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Introduction

Welcome to Edexcel A level Physics Year 1 Student’s book. The Edexcel specification has been developed from the best of the Edexcel concept-led and the Salters Horners context-led approaches. Although the book has been written specifically to cover the concept approach to the specification, it also makes a most valuable resource for the context approach as it is illustrated throughout by contextual examples and practice questions. The authors both have vast experience of teaching, examining and writing about physics. Both have examined for Edexcel at a senior level for over 30 years.

As the title suggests, this book is designed primarily as a resource for the first year of the A-level course. It does, however, encompass all the material you need if you are only pursuing your studies of physics to AS level.

A key aspect of the text is the emphasis on practical work. Although you do not have a practical examination as such, questions on practical work pervade both AS papers. If you are doing A level, you will also have a third paper comprising practical-based and synoptic questions. There is also an internally assessed Practical Endorsement at A level, for which you need to start a portfolio of work in Year 1. All the Core Practicals in the specification are described here in detail and in such a way that students can carry out the experiments in a laboratory environment. Each experiment has a set of data for the reader to work through, followed by questions similar to those you will be asked in the examination. Questions within written examination papers will aim to assess the knowledge and understanding that students gain while carrying out practical activities, both within the context of the 16 core practical activities, as well as in novel practical scenarios. In addition, for A level, the completion of the 16 core practical activities can provide evidence of competence for the Science Practical Endorsement. The core practicals are also intended to provide students with opportunities to undertake investigative work, therefore the core practical experiments described in this book must be considered as examples of the sort of activity that could be undertaken.

Many other experiments – under the heading of Activity – are also described, together with data and questions. In addition, Chapter 2 is a guide to practical work which explains how you should approach practical work and contains some exercises for you to try. Before carrying out any practical activity, teachers must identify any hazards and assess any risks. This can be done by consulting a model (generic) risk assessment provided by CLEAPSS to subscribing authorities.

Emphasis is also placed on practice questions. The text is abundantly illustrated by Examples which are accompanied by answers to enable you to check your progress. There are then Test Yourself questions for you to try (see the Free online resources section at the end of this book for information on how to access the answers) and at the end of each chapter there are Exam Practice Questions. These are graded in terms of difficulty (• = AS/A level grade E–C, • = AS grade C–A/A level grade C and • = AS grade A/A level grade C–A). In the Exam Practice Questions the mark allocation for each part is shown, as in the examination. The answers give an indication of how the marks might be awarded but not in the same detail that there would be in an actual mark scheme. Examples of mark schemes are given in Chapter 19.

Most students using this book will have completed a GCSE course in physics or combined science. The Prior Knowledge boxes at the start of each chapter list some of the material that you may have covered at GCSE. These boxes should serve as a useful reminder of your earlier work before you start each topic. It should be emphasised, however, that all of the basic concepts are explained fully in each chapter and that previous knowledge is not an essential pre-requisite.

Throughout the book there are Key Terms highlighted in the margin that you need to learn. There are also numerous Tips. These may be reminders, for example to use SI units, warnings to avoid common errors or hints about short cuts in performing calculations.

At the end of the book, Chapter 19 (Preparing for the exams) is a valuable guide on revision and exam technique. As you need to put these principles into practice from day one, you are strongly advised to read through this before you start your course (although you probably won’t be able to attempt the questions). You should then re-visit Chapter 19 from time to time. The same goes for Chapter 18 (Maths in physics) where you will find an outline of the mathematical requirements for AS and A level physics, together with lots of simple (and not so simple!) examples for you to try.

The authors have enjoyed writing this book – we hope you enjoy reading it and find it, along with the supporting material, a valuable resource to help you with your studies. Good luck!


Get the most from this book

Welcome to the Edexcel A level Physics Year 1 Student’s Book! This book covers Year 1 of the Edexcel A level Physics specification and all content for the Edexcel AS Physics specification.

The following features have been included to help you get the most from this book.

Prior knowledge

This is a short list of topics that you should be familiar with before starting a chapter. The questions will help to test your understanding.

Test yourself questions

These short questions, found throughout each chapter, are useful for checking your understanding as you progress through a topic.

Tips

These highlight important facts, common misconceptions and signpost you towards other relevant topics.

Key terms and formulae

These are highlighted in the text and definitions are given in the margin to help you pick out and learn these important concepts.

Examples

Examples of questions and calculations feature full workings and sample answers.

Exam practice questions

You will find Exam practice questions at the end of every chapter. These follow the style of the different types of questions you might see in your examination, including multiple-choice questions, and are colour coded to highlight the level of difficulty. Test your understanding even further, with Maths questions and Stretch and challenge questions.

Activities and Core practicals

These practical-based activities will help consolidate your learning and test your practical skills. Edexcel’s Core practicals are clearly highlighted.

Dedicated chapters for developing your Maths and Practical skills and Preparing for your exam are also included in this book.
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1 Quantities and units
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Prior knowledge

In this chapter you will need to:


•  use common measures and simple compound measures such as speed

•  substitute values into formulae and equations using appropriate units and rearrange equations in order to change the subject.



The key facts that will be useful are:


•  mass, length and time are examples of measurable physical quantities

•  kilogram (kg), metre (m) and second (s) are units of mass, length and time

•  speed is the distance covered per unit time and is measured in metres per second (m s−1)

•  vector quantities have both size and direction.
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Test yourself on prior knowledge


1 A man walks 1.6 km in 20 minutes. Calculate his average speed.

2 A sprinter runs 200 m at an average speed of 8.0 m s−1. Calculate the time taken for her to complete the distance.

3 Acceleration can be calculated by dividing a change in speed by the time taken. State the unit of acceleration.

4 Speed is a scalar quantity and velocity is a vector. Explain the difference between the two.
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1.1 Physical quantities, base and derived units

An elderly physicist was asked how much he had in the bank.

