + % x10=+5Hz
. ._rise _ A _
gradient =55 = TV (LMARK)

Use two points on a line of best fit which passes through all uncertainty
bars to determine rise and run.

_35_ -1
V=207 0.50 ms™ (1 MARK)

Depending on the line of best fit drawn, answers between 0.44 m s and
0.56 ms™! are acceptable.

A(m)

r
3.0t
251
2.0t

15+

0.5+

} } } } } +—» f(Hz)
0 20 40 60 80 100 120

| have identified the independent and dependent variables.

| have drawn the horizontal axis as the independent variable,
and included correct units.

| have drawn the vertical axis as the dependent variable, and
included correct units.

| have included an appropriate and consistent scale on
the axes.

| have plotted each point of data.




488 ANSWERS

| have drawn correctly sized uncertainty bars.

| have drawn a smooth curve of best fit which passes through
all uncertainty bars.

9C The Doppler effect

Theory review questions

1 A 2 B 3 C 4 B
5 A 6 C
This lesson

7 Speed relative to student A: Vg +V, (1MARK)
Speed relative to student B: V¢ = Vg (1MARK)

=340-30.0=310ms™

Vrelative

9 Only the source is moving, so there is no change in relative wave speed.

Umpire running towards: v =340m st (1MARK)

relative

. . . _ 1
Umpire running away: vre,mive—340 ms™ (1 MARK)

10 [The sound waves have increased frequency due to the Doppler ef'fect.‘]
[Because the police car moves towards the observer between the
formation of each wave front, the wavelength decreases and so the
frequency has increased.?|

I have explicitly addressed the physical principle involved.!

| have used the relevant theory: motion in a medium.?

| have related my answer to the context of the question.

11 The distance between fronts has increased.

12 [When the wave receiver travels away from the sound source, the
frequency of sound measured will have decreased.‘} [When the receiver
moves away from the sound source, there is a longer period between
each wave crest reaching it, meaning that it records a lower frequency.z}
[This is the Doppler effect.?|

I have explicitly addressed how frequency changes.!

| have used the relevant theory: motion in a medium.?

I have explicitly addressed the physical principle involved.?

13
Direction of movement

il

| have drawn the waves in front of the source with
shorter wavelength.!

| have drawn the waves behind the source with
longer wavelength.?

14 a Thefrequency hasincreased.

b [The frequency will be the same as that recorded while stationary.‘}
| Despite both cars being in motion, they are stationary relative to
each other.?|

I have explicitly addressed the change in wave frequency.!

I have used the relevant theory: motion in a medium.?

¢ |Thefrequency will be lower than that recorded while stationary.‘J
[This is because car A and car B are moving further apart.?|

I have explicitly addressed the change in wave frequency.!

I have used the relevant theory: motion in a medium.?

15 [Tamika is correct!||as wave speed relative to the medium is dependent
on the medium only.z} |Afrequency change occurs due to the increase
in wave speed relative to the detector. This causes more wave cycles to
reach the detector per second, increasing frequency.3]

I have explicitly addressed which student is correct.!

| have used the relevant theory: wave speed is dependent on
the medium only.?

I have explicitly addressed why there is a frequency change.®

| have used the relevant theory: motion in a medium.

Previous lessons

16 Speed of particle relative to comet is 0.70¢
1

1
= = =1.40 (1MARK
v - v2 (0.70c)? ( )
a ViTao

L
L= 70 = —31028 (1 MARK)

L=21x103m (1MARK)
17 KE=W
%m vi=gqV
1%91x103xv2 = 1.6 1019 x 40 x 103 (1waRK
v=119%x108ms?
v = 0.40C (1 MARK)
Key science skills

18 Independent variable: vehicle speed; Dependent variable: detected
frequency; Controlled variable: source frequency OR wave medium

19 Qualitative: Bodhi; Quantitative: Tane



9D Wave interference and path
difference
1 C 2 B 3 A 4 D
5 C 6 C 7 B 8 A
14
This lesson
9 a Fromdiagram PM=2Aand QM=3A

p.d. = |PM-QM|
4.0=[2A-3Al (1 MARK)
A=4.0Ccm (1 MARK)
b From diagram PN=2Aand QN=1.5\ (1 MARK)
p.d.=|PN-QN|=12x4.0-1.5%4.01=2.0 cm (1 MARK)

10 [Thesound is louder at position X because p.d. = 0 at this point which
means constructive interference occurs whereas, at position Y, p.d. = 0.5A
so destructive interference occurs.‘} [Interference is a wave behaviour.z]

I have explicitly addressed the question.’

I have explicitly addressed wave behaviour.?

I have used the relevant theory: relationship between path
difference and type of interference.

I have related my answer to the context of the question. 15

11 pd=(n-3)
|PT-15.0|= (3—%) x5.00 (1 MARK)

PT=27.5cm (1 MARK)

16
12 a Yisthe2"dloud point from centre.
p.d.=nA=2x0.60=1.2m (1MARK)
p-d-=[S,Y=S,Y|
1.2=]1.0 = S,Y| (1MARK)
52Y= 2.2 m (1 MARK)
b i p.d =0so constructive interference (high intensity) occurs. 17
ii pd. % =1.5 (1MARK)
p.d.= (n - %)7\ where n =2 so destructive interference
(low intensity) occurs. (1 MARK)
13 a p.d.=17.0-12.0/=5.0cm

.d.
p.a. = 5—8 =2.5 (1MARK)

p.d.= (n— %)?\ where n=3 so destructive interference occurs

. (1MARK)
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— S ~
o O
A B
° °

Any point along the green line (the third nodal line) is an acceptable
location for X.

a [Loud regions are caused by constructive interference.!|| Quiet
regions are caused by destructive interference.?|| These regions
alternate as Mark walks towards speaker A because the type of
interference depends on the path difference.?||Constructive
interference occurs where p.d. = nA and destructive interference

occurs where p.d. = (n —%)7\.4}

I have explicitly addressed the cause of loud regions.!

I have explicitly addressed the cause of quiet regions.?

| have explicitly addressed the alternation between loud
and quiet regions.?

| have used the relevant theory: relationship between
path difference and type of interference.*

| have related my answer to the context of the question.

b ?\:%:%ZO.SOOm (1 MARK)

p.d.= (n—%)?\: (3—%) x0.500=1.25m (1 MARK)

Distance from centre is % =0.625m (1 MARK)
a v=fA=4.0x0.015=0.060 ms™
b p.d =nA
[5.0-2.01=1.5n (1 MARK)
n=2 ..Pisthe 2nd antinode from the centre. (1 MARK)

a p.d =1450-7.00=2.50m
p.d.= (n—%)x
2.50= (3—%)7\ (1 MARK)
A=1.00m (1 MARK)

b f=y=315=340H2

Let the speed of sound be 340 m s™! (note that speed does not affect
the result).

st ; _v_340_
For 1stexperiment A = 7= 200> 0-850m
p.d.=nA=1x%0.850=0.850 m (1 MARK)

For 2"d experiment p.d. = (n—%)?\

0.850=(2-3)A (wuARe

A=0.567m

=¥ = 2007 =600 Hz (1uaRK)
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Previous lessons

18 a Length contraction.
b =i=@=50(1MARK)
Y=L T20 T
__ 1
Y= 72
=
5.0=—A—
%
1=z

v=0.9798¢=2.939x 108 m s (1 MARK)

Muon’s frame measures proper time.

_L__ 20 5
th=v 2939 % 108 6.8x107°s (1MARK)
19 ¢,=BA
@,=(2.4x1072)%(4.0x1073)=9.6x10° Wb (1maRK)
Ad
_ B
e= N_At
-5 _
e=15x 79'60?%0_0 0 (1 MARK)

£=5.8%x1073V (1MARK)
Key science skills

20 a Yes.The measurements taken and the formula used will allow
Batman to determine the wavelength.

b Use asound intensity meter to identify the node rather than
listening for it.

¢ |Measure the path difference at multiple nodal points and repeat
the calculation.!|[ This provides multiple valid measurements for
wavelength which can be averaged to reduce the effect of
random errors.?|

I have explicity addressed a way to improve accuracy.’

I have used the relevant theory: the relationship between
random error and accuracy.?

9E Resonance
1D 2 B 3 A 4 C 5 A

This lesson

6 a ‘

I have drawn the wave pulse reflected and inverted.

| have indicated the direction of travel.

| have drawn the wave pulse reflected but not inverted.

| have indicated the direction of travel.

7 When the amplitude of oscillation significantly increases.

8 |Objects resonate when they are being forced at their natural frequency.
Each forced oscillation at the natural frequency adds energy to the
system which builds the amplitude of oscillation.||A glass can be
broken by a human voice because the glass can resonate due to the
voice, such that the amplitude of oscillation becomes sufficiently large
to break the glass.?|

I have used the relevant theory: resonance.!

I have explicitly addressed how a voice can break glass.?

9 |Task 1 will cause the machine to vibrate most'|| because its frequency
(75 Hz) matches the natural frequency of the machine so it will resonate.z]

I have explicitly addressed which task will cause the machine
to vibrate the most.!

I have used the relevant theory: resonance.?

10 [Francis is correct.’] [Forcing oscillation of the swing at its natural
frequency (resonance) will allow the energy from every push to
efficiently build up, achieving a high swing.z][George isincorrect
because, when the forcing frequency is not the natural frequency, the
force of a push can act against the oscillation of the swing, decreasing
swing height.?|

I have explicitly addressed who is correct.!

I have used the relevant theory: resonance.?

I have explicitly addressed why George is incorrect.®

Previous lessons
11 Clockisrunning at half the speed: y=2 (1marK)
KE=(y-1)mc?=(2-1) x 1.2 x 10° x (3x108) 2 (1 mARK)

KE=1.1x1022J (1MARK)

12 KE 0= (Y= 1)mc?=(4.5-1) x mc? (1nmARK)
KEinitia[ = KEﬁrstpurtic[e final + KEsecondparticle final
3.5xmc?=mc?+ KEsecondparticleﬁnal (1 MARK)
KE, =2.5xmc? (1MARK)

second particle final ~

13 [The magnetic flux through the coil is decreasing!|[downwards.?|| By
Lenz’s law, the induced current creates a magnetic field which opposes
the change in flux®|[so the magnetic field points downwards*|[Using
the right-hand coil rule, with thumb pointing down to represent the
induced magnetic field,?|[the current direction is clockwise. |



%/ ©2 Ihave explicitly addressed whether the magnetic flux is
increasing or decreasing.!

%/ ° I'have explicitly addressed the direction of magnetic flux.?
7 &

B
B

%/ © Ihave explicitly addressed the direction of current.®

I have used the relevant theory: Lenz’s law.?

I have explicitly addressed the direction of the induced
magnetic field.*

I have explicitly referenced the right-hand coil rule.®

Key science skills

14 a 1

Oscillation amplitude (m)

0 20 40 60 80
Forcing frequency (Hz)

I have drawn the horizontal axis as the independent
variable, and included correct labels and units.

ARX
8
ARX

ARX
ARX
ARX

I have drawn the vertical axis as the dependent variable,
and included correct labels and units.

I have used an appropriate and consistent scale on
the axes.

I have plotted each point of data.

I have drawn correctly sized uncertainty bars.

I have fitted an appropriate curve to the data which
passes through all uncertainty bars.

b 45Hz

9F Standing waves

Theory review questions

1D 2 C 3 D 4 A
5 B 6 A 7 D

This lesson

8 a A=2£=230-59p

b f=57=13320=20Hz OR f=%=2D=20Hz

10

11
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A= 2L _2%5.0

A 5 = 5.0 m (1 MARK)

f= nv _2x200

T2L7 2x5.0

=40 Hz (1 MARK)

OR

7\=%=2x2—5‘0=5.0m (1 MARK)

f= :%:40 Hz (1 MARK)

v
A

_2L _2x%0.690 _
)\—T-T—OAGOm

f= nv_ 3x330

=320 2x0.690 17Hz

OR

f=%=%=717Hz

7\=%=m= 0.345m (1 MARK)

f= nv_ 4x330

2L 7 2%0.690

=957 Hz (1MARK)

OR

A= 2L_2x0690

n 2 =0.345m (1 MARK)

f= % = —0?3325 =957 Hz (1MARK)
A=b=200_36
_nv_ 1x360 _ )
=4 = axoe0 = 1.0x102Hz
OR
_v_360_ 2
f—7\— 3.6 =1.0x10°Hz

For one fixed end, second lowest frequency resonance is the third

harmonic (n=3).

7\=43—L=%=1.2m (1 MARK)

nv_3x360 _ 34102, (1 MARK)

f=%l = 2x090-

OR

A:%:%:I.Zm (1 MARK)

f:%:%:wxloZ Hz (1MARK)

Effective length of string has halved: L = % =0.1625m (1 MARK)

A=2L_2x0.1625

il i =0.325m (1 MARK)

Frequency has doubled since effective length of string and

wavelength has halved. (1 MARK)
f=2x440=880Hz (1 MARK)

OR

v=f\=440x0.650=286m s (1 MARK)

f:%:%:sso Hz (1 MARK)

12 A=% 5.3.0 =7 (1MARK)

L=0.75m (1 MARK)
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13 a
| have shown the envelope (i.e. the max. and min.
positions) for each standing wave.’
I have explicitly addressed the question.’
I have drawn a standing wave with one half-wavelength
for the 15t harmonic. I have used the provided data in my answer.?
I have drawn a standing wave with three half- | have used the relevant theory: wavelength of standing
wavelengths for the 3" harmonic. waves with one fixed end.3
b | have drawn a diagram of a fifth harmonic wave with

one fixed end which shows the distance between nodes
and antinodes.

—av__ 5x300
F= a0 = ax100x102 1
I have shown the envelope (i.e. the max. and min. f=3.8x103Hz (1vARK)

positions) for each standing wave.! ) )
17 a 1.0second lateris one quarter of a period later.

I have drawn a standing wave with one quarter- Displ ¢
wavelength for the 15t harmonic. 'SR acement (m)
14

I have drawn a standing wave with three quarter-
wavelengths for the 3" harmonic.

0 + + + 3 + +—p Distance (m)

14 [Astanding wave is formed on a string by the superposition of a 6
travelling wave with its own reflection”|which travels in the opposite
direction with the same amplitude and frequency.?|[ The superposition

of these waves produces antinodes (constructive interference) and 3
nodes (destructive interference).ﬂ
- . . I'h flat li i .
I have explicitly addressed the formation of standing waves." ave drawn a flat line at 0 m displacement
. " Ih he hori i i i
I have used the relevant theory: the required qualities of the ?ve labelled the horizontal and vertical axes, including
. . 2 units and a scale.
interfering waves.
I have used the relevant theory: the interference pattern of a b 2.0 seconds later is half a period later.

standing wave.3

Displacement (m)
F s

I have included a diagram showing the formation of a 1

standing wave and its nodes and antinodes (similar to Figure
1in lesson 9F).