‘How much of what?’ he responded.

‘Money, of course!’

‘Fifteen million, three hundred thousand, one hundred and four,’ he replied.

The physicist was not a rich man. He had quoted his balance in Turkish Lira which, at that time, had an exchange rate of 2.6 million to the pound (1.4 million to the American dollar).

The story has relevance to measurements in physics. It is meaningless to state that the size of a wire is 10; we must state the quantity that is measured (in this case, the length of the wire) and the unit (such as cm). In this chapter, and throughout this book, you will identify and use a number of base quantities (and their units) that are fundamental to all physical measurements. You will develop and use derived units for quantities for a wide range of physical properties.
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Tip

Many students lose marks in examinations by failing to include the unit of a derived quantity! Always show the unit for all calculated quantities.
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All measurements taken in physics are described as physical quantities. There are seven quantities fundamental to physics. These are mass, length, time, temperature, current, amount of substance and luminous intensity. All other quantities are derived from these base quantities – for example, speed is distance (length) divided by time.

SI units

A system of measurement is needed so that a comparison of the sizes can be made with the values of other people. Over the years, many different systems of units have been used. In the UK and US, pounds and ounces, degrees Fahrenheit and miles are still common measurements of mass, temperature and length, respectively. Scientists have devised an international system that uses agreed base units for the seven base quantities. These are termed SI units (abbreviated from the French Système International d’Unités).

The base units needed for AS (and A level) examinations are defined in Table 1.1.
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Tip

Remember the convention that for quantities the symbols are italicised, and those for units are written in plain font. This convention is used throughout this book and the AS and A level examinations
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Derived units

Many physical quantities are defined in terms of two or more base quantities. Some examples you may be familiar with are area, which is the product of two lengths, speed, which is the distance (length) divided by time, and density, which equals mass divided by volume (length cubed).

Table 1.2 includes some of the derived quantities and units that will be used in this book. Expanded definitions will be given in later chapters.
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Tip

The Greek letter delta, Δ, is used to show a change in a quantity. So Δvelocity represents a change in velocity.
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Example

Use the definitions from Table 1.2 to show that the pascal can be represented in base units as kg m−1 s−2.

Answer
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Prefixes

Many measurements are very much larger or smaller than the SI base unit. The thickness of a human hair may be a few millionths of a metre and the voltage across an X-ray tube hundreds of thousands of volts. It is often useful to write these as multiples or sub-multiples of the base unit. You will probably be familiar with the kilometre (1 km = 1000 m) and the millimetre (1 mm = 0.001 m). Table 1.3 gives the prefixes commonly used in the AS (and A level) courses.
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Examples


1 A metal sphere has a radius of 3.0 mm and a mass of 0.96 g. Calculate the volume of the sphere and determine the density of the metal.

2 The resistance of a conductor is given by the equation
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   Calculate the potential difference, V, needed for a current, I, of 25 μA to flow through a 2.2 kΩ resistor. Give your answer in mV.



Answers


1

  [image: ]




2 Rearrange the equation and write the quantities in standard form.



V = IR = 25 × 10−6 A × 2.2 × 103 Ω = 0.055 V = 55 mV



[image: ]



[image: ]



Test yourself


1 State the units of force, work and power.

2 Momentum is defined as mass × velocity.




    a) Give the unit for momentum in base units.

    b) Show that the unit is equivalent to N s.




3 Convert




    a) 240 mg to kg

    b) 470 pF to µF

    c) 11 GHz to Hz.




4 The frequency of a vibrating wire is given by the equation
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   where T is the tension in the wire, l is its length and µ is the mass per unit length.




    a) Rearrange the equation with T as the subject.

    b) Show that the unit of T is the newton, N.
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1.2 Scalar and vector quantities

If you travel from town A to town B, it is unlikely that you will follow a direct route between the towns (Figure 1.1).

Assume that town B is 10 km due east of A and that the journey by road is 16 km. On arrival at B, you will have travelled a distance of 16 km and you will have been displaced from your starting point by 10 km due East. Distance gives only a magnitude (size) of the journey’s length, while displacement needs both magnitude and direction.

Quantities represented solely by their magnitude are called scalar quantities and those with both magnitude and direction are vector quantities.
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Key term

Scalar quantities have magnitude only;

vector quantities have both magnitude and direction.
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If the journey takes two hours, the average speed [image: ] is 8 km h−1, whereas the average velocity [image: ] is 5 km h−1 due East.
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Tip

Throughout this book, quantity algebra is used in all calculations. This means that when the values of quantities are substituted into an equation, the appropriate unit is also included. In later examples, where several quantities are given as a multiple or sub-multiple of the SI unit, it can be useful in ensuring that the final answer has the correct magnitude. Although this is a recommended practice, it is not a requirement in the examinations.
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When adding scalar quantities, normal arithmetic is applied. In the example above, the total distance travelled after returning to town A will be 16 km + 16 km, which equals 32 km. However, you would be back at your starting point, so your displacement (10 km due East plus 10 km due West) is zero.
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Example

An aeroplane flies a distance of 1150 km from London to Oslo in 1 hour and 30 minutes. The return journey follows a different flight path and covers a distance of 1300 km in 2 hours. Calculate:


a) the average speed of the aircraft

b) its average velocity over the two trips.