15 |Atravelling wave has points of maximum amplitude (i.e. crests and 0 1 2 4 5 6 > Distance (m)

troughs for a transverse wave) that travel in the direction of wave
propagation,!||whereas a standing wave has constant points of
maximum variation of amplitude called antinodes.zj -11

I have explicitly addressed maximum amplitude in
travelling waves.! | have drawn a sinusoidal graph that passes through
(0,0), (1.5,-1),(3,0), (4.5,1),and (6, 0).

I have explicitly addressed maximum amplitude in
standing waves.? | have labelled the horizontal and vertical axes, including
units and a scale.

16 a |Thestring has one fixed end."]|The distance between a fixed

end (node) and its nearest antinode must be one quarter of a c V:%:%:1_5 ms™L (1 MARK)
wavelength. In this case we have % =2.0cmsoA=8.0cm. We also Sx15

_nv_5x1.
know L =10.0 cm and n = 5.2|| This data meets the constraints of a F=20= %6 AR

string with one fixed end: A :%.3] f=0.63 Hz (1MARK)



18 Two nodes and two antinodes is only possible for the third harmonic of
a string with one fixed end.
_3x20

f:%:.m— a0 (LMARK)

L=1.5m (1MARK)

Previous lessons

19 a [Thecurrentin the coil reverses direction every half turn (AC).
Slip rings provide a constant connection so the output to the
oscilloscope will also be AC.‘} [To generate a DC signal, a split ring

commutator would be needed instead of slip rings.z}

I have explicitly addressed why an AC signal is produced.”

I have explicitly addressed what would be required to
produce a DC signal.?

I have used the relevant theory: slip rings and split ring
commutators in generators.

b T=4x30ms=0.12s (1MARK)

f=r112 =8.3Hz (1MARK)

¢ [Ifthe rotational speed of the coil was tripled, the time period of
each emf cycle would reduce by a factor of 3 (or the emf frequency
would triple)'|[and the amplitude of the emf would triple.?|

I have explicitly addressed the impact on emf time period
or frequency.’

I have explicitly addressed the impact on emf amplitude.?

20 KE=(y-1)mc?=(5-1)x 15000 x (3.0x108)2 (1nARK)
KE=5.4x10%1J (1MARK)
Key science skills

21 [Taking multiple readings and then calculating the average will reduce the
effects of random error in the experiment.’|[Having a friend repeat the
experiment will help James determine the reproducibility of his results.z]

I have explicitly addressed the effect of taking
multiple readings.’

I have explicitly addressed that effect of having a friend
repeat the experiment.?

9G Diffraction

Theory review questions

1 C 2 B 3 A 4 D
5 A 6 B

This lesson

7D
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8 [Speaker B can be heard with greater intensity'||because its sound

will diffract more.?||For speaker B, % =% =1.5which is greater
1.0

than % =30 =0.50 for speaker A.3|

| have explicitly addressed which sound will be heard with
greater intensity.!

I have used the relevant theory: extent of diffraction.?

I have used calculations to support my answer.?

N
7 O\

7\

Original frequency New frequency

| have drawn a pattern for the new frequency with
shorter wavelengths.

| have drawn a pattern for the new frequency with
less diffraction.

b [Increasing frequency decreases Wavelength‘} [which reduces the

A - -
ratio v so less diffraction occurs.?|

| have used the relevant theory: relationship between
frequency and wavelength.!

I have used the relevant theory: extent of diffraction.?

10 [Hannah’s suggestion will work but the others will not."|| To double x
the students will need to double the extent of diffraction by doubling
the ratio %2} [Halving the frequency doubles the wavelength (and the
ratio),3|[halving the distance between the speaker and the barrier will
not affect the ratio,*|[and doubling the gap width will halve the ratio.%|

I have explicitly addressed which suggestions are correct
and incorrect.!

I have used the relevant theory: extent of diffraction.?

I have explicitly addressed Hannah'’s suggestion.3

I have explicitly addressed Ash’s suggestion.*

I have explicitly addressed Shahan’s suggestion.®

11 [The trombonist is sliding up the frequency range."|[Increasing
frequency decreases wavelengthz] |and the ratio %, reducing diffraction

out the door.3|

I have explicitly addressed which way the trombonist
is sliding.!

| have used the relevant theory: relationship between
frequency and wavelength.?

I have used the relevant theory: extent of diffraction.?
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12 [Campbell’s bark diffracts more'||as the ratio % is greater.?||For

Campbellsbark, W W_30 For Dion’s bark, )\—ﬁ—0400m
A _0.400
SO =570 — 2 03J

v/ 2% I'have explicitly addressed which dog’s bark will
diffract more.’

% 22 I'have used the relevant theory: extent of diffraction.?

%/ © Ihave used calculations to support my answer.?

Previous lessons

Vpeak . Vpeak

13 a VRMS:W“]AO:

7 Vpeuk =198V

N
b Step-down transformer has 4:1 ratio. N_IZ% 2%&:%
2

N, =500 turns

N. I [}
M1 lines .1 _ lines .
¢ Step-up transformer: N %7700

2 ‘alternator

=10.0 A (1 MARK)

ol lines —

2R=10.02x (1.00+1.00) =200 W (1 MARK)

P loss llines

2

N
d  Step-up transformer: N—l w

AB

.1_140
4 VAB

VAB =560V (1 MARK)
Transmission lines: VPQ = V5~ ljines R=560-10.0 x (1.00+1.00)

VPQ =540V (1MARK)

N.
L1 P4 _040 _
Step-down transformer: N, "V 17V, 2V =135V (1 MARK)

14 F=mc? ..eachsecond: 5.7x 1028 =mx (3.0 x 108)2 (1mARK)
m=6.3x 10 kg lost each second. (1MARK)
Key science skills

15 a Independentvariable: gap size (w); dependent variable: diffraction
pattern width (y); controlled variable: wavelength OR frequency OR
wave medium.

b The experiment and its results are reproducible.

Chapter 9 Review

Section B

1A 2D 3 B 4 D 5 C

6 a From thedisplacement-distance graph A=4 m and from the
displacement-time graph T=4s (1 MARK)

_A_4_ -1
v—T—4—lms (1 MARK)

b Particle Cis moving upwards.

¢ Particle E is the only particle for which displacement decreases from
O0mjustaftert=0s

Displacement (m) t=1.0s

1
. /\ /\ /
I » Distance (m)
_0'5 \/ v
-1

% > lhave labelled both axes including units.

% > Ihave used an appropriate and consistent scale on
both axes.

% > I'have drawn a sinusoidal wave with an amplitude of 1 m
and a wavelength of 4 m.

% > I'have drawn a graph which starts with a minimum at
d=0m and ends with a maximum atd=10m.

Displacement (m)

.

14

v

Time (s)

-0.5+

-1+

§/ 2 I'have labelled both axes including units.

§/ > Ihave used an appropriate and consistent scale on
both axes.

§/ 2% Ihave drawn a sinusoidal wave with an amplitude of 1 m
and a period of 4 s.

% 2% Ihave drawn a graph which starts with a maximum at
t=0sand ends witha minimumatt=6s.

| S

% > I'have drawn a wave which has been reflected from the
original wave.

% > I'have shown the wave travelling in the opposite direction.




I have drawn a wave which has been reflected from the
original wave.

I have drawn a wave which has been inverted from the
original wave.

I have shown the wave travelling in the opposite direction.

[Mr Ridley is incorrect and Ms Hawes is correct.|[ The volume
depends on the amplitude of the sound wave. The amplitude at a
given point will be large if constructive interference is occurring and
smaller if destructive interference is occurring.z} [This depends on the
path difference to each speaker from that point.3}

I have explicitly addressed each opinion.!

I have used the relevant theory: wave interference.?

I have used the relevant theory: the relationship between
path difference and interference.?

_v_340 _
b 7\—f—100—3.4m

For Toby: p.d.=|S;T-S,7|=8.4-5.0=3.4m=nA
wheren=1 .. antinode. (1MARK)

. . _ _ _ _ 1
ForReginald: p.d.=|S,R - S,R|=2.7-1.0=17m= (n - 5)7\
wheren=1 .. node. (1MARK)

Toby will hear the sound well since he is at an antinode (constructive

interference) whereas Reginald will not hear the sound well/at all
since he is at a node (destructive interference). (1 MARK)

2x5.0 _

Longest wavelengthwhenn=1 .. A :% =5 10m

b f=%=% (1 MARK)

f=8.4Hz (1MARK)

¢ Forone fixed end, third lowest frequency is when

5x28
AL Tx50 (RN

n=5 .. f=
f=7.0Hz (1MARK)

10 [Standing waves on strings with two fixed ends have nodes at both ends
whereas standing waves on strings with one fixed end have a node at
the fixed end and an antinode at the free end'||which is a result of the
constructive interference that occurs between a travelling wave and its
reflection at the free end.?|

I have explicitly addressed the difference between two fixed
ends and one fixed end.

I have used the relevant theory: wave interference.?

11 a Destructive interference is creating a node at the position of
the receiver.

b [The diffraction pattern will spread out more.!|[ This is because

diffraction is proportional to the ratio of% and a lower frequency
means a longer wavelength.?|

I have explicitly addressed the question.”

I have used the relevant theory: extent of diffraction.?

12

13

14

15

16

b

b

A=

V=

b

b
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[The detected frequency will decrease as the receiver moves away.‘}
[This is the Doppler effect.?|

I have explicitly addressed the question.’

I have explicitly addressed the relevant physics principle.?

_A_9.00_ -1
v—T—1.50—6.00ms

p.d.= (n - %)7\ = (2 - %) x9.00=13.5m (1 MARK)
p.d.=IPA-PBI| .. 13.5=112.0 - PB| (1MARK)

PB=25.5m (1MARK)

| have shown the envelope (i.e. the max. and min.
positions) for the standing wave."

| have drawn a standing wave with five
‘quarter wavelengths’.

5 Zf’o (1 MARK)

_nv . 552
f=g1 - 30=

L=0.25m (1 MARK)

20 _2x1.40
=72

4 =0.700 m (1 MARK)

Af=0.700 x 250 =175 m s~} (1MARK)

|A standing wave will not form|[since the wavelength does not meet

the constraints of a string with one fixed end (i.e. it does not fit A =%
where n is odd).?|

I have explicitly addressed the question.”

| have used the relevant theory: harmonics for one
fixed end.?

p.d.=|SX,

reflecte

e SX| =112-4.0/=8.0m (1 MARK)

.d.
pa. _ % =4 . p.d.=nAwheren=4 (1MARK)

Constructive interference is occurring at point X. (1 MARK)

Diffraction

[The observer is least likely to hear the trumpet'|[since it has the
highest frequency (shortest wavelength) and diffraction is less
significant for shorter wavelengths.?|

| have explicitly addressed which instrument the
observer is least likely to hear.!

I have used the relevant theory: extent of diffraction.?
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10A Electromagnetic waves

Theory review questions

Exam-style questions

[
@
N
(@}
w
o
E-)
o
(5]
pd

This lesson
6 Radio, microwaves, infrared, orange light, ultraviolet, x-rays
7 Gamma, ultraviolet, blue light, red light, infrared, radio

8 D. Green has the second longest wavelength of the visible colours that
mercury emits.

9 |An electromagnetic wave is produced by the acceleration of a charged
particle.’] [ This produces a changing electric field and an associated
changing magnetic field.?|

% 22 Ihave explicitly addressed charged particles."

% 2% I'have used the relevant theory: production of an
electromagnetic wave.?

As _ 384400103

10 a At=7= 3.0x10°8 =13s

_c_3.0x108
b A=% 144 x 108

(1 MARK)
A=2.1m (1MARK)
Previous lessons
11 a E=mc? . eachsecond3.85x 1026 =m x (3.0 x 108)2 (1mArK)
m=4.3x107 kg lost each second. (1 MARK)
b E=mc?=0.0276x 1.66 x 10727 x (3.0 x 108)2 (1 MARK)
E=41%x10712J (1marK)

Energy per second 385 x 1026
Energy per reaction ~ 4.1x 1012

¢ Reactions per second =
=9.3x 103 reactions per second

e (2
Vews _ \v2
Bo=

—5g =66 103W (1 MARK)

12 ACsupply: P=

b V2 _250%_ 3
DCsupply: P= R =90 -6:9%10°W

The DC supply provides more power. (1 MARK)
Key science skills

13 Average= 532.3+532.5+5352.1+531.9+532.7

=532.3Nm (1 MARK)

Uncertainty = 53272& =0.4nm (1MARK)

10B Refraction and reflection

Theory review questions

1D 2 C 3 D 4 B

5 C 6 A

Exam-style questions

This lesson

4

_ _3.0x108
7 n=y == v

. 1.60
v=19%x108ms!
8 nlsin(el) =nzsin(92) .. 1.00%5in(45.0°)=n,*sin(30.0°) (1 MARK)
n,=1.41 (1MARK)
9 nysin(8,)=n,sin(8,) . 1.32xsin(42°)=1.40xsin(8,) (1MARK)
ezzsin‘l(il'?’ziﬂgmzn)) =39° (1 MARK)
10 540nm=5.40x10"m

v=fA=4.085x 10 x540x1077=2.21x 108 m s (1MARK)

c _ 3.0x108

N=y =108 LMARK)

n=1.4 (1MARK)

M\ _ . /128
11 6 _=sin 1<n—1>—sm 1(?46) (1 MARK)
6,=61.2° (1MARK)

12 nsin(8)=n, .. 1.7xsin(48°)=n, (1MARK)

n,= 1.3 (1MARK)

13 a

% 2% Ihave drawn the reflected ray with angle of reflection
equal to angle of incidence.

b /

% 2% Ihave drawn the reflected ray with angle of reflection
equal to angle of incidence.

% 2% Ihave drawn the refracted ray with angle of refraction
greater than angle of incidence.

14 v,=12x%v,

vy n

V.= ,Tl =1.2 (1MARK)

nyvy=n,v,
1=MYs v =,

n;sin(8,)=n,sin(8,)
n
6,=sin"! (,zj sin(ez)) = sin‘l(lfgx sin(60°)) (1 MARK)

0,=46° (1MARK)
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15 |When the laser light passes into the stream of water, it can be guided | have drawn the specified number of field lines.

by total internal reflection since water has a higher refractive index than

air."||[Each subsequent reflection inside the stream will experience total | have drawn evenly spaced field lines.

internal reflection if it is incident at greater than the critical angle.z}

| have drawn the gravitational field lines pointing towards
I have explicitly addressed how the light is guided by the mass.

the stream.’

I have used the relevant theory: total internal reflection and b

critical angle.? \\/‘;/
16 Inair:nsin(8 )=n, ..ng,  xsin(50°)=1.00 ‘//\/\\'
Neipre = 1.3 (1 MARK) Y

Nebre < Myater -~ TOtalinternal reflection will not occur in water. (1 MARK)

. . . . I have drawn the specified number of field lines.
17 Despite moving through 3 media, we can treat this as a boundary

between the first (air) and third (liquid) media because the boundaries I have drawn evenly spaced field lines.

are parallel.

| have drawn the electric field lines pointing away from

n;sin(8,)=n,sin(8;) .. 1.00xsin(30°)=1.33xsin(6;) (1MARK) the positive charge.

03=22° (1MARK)

20 a P, =/?R=8.002x9.00=576 W
0,-05=30-22=8° (1MARK)

__1 3 - 5
V. n b 200x103V K= —x200x%x10°V =1.41%x10°V, (1 MARK)
_ _ . prism _ Myater _ peal V2 RMS RMS
18 Vi, =0.80 v, and nyvy=n,v, Vovater s~ 0.80 . ,
out _ Yout _ 1.414%10° _ . LN, =£8Q9 -
N, V" 540 =589 Ny, i N;,=589:1 (1MARK)

n
i = H . — ein-1[ _water  _.
nysin(0,)=n,sin(6,) ..0,=sin <npﬁsm><sm(91)>
¢ Currentincreases by a factor of 4 (l,=41)) (1 MARK)
6, =sin"1(0.80xsin(55°)) (1 MARK)

Power loss increases by a factor of 16 since P, = 2R (1 MARK)

0,=41° (1MARK)
Key science skills

21 a Controlled: laser wavelength OR incident refractive index OR
diamond refractive index; independent: angle of incidence;
dependent: angle of refraction

b Usetwo points on a line of best fit to determine the gradient.

gradient = f’%ﬁ = % (1 MARK)

Since the boundaries are parallel, the angle of incidence at the air-prism .
. gradient=10.44 (1MARK)
boundary is also 41°.

Depending on the line of best fit drawn, answers between 0.38 and

fo ism _ nair

Vprism = 0-80 X vy and nyvy = nyv, V., nprism:0.60 0.50 are acceptable.

(M o f Nair _— ) Using Snells law: n-sin(6.1= n.sin(6 _i_sin(ez)
8 =sin"}{ 72 ) =sin wn) BELL (0.60)=37° (1 MARK) ¢ Using Snell’s law: n;sin(6,)=n,sin(6,) ", 5in(6)
8,>0. ..theray will totally internally reflect (114rK) In this case, sin(0,)=sin(6,), sin(6,)=sin(0;), n, = 1.00,

. and nzzndiamond
Previous lessons

. ~ sin(6)) _mun_ 1
diamond ~ sin(8,) " rise ~ gradient

A4
=-l=23
> “ Ndiamond = 0.44 = 2-3 (1 MARK)
//\\ 2.3<2.80 .. Thediamond is not real. (1MARK)
s

19 a
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10C Polarisation and colour
dispersion

Theory review questions
1 B 2 A 3 D 4 D
Exam-style questions

This lesson

5 |Theintensity would decrease,"| because the polarising filter will block
the light which is not oscillating in the filter’s polarisation direction.?|

% 22 Ihave explicitly addressed the effect on light intensity.!

Q/ 2% Ihave used the relevant theory: polarisation.?

Polarising filter 1 has a vertical transmission axis. (1 MARK)
Polarising filter 2 has a vertical transmission axis. (1 MARK)
b Polarising filter 1 has a vertical transmission axis. (1 MARK)
Polarising filter 2 has a horizontal transmission axis. (1 MARK)

7 Polarisation is solely a property of transverse waves so light must
behave as a transverse wave.

8 |Diamonds exhibit a colourful shine because white light shone
onto the diamond is dispersed into its constituent coIours.‘] [White
light consists of a continuous spectrum of the colours within the
visible spectrum of light,?|[and these colours are dispersed by the
diamond because the diamond’s refractive index is dependent on the
wavelength (colour) of light.?|

% 22 I have explicitly addressed why diamonds have a
colourful shine.

Q/ 2% Ihave used the relevant theory: white light.?

Q/ 2% Ihave used the relevant theory: colour dispersion.?

9 [Because the shorter wavelength colour (violet) is refracted more towards
the normal than the longer wavelength colour (red),‘} [it can be concluded
that the refractive index of the lens decreases as wavelength increases.?|

% 2 Ihave used the relevant theory: refraction.

Q/ 22 I'have explicitly addressed the relationship between
refractive index and wavelength.?

10 |Reflections off the surface of water are polarised,'][so wearing
perpendicularly polarised sunglasses blocks the reflection reaching the
wearer’s eyes.?| [ Without these reflections, the observer can more clearly
see light (and thus the object) coming from the bottom of the lake.?|

% 2 Ihave used the relevant theory: polarisation from reflection.!

% 2% Ihave used the relevant theory: polarisation filters.?

Q/ 2% lhave explicitly addressed the question.?

Previous lesson

11 [No,"|[because the gravitational field lines of a mass always point
towards the mass.?|

% > I'have explicitly addressed whether the field lines represent a
gravitational field.!

% 83 I have used the relevant theory: gravitational field lines.?

12 From the graph:
Amplitude =0.2 m (1 MARK)

Wavelength=6m (1 MARK)

“1_1._
13 7= f—lo—O.IOS

Key science skills

14 |No, the experiment is not valid'|[because there is more than one
independent variable in this experiment.?|[For this experiment to be
valid, the lens shape should be the only independent variable but the
lens material has been changed too.3|

Q/ ©% Ihave explicitly addressed the validity of the experiment.’

Q/ 52 I'have used the relevant theory: experimental validity and
independent variables.?

Q/ 3@ I have related my answer to the context of the question.?

15 |[Random error can be reduced by repetition.‘] [Systematic error can be
reduced by performing the experiment in a room with no ambient Iight.z}

% > I'have explicitly addressed how to reduce random error.!

Q/ 2% lhave explicitly addressed how to reduce systematic error.?

10D Young’s double slit experiment

Theory review questions

1 C 2 D 3 B 4 A 5B

Exam-style questions

This lesson
6 A. UseAx= )‘FL When d increases Ax decreases.

7 A. Increasing frequency decreases wavelength.

Use Ax= % When A decreases Ax decreases.

8 a pd-= (n—%)% .2.40%x10°°= (4—%) XA (1 MARK)
A=6.86x10""m (1MARK)
b p.dygan= (n—%)A .3.00x1076= (4—%) XA (1 MARK)
A=8.57x107"m (1MARK)

p.d =nA ..p.d. =1x8.57x107=8.57x107"m (1MARK)

*1st bright 1st bright



10

11

12

13

14

[Bright regions are caused by constructive interference‘] land dark
regions are caused by destructive interference.z}

I have explicitly addressed the bright bands."

I have explicitly addressed the dark bands.?

| have used the relevant theory: constructive and
destructive interference.

A 5__Ax1.50
a Ax=fF 52.88x107° =0
A=576 nm
AL -5 425%x1079%L
b Ax=77 2.88%10° =2

L=133m

-9
¢ dx=2L -5 ggx 105 850x107x2.00
d d
d=451%x10"2m

[Eva is correct.!|| The path difference is zero in the centre,?|[which
means constructive interference occurs, and hence a bright band.ﬂ

I have explicitly addressed which student is correct.!

I have used the relevant theory: path difference.?

I have used the relevant theory: constructive interference.?

p.d.= (n—%)?x .9.15%1077=1.5%\ (1MARK)

A=6.10x10""m (1 MARK)

foCo 3.0x108

N G10x107 - 49% 10 Hz (1 mARK)

[The experiment supports a wave model of light'|[ because it produces
an interference pattern which is a behaviour of waves.?|| This provides
evidence against a particle model of light which predicts two bright
spots on a screen rather than an interference pattern.3J

I have explicitly addressed the question.’

I have used the relevant theory: how the double slit
experiment supports the wave model.?

I have used the relevant theory: why the particle model
cannot explain the double slit result.

p-d.-_150x10°7 _
a =300x10°9 =0.5 (1MARK)

p.d.= (n—%)?x where n =1 so the point is the first dark band

from the centre. (1 MARK)

X should be written above the first dark band to the left of
the centre. (1 MARK)

b Consider point A for both experiments.

1%t experiment:

p.d.=(n-3)A=(2-3)x300x10-=450x10m (1mar
2" experiment: p.d.=n\ .. 450%x10°2=1xA

A=450%x1072m (1 MARK)
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15 a Destructive interference.
_C_3.0x10°% _ 2
b 7\—f .00 % 10° 3.0x10%2m (1 MARK)

pd.=(n-3)A ld-1.20x10%=(1-3) x3.0x 102 (usey)
d=1.35%103m (1MARK)

Previous lessons

-11 23
16 Fg= I ','F_6.67><10 x1.48x10%°x 20

97 (400x103+2630x103)2  MARK

Fg=22 N (1 MARK)

17 a Fromthe graph:A=4x10%m.

v=fA..v=5.10x103 x4 x 107 (1nARK)

v=2.04x108ms™ (1 MARK)

b nyv,=n,v, ~.1x3.0x108=n,x2.04x 108 (1mARK)
n2=1.5 (1 MARK)

Key science skills

18 a Therange of results is smallest for the 500 nm experiment.

b [Significant differences in the ratio ofﬁsuggest errors are having

a significant effect.‘} |Given that L and d are constant between each

experiment, the ratio ﬁ should also be constant since AX:%L.Z}

|For the first experiment%zz x 1072, For the second experiment

%:6 x 1073. For the third experiment%ﬂ) x1073.3]

I have explicitly addressed the question.’

I have used the relevant theory: fringe spacing equation.?

I have used data to support my answer.?

Chapter 10 Review

1 C

2 C. Both boundaries show the prism has a higher refractive index than
the other medium. At the top boundary, the light refracts more than
at the bottom boundary, so the medium above the prism must have a
smaller refractive index than the medium below the prism.

3 A 4 D 5 C

6 Oneyear=60%60%x24x365=3.15%10"s (1MARK)

As=cAt . As=3.0x108x3.15x107x0.75=7.1x 10 m (1 MARK)

7 [Asan electron is accelerated,']|it causes a changing electric field
which creates an associated changing magnetic field.2|| This changing
electromagnetic field is observed as an electromagnetic wave that is
called light.3|
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11

12

13

14
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I have explicitly addressed the acceleration of an electron.!

I have used the relevant theory: production of
electromagnetic waves.?

I have used the relevant theory: light as an
electromagnetic wave.?

n,<ngas, from B to A, the ray bends away from the normal.

nvy=n,v, .. 1.30 % v, = 1.40 x V, (1MARK)

Vo _1.30 _

71__1.40_0‘929 (1 MARK)
_c . _3.0x108

n=y .. 1.80=""7—"

v=1.67x108ms™ (1MARK)

880 Nnm=8.80%10""m
v=FfA..1.67%x108=fx8.80x 1077 (1 MARK)
f=1.9% 10 Hz (1 MARK)

p.d.=nk .. 1.50x 1076 =3 x \ (1MARK)
A=5.00%10""m =500 nm (1 MARK)

| The observer cannot see the light because the ray is being totally
internally reflected which means no light is escaping.‘J | This occurs
when the incident angle of the ray is larger than the critical angle.zJ

I have explicitly addressed why the observer cannot see
theray.!

I have used the relevant theory: total internal reflection and
critical angle.?

[Michael is incorrect.] [Although the speed of light is the same in all
reference frames,?|[light can travel slower than 3.0 x 108 m st in
different media.?|

I have explicitly evaluated Michael’s statement.!

I have used the relevant theory: Einstein’s
second postulate.?

I have used the relevant theory: speed of light in
different media.3

Minternal ™ Mexternal (1 MARK)
Angle of incidence must be greater than the critical angle. (1mArK)

b Determine the refractive index which would have a critical angle of
8,=41.30°.

nlsin(GC):nzsin(QO") -.n,sin(41.30°) =1.000 (1 MARK)
n,= 1.515 (1 MARK)

Therefore, total internal reflection (TIR) will occur for refractive
indices greater than 1.515. TIR occurs for blue and violet but will not
occur for red, yellow, and green. (1 MARK)

¢ Red (since it has the lowest refractive index so it travels fastest).

15

16

17

18

[Violet, blue, green, yellow, orange, red."| | Shorter wavelengths
refract more which places them towards the Ieft.z}

I have explicitly addressed the colour order of light.!

I have used the relevant theory: refraction.?

[Dispersion is occuring.| [ Dispersion is the process of white light
being separated into its constituent colours as each colour refracts by
a different amount as it enters and leaves a medium.?|

I have explicitly addressed the relevant phenomenon.!

| have used the relevant theory: dispersion of
white light.?

No light would make it through the filter.

It suggests light behaves as a transverse wave'| | because only
transverse waves can be poIarised.ZJ

I have explicitly addressed what polarisation suggests
about the nature of light.!

I have used the relevant theory: polarisation.?

n, sin(el) =n25in(62) . 1.00xsin(43.2°) = l.95in(92) (1 MARK)
0,=21° (1MARK)

p-d- _1.60x1076

= 640x10°0 =2.5 (1MARK)

p.d.= (n—%)?\ where n =3 so this point is the third dark band from
the centre. (1 MARK)

The lock will not open. (1 MARK)

OR

p.d.= (n—%)%z (2—%) x640%1079 (1 MARK)

p.d. =960 %1072 m (1 MARK)

The path difference at the second dark band is not 1.60 x 107 m so
the lock will not open. (1 MARK)

p.d.=nA=2x480% 1072 (1MARK)
p.d.=9.60x 107" m (1MARK)

AL _480x107°x1.50

A= = S 00x102

(1 MARK)

Ax=2.40%10">m (1 MARK)

The interference pattern would be closer together as the fringe
spacing would be reduced.

|Awould remain an antinode.!||A is equidistant to both sources
and therefore the path difference is always zero.?|| This means that
constructive interference occurs.?|

I have explicitly addressed the nature of A.'