Answer


a)
[image: ]




b)
[image: ]





[image: ]



[image: ]



Tip

Vectors are usually differentiated from scalars by putting an arrow above the symbol, but they are usually represented as vector diagrams in most physics exams.
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Addition of vectors requires direction to be considered. It can be achieved with the help of scale drawings. If, after travelling to town B, you move 10 km due North to town C, your resultant displacement will be 14 km at an angle of 45 ° to AB (Figure 1.2).
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Example

An oarsman rows a boat across a river with a velocity of 4.0 m s−1 at right angles to the bank. The river flows parallel to the bank at 3.0 m s−1. Draw a scale diagram to determine the resultant velocity of the boat.

Answer


[image: ]
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For the addition of two vectors at right angles, the laws of Pythagoras and trigonometry can be used to determine the resultant vector.

In the above example, the magnitude of the resultant velocity, v, is given by the expression:

v2 = (4.0 m s−1)2 + (3.0 m s−1)2

v  = 5.0 m s−1

and the direction is found using the expression:

[image: ]

These methods will be used in Chapter 5 to add forces and in the Year 2 Student’s book to combine magnetic fields.

Table 1.4 gives a list of some scalar and vector quantities.

Table 1.4 Scalars and vectors.



	Scalar
	Vector



	distance
	displacement



	speed
	velocity



	time
	acceleration



	mass
	force



	amount of substance
	weight



	temperature
	momentum



	charge
	magnetic flux density



	energy
	electric field strength



	potential difference
	 



	resistance
	 




1.3 Vector addition and the resolution of vectors

Imagine a child is pulling a toy cart. The child exerts a force at an angle, θ, to the ground, as shown in Figure 1.4.
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Part of the force can be thought to be pulling the cart horizontally and part can be thought to be lifting it vertically. We have seen that two vectors at right angles to each other can be added together to give a single resultant vector. It therefore follows that a single vector has the same effect as two components at right angles to each other.
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Tip

The component adjacent to θ is always Fcos θ. You may find it easier to use the cosine function for both components – for example, if θ = 30 °, the horizontal component will be Fcos 30 ° and the vertical component Fcos 60 °.
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The force exerted by the child has a horizontal component of FH and a vertical component of FV. Using trigonometry:

[image: ]

and

[image: ]

⇒ the horizontal component of the force, FH = Fcos θ and the vertical component, FV = Fsin θ.
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Example

The Earth’s magnetic field has a flux density of about 5.0 × 10−5 T in the UK and enters the Earth at about 70 ° to the surface. Calculate the horizontal and vertical components of the field.

Answer



	Horizontal component

	= (5.0 × 10−5 T) × cos 70 °
= 1.7 × 10−5 T







	Vertical component

	= (5.0 × 10−5 T) × sin 70 °
= 4.7 × 10−5 T
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The study of projectiles in Chapter 3 is simplified by taking horizontal and vertical components of the initial velocity of the projectile. The vertical and horizontal motions can then be treated separately.
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Test yourself


5 Make a list of four scalar quantities and four vector quantities.

6 A girl cycles 5.0 km due East and then 12 km due North. Calculate:




    a) the total distance she has travelled

    b) her displacement from the starting position.




   She then cycles a further 10 km 30 ° South of West (W 30 ° S).




    c) Draw a scale diagram to determine the displacement from her original position.




7 A stone is thrown with a velocity of 18 m s−1 at an angle of 25 ° to the horizontal. Calculate:




    a) the initial horizontal component of the velocity

    b) the initial vertical component of the velocity.
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Exam practice questions


•  1 a) Which of the following is a base quantity?




            A Length

            B Metre

            C Second

            D Speed

[Total 1 Mark]




      b) Which of the following is a derived unit?




            A Force

            B Metre

            C Newton

            D Second



[Total 1 Mark]


      c) Which of the following is a scalar quantity?




            A Acceleration

            B Force

            C Metre

            D Speed

[Total 1 Mark]




      d) Which of the following is a vector quantity?




            A Distance

            B Mass

            C Time

            D Velocity

[Total 1 Mark]




•  2  Calculate the force applied to a surface of area 220 mm2 to create a pressure of 10 MPa. Give your answer in kN.

[Total 2 Marks]

•  3  An aeroplane takes off with a velocity of 120 m s−1 at an angle of 30 ° to the runway. Calculate the horizontal and vertical components of the velocity.

[Total 2 Marks]

•  4  The capacitance, C, of a capacitor is defined by the equation:

[image: ]

       where Q is the charge stored and V is the potential difference across the capacitor.

       Use Table 1.2 to show that the unit of capacitance – the farad, F – may be represented as kg−1 m−2 A2 s4 in base units.

[Total 3 Marks]




•  5  A hiker walks 5 km due East and then 10 km due South.




      a) Draw a scale diagram to calculate the displacement of the hiker from the starting position.

[2]

      b) Calculate the average speed and the average velocity of the hiker if the complete journey took 5 hours.

[2]

[Total 4 Marks]




•  6  An oarsman rows a boat across a river aiming for a point on the other bank directly opposite his starting point and 40 m away. He rows at a velocity of 2.0 m s−1 towards this point, but finds that he reaches the other bank 10 m downstream from the intended target. Sketch a vector diagram for his journey, and calculate the velocity of the boat between the start and finishing points.

[Total 3 Marks]




•  7 The rate of flow of a fluid (volume per second) through a pipe is given by the equation

[image: ]

       p is the pressure difference across the pipe, l is the length of the pipe, r its radius and η is a property of the fluid known as its viscosity. Rearrange the equation with η as the subject and show that the unit of viscosity may be given as Pa s.

[Total 2 Marks]




•  8  Two forces, F1 and F2, act on an object. F1 is 6.6 N acting vertically down and the resultant force (the sum of F1 and F2) on the object is a horizontal force of 4.7 N. What is the value of F2?