I have used the relevant theory: path difference.?

| have used the relevant theory: how path difference
affects wave interference.®




19 |Young’s double slit experiment demonstrated an interference pattern|
[which is a wave property.?| Therefore it supports a wave model of
light.3||A particle model incorrectly predicts two bright spots on a
screen rather than the interference pattern.”|

I have used the relevant theory: interference in the double
slit experiment.’

I have used the relevant theory: wave properties
(interference).?

I have explicitly addressed how the experiment supports a
wave model .2

I have explicitly addressed how the experiment provides
evidence against a particle model.*

Unit 4, A0S 1 Review

Section B

1D 2 B 3 C 4 C 5D

6 [The Doppler effect is a detected frequency change in a wave due to
the relative motion between a wave source and an observer.!|[Since
the pedestrian and the ambulance are moving towards each other, the
pedestrian will hear a greater sound frequency (pitch) when compared
to a stationary ambulance.z]

I have used the relevant theory: the Doppler effect.’

I have explicitly addressed the observed sound of
the moving ambulance compared with a
stationary ambulance.?

I have related my answer to the context of the question.

7 gamma rays, X-rays, green light, red light, infrared waves, microwaves

8 Displacement (m)
F 3

10 1

0 + + + + +—» Time (s
3 (s)

I have drawn a cosine graph with a period of 2 seconds.

I have drawn a cosine graph with an amplitude of 10 m.

I have drawn a cosine graph starting at (0, 10) and finishing
at (5,-10).

I have included an appropriate and consistent scale on
the axes.

I have included axis labels with units.

10

11

12

13

14

15

ANSWERS 501

As = circumference =2mr=2 xmx 6.37 x 106=4.00x 10" m

8

n=% 1.4=m S v=214x108ms™! (1mARK)
_n._As_4.00x107 _

T=At=7; 214 % 108 0.187 s (1 MARK)

1 1 S :
f= 70187 - 24 Hzsoit will travel around the Earth 5.4 times

per second. (1 MARK)

a BandD. Some of the red light will be refracted along direction D
as the prism has a lower refractive index for red light than yellow
light, but there will also be a portion of the light which is reflected in
direction B.

b B. Totalinternal reflection will occur as the blue light has a greater
refractive index than the yellow light.

n;sin(8.)=n, .. 1.43xsin(67.0° =n,
n,= 1.32 .. ndadd,.ng <1.32 (1MARK)

The cable installer should use fibre OF-SNAGZ. (1 MARK)

8
a A=C=30x10

F=5ox101 =00 1077m (1 MARK)

pd.=(n-2)=(2-1)x6.0x107=9.0x107m (e

b pd=n\.9.0x107=2xA (1MARK)
A=45%x107"m (1MARK)

Use initial travelling wave to find wave speed on the string:

:%:%: 4.0ms™ (1uARK)

For a standing wave to form with one fixed end:

4.0
f= % .20 :HW (1 MARK)

This gives n =10 but n must be odd for a string with one fixed end to
form a standing wave, so DeAndre cannot form a standing wave with a
frequency of 20 Hz. (1 MARK)

v=FfA .340=85xA .A=4.0m (1MARK

For Jess: p.d. =|S;J - S,J|= V152+20%2 - 15=10m (1 MARK]

p.d.= (n - %)7\ where n=3 .. Destructive interference occurs so Jess

does not hear the sound well/at all. (1 MARK)
ForViv:p.d.=|S,V-S,V|= V482+20% -48=4m (1MARK)

p.d. =nAwheren=1 .. Constructive interference occurs so Viv hears the
sound well. (1 MARK)

a n;sin(0,)=n,sin(6,) .. 1.00 xsin(75°) = 1.5 x sin(0,) (1MARK)

0,=40° (1 MARK)

b The angle of refraction where the light enters the glass is equal to
the angle of incidence where the light exits the glass because the
surfaces are parallel (i.e. alternate angles or ‘Z’ angles).

n,sin(0,) =n,sin(0;) .. 1.5 sin(40°) = 1.00 x sin(0,)

0,=75°
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17

18

19
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¢ [The ray exits the bottom layer of glass with an angle of refraction
equal to 75°"| because when light passes through a medium with
parallel boundaries the angle of travel is unchanged which is shown
by Snell’s law: n;sin(6,) = n,sin(6,)=n;sin(6;) ..6,=6,.2]

I have explicitly addressed the angle of refraction when
exiting the glass.!

I have used the relevant theory: Snell’s law.?

[This statement is correct!| [because Young’s double-slit experiment
demonstrates interference?||which is strictly a wave property.®|[The

particle model incorrectly predicts just two bright bands on the screen.“}

I have explicitly addressed whether the statement is correct
orincorrect.!

I have used the relevant theory: Young’s double-slit
experiment.?

I have used the relevant theory: interference as a
wave property.?

I have used the relevant theory: why the particle model
cannot explain the double slit result.*

7\=%=%=0.800 m (1 MARK)

p.d.=nA=3x%0.800=2.40 M (1MARK)

. . p.d.
Distance moved from centre is = 1.20 m (1 MARK)

[The statement is incorrect."|[For a travelling wave,?|[all knots will
oscillate with an amplitude of 2.0 cm.?|[For a standing wave,*|[only
knots which exist at antinodes will oscillate with an amplitude of

2.0 cm and all other points will have smaller oscillations (nodes will not
oscillate at all).5|

I have explicitly addressed whether the statement is correct
orincorrect.!

I have explicitly addressed travelling waves.?

I have used the relevant theory: travelling waves.?

I have explicitly addressed standing waves.*

I have used the relevant theory: standing waves.®

a [The centre band is a high intensity bright band"| [because at the
centre the path difference is zero,z} [meaning that constructive
interference occurs.?|

I have explicitly addressed the intensity of light in
the centre.!

I have used the relevant theory: path difference.?

I have used the relevant theory: how path difference
affects wave interference.®

b B. Thefringe space formula (Ax= %) shows that decreasing the

wavelength of light decreases fringe spacing so all bands move
closer together.

For second dark fringe: p.d. = (n - %)7\

800x1079= (2 —%)7\ (1 MARK)

A=5.33%107"m (1MARK)

For first bright band:
p.d.=nA=1%x533x10"7=533%x10""m (1MARK)



11A Experimental design of the

photoelectric effect
1C
2 | Independent Dependent Controlled
variable(s) variable(s) variable(s)
V2,V6 V1,V3 V4
3 A 4 D 5D
This lesson

6 Convert from electron-volts to joules:
3.2eV=3.2x1.6x10"12=51x10"19y

7 A. The cut-off potential has the same numerical value as the
KEox V=02V

8 KE=3mv2=3x(9.1x107%)x (2.2x1082=22x 1078 J (1uare

-18
KE. = 2.2x10

max= 1 6x 1009 =14 eV (1MARK)

9 a |[Electrons are ejected with a range of energies.!||As the reverse
potential is increased, fewer electrons have enough energy to reach
the collector and so current decreases.?|| The current is zero at point
X since this is the value of reverse potential corresponding to the
stopping voItage.3] |At this point, the reverse potential prevents even
the most energetic electrons from reaching the collector plate and so
the current is zero.*|| The kinetic energy of these electrons, measured

in eV, has the same numerical value as the stopping voltageﬂ

I have used the relevant theory: electrons with a range
of energies.!

I have explicitly addressed why the current decreases as
the magnitude of the reverse potential increases.?

I have explicitly addressed why current is zero at X.3

I have used the relevant theory: stopping voltage.*

I have used the relevant theory: stopping voltage as a
way of evaluating kinetic energy.>

b KE ., =11eV (1MARK)
KEpx =1.1x1.6x10719=1.8x 10719 J (1mARK)
10 KE,,, =light energy delivered to each electron - ¢
KEmaX =3.70-2.90=0.80 eV (1 MARK)
KE 0 =0.80 X 1.6 x 10719=1.3x 1072 J (1mARK)

11 [Ejected electrons will have a range of kinetic energies, with the
maximum value of 0.1 eV."|[ The maximum kinetic energy is the difference
between the energy absorbed (2.9 eV) and the work function (2.8 eV).Z]
[Some electrons will be more tightly bound to the metal than others;
hence not all electrons will be ejected with the maximum kinetic energy.3]
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I have explicitly addressed the kinetic energy of
ejected electrons.!

I have used the data provided in my answer.?

I have used the relevant theory: the work function.?

_4.2x10719

12 ¢= 1.6x10719

=2.625¢€V (1 MARK)

KE, ... = light energy delivered to each electron - ¢
KEmaX =4.2-2.625=1.6€eV (1MARK)
13 KEmaX =0.6 eV (1MARK)
KE, .. = light energy delivered to each electron - ¢
0.6=2.8-¢ (1MARK)
¢$=2.2eV (1MARK)
14 KE,, =6.67eV
KE 0y =6.67x 1.6 x 10719 =1.067 x 10718 J (1 maRK)
KE,.. = light energy delivered to each electron - ¢
1.067 x 10718 = light energy delivered to each electron - 6.93 x 10712 (1 MaRK)
light energy delivered to each electron=1.8 x 10718 J (1 mARK)
Previous lessons

15 3R above the surface means 4R from the centre. Use the inverse
square law.

9,=0.232 N kg™ (1mARK)

M, M. 2
16 F,=G6—12=6M
r r

(8.50 x 1022)2
r2 (

~.3.40x1017=6.67x10711 x 1 MARK)

r=1.19x10°m (1 MARK)
17 v=fA .340=180xA .. A=1.89m

18 0.20x1073=2.0x107*s

,=Ad__ 025
At 2.0%x107*

=1250m st (1MARK)
v=f\ .1250=1x9.0
f=1.4x10%2Hz (1MARK)

Key science skills

19 |[The work function or the specific metal used must be controlled
throughout the experiment to achieve a valid result.’||As the metal used
has a direct effect on the maximum kinetic energy of photoelectrons it
should remain constant as not to interfere with the investigation.?|

I have explicitly stated a controlled variable.!

I have used the relevant theory: photoelectric experiment.?

20 Uncertainty :%x smallest gradation on scale = % x0.2=0.1A
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11B Changing intensity in the
photoelectric effect

Theory review questions

Exam-style questions

1D 2 A 3 D 4 A

This lesson

5 A KE, (J)

[The results are the same as the initial experiment!||as changing
intensity does not change the kinetic energy of the photoelectrons.?|

% 2% Ihave explicitly addressed the similarity of the graphs.!

Key science skills

10

a [Voltage isindependent because it is deliberately changed by the
experimenter.‘} [Photocurrent is dependent because it depends on
the selected voltage value.?|

% 22 Ihave used the relevant theory: independent variables.

% 2 I'have used the relevant theory: dependent variables.?

b Controlled variable (we are told the intensity is kept constant)

¢ [Ifthe aim of the experiment is to see the impact of changing
intensity, the experimenter will directly change the intensity.‘]
[ Therefore, the intensity of light is an independent variable.z]

% > I'have used the relevant theory: independent variables."

% 2% lhave explicitly addressed the question.?

11C Changing frequency in the

photoelectric effect

Theory review questions

1

B 2D 3 C 4 B 5 A

Exam-style questions
% 22 I'have used the relevant theory: changing intensity of light in

the photoelectric experiment.?

7 KE,,,=185eV=1.85x1.6x1071%J=3.0x10719)

Previous lessons

8 [Gen will hear the sound at a higher frequency than if the ambulance
was stationary as it approaches,‘] |at the same frequency as if it was
stationary when it is directly in front of her,?|[and then at a lower
frequency when it is driving away from her.3] [These observations are
caused by the Doppler effect.”|

& R

I have explicitly addressed the sound as the
ambulance approaches.!

| have explicitly addressed the sound as the ambulance is
directly in front of Gen.?

< R

| have explicitly addressed the sound as the ambulance
drives away.?

R

| have used the relevant theory: the Doppler effect.*

B

5.98x10%
(400%x103+6.37x10°

9 a g=GrM2=6.67><10‘11x 2 (LMARK)

g=8.70Nkg™ (1MARK)

b F=mg=4.17x10°x8.70=3.63x 10N

This lesson

6 A ¢=hf=414x10"°x3.6x10¥=15eV

7 |[Isabellais correct.’|[No photocurrent is being measured as the light

used is below the threshold frequency of the metal used. To produce a
photocurrent the incident light must exceed this threshold frequency,
as suggested by Isabella.?|

% °2 Ihave explicitly addressed who is correct.’

% ©Z  I'have used the relevant theory: threshold frequency.?

a KE,, =hf-¢ ..08=9.5x10"x414x10715~ ¢ (1mArK)
¢ =3.1eV (1MARK)

b ¢=hf) ~3.1=414x 1075 xf (1MARK)
fy=7.6x 102 Hz (1MARK)

KE o= h(f=f)) . 2.6x10719=6.63x 10734 (f~5.5x10%4) (1marK)

f=9.4%x 10 Hz (1MARK)
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[No, he will not feel the same as standing on the Moon'| | because
the normal force, which we feel, is different in each case.z} [In orbit,
F, =0,3]|whereas when standing still on the Moon

= = 4
Fy=F,=1.62xm.*|

I have explicitly addressed whether Steve will feel
the same.!

I have used the relevant theory: feeling normal force.?

| have used the relevant theory: forces in orbit.?

I have used the relevant theory: force in equilibrium.*

[The centre is a bright band|[ because path difference at this point is
zero?||and so constructive interference occurs.?|

I have explicitly addressed the question.”

| have used the relevant theory: path difference.?

| have used the relevant theory:
constructive interference.?

10 When the work function is increased by a factor of one-third, it b
shifts the vertical axis intercept down by one-third. This is equivalent
to shifting the horizontal axis intercept to the right by one-third
(from 6 x 101 Hz to 8 x 1014 Hz).
tKE, . (eV)
24
1.5
11
14 a
0.5
: + + + + ¢ + - + +> f(10% Hz)
2 4 6 8 10
I have drawn the graph parallel to the original. b

X c
[N T N N

(1 MARK)

I have drawn the graph shifted down appropriately.

11 a KE, =hf-hf,=h(f-f)=4.14x 10715 (7.3x101-5.8x10) (1mArK)
KEmaX =0.62eV .. V0 =0.62V (1MARK)

p-d. _8.925x1077 _
595x107°

=1.5 (1MARK)

Sop.d.= (n—%))\ wheren=2 .. associated with second dark band.

b 4A1(A)
Key science skills
h
o 152 1,0
24
- 14
vv)©
12 a c=f\ .3.0x108=fx3.75x107°
£=8.0 x 10 Hz (1 MARK)
KE, 0 =1.25eV=1.25x1.6x10719J=2.0x1071J (1mArK) -1t
KE oy =hf=¢ -.2.0x10719=6.63x 10734 x 8.0 x 10~ ¢ (1MARK)
24 2
¢=3.3x10"1J (1mARK) el
b ¢=hfy ..3.304x10719=6.63x 10734 x f (1MARK) v

fy=5.0% 101 Hz (1mARK)

Previous lessons

> £(10* Hz)
10

| have identified the independent and
dependent variables.

24
w (1 MARK)

13 a g-= c-;rM2 5 1.62=6.67x10711x

| have drawn the horizontal axis as the independent
variable, and included correct units.

r=1.569x10"m (1MARK)

Distance above Earth’s surface:

| have drawn the vertical axis as the dependent variable,
and included correct units.

1.569 x 107 - 6.37x105=9.32x105m (1 MARK)

I have included an appropriate and consistent scale on
the axes.

| have correctly plotted data point.
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o . 5 Epoon=h=6.63x1073%x 4.0 x 10 (1mARK)
| have drawn an appropriate line of best fit. P
- -19
I have used a dashed line for the part of the graph which E photon = 2.7 X 1072 (1 wARK)

is below the horizontal axis. 6 |The wave model incorrectly predicts that by increasing the intensity of

light enough, electrons would be emitted.|[ The particle model predicts

b Independent variable: frequency of incident light (1 MARK) & X g. i i i H P i P

) . that increasing intensity (at a given frequency) would increase the number

Dependent variable: stopping voltage (1 MARK) . 5 .

of photons but not their energy.?|[So, as long as the frequency is below

¢ Usethe horizontal axis intercept on the line of best fit: the threshold frequency there is insufficient energy to eject electrons.?|
fy=5.7x 10 Hz.

I have used the relevant theory: wave model prediction.’

Any value within 0.25 x 1014 Hz of this value is acceptable.
| have used the relevant theory: particle interpretation

d Use two points from the line of best fit to calculate the gradient: of intensity.2

= rise _ 1.90-0.60
run—10.0x10%-7.0x101

(1 MARK)
I have used the relevant theory: threshold frequency.?

h=4.3x1071%eVs. Other values are acceptable as long as gradient is

calculated using two points on line of best fit. (1 MARK) | have related my answer to the context of the question.

e ¢=2.5eV (1MARK) T a2 Eppon=™ hf=4.14% 10715 x3.80x 1015=15.7 eV (1 MARK)

Use the negative value of the vertical axis intercept on the line of KE yer = KE potore = Ephamn =160-15.7=144 eV (1MARK)

best fit to determine the work function. Any value within 0.1 eV of
this value is acceptable. b c¢=fA ..3.0x108=3.80x 101 x A

The metal is europium. (1 MARK) A=7.9%x10%m=79nm

8 [Erwin’s result is evidence for the particle-like nature of light'|[which

11 D What the photoelectric states that increasing intensity only increases the number of photons,
ff rather than the energy of each photon.z} [Hence the kinetic energy of
e eCt means ejected electrons does not change.?| The result contradicts the wave
. " model of light which states that increasing intensity of light would
Theory review questions ) — "
increase the kinetic energy of photoelectrons.”|
1 B 2 B ..
I have explicitly addressed what the result reveals about the
3 Wave Particle nature of light.!
- . S .
. Description D5 D2 | hflve US?d ;he relevant theory: particle interpretation
885 of intensity.
o2
C o
- . .
“ 2 Prediction P2 P5 I have used the relevant theory: particle model prediction.®
& | Description D6 D4 I have used the relevant theory: wave model prediction.*
c
v
?-)- | have related my answer to the context of the question.
5 Prediction P6 P1
> | Description | D3 D1 9 AKEerectron = Ephoton = 15 &V
@
g Ephoton =N . 15=4.14x 1075 x f (1w
£ Prediction P3 P4
f=3.6x 105 Hz (1mARK)

Exam-style questions 10 |Observation 3 contradicts the wave model of light."| | According to the

wave model, light is a continuous distribution ofenergyz} [which must
This lesson be absorbed over a period of time until an electron in the plate has

ittad 3
4 |[Max Planck is correct.!][ The wave model of light predicts that the enough energy to be emitted.?|

maximum kinetic energy of electrons should depend on the intensity I have explicitly addressed which observation the wave

of incident Iightz][but kinetic energy is observed to be independent model fails to predict.!

of intensity so the wave model of light cannot fully explain the

photoelectric effect.ﬂ I have used the relevant theory: wave interpretation of light.?
I have explicitly addressed who is correct.’ I have used the relevant theory: wave model prediction.®

| have used the relevant theory: wave model prediction
(three options possible).?

| have used the relevant theory: actual (corresponding)
observation of the photoelectric effect.




11 |When the photoelectric experiment is conducted it is observed that
there is negligible time deIay‘][and the maximum kinetic energy of an

amount of energy so the emission of an electron is instant if the electron
absorbs a photon with sufficient energy.ﬂ |As stated by the particle
model of light, for a fixed frequency, intensity is a measure of the
number of photons per unit time and does not affect individual photons.
As an electron’s kinetic energy is determined by the absorption of a
single photon, it is independent of intensity.“}

I have explicitly addressed an observation that support the
particle model of light.!

I have explicitly addressed a second observation that support
the particle model of light.?

I have used the relevant theory: evidence for the particle-like
nature of light in regards to the first observation.3

I have used the relevant theory: evidence for the particle-like
nature of light in regards to the second observation.*

Previous lessons

12 Pulse reflected

Wall

13 When the intensity (amplitude) of oscillation significantly increases.
OR
The students observe a standing wave.
14 mgbh= % mv?
mx9.8x 150:%><m X V2 (1 MARK)
v=54ms! (1MARK)
Key science skills

15 [The students observe a systematic error."| | Systematic error is a
consistent and repeated difference between the measured results and
the true values of the intended measu rements.z} [It may have occurred
as a result of an incorrectly calibrated voltmeter OR due to a difference
between the surfaces of the zinc plates which would mean they have
different work functions.|

I have explicitly addressed the type of error.!

I have used the relevant theory: systematic error.?

I have explicitly addressed why a systematic error could
have occured.?

I have related my answer to the context of the question.
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electron is not affected by the intensity anne.z} |A photon has a discrete _

1

A

2 C. Note that the particle model can explain this observation but it does

3

not provide evidence for the particle model because the wave model

can explain it too.

D

4 D 5 C

6

a

KE__(eV)

max

24

0 > £(1014
1 2 3 4.5 6 7 8 o 10 f00"HY)

| have identified the independent and
dependent variables.

I have drawn the horizontal axis as the independent
variable, and included correct units.

| have drawn the vertical axis as the dependent variable,
and included correct units.

I have included an appropriate and consistent scale on
the axes.

I have correctly plotted the data points.

I have drawn an appropriate line of best fit.

| have used a dashed line for the part of the graph which
is below the horizontal axis.

b Use the vertical axis intercept on the line of best fit: ¢ =2.2 eV.

Any value within 0.2 eV of this value is acceptable as long as it
corresponds to intercept on line of best fit.

Use two points from the line of best fit to calculate the gradient:
h= rise _

rise 1.0-0.0
TN =g ox10%-55x 1014 L MARK

h=4.0x10715 eV s. Other values are acceptable as long as the
gradient is calculated using two points on the line of best fit. (1 MARK)

-19
KE _6.56x10

electron ™ 1 g x 1019 =4.1eV (1MARK)

KE, E SA41=E

electron — photon - ¢ photon -18

E

photon = 5.9 eV (1MARK)
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7.36x107%°

KE.x=1.4€V and ¢ = T6x100 - 4.6eV
KE pox = Ephamn -¢ . 14= Ephomn —4.6 (1MARK)
Eppoton = 6-0 €V (1MARK)

Aragorn is incorrect. (1 MARK)

|Tauriel’s observations provide evidence for a particle model rather
than a wave model as they indicate the existence of a threshold
frequency.‘J | The wave model predicts that increasing intensity
also increases the energy delivered to each electron and that the
energy is absorbed over time, so any frequency should be able to
eject photoelectrons.zj | The particle model predicts that increasing
intensity increases the number of photons but not their energy, so it
will not increase the energy absorbed by each electron.3J | Tauriel’s
observations are consistent with the particle model rather than the
wave model because increasing both intensity and time did not
result in electrons being ejected.“J

I have explicitly addressed the reason the observations
support a particle model over a wave model.

I have used the relevant theory: the wave
model predictions.?

I have used the relevant theory: the particle
model predictions.?

I have explicitly addressed Tauriel’s observations and
the models.*

[When reverse potential is zero, the photocurrent will be largest as
photoelectrons of most kinetic energies will arrive at the collector
anode.‘] |As Aliya increases the reverse potential, it will repel
photoelectrons of increasing kinetic energy so the number of
photoelectrons arriving at the anode will decrease.z} [This will occur
until the reverse potential is high enough to repel the most energetic
photoelectrons and the photocurrent is zero. This is called the
stopping voltage.3|

I have explicitly addressed the photocurrent at no
reverse potential.!

I have explicitly addressed the photocurrent as the
reverse potential increases.?

I have used the relevant theory: stopping voltage.®

KE,.0x =5-0 €V (1MARK)

KE 0y =5:0% 1.6 x10719=8.0x 10719 J (1 mARK)
¢=hfy -.3.0=4.14x 10715 x fo (1MARK)
fo=7.2x10% Hz (1uARK)

KEpgy=hf=@ 5.5.0=4.14x 10715 x f=3.0 (1MARK)

f=1.9x 10 Hz (1MARK)

-2.5

10

b

| have drawn a curve with the same x-intercept.

| have drawn a curve with a lower y value.

| have drawn a curve with a similar shape.

| The fact that both curves share the same horizontal axis intercept
(stopping voltage) is evidence for the particle model of light."|

| This indicates that the maximum kinetic energy of photoelectrons
is the same for both intensities‘zJ | The particle model correctly
predicts that increasing the intensity will increase the number of
photons released but not the energy of the photons?|[and so the
kinetic energy of photoelectrons will not change.”| [ The wave model
incorrectly predicts that increasing the intensity will deliver more
energy to each electron and therefore increase the kinetic energy of
the photoelectrons.?|

I have explicitly addressed a feature of the graph that
supports the particle model rather than the wave model.!

| have used the relevant theory: stopping voltage as a
way to evaluate KE, .2

| have used the relevant theory: particle interpretation
of intensity.?

| have used the relevant theory: particle
model prediction.*

I have used the relevant theory: wave model prediction.®

|For large positive values of V; all of the available photoelectrons
are being collected and increasing V does not change the number
of available eIectrons.‘J |Since there are no more photoelectrons to
be collected, increasing the voltage will not result in an increase in
photocurrent so the graph is flat.ZJ

| have used the relevant theory: electrode potential in the
photoelectric effect.!

| have explicitly addressed the reason the graph is flat for
large values of V.2

KE oy =2.56V=25x1.6x10719)=4.0x 1071 J (1mArK)

_hc
KEmax Y ¢

6.63x10734x3.0x 108

5 -1.8x 10719 (1MARK)

4.0x1071%=

A=3.4%x10""m (1MARK)

| This statement is false.|| Electrons are released with a range

of kinetic energies because different electrons require different
amounts of energy to break free.z} [The work function describes only
the most loosely bound electrons.ﬂ

| have explicitly addressed whether the statement
is correct.!

| have used the relevant theory: photoelectron
kinetic energy.?

I have used the relevant theory: work function.®




11

b

|While the frequency is greater than the threshold frequency, there
will be a photocurrent.‘J [When the frequency is at or below the
threshold frequency there will be no photocurrent.ZJ

I have explicitly addressed the photocurrent when the
frequency is greater than the threshold frequency.!

I have explicitly addressed the photocurrent when the
frequency is less than or equal to the
threshold frequency.?

1 2_1 -3 6)2— -19
KEmaX—va —2><9.1><10 1x(1.22x108)2=6.77x 10719 J (1 MARK)
-19
KE, = ST m 406V 51,242V (1 are)

max 1.6 x 10—19
KE g =hf=¢ 5.6.77x10719=6.63x 1073 x 1.96 x 1015~ ¢ (1 mARK)
$=6.2x10719J (1mARK)

¢=hfy :.433=4.14x10715 x f, (1MARK)

fy=1.046 x 1015 Hz (1 MARK)

8
A== o s =2.9x107Tm (s

ANSWERS
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6.63x 10734

12A Comparing light and matter 11 A=p 202061072 885

Pe=P,=3.32x10" 2 kgm st (1mARK)

Theory review questions

E=pc . E=3.32x1072#x3.0x108=9.95x 10716
10D 2 D 3 cC 4 D

E=6.2x103eV (1MARK)

5 B 6 A

12 [When an electron is fired through the double slits, it creates a single
Exam-style questions spot on the screen which indicates discrete?|[ particle-like properties.?|
|However, over time the spots form an interference pattern®||which is a

This lesson wave property.”|

7 a
I have used the relevant theory: discreteness of results.’

I have explicitly addressed particle behaviour in the double
slit experiment.?

I have used the relevant theory: interference pattern

Original pattern New pattern over time.?

I have drawn concentric circles. I have explicitly addressed wave behaviour in the double
slit experiment.*

I have drawn concentric circles with a noticeably
reduced radius. 13 E=p, - 1.38x107=p x3.0x10% (1waRK)

—p = -23 -1
b [The pattern will be larger than the original.’|| The extent of Pp=Pe=4.60x10" kgms™ (1uARK

diffraction is inversely proportional to the size of the aperture
yprop P pe=my .. 4.60x10723=9.1x103xv

(diffraction o %) so as it decreases, the pattern will increase in size.z}
v=5.1%x10"ms™ (1MARK)
I have explicitly addressed the change in the
pattern’s size.! 14 [Eva’s hypothesis is correct!|[and Sam’s hypothesis is incorrect.?|[For a

given aperture size, diffraction depends only on wavelength

I have used the relevant theory: extent of diffraction.?
veu v y-ex I I (diffraction %) and photons and electrons which have the same

energy will not have the same wavelength.ﬂ
8 A= h_h _ 6.63 x 107 (1 MARK)
P mv1.67x10727x2.85x 108

I have explicitly addressed Eva’s hypothesis.!