[Total 2 Marks]
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2 Practical skills

2.1 Introduction

Physics is a very practical subject, and experimental work should form a significant part of your AS and A level Physics courses. It is commonly acknowledged that it is easier to learn and remember things if you have actually done them rather than having read about them or been told about them. That is why this book is illustrated throughout by experiments, usually with a set of data for you to work through and questions to answer.

Nothing is like the ‘real thing’, however, so you should be carrying out many of these experiments for yourself in the laboratory. In particular you will need to pay careful attention to the experiments designated as Core Practicals in the Edexcel specification. These will form the basis of questions on practical work in the two AS papers and in Paper 3 of the A level examination. You may be asked to describe these experiments in the examination and/or answer questions based on them. All eight AS Core Practicals are fully described in this Year 1 Student’s Book, with a set of typical results and the sort of questions you may be asked in the examination.

Many other experiments are also described in detail. Some are included to illustrate and give you a better understanding of the theory, while some are particularly designed to help you develop your practical skills

The Edexcel specification identifies particular key practical skills that should be developed through teaching and learning and that will form the basis of practical assessment:


•  independent thinking

•  use and application of scientific methods and practices

•  numeracy and the application of mathematical concepts in a practical context

•  instruments and equipment.



Full details of the requirements for practical work, including a comprehensive appendix on Uncertainties and practical work, can be found in the specification posted on the Edexcel website: www.edexcel.com.

Before we look at these aspects of practical work, however, we need to be clear about certain terminology used in physics, particularly precision, accuracy and errors.

In the following sections, the bulleted lists in orange indicate in more detail the skills that will be assessed in the examinations.

2.2 Errors: accuracy and precision

The Edexcel specification emphasises that it is important that the words used have a precise and scientific meaning as distinct from their everyday usage. Edexcel has used the terminology adopted by the Association for Science Education, full details of which can be found in the specification. In the following text, these key terms are expressed in italics.

In everyday English, accuracy and precision have similar meanings, but in physics this is not the case. Their meanings are not the same and the difference must be understood.

An error is the difference between a measured result and the true value, i.e. the value that would have been obtained in an ideal measurement. With the exception of a fundamental constant, the true value is considered unknowable. An error can be due to random or systematic effects and an error of unknown size is a source of uncertainty.

When you repeat a measurement you often get different results. There is an uncertainty in the measurement you have taken. It is important to be able to determine the uncertainty in measurements so that its effect can be taken into consideration when drawing conclusions about experimental results.

A measured value is considered to be accurate if it is judged to be close to the true value – it cannot be quantified and is influenced by random and systematic errors.

The term precision denotes the consistency between values obtained by repeated measurements – a measurement is precise if the values ‘cluster’ together. Precision is influenced only by random errors and can be quantified by measures such as standard deviation. This is best illustrated by considering an archer shooting arrows at a target. In this situation, precision means getting all the shots close together and accuracy means getting them where they should be (the bull’s eye!).
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A good archer may achieve high precision, but if the sights of the bow are not adjusted properly, the accuracy will be poor. This gives rise to a systematic error. A poor archer with correctly adjusted sights will scatter the arrows around the bull or, in terms of physics, will make random errors.

In physics experiments:


•  systematic errors can be minimised by taking sensible precautions, such as checking for zero errors and avoiding parallax errors, and by drawing a suitable graph

•  random errors can be minimised by taking the average of a number of repeat measurements and by drawing a graph that, in effect, averages a range of values.



Consider a mechanical micrometer screw gauge. Such an instrument has high resolution as it can measure to a very small interval – it can be read to 0.01 mm – which is the source of uncertainty in a single reading.

Furthermore, with careful use, it can make measurements with high precision – the measurements are repeatable, i.e. very similar when several readings are taken. However, its accuracy will depend on how uniformly the pitch of the screw has been manufactured and whether or not there is a zero error. You cannot do much about the former, although misuse, such as over tightening, can damage the thread. You should always check for zero error before using any instrument and make allowance for it if any is present. This is particularly true for digital instruments, which we often assume will be accurate and thus do not bother to check for any zero error. You should also understand that the accuracy of digital instruments is determined by the quality of the electronics used by the manufacturer.
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Tip

An uncertainty for a single reading, or repeated readings that are the same, will be the resolution of the instrument. For repeated readings that are different, the uncertainty can be taken as being half the range of the readings.
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Example

A student investigates the motion of a tennis ball rolling down a slope between two metre rules using the arrangement shown in Figure 2.3.
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Tip

You will need to be able to rearrange an equation into the linear form

y = mx + c

For the proposed relationship, [image: ], it is important to understand that s and t are the variables and that a is a constant.

A graph of s on the y-axis against t2 on the x-axis should produce a linear graph of gradient [image: ]. In this case, c = 0, so the graph goes through the origin.

It is conventional to plot the controlled variable (s in this example) on the x-axis and so this is why the student decides to plot a graph of t2 on the y-axis against s on the x-axis rather than the other way around.
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The student uses a digital stopwatch to find the time, t, that it takes for the ball to roll a distance, s, down the slope. She devises a technique in which she releases the ball from different markings on the metre rule and times how long it takes for the ball to roll down the slope and hit the block at the bottom. She records the results as shown in the table.
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The student thinks that s and t are related by the equation of motion:

[image: ]

where a is the acceleration of the ball down the slope, which she assumes to be uniform. To test her hypothesis, she decides to plot a graph of t2 against s.


1 Complete the table by adding values for t2 and then plot a graph of t2 against s.

2 Discuss the extent to which the graph confirms the student’s hypothesis.

3 Determine the gradient of the graph and hence calculate a value for the acceleration of the ball down the slope.

4 Explain how the graph reduces the effects of random and systematic errors in the experiment.

5 Suggest the possible causes of these errors.



Answer


1 You should obtain a graph like that shown in Figure 2.4. Note that a large but convenient scale has been chosen for each axis and that the axes have been labelled with a forward slash between the physical quantity being plotted and its unit. This is a convention that you should adopt.




[image: ]



2 The equation of the line should be:



[image: ]


   If this is correct, the graph should be a straight line of gradient [image: ] passing through the origin. The graph is a straight line, but it does not go through the origin. This could be because there is an additional constant term in the equation or because there may be a small systematic error in the readings. The latter would suggest a value for s of about 0.04 m (4 cm) when t = 0 (see Question 5).

3 Using a large triangle, and remembering that the graph does not pass through the origin, you should find the gradient to be about 3.25 (s2 m−1).

   The gradient is equal to [image: ], so the acceleration is [image: ].

   Note that the answer is given to two significant figures. Although the timings are recorded to the resolution of the stopwatch, giving three significant figures for all except the first reading, the third figure (0.01 s) is over optimistic in view of likely human error in the timing in the order of 0.1 s. A final value stated to two significant figures is therefore more realistic. You will see that there is further justification for this when errors are discussed in more detail in Section 2.4.
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Tip

The number of significant figures used depends on the resolution of the measuring instruments. A final value should usually be stated to the same number of significant figures as the instrument with the fewest significant figures in its reading.
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4 The graph reduces the effect of random errors by using the straight line of best fit through the points to average out the five values. The gradient will still be equal to [image: ] even if there is a systematic error, so drawing a graph both indicates whether there is a systematic error and enables allowances to be made for it.

5 The scatter of the points suggests a random error, particularly for the smaller values. This is probably due to timing errors, which are more apparent when the times are short (e.g. only about 1 s for the first two values).

   The intercept of about 4 cm when t = 0 is caused by a systematic error by the student. She wrongly assumes that if she releases the bottom of the ball from, for example, the 20-cm mark on the rule, it will travel 20 cm before hitting the block. In reality, the ball travels about 4 cm less than this (see Figure 2.6).
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2.3 Planning, making measurements and recording data

You will be expected to:


•  identify and control significant quantitative variables and plan approaches to take account of variables that cannot readily be controlled

•  select appropriate equipment and measurement strategies in order to ensure suitably accurate results.



In the tennis ball experiment, the student identified the distance s and the time t as the two variables and measured them appropriately with a metre rule and digital stopwatch, respectively. She identified the acceleration, a, as being constant. To control this, she should ensure that the angle of the slope is constant – for example, by making sure that the runway does not ‘bow’ in the middle.

You will also be expected to:


•  obtain accurate, precise and sufficient data

•  record these data methodically using appropriate units and conventions

•  present data in an appropriate scientific way

•  plot and interpret graphs.
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Tip

Always express measurements, whether in tables or on the axes of graphs, in the form quantity/unit, for example t2/s2.
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The student sensibly presented her data in a table and then plotted a suitable graph. The data were recorded with appropriate units, expressed in the conventional way, i.e. the symbol of the quantity being measured, followed by a forward slash and then the unit. For example t/s means the time, measured in seconds. The graph enabled an appropriate value for the acceleration to be determined by averaging several values, thereby reducing random error. We could also interpret from the graph that there appeared to be a systematic error in the measurements.

Mathematically, the forward slash means ‘divided by’. Thus t/s actually means the time (in seconds) divided by seconds and so results in a number. The quantities in the table are therefore just numbers. The same convention is used when plotting graphs, so she has correctly labelled the axes as t2/s2 and s/m.
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Tip

You should understand the difference in meaning between italic s for the distance (a physical quantity) and upright s for seconds (a unit).
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Unfortunately the student neither measured the distances correctly (which gave rise to a systematic error) nor took repeat readings (which would have improved the precision of her data). She also gave no indication that she had checked the stopwatch for zero error. In an experiment such as this, several repeat readings are essential as the times are very short and subject to human error in starting and stopping the stopwatch. The student should also have gone back and taken timings for extra values of s as five points are not really enough for a graph.

In general, measurements should be repeated, if practically possible, to provide a check against a misreading and to allow reductions in random errors by averaging two or more values. For example, when finding the diameter of a length of wire, the micrometer (or digital calipers) should first be checked for zero error. The diameter should then be measured at each end of the wire and at the centre (to check for taper), taking readings at right angles to each other at each point (to check for uniformity of cross-section). This is shown in Figure 2.5.
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In some experiments, such as finding the current–voltage characteristics of a filament lamp, it would be completely wrong to take repeat readings, as the lamp will heat up over time and its characteristics will change. In such a situation you should plan for this by making sure that you take a sufficient number of readings the first time around.

You will further be expected to:


•  consider margins of error, accuracy and precision of data

•  evaluate results and draw conclusions with reference to measurement uncertainties and errors.



In the tennis ball experiment, the uncertainty in the length s is likely to be the accuracy with which the ball can be placed on the scale reading of the metre rule. This will be governed by the resolution of the scale (calibrated in mm) and the human error locating the point at which the ball touches the rule. The uncertainty is probably ±2 mm. The uncertainty in the timing is most definitely not the resolution of the stopwatch (0.01 s). The uncertainty is governed by the human reaction time in starting and stopping the stopwatch. Although these effects tend to cancel out to some extent, the uncertainty would still be considered to be in the order of 0.1 s.