A=1.39x1071m (1mARK)
I have explicitly addressed Sam’s hypothesis.?

hc 4_4.14x10715x3.0x 108
9 E=7 . 120x10%=—""—"""—=5—""" (1MARK
A A ( ) | have used the relevant theory: comparing the diffraction of
hotons an ns.3
A=1.04x10"0m photons and electrons
Since the diffraction patterns are the same, the wavelength of the Previous lessons

electron must be equal to the wavelength of the X-ray. A, = 1.04 x 1019m 1 5 1 5
(L MARK] 15 GPE,,+KE,, = GPE, + KEyyy ~.mghy,, +5mvig 2= mghy, +5mvyq,

10 a F=50x103x1.6x10719=8.0x10715J (1MARK) 1000x9.8x10+0=0+ % %1000 % v2 (1 MARK)

15 -
P :% Sp= %: 2.7x107 B kgms™ (1uarK) v=14ms (1uArK)
2 (27x10°2)2 16 |Ariel experiences more bass as lower frequencies have a longer
1 p . . . . .
b p=mv,KE= jm\/2 S KB T g I 103 LMARK) wavelength which diffract more."|She cannot hear the high pitches
until she approaches the door as high pitches diffract less due to their
KE=4.0x1071%J (1 ARK) shorter wavelengths.?|[ This occurs because diffraction is directly

¢ [The patterns would be similar1][The momentum is equal proportional to the wavelength of the incident wave to the aperture.3]

so the de Broglie wavelength of the electron and the wavelength I have explicitly addressed why Ariel hears the low frequency

of the photon is equal. As the extent of diffraction depends on the sounds from further away.!

wavelength, this leads to similar diffraction patterns.?|

I have explicitly addressed why Ariel hears the higher
I have explicitly addressed the similarity of the patterns.! frequencies only when she is close.?

I have used the relevant theory: comparing the diffraction I have used the relevant theory: diffraction.?

of light and matter.?

| have related my answer to the context of the question.




Key science skills

17 L(107sm?)
124

10+

» Ax (10 m)

I have plotted Ax on the horizontal axis against % on the
vertical axis with correct units.

I have included a consistent and appropriate scale on the
axes so that data takes up at least half the space on each axis.

I have plotted all data values.

I have drawn a line of best fit.

12B Heisenberg’s uncertainty
principle

Theory review questions

Exam-style questions

1A 2 B 3 C 4 D

This lesson
5 D

6 D. Asthe electron is going through a circular hole rather than a slit, its x-
and y-position uncertainties decrease. This corresponds with an increase
in the uncertainty of the momentum in both the x- and y-directions.

7 [The diffraction pattern of electrons when passing through a single int‘]
[can be explained by Heisenberg’s uncertainty principlez][as a decrease
in position uncertainty due to the slit, which increases momentum
uncertainty.ﬂ |After many electrons have traveled through, this range of
possible momenta creates a diffraction pattern.“}

I have explicitly addressed the single slit experiment.!

I have explicitly addressed Heisenberg’s uncertainty principle.?

I have used the relevant theory: Heisenberg’s
uncertainty principle.?

I have explicitly addressed the diffraction pattern.*

ANSWERS 511

8 a [Classical laws cannot account for the wave properties of matter‘]
[which are significant only at small scales.?|| The de Broglie
wavelength of large objects is negligible so we do not need to
consider their wave properties.3] [For small objects, however,
the de Broglie wavelength is large enough that they demonstrate
significant wave properties.“]

I have explicitly addressed the wave properties of matter.!

| have explicitly addressed the reason classical laws are
not appropriate at small scales.?

| have used the relevant theory: de Broglie wavelength at
large scales.®

| have used the relevant theory: de Broglie wavelength at
small scales.”

b [Classical laws assume it is possible to have unlimited certainty in
the measurements of physical quantities but this assumption is not
appropriate at small scales.‘HHeisenberg’s uncertainty principle
puts a limit on the certainty of measurements.z] |At large scales the
uncertainty is insignificant compared to the size and momentum of
the objects.3] |At small scales the uncertainty is significant compared
to the small size and momentum of the objects.*|

I have explicitly addressed the reason classical laws are
not appropriate at small scales.!

I have explicitly addressed Heisenberg’s uncertainty
principle.?

| have used the relevant theory: Heisenberg’s uncertainty
principle at large scales.?

| have used the relevant theory: Heisenberg’s uncertainty
principle at small scales.*

9 |[Aliceis correct'||and Tadhg is incorrect.?|| According to Heisenberg’s
uncertainty principle, there is significant uncertainty at the scale
of electrons. Classical physics, which relies upon certainty to make
predictions, is not appropriate at such small scales.ﬂ

I have explicitly addressed Alice’s claim.

I have explicitly addressed Tadhg’s claim.?

I have used the relevant theory: Classical laws fail.

Previous lessons

10 a

A Fona by table

| have drawn two arrows to represent the contact forces
originating from the contact surfaces.

| have drawn an arrow to represent the force due to
gravity originating from the centre of mass.
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| have drawn all arrows in the correct direction.

I have labelled the arrows.

| have drawn the arrows with appropriate size: the
vector sum of the downwards forces must equal the
upwards force.

b [0N."|[There is no normal force as the block is accelerating at the
same rate as the blocks around it.?|

I have explicitly addressed the force on block B by
block Al

I have used the relevant theory: normal force on objects
in freefall.2

v= % .3.0x108= m (IMARK)
d=1.50x10"m (1MARK)

b Microwaves, visible light, ultraviolet, X-rays, gamma rays.
Key science skills

12 a Thesize of theslit OR type of particle.

b [The momentum (OR speed OR energy) is the property which
Davisson can change as an independent variable."|| This changes

the electron’s wavelength according to A = % which affects the

diffraction pattern.?|

I have explicitly addressed a property of electrons.!

I have used the relevant theory: de Broglie wavelength.?

12C Absorption and emission spectra

Theory review questions

1D 2D 3 A 4 B 5D
6 B 7 C 8 B 9 A
This lesson

10 |Anelectron in a sodium atom exists in discrete energy levels.'|[Photons
are emitted when electrons transition to lower energy levels.?|[Hence
a sodium vapour Iamp3] [will only emit discrete wavelengths of light
corresponding to the difference in energy levels.”|

| have used the relevant theory: discrete electron
energy levels.!

I have used the relevant theory: energy level transitions.?

| have related my answer to the context of the question.?

| have explicitly addressed the reason wavelengths
are discrete.*

11 |[The wave model of the electron states that an electron has a de
Broglie Wavelength.‘][For a stable orbit to exist a standing wave must
form, where the circumference of the orbit is an integer multiple of the
wavelength nA = 2nr.2} [Since only certain discrete electron wavelengths
are able to exist and wavelength relates to energy, only discrete energy
levels of electrons are allowed to exist.?|

I have explicitly addressed electrons having wave-
like properties.!

I have used the relevant theory: electron standing waves.?

I have explicitly addressed the reason energy levels
are discrete.?

I have provided a diagram of an electron standing wave
around a nucleus in my answer.

12 a n4—n1=3.61eV,n3—n1=3.19eV (1 MARK)
nz—nl:2.10 eV, n4—n3:O.42 eV (1 MARK)

n,—n,=151 eV, ny—n,= 1.09 eV (1 MARK)

b [ltis not possible'| because there is no difference of 2.3 eV between
electron energy Ievels.z}

| have explicitly addressed whether the observation
is possible.!

| have used the relevant theory: discrete
energy transitions.?

¢ AE=hf=414x1071x1.353x101%=0.560 eV (1 MARK)

0.56=E,-E,

F 3

lonisation
3.91eV

n=5 3.75eV
n=4 3.61lev
n=3 Y- 319eV
n=2 2.10eV
n=1 » 0eV Ground state
(1 MARK)

_hc_4.14x1075x3.0x 108

d Ephoton_T 14%109 =89eV
Ephomn 2E; isation (89€V23.91eV)
KEelectron = Ephoton - Eionisation =89-3.91=85eV



[The electron would be emitted from the atom (ionisation)‘}
|because the electron energy will be greater than the ionisation
energy.?|| The electron will have a final kinetic energy of 85 eV.3|

% 2% Ihave explicitly addressed what would happen to
the electron.’

I have used the relevant theory: ionisation energy.?

VRS
VRS

< R

13 [Aslight passes through the exosphere, the elements in the exosphere
will absorb certain wavelengths of the light, producing an absorption
spectrum.’|[By comparing the absorption spectrum frequencies of the

I have explicitly addressed the final energy of
the electron.?

I have used calculations to support my answer.

exosphere with mercury’s unique spectrum, Stephen Hawking can tell if
there is mercury present.?|

% ©2 I'have used the relevant theory: absorption
spectra production.!

% © Ihave explicitly addressed how Stephen Hawking can test for
the presence of mercury.?

% 2% Ihave related my answer to the context of the question.

Previous lessons

14 a F= GM;TZ =6.67x 10711 x 1290190 10~ ?2;01;9;);9)12027 (1 MARK)
F=3.07N (1MARK)
b g=a .'.Gr—l\';=v—,2 (1 MARK)
6.67 x 10711 x 120X 107 _ vz (1 MARK)

(75600 x 103)2 75600 x 103
v=4.09%10*m s (1MARK)

15 a |[Total internal reflection would not occur.!|[When light goes from a
lower to a higher refractive index, it will refract towards the normal

of the boundary and hence total internal reflection cannot occur.?|

% 2% I'have explicitly addressed whether total internal
reflection will occur.

% > Ihave used the relevant theory: refraction.?

b n;sin(6)=n, .. 1.20xsin(90°~30°) =n, (1MARK)
n,= 1.04 (1 MARK)
Key science skills

16 a |[Precision isameasure of the spread of recorded values."|[ Jane’s
results have a range of 7 nm, whilst Al’s results range over 14 nm.?|

[Therefore Jane’s results are more precise.?|

% 2% Ihave used the relevant theory: precision.!

% ©%  Ihave used the provided data in my answer.?

% > Ihave explicitly addressed which results are more precise.?

ANSWERS

b [Accuracy is a measure of how close the measurements are to
the ‘true’ value of the quantity being measured.!|[ Jane’s average
measurement was 2 nm above the true value whilst Al’'s average
was 1 nm below the true value.?|[ Therefore Al’s measurements are
more accurate.?|

Q/ ©%  Ihave used the relevant theory: accuracy.!

% 22 Ihave used the provided data in my answer.?

Q/ 2% I'have explicitly addressed which results are
more accurate.?

12D Production of light

Theory review questions

Exam-style questions

[
>
N
>
w
@]
»
o

This lesson

5B 6 A 7D 8 A 9 B

Previous lessons
10 a 4m?r3=GMT? (1MARK)

4x?x(6.37x106+5.40%x 10°)3=6.67x 10711 x 598 x 1024 x T2

(1 MARK)
T=5.71x103s (1MARK)

b V_m_2><T[><(6.37><106+5.40><105)
ST 5.71x 103

(1 MARK)
v=7.60x103ms1 (1umarK)
11 nlsin(el) = nzsin(ez) o 1.20 xsin(47°) =1.33 % sin(ez) (1 MARK)

0, =41 (LMARK)

12 a Measuring device uncertainty is equal to half of the smallest
increment shown on the measuring device.
b +0.5lux

Chapter 12 Review

Section B

o [
pd
N
lw)
w
pd
»
(@]
(5]
w
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I have drawn a circle representing the Bohr radius.

I have drawn a standing wave around the nucleus.

50 nm 75nm 100 nm 125nm 150 nm
I have drawn three peaks and three troughs on the (1 MARK)
standing wave. e [The electron must have a de Broglie wavelength'|[such that the
circumference of the orbit is an integer multiple of the wavelength
7 [Hermione is (unsurprisingly) correct."|[Electrons exist in stable orbits (n\=2mr) to occupy a stable orbit.?|| This allows the electron to act
only when they can form a standing wave.?|[ This is possible only if the as a standing wave and interfere constructively with itself.3]

circumference of the orbit is an integer multiple of the wavelength (
I have explicitly addressed the wave behaviour

nA=2mr).2|[Hence only certain wavelengths are allowed and so atomic
of electrons.!

electrons must exist in discrete energy levels.”|

| have explicitly addressed the conditions for a

. . 1
I have explicitly addressed who is correct. stable orbit.2

. . 2
 have explicitly addressed wave properties of electrons. I have used the relevant theory: electron standing waves.?

I have used the relevant theory: electron standing waves.?

9 a |[Alessandrois correct.‘] [Heisenberg’s uncertainty principle applies

I have used the relevant theory: discrete energy levels.” to all scales.?|[However, the uncertainty is negligible for large
objects which is why classical laws of physics are appropriate at
8 a Energy(eV) large scales.ﬂ
A
lonisation
13.6 energy I have explicitly addressed whether Isabella or
Alessandro is correct.!
13.2 n=6
131 n=5 - .
l I have explicitly addressed Heisenberg’s

12.8 n=4 uncertainty principle.2

121 n=3 | have used the relevant theory: why classical laws apply

at large scales.?

102 v n=2 b [Aselectrons travel through the slit, the uncertainty in their
position decreases.‘} [ This results in an increase in the uncertainty
in momentum due to?|Heisenberg’s uncertainty principle.?|[ This
appears as a diffraction pattern on the screen behind the slit.ﬂ

0 Y n=1 R B
| have used the relevant theory: position uncertainty in
. . single slit experiment.!
I have drawn arrows which start at n =5 and which
point downwards. I have used the relevant theory: momentum uncertainty
. in single slit experiment.?
I have drawn arrows which end at each level below n=5.
| have explicitly addressed Heisenberg’s
b Lowest frequency means smallest energy difference and photon uncertainty principle.?

emission means electron transitions to a lower energy level:

| have explicitly addressed the electron
AE,=13.1-12.8=0.3eV

diffraction pattern.*

AE =hf :.0.3=4.14x 107 xf (1 MARK)

s 10 a [Theresults demonstrate the dual wave-particle nature of matter!|
f=T7x10"Hz (1MARK) since diffraction is a property of waves.?|
¢ Longest wavelength means smallest energy difference and photon | have explicitly addressed what the results reveal about

absorption means electron transitions to a higher energy level: the nature of matter.!

AE,=12.8-12.1=0.7¢V
| have used the relevant theory: diffraction as a

-15 8
aE,=0C 07 = 41410 X30XID () gy wave property.?

n= A

- -6
A=2x10"m (1MARK) b Same diffraction patterns means same wavelength for electrons and

-15 8 X-rays. (1 MARK
d o, =heo414x107x30x10° ys. ( )
3.0x108
_ For the X—rays:?\:gzi (1 MARK)
15 8 16
”6_”1:13-2‘0:M3-7\:94nm (1 MARK) f 6.0x10

s . " Aglectron = 5:0 NM - (1 MARK)
ny=n,=102-0=32A0 3030 . 32199 nm - (1 MARK)



h _6.63x1073
€ PTATsox10e AR

p=133x10"°=1.3x10"25kgms™ (1 MARK)

_h . o_ 6.63x1073
= . 50x1079=202 00

d A= 9.1x1073xvy

Tl

v=1.46x10°ms™! (1 MARK)

KE=3mv2=3x9.1x1031 x (1.46 x 10%)2 (1 MARK)

KE=9.7x10721 J (1 MARK)

OR

2

_P
KE=5— (1 MARK)

-25)2
KE= (1.33x10725)

T 2x9.1x1073! (1 MARK)

KE=9.7x10721J (1 MARK)

11 [The statement in the article is incorrect!|because electromagnetic
radiation can also be produced by accelerating charges.?|[Lasers and
LEDs are examples of light being produced by atomic-energy-level
transitions. Incandescent globes and synchrotrons are examples of light
being produced by accelerating charges.?|

I have explicitly addressed whether the statement is correct.’