The accuracy of an experiment can be assessed best by expressing the uncertainties as percentages. In the tennis ball experiment, the percentage uncertainty in the measurement of, say, the mid-distance s = 0.600 m would be:

[image: ]

The percentage uncertainty in the corresponding time, t = 1.35 s, would be:

[image: ]

As t2 is being used, the percentage uncertainty is actually 2 × 7.4% = 14.8%. As [image: ], the percentage uncertainty in a is found by adding the percentage uncertainties in s and t2: 0.3% + 14.8% = 15.1%. We would probably round this and say 15%, which is a relatively large percentage uncertainty.
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Tip

The percentage uncertainty for a product (xy) or a quotient [image: ] is found by adding the individual percentage uncertainties of x and y. As, for example, x3 is x × x × x, the percentage uncertainty in x3 will be three times the percentage uncertainty in x.
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However, even taking as few as five readings and then plotting a graph reduces the uncertainty considerably. A rigorous treatment would be to draw the points on the graph with error bars and draw the steepest and shallowest best-fit straight lines. For simplicity, as there is not very much scatter of the plots on the graph, let us assume the percentage uncertainty in the value for the acceleration is in the order of 5%.

The uncertainty in the value of a can be found by taking 5% of its value, i.e. [image: ]

We can therefore write the value for the acceleration as 0.62 ± 0.03 m s−2.

Other skills that you may be assessed on include:


•  correctly following instructions to carry out experimental techniques or procedures

•  carrying out techniques or procedures methodically, in sequence and in combination, identifying practical issues and making adjustments when necessary

•  using appropriate analogue apparatus and interpolating between scale markings

•  safely using a range of practical equipment and materials, identifying safety issues and making adjustments when necessary.



These points are illustrated in the next two examples.
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Example

When the student shows her teacher the results of the tennis ball experiment, he suggests that she develops the investigation further by comparing her value for the acceleration, a, with the theoretical value. He tells her that this is:

[image: ]

where θ is the angle between the slope and the horizontal bench top.


1 Show that the angle should be about 6 °.

2 Estimate the percentage uncertainty in attempting to measure this angle with a protractor and comment on your answer.

3 Draw a diagram to show how you could use a trigonometric method to determine sin θ and comment on the advantage of this technique.



Answers


1 If [image: ]

   [image: ]




2 Using a protractor, the angle could probably not be measured to better than an uncertainty of ±1°, which gives a percentage uncertainty of:



[image: ]


   This is a large uncertainty, which suggests that using a protractor is not a suitable technique.

3 Figure 2.6 shows how a trigonometric technique could be used. It also shows why the student’s measurements for s have a systematic error of about 4 cm.
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   Using the technique adopted in Figure 2.6 to determine the value of s would enable readings to be taken methodically, quickly and accurately and would also allow several repeats of each value to be taken.

   In the arrangement shown in Figure 2.6, the distance l was 1.000 m and the height h was 103 mm. These measurements give a value for tan θ of:

[image: ]

   and hence a value for sin θ of 0.102. This has been determined to three significant figures compared with a mere one significant figure using a protractor.

   The advantage of this trigonometric method is that it involves two longish lengths, which can each be measured to an uncertainty of ±2 mm or better. This reduces the percentage uncertainty for sin θ to about 1% or 2% at most.

   There are no real safety issues associated with this experiment, although a possible hazard would arise if the tennis ball were allowed to bounce around the laboratory. The ball should therefore be caught at the end of each run and not allowed to fall off the bench.
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Tip

You should always illustrate your work with diagrams. These should be drawn carefully, preferably in pencil, using a rule for straight lines. Distances should be marked precisely and any special techniques should be shown. In this case, for example, the use of a set square to ensure that the half-metre rule is vertical.
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Example

A student planned to investigate a property of a prism. He wanted to find how the deviation, δ, produced by the prism depends on the angle of incidence, i, of a laser beam striking the prism.

The student placed the prism on a sheet of white paper and drew around it. He removed the prism and drew lines at angles of incidence of 30 °, 40 °, 50 °, 60 °, 70 ° and 80 ° using a protractor. He then replaced the prism and shone the laser beam along each of the lines in turn, taking particular care not to look directly into the laser beam. For each angle of incidence, he marked the direction of the emerging beam and determined the respective deviation. He recorded the data as shown in the table.
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[image: ]


Note that the student took his measurements methodically by initially drawing angles of incidence at 10 ° intervals and recorded them in a suitable table with units. He attempted to measure the angles to a precision of 0.5 ° by interpolating between divisions on the protractor. This is reflected in the table by the student giving all of the angles to an appropriate number of significant figures.
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Tip

Wherever realistically possible, try to interpolate between scale divisions, for example, 0.5 mm on a millimeter scale, 0.5 ° for a protractor and 0.5 °C or better on a mercury thermometer calibrated in degrees.
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1 Plot a graph of the deviation, δ, against the angle of incidence, i.

2 Use your graph to determine the angle of minimum deviation, δmin.

3 Suggest extra readings that could be taken to improve the graph.

4 The student looked in a book on optics and found that the refractive index, n, of the material of the prism is given by the equation:
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where A is the angle of the prism. The student measured A and found it to be 60.0 °. Use this information to find a value for the refractive index.

Answers


1 Your graph should look like that in Figure 2.8.

2 The minimum deviation is 37.9 °.

3 The angle of minimum deviation could be determined with more certainty if extra readings were taken for i = 45 ° and i = 55 °.

4 [image: ]
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You should always take an appropriate number of measurements over as wide a range as possible. In the prism example, this is achieved by taking readings between 30 ° and 80 ° (readings with i less than about 30 ° are not achievable as total internal reflection occurs) and by subsequently taking extra readings at i = 45 ° and i = 55 °.