I have used the relevant theory: production of light.?

I have explicitly addressed each of the four ways of
producing light.?

12 |Asodium vapour lamp relies on photon emission from excited atoms
to produce Iight.ﬂ |Atoms in the gas are energised to reach an excited
energy statez} [and then the energy is emitted in the form of photons as
the electrons return to the ground state.3]

I have explicitly addressed how sodium vapour lamps
produce light.!

I have used the relevant theory: excited energy states.?

I have used the relevant theory: electron transitions and
photon emission.3

13 [The screen detects discrete spots which supports the particle model‘}
|because the spots represent quantised amounts of light energy
(photons) rather than a continuous stream ofenergy.z} [Over time, the
discrete spots collectively form an interference pattern which cannot
be explained by the particle model of Iight.3][A particle model of light
would predict that the discrete spots should all land in one of two
regions, corresponding to the two slits.?|

I have explicitly addressed a result that supports the particle
model of light.!

I have used the relevant theory: the particle-like nature
of light.2

I have explicitly addressed a result that does not support the
particle model of light.

I have used the relevant theory: the particle-like nature
of light.*

ANSWERS

Unit 4, AOS 2 Review

1D 2 B 3 D 4 C

5

A. Atthe frequency used, the stopping voltage is smaller for E1. The
maximum kinetic energy of electrons is therefore less in E1. This is
possible if the threshold frequency is greater, as shown by

KE o = h(f = £))-

Section B

6

7

10

a KE=13x1.6x10"19=2.08x1071%J

2 2

2.08x10710=—P

_P
KE T2x9.1x10731

=om - (1 MARK)

p=6.15x10"25kgm s (1MarK)

_h_6.63x10734 _ -9
?\—p = e15x105 " 1.1x1079m (1MARK)
b When diffraction patterns are the same, we can conclude that the
momentum of the photon is the same as that of

the electron. (1 MARK)

Pph =Pe=mv=9.1x 10731 x 7,92 x 106
Ppp=T-2% 102 kgm st (1MARK)

[ The wave model incorrectly predicts that light energy is continuous
and that an electron would absorb the energy over time until it has
sufficient energy to be emitted.‘] | The negligible time delay between
light being incident on a metal surface and the emission of electrons
provides evidence against this prediction.z] | The wave model also
incorrectly predicts that any frequency of light should be able to cause
photoelectron emission.?||The existence of a threshold frequency
provides evidence against this wave model prediction.“J

I have explained one incorrect wave model prediction.!

| have identified the evidence against the wave model
regarding the first cited prediction.?

I have explained a second incorrect wave model prediction.?

I have identified the evidence against the wave model
regarding the second cited prediction.*

An explanation of the wave model’s incorrect prediction that maximum
electron kinetic energy depends on light intensity would also be a
correct response for one of the two discussion points.

Vs =172V .. KEmaX: 1.72 eV (1 MARK)
KEpoy =hf=¢p 2. 1.72=4.14x 10715 x 1.14 x 102 - (1MARK)
¢ =3.00eV .. The metalis calcium. (1 MARK)

Each electron produces a single discrete spot on the screen rather than
a continuous interference pattern.

a Eph =AE=13.2-10.2=3.0€eV (1MARK)
Epp=3.0x1.6x10719 (11arK)

- -19
E,p=48%10719)

b p=v2mM*xKE=V2x9.1x10731x4.8%x1071% (1urK)

p=9.3x10"2kgms (1mARK)
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¢ 0.3eV,0.7eV,1.0eV (1MARKEACH) 16 a Arepresents the stopping voltage. (1MARK)
d [Foran electron to exist in an atom, a standing wave must form B represents the maximum photocurrent. (1 MARK)
such that the circumference of the orbit is an integer multiple of b )
the wavelength nA = 2mt.")[Since only certain discrete electron A
wavelengths are able to exist and wavelength relates to energy, only .
. . Maximumcurrent < ..o
discrete energy levels of electrons are allowed to exist.?| |
I have used the relevant theory: electron standing waves.!
I have explicitly addressed the reason energy levels R
are discrete.? v (V)
11 [The light from synchrotrons and incandescent lights are both produced I have drawn the graph with the same maximum current.
by the acceleration of charged particles.|[Synchrotrons use electric
fields to increase the speed of charges and magnetic fields to change I'have drawn the graph with a greater stopping voltage

their direction, whereas the acceleration of charges for an incandescent (a more negative horizontal intercept).

light is a result of thermal vibrations.?|
_c_3.0x10% _ -
o o 17 AX—?—W—G.OXIO Hm (1 MARK)
I have explicitly addressed the similarity between :

. . L g
synchrotron and incandescent light production. The wavelength of electrons and X-rays must be the same: A, =7, (1 MARK)

I have explicitly addressed the difference between -34
- . . :Q:M:l 11x10 2 kgm s (1MARK)
synchrotron and incandescent light production.? PN 60x10 T ™ &

p? _(L11x107%)2

12 $p=hf) . 433=414x1075xf) KE= 3= 5o 1 x 1031 = 671X 1071 J (iwareg
fy=1.05x 1015 Hz (1 MARK) KE=8.71% 10717 Z42%102eV (1ARK
16x10719 "
fo> fphomn .. Photoelectrons will not be released. (1 MARK)

13 [The extent of diffraction is proportional to wavelength, so the
diffraction pattern will have a larger spread for larger values of .| [For

an electron, A= %,2] 'so the diffraction patterns could spread to point A

if the speed is decreased sufficiently.?|

I have used the relevant theory: the relationship between
wavelength and diffraction.!

I have used the relevant theory: the relationship between
wavelength and momentum.?

I have explicitly addressed the change in speed that could
cause greater diffraction.?

jent=p="se____L7-0
14 gradient=h=pj5 @.0-0)x 101 (1ARK)

h=425%x10"1eVs (1MARK)
h=425x10"1x1.6x10719=6.8x1073*Js (1MARK)

15 [Dorothy may predict this because she knows that increasing the
intensity of light means that more energy is delivered by the light.|
[However, Dorothy’s prediction is incorrect because the energy received
by each electron depends on the energy of each photon,z] [which is not
affected by the intensity of the light.3]

I have used the relevant theory: intensity of light
increases energy.”

I have used the relevant theory: energy absorbed by
electrons and the particle model of light.?

I have used the relevant theory: independence of electron KE
from light intensity.?




GLOSSARY

A

absorption spectrum the specific set of frequencies of light
that a material absorbs due to electron energy
transitions p. 415

AC (alternating current) electricity electricity with a
periodically alternating direction of current and
voltage p. 253, 275

acceleration the rate of change of velocity per unit time
(vector quantity) p. 44

accuracy a relative indicator of how well a measurement
agrees with the ‘true’ value of a measurement p. 13

air resistance the force of air particles resisting the motion
of objects through the air. Also known as the drag force in
air p. 85

alternator a device that transforms kinetic energy into AC
electricity by electromagnetic induction; an AC

generator p. 253

amplitude the magnitude of the maximum variation of any
quantity with a changing value p. 253

angle of incidence (waves) the angle to the normal of a ray
approaching a medium boundary p. 350

angle of reflection (waves) the angle to the normal of a ray
reflected by a medium boundary p. 350

angle of refraction (waves) the angle to the normal of a ray
refracted by a medium boundary p. 350

antinode a point where constructive interference
consistently occurs p. 320

aperture a hole, gap, or slit through which a wave
travels p. 337

B

bar magnet a permanent magnet in the shape of a
prism p. 204

C

centripetal force the net force causing circular motion
which is always directed towards the centre of a body’s
circular path p. 67

charge a quantifiable property which relates to how
strongly an object is affected by an electric field p. 197
coherence a property of two wave sources when they
create waves of the same frequency in the same
medium p. 320

coherent light a beam of light with a consistent frequency
and phase p. 421

collision the coming together of two or more objects where
each object exerts a force on the other p. 98

compression (longitudinal wave) a point in the medium of
a longitudinal wave where pressure is a maximum p. 302

compression (spring) the process of decreasing an object’s
length p. 122

compression wave see longitudinal wave p. 302
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conical pendulum a mass on the end of a string which
undergoes horizontal circular motion p. 73

connected bodies two or more objects either in direct
contact or attached by a string, rope, or cable p. 58

contracted length (special relativity) the length of an object
measured in a reference frame where the object is moving;
this length is always shorter than the proper length p. 147

controlled variable avariable that has been held constant
in an experiment in order to test the relationship between
the independent and dependent variables p. 2

conventional current current that is assumed to consist of
flowing positive charges so that the direction of current is
the direction a positive charge would move p. 211

crest (transverse waves) a point in the medium of a
transverse wave where particles have maximum positive
displacement p. 302

critical angle (waves) the angle above which total internal
reflection occurs p. 350

current (electric) the rate of flow of electric charge p. 268

curve of best fit a curved line that indicates the
relationship between the independent and dependent
variables on a graph. It must pass through the uncertainty
bars of all data points p. 22

D

DC (direct current) electricity electricity with a constant
direction of current and voltage p. 221, 253

de Broglie wavelength the wavelength associated with a
particle due to its momentum p. 404

dependent variable avariable that the experimenter
measures, which is predicted to be affected by the
independent variable. Dependent variables are plotted on
the vertical axis of graphs. p. 2

design speed the speed on a banked track for which there
is no sideways frictional force acting on the vehicle p. 73

diffraction the spread of a wave around an obstacle or
through an aperture p. 337

dilated time the time interval between two events
measured in a reference frame where the two events occur
at different points in space; this time is always greater than
the proper time between the events p. 147

dipole asource (field lines point away) and a sink (field
lines point towards) paired together p. 170

discrete limited to certain values

(not continuous) p. 393, 415

dispersion the separation of white light into its constituent
colours due to the different refractive indices for different
frequencies (colours) of light in a given medium

displacement the change in position of an object (vector
quantity) p. 44

distance the total length of a given path between two
points (scalar quantity) p. 44
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Doppler effect the detected frequency change due to the
relative motion between a wave source and detector p. 315

E

elastic collision a collision in which kinetic energy is
conserved p. 112

electric field strength a measure of the electric force that
acts per unit of charge at a point in space p. 197

electromagnet a magnet created by an electric
current p. 204

electromagnetic induction the production of an
electromotive force (EMF) due to the change in magnetic
flux through a conducting loop p. 238

electromagnetic spectrum the range of all electromagnetic
waves ordered by frequency and wavelength p. 346

electromagnetic wave a transverse wave comprised of
changing electric fields and perpendicular changing
magnetic fields produced by the acceleration of charged
particles. Unlike a mechanical wave, it does not require a
medium. p. 346

electromotive force (EMF) the voltage created or supplied
due to energy being transformed into electrical potential
energy p. 238

electron-volt a measure of energy equal to 1.6x10™" J,
derived from the loss or gain of energy by an electron
moving across a potential difference of 1 volt p. 376

emission spectrum the specific set of frequencies of light
that a material emits due to electron energy
transitions p. 415

energy ascalar quantity describing the ability to cause a
physical change p. 104

energy dissipation the transfer of energy out of a
system p. 112

equilibrium the state of having all the forces acting on an
object in balance which means the net force on the object
is zero p. 50

equilibrium position (spring-mass system) the position of
the mass at which the net force on the mass is zero. This
position is always halfway between the two extreme points
(endpoints) in oscillatory motion p. 129

error the difference between a measured value and its
‘true’ value p. 13

event something that occurs at a particular location and
time p. 147

extension the process of increasing an object’s
length p. 122

F

field (model for non-contact forces) aregion of space in
which each point is subject to a non-contact force p. 170

force a push or a pull with an associated magnitude and
direction (vector quantity) p. 50

forced oscillation the oscillation caused by the periodic
application of an external driving force p. 327

frame of reference a set of coordinates by which we
measure the relative location and motion of objects p. 140

frequency the number of cycles completed per unit of time
p. 67,253,302

friction aforce that resists the relative motion of two
surfaces which are in contact p. 58

fringe spacing the distance between adjacent bright or
dark bands in a double slit interference pattern p. 361

fundamental frequency the lowest frequency of a standing
wave in a given medium p. 331

fusion see nuclear fusion p. 156

G

generator a device that transforms kinetic energy into
(either AC or DC) electricity by electromagnetic induction
p- 253

gradient the graphical representation of the rate of change
of one variable with respect to another p. 30

gravitational field strength a measure of the gravitational
force that acts on each unit of mass at a point in

space p. 170

gravitational force the force experienced by an object due

to the gravitational field of another object p. 50

gravitational potential energy the stored energy associated
with the position of an object in a gravitational field p. 117

H

harmonic a standing wave with a frequency equal to an
integer multiple of the fundamental frequency p. 331

human error see personal error p. 13

hypothesis a proposed explanation that predicts a
relationship between variables and can be tested through
experimentation p. 2

ideal spring a spring that obeys Hooke’s law so that the
force it exerts is proportional to its change in length p. 122

impulse a vector quantity equal to the change in
momentum of a body as the result of a force acting over a
time p. 98

inclined plane a flat surface that is at an angle to the
horizontal plane p. 58

independent variable the variable that the experimenter
manipulates (selects or changes), which is predicted to
have an effect on the dependent variable. Independent
variables are plotted on the horizontal axis of graphs. p. 2

induced current the current produced in a conductor due
to a changing magnetic field p. 247

inelastic collision a collision in which kinetic energy is not
conserved p. 112
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inertial frame of reference a non-accelerating frame of
reference p. 140

interference superposition creating a larger (constructive)
or smaller (destructive) resultant wave p. 320

isolated system a collection of interacting objects for
which there is no change in the total mass and energy p. 98

K

kinetic energy the energy of an object due to its
motion p. 104

L

line of best fit a straight line that indicates the relationship
between the independent and dependent variables on a
graph. It must pass through the uncertainty bars of all data
points p. 22

linearise the process of transforming data through
mathematical operations so that, when graphed, a line of
best fit can be drawn through the data p. 22

load (electrical) a part of an electrical circuit which
consumes power p. 283

longitudinal wave a wave in which the oscillations
are parallel to the direction of wave travel and energy
transmission p. 302