In consideration of safety, you should note that the student took particular care not to look directly into the laser beam. Even a laser pointer is a very hazardous device and could cause serious eye damage. It is not advisable to use lasers in a darkened room as your eye irises will be dilated. The utmost care should always be taken when working with lasers.

You always need to be aware of the potential dangers of the apparatus with which you are working and act accordingly. In particular, you will be doing a number of electrical experiments. Electricity should always be treated with the greatest respect – even at the low voltages with which you will be working.

2.4 Analysis and evaluation

You are required to develop and use a range of mathematical skills, details of which you can find on the Edexcel website. Your attention is also drawn to Chapter 18 of this book.

You will be expected to:


•  process and analyse data using appropriate mathematical skills as exemplified in the mathematical appendix of the specification

•  evaluate results and draw conclusions with reference to measurement uncertainties and errors.



It goes without saying that you should be able to produce a graph with sensible scales and with appropriately labelled axes, including correct units, and then plot points correctly and draw the straight line, or smooth curve, of best fit.

The graph in Figure 2.8 is an example of when the most suitable scale can be achieved by not starting the axes at the origin. You should always choose a scale that occupies at least half the graph paper in both the x and y directions (or else the scale could be doubled!) and one that avoids awkward scales such as scales having multiples of 3.

Points should be plotted accurately, with interpolation between the scale divisions, and marked with a neat cross or a small dot with a ring round it. In more advanced work the plots should be plotted as error bars. The length of the bars should reflect the uncertainty of a value in the region of the middle of the recorded measurements. When drawing the line of best fit, you should remember that not all functions in physics are linear. If your points clearly lie on a curve, you must draw a smooth curve through them. Furthermore, not every straight line will necessarily pass through the origin, even though you may be expecting it to (as in Figure 2.4). If this is the case, you need to discuss possible reasons as to why the line does not pass through the origin.
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Tip

First plot your points in pencil. If they look right, with no apparent anomalies, ink them in. Then draw your line in pencil. If you are not happy with your line, you can easily rub it out and have another go without also rubbing out the plotted points.
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In the tennis ball experiment on page 12, we expected to get a straight line through the origin, but we found that there was a small intercept. We then discussed the possible reasons for this and came to the conclusion that a systematic error had arisen as the distance s had not been measured correctly.

In the second tennis ball experiment on page 16, we considered, quantitatively, the error likely to occur if a protractor was used to measure the angle of the slope. We concluded that an uncertainty of around 17% was unacceptable, so we improved the experiment by using a trigonometric method.

For the tennis ball experiment, we can conclude from the measurement of the angle of the slope that:

[image: ]

The experimental value found for the acceleration was 0.62 m s−2. The two values differ by:

[image: ]

This is a very acceptable experimental error and so we can conclude that, within experimental error, the acceleration of a tennis ball rolling down a slope is given by the formula [image: ]
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Tip

Remember:


•  % difference between two experimental values is given by:
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•  % difference between an experimental value and a stated or known value is given by:
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Note in the above experiment that the two values for the acceleration are both experimental values as the value of sin θ had to be determined by taking measurements. Therefore the average value of the acceleration (0.61 m s−2) was used as the denominator.

Finally, you are expected to be able to:


•  solve problems set in practical contexts and apply scientific knowledge to practical contexts

•  identify uncertainties in measurements and use simple techniques to determine uncertainty when data are combined by addition, subtraction, multiplication, division and raising to powers.



These points are illustrated in the next example.
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Example

A technician needs to make up some leads. In an online catalogue he finds some PVC-insulated copper wire having the following manufacturer’s specification:



	          Core: 1.5 mm2
	    Length: 10 m



	          Internal diameter: 2 mm
	    Weight: 231 g



	          External diameter: 3 mm
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Tip

Remember to distinguish carefully between the terms mass and weight when using them in physics. Manufacturers often use the everyday word ‘weight’ when it should really be ‘mass’.
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1 Comment on the error the manufacturer has made in stating one of the quantities in the specification.

2 The technician decides to check these data. Show that a core of 1.5 mm2 would have a diameter of about 1.4 mm.

3 Concerned about this apparent discrepancy, he does some research and discovers that the core is actually made up of seven strands of copper wire each of diameter 0.52 mm arranged as shown in Figure 2.9.




    a) Show that this gives a cross-sectional area for the copper close to the stated value of 1.5 mm2.

    b) Suggest why the manufacturer’s statement that the diameter of the copper core is 2 mm is not unreasonable.




4 When the wire arrives he checks the diameter of the individual strands of copper wire using electronic digital vernier calipers having the following specification:





	          Resolution: 0.01 mm
	          Repeatability: 0.01 mm



	          Accuracy: 0.02 mm
	 





   Explain what is meant by each of these terms.
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5 He obtains the following measurements for the diameter of each of the seven single strands:

d/mm: 0.53, 0.54, 0.52, 0.53, 0.54, 0.53, 0.52

   Using these data, together with the specification of the calipers,




    a) determine the average area of cross-section these data give for a single strand

    b) estimate the percentage uncertainty in this value

    c) estimate the uncertainty this would give for the area of cross-section for the seven strands

    d) comment on whether the stated specification of 1.5 mm2 for this wire is valid.
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Tip

A measurement is valid if it measures what it is supposed to be measuring – this depends both on the method and the instruments.
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6 The density of copper is 8930 kg m−3. Use this, with your answer to Question 5c, to calculate the mass of copper in the 10 m reel of wire.

7 To check this, the technician cuts off a 10 cm length of wire and strips off the PVC insulation. He finds that the mass of this length of copper is 1.3 g.




    a) What value would this give him for the mass of copper in the cable?

    b) Suggest two ways by which he could have got a more accurate value for the mass.