M

magnetic field a vector field that arises from the movement
of charge p. 204

magnetic flux a measure of the amount of magnetic field
lines passing through an area p. 238

magnetic flux density the amount of magnetic flux per unit
area. Equivalent to magnetic field strength p. 238
magnitude the size or numerical value of a quantity
without sign (positive or negative) or direction p. 8
mass-energy equivalence the principle that mass can be
considered as a form of energy; mass can be converted into
energy and energy can be converted into mass p. 156

mechanical wave a wave which requires a material
medium p. 302

medium (waves) the physical substance through which a
wave propagates p. 302

model (scientific) a representation of a physical process
that cannot be directly experienced p. 2

momentum a vector quantity for a body in motion which
is equal to the mass of the body multiplied by its
velocity p. 98

monochromatic light light of a single frequency p. 421

monopole asource (field lines point away) or a sink (field
lines point towards) of a field in isolation p. 171

N

natural frequency the frequency of oscillations within an
object when not driven by an external periodic force p. 327
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natural length (spring) the length of a spring when no
external forces are acting on it p. 122

net force the vector sum of all forces acting on an

object p. 50

Newton'’s first law law that states an object will accelerate
only if a non-zero net force (unbalanced force) acts upon
it p. 50

Newton's law of universal gravitation law that states

that every object with mass attracts every other object
with mass by a gravitational force that increases with the
product of their masses and decreases with the square of
the distance between the objects p. 171

Newton's second law law that states the acceleration of an
object is equal to the net force applied divided by the mass
of the object being accelerated p. 50

Newton's third law law that states that for every force
there is a reaction force in the opposite direction of equal
magnitude p. 50

node a point where destructive interference consistently
occurs p. 320

non-uniform field a field for which the direction and/or
magnitude is different at different locations in space p. 171
normal (waves) an imaginary line perpendicular to the
medium boundary at the point of incidence p. 350

normal force the contact force that acts between two
objects with equal magnitude on each object and at right
angles to the contact surfaces p. 50

nuclear fusion two nuclei combine to form a different
nucleus, releasing energy in the process p. 156

0)

observation the acquisition of data using senses such as
seeing and hearing or with scientific instruments p. 2

orbit a circular or elliptical path that an object takes
around another p. 184

oscillate move repetitively around a fixed position p. 129

P

particle atheoretical object that is discrete and has a
defined location p. 393

path difference the difference in length between paths
from two different wave sources to the same
endpoint p. 320

period the time taken to complete one cycle p. 67, 253, 302
permanent magnet an object with material properties that
cause it to produce a magnetic field p. 204

personal error mistakes in an experiment’s design,
execution or analysis caused by a lack of care that
negatively impact or invalidate the conclusions of an
experiment p. 13

photocurrent the electrical current produced by
photoelectrons in the photoelectric effect p. 376



520 GLOSSARY

photoelectrons electrons emitted in the photoelectric
effect p. 376

photon a particle of light with a discrete amount of
energy p. 393

Planck’s constant a constant equal to 6.63%103* J s or
4.14x10"%eV s p. 386

plane a flat, two-dimensional space p. 357

polarised wave a transverse wave whose oscillations exist
in only one plane p. 357

polarising filter a material which polarises light passing
through it in the direction of the filter’s transmission
axis p. 357

potential difference see voltage p. 268

power the rate of change in energy with respect to
time p. 104

precision a relative indicator of how closely different
measurements of the same quantity agree with each
other p.13

projectile an object that has been launched or dropped but
does not experience a propulsion/thrust force during its
motion p. 85

proper length the length of an object measured in a
reference frame where the object is at rest p. 147

proper time the time interval between two events
measured in a reference frame where the two events occur
at the same point in space p. 147

Q

qualitative data data that cannot be described a numerical
values p. 3

quantised see discrete p. 415

quantitative data data that can be described by numerical
values p. 3

R

random error the unpredictable variations in the
measurement of quantities p. 13

range the maximum horizontal distance a projectile
travels p. 85

rarefaction a point in the medium of a longitudinal wave
where pressure is a minimum p. 302

refraction the change in direction of a wave moving
between two media with different refractive indices p. 350

refractive index for a given medium, the ratio of the speed
of light in a vacuum to the speed of light in that
medium p. 350

reliability a qualitative description of how likely it is that
another experimenter can perform an experiment and find
the same results within a small range p. 13

repeatability the closeness of agreement of results when
an experiment is repeated by the same experimenter under
the same conditions (using the same equipment and in the
same lab) p. 13

reproducibility the closeness of agreement of results when
an experiment is repeated by a different experimenter
under slightly different conditions (using their own
equipment and lab) p. 13

resistance (electrical) a measure of the opposition to the
flow of electric current p. 268

resistor an electrical component that resists the flow of
electric current and causes a drop in voltage. Components
such as light bulbs and heaters can be modelled as resistors
p. 268

resonance the process by which the amplitude of an
oscillation increases when forced oscillations match the
natural frequency p. 327

resonant frequency see natural frequency p. 327

rest energy the energy of an object at rest, equivalent to
the energy of its mass p. 156

rest length see proper length p. 147

RMS (root-mean-square) a measure of a time-varying
(such as AC) voltage or current. A constant DC voltage or
current with the same value as the RMS would deliver the
same average power p. 275

S

satellite any object that gravitationally orbits another body,
such as a planet or star p. 184

scalar quantity a quantity that has only magnitude

(size) p. 44

series circuit an electric circuit where components are
connected one after the other so that there is only one path
along which charge can flow p. 268

Slunit the accepted standard unit used for measuring a
quantity. It is an abbreviation of “le Systeme international
d’unités” p. 8

significant figures all the digits in a measurement that are
confidently known p. 8

sliprings a component used to maintain a constant
electrical connection between a stationary external circuit
and a rotating coil p. 221, 253

solenoid an electromagnet made from coils of wire p. 204

speed the rate of change of distance per unit time (scalar
quantity) p. 44

split ring commutator a component used to reverse the
electrical connection between a stationary external circuit
and a rotating coil every half rotation p. 221, 253

spring constant a value that describes the stiffness of a
spring p. 122

spring-mass system the combination of a spring and a
mass that is attached to one end of the spring p. 129

standing wave a wave for which the positions of maximum
amplitude (antinodes) and zero amplitude (nodes) are
constant; a superposition of two waves travelling in
opposite directions with the same frequency and
amplitude p. 331
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static field a field that is not changing over time p. 204
stationary wave see standing wave p. 331

stopping voltage the reverse potential that repels the
most energetic electrons from the collector electrode and
causes the photocurrent to become zero. It has the same
numerical value as the maximum kinetic energy of emitted
electrons in electron-volts. p. 376

strain potential energy the energy stored by the
deformation of an object; also known as elastic potential
energy or spring potential energy p. 122

superposition the addition of overlapping waves in the
same medium p. 320

systematic error a consistent, repeatable deviation in the
measured result from the actual results, often due to a
problem with the experimental design or calibration of
equipment p. 13

T

tension a pulling or stretching force that acts through an
object connecting two bodies; the magnitude of the force
on both bodies is the same p. 58

theory (scientific) an explanation of a physical
phenomenon that has been repeatedly confirmed by
experimental evidence and observation p. 3

threshold frequency the minimum frequency of light at
which electrons are ejected from a metal surface in the
photoelectric effect p. 386

total internal reflection the reflection of all incident light at
a boundary between two media p. 350

total mass energy the sum of the kinetic and rest energy of
amass p. 156

transformer a device that uses electromagnetic induction
to transfer power from one electrical circuit to another,
commonly with an exchange of current for voltage, or vice
versa, while (ideally) keeping the power constant p. 275

transmission (waves) the transfer of wave energy from one
wave medium to another wave medium p. 350

transverse wave a wave in which the oscillations are
perpendicular to the direction of wave travel and energy
transmission p. 302

travelling wave a wave for which the crests and troughs (or
compressions and rarefactions) travel in the direction of
wave propagation p. 331

trendline see line of best fit or curve of best fit p. 22

trough (transverse waves) a point in the medium of a

transverse wave where particles have maximum negative
displacement p. 302

U

uncertainty a quantitative indicator of a range that the
‘true’ value of a measurement should lie within p. 14

uniform field a field for which both the direction and
magnitude are constant throughout the region of
space p. 171
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\'

validity the qualitative appraisal of how well an
experiment measures what it is intended to measure p. 14

vector quantity a quantity that has magnitude (size) and
direction p. 44

velocity the rate of change of displacement per unit time
(vector quantity) p. 44

voltage a measure of the change in the stored electrical
energy per unit charge associated with the difference
between two positions in an electric field p. 268

w

wave the transmission of energy via oscillations from one
location to another without the net transfer of
matter p. 302

wave cycle the process of a wave completing one full
oscillation, ending up in a final configuration identical to
the initial configuration p. 302

wave speed the speed at which a wave propagates. This is
not the speed that particles disturbed by a wave
move p. 310

wave-particle duality the concept of light and matter
exhibiting both wave behaviours and particle behaviours
depending on the context p. 404

wavelength the distance between two identical points in a
wave p. 302

work the change in energy caused by a force acting on an

object in a direction parallel to its motion p. 104

work function the minimum energy of light required
to release the most loosely bound electron from a metal
surface p. 376
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Physics formulas provided in the VCE examination.

Motion and related energy transformations

e ; _As_Av
velocity; acceleration VERp O=f
v=u+at
s=ut+at?
2
equations for constant acceleration s=vt— %at2

v2Z=u2+2as

s= %(v +u)t
Newton’s second law ZF=ma
. . _vZ_4m?r
circular motion =TTz
Hooke’s law F=-kix
elastic potential energy %k(Ax)2
gravitational potential energy near the surface of Earth | mgAh
kinetic energy %mv2
. s MM,
Newton’s law of universal gravitation F=G i
o . _aM
gravitational field 9=65
impulse FAt
momentum mv
y=—=
Lorentz factor 1- v
C2
time dilation t=tyy
. LO
length contraction L=+
rest energy E ot =McC
relativistic total energy Etota1 = YMC?
relativistic kinetic energy E, = (y-1)mc?
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Fields and application of field concepts

electric field between charged plates E=%
energy transformations of charges in an electric field %mv2 =qV
k
field of a point charge E= r—f
force on an electric charge F=qE
k
Coulomb’s law F= quzqz
magnetic force on a moving charge F=qvB
magnetic force on a current carrying conductor F=nilB
radius of a charged particle in a magnetic field r= %

Generation and transmission of electricity

voltage; power V=RI; P=VI=I?R
resistors in series Rr=R;+R,

. . 1_1,1
resistors in parallel R R, + R,
. : v, N,
ideal transformer action VoW, 7T,

Vs ===V loyys = —=
AC voltage and current RMS = /2 'peak  'RMS T /7 peak
- : AD,
electromagnetic induction EMF:e=-N—7~ flux®y=B A
transmission losses Vdrop =liineRiine  Pross =1 12ineRIine
Wave concepts
wave equation v=1FA
constructive interference path difference = nA
Lo . _ 1

destructive interference path difference = <n - 5)7\
fringe spacing Ax:%
Snell’s law n;sin6, =n,sin@,
refractive index and wave speed nvy=n,v,
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The nature of light and matter

photoelectric effect Eymax=hf—¢
photon energy E=hf
photon momentum pz%
de Broglie wavelength )\:%
Data
acceleration due to gravity at Earth’s surface g=9.8ms3

mass of the electron

m,=9.1x1073 kg

magnitude of the charge of the electron

e=16x10719¢C

Planck’s constant

h=6.63x 10_34J$ h=4.14x 10_15 eVs

speed of light in a vacuum

c=3.0x108ms™!

gravitational constant

G=6.67x 10711 N m? kg2

mass of Earth

M.=5.98 x 10%* kg

radius of Earth

R =6.37x10%m

Coulomb constant

k=8.99x10° N m2C2

Prefixes/Units
p = pico= 10712 n=nano=107° 1 =micro=10"° m=milli=1073
k =kilo =103 M = mega = 10° G=giga=10° t=tonne=103kg

525



526

OTHER FORMULAS IN THIS BOOK

OTHER FORMULAS IN THIS BOOK

1E

2B

2C

2D

2D

2E

2E

2E

2F

2G

2G

2G

3A

3A

3B

3B

3D

4C

5A

5C

5C

6A

7C

8A

9B

9F

gradient of a graph

force due to gravity
force down the slope of an inclined plane

circular speed

centripetal force

normal force on a banked track

centripetal force around a banked track

design speed around a banked track

speed for zero normal force at the top of a circle
horizontal component of velocity

vertical component of velocity

speed of a projectile

conservation of momentum

impulse
work

power

speed of objects changing height

conversion of mass into energy

inverse square law

orbital radius, mass and period

orbital speed

work done in an electric field

frequency and period

electrical power

wave speed

harmonics for strings with two fixed ends

. Ya=y
gradient = xi = Xi
Fg=mg
F s =mgsin®
y= 2

- T
_mv?
Free="7—

Foot=Fysin®= thane
v=/rgtand
v=yTg

v, = vcosB

vy=vsin9

2,2 2
v _VX+Vy

P;=P¢
I=Ap =mAv
W=Fs

_AE
P="ht

AE = Amc?
412r3 = GMT?

_./GM
V=\—Fr"

W=qV=qEd

==

_vi=2p=2
P=VI=I?R="%

<
1l
—|>

A=k n=123...

f=%=%,n=l,2,3...



9F

9G

10B

10B

11C

11D

12A

12C

OTHER FORMULAS IN THIS BOOK

harmonics for strings with one fixed end

diffraction

refractive index

critical angle
work function

photon energy from wavelength

photon energy from momentum

photon energy from electron transition

A= %, for odd values of n

f_ﬂ

= a0 for odd values of n

diffraction %

_hc
Ephoton A

Ephoton =pc

E

photon =AF
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528 UNIT 2 | AOS 2 | CHAPTER 8: REMEDIES

BONUS CHALLENGE:
‘JOINING YOUR LEARNING TOGETHER'

Some of the most difficult concepts from recent VCE exams are represented in the hemispheres below. Writing is a great
way to test your knowledge and consolidate your understanding - especially when you're bringing new ideas together!
Here's a challenge for you...

Can you name these famous scientists, identify the Physics concept each of them represents, and join them all together to
form a narrative of 200 words or less?

If so, we'd love you to send them through to us at contentteam@edrolo.com
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