Answers


1 The manufacturer has stated that the wire has a weight of 231 g when it should have been stated as a mass of 231 g. If the wire has a mass of 231 g, its weight would be

   W = 0.231 kg × 9.81 N kg−1 = 2.27 N

2 From [image: ]



[image: ]


3 a)  For a single strand: [image: ]

         For all seven strands: A = 7 × 0.212 mm2 = 1.49 mm2 ≈ 1.5 mm2

    b) From Figure 2.9 it can be seen that the ‘diameter’ of the copper core can be considered to be three strand diameters, i.e. 3 × 0.52 mm = 1.56 mm. If the manufacturer is only stating values to the nearest millimetre (i.e. one significant figure), then a value of 2 mm is what would be quoted for the ‘diameter’ of the copper core.




4 A resolution of 0.01 mm means that this is the smallest measuring interval, i.e. the electronic readings are shown to 0.01 mm.

   An accuracy of 0.02 mm means that the manufacturer cannot guarantee that the reading is any better than 0.02 mm from the true value.

   A repeatability of 0.01 mm means that if you were to repeat exactly the same reading, the manufacture cannot guarantee that the readings will be the same – they could be 0.01 mm different.




5 a)  Average diameter,

         [image: ]

         However, the manufacturer states an accuracy of 0.02 mm, so the uncertainty could be as much as (0.01 + 0.02) mm = 0.03 mm.




    b) This gives a percentage uncertainty for
[image: ]
The estimated percentage % uncertainty in d2 will therefore be 2 × 5.7% = 11%.

    c) For a single strand: [image: ]

        For all seven strands: A = 7 × 0.221 mm2 = 1.55 mm2

        As d is the average diameter of seven strands and the percentage uncertainty in the area of a single strand is 11%, the percentage uncertainty in the area of the seven strands will also be 11%. Uncertainty in area of seven strands [image: ]

        The area should therefore be expressed as 1.55 ± 0.17 mm2

    d) The specification states that the area is 1.5 mm2. This value lies well within the experimental range of 1.55 ± 0.17 mm2 and so the manufacturer’s statement would appear to be valid.




6 Volume of copper,

   V = area of seven strands × length of wire

      = 1.55 × 10−6 m2 × 10 m = 1.55 × 10−5 m3

   (Don’t forget to convert mm2 to m2!)

   Mass of copper,

   m = density × volume = 8930 kg m−3 × 1.55 × 10−5 m3

      = 0.138 kg (= 138 g)

   As the % uncertainty in the area is 11%, the % uncertainty in m will also be 11% (assuming the density value is accurate).

   Uncertainty in [image: ].

   The mass can therefore be taken as 138 ± 15 g.




7 a)  If 10 cm of bared copper wire has a mass of 1.3 g, then the mass of copper in a reel of length 10 m will be 100 × 1.3 g = 130 g.

    b) He could have got a more accurate value by cutting off a longer length than 10 cm or by using a balance having a greater resolution than 0.1 g.
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If you are going on to take A level Physics, you will be internally assessed for a Practical Endorsement. There are no grades for this, just ‘pass’ or ‘fail’. For this endorsement you will need to show practical competency in the skills highlighted in this chapter, together with evidence of the ability to:


•  apply investigative approaches and methods to practical work

•  keep appropriate records of experimental activities

•  use appropriate software and/or tools to process data, carry out research and report findings

•  use online and offline research skills, including websites and textbooks

•  correctly cite sources of information.



As this Year 1 Student’s book is written for the first year of an A level course, as well as for the AS examination, examples of these skills are included throughout the book in the Core Practicals and in the Activities. In addition, more advanced mathematical skills are needed for A level. These are also illustrated, where appropriate. There will be further examples in the Year 2 Student’s book.
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Test yourself

In Questions 1–3, you will be asked to make some simple measurements for yourself, using things that you can probably find at home. If you cannot do this, you can get the data from the first part of each answer and then work through the rest of the question.


1 You will need:




    •  an unopened 250 g packet of butter (or margarine)

    •  a mm scale, e.g. a 30 cm rule.




    a) Take such measurements as are necessary to determine a value for the density of the 250 g pack of butter.

    b) Estimate the percentage uncertainty in each of your measurements and hence discuss whether your value for the density would allow you to decide whether butter would float in water.




2 You will need:




    •  an unopened packet (500 sheets) of A4-sized 80 gsm printing paper (gsm is the manufacturer’s way of writing ‘grams per square metre’ – that is, g m−2)

    •  kitchen scales

    •  a mm scale, e.g. a 30 cm rule.




        a)  i) Use the kitchen scales to find the mass of the packet of paper.

             ii) Hence determine the mass of a single sheet of this A4 paper.

        b)  i) Take such measurements as are necessary to determine the area of a single sheet of this A4 paper.

             ii) Calculate an experimental value for the ‘gsm’ of the paper.

            iii) Calculate the percentage difference between your experimental value and the value given by the manufacturer. Comment on your answer.

        c)  i)  Estimate the thickness of a single sheet of paper and hence determine a value for the density of the paper.

             ii) Describe how you could check the thickness of a single sheet of paper using a micrometer screw gauge or digital calipers.




3 You will need:




    •  ten 1p coins (all dated 1993 onwards)

    •  a mm scale, e.g. a 30 cm rule.

        (If you do not live in the UK, you should use a small coin of your own currency. You will probably be able to find its mass on the internet.)




    a) Take such measurements as are necessary to determine the average diameter, d, and thickness, t, of a 1p coin.

    b) Calculate the volume, V, of a coin and hence the density of the material from which the coin is made given that the mass of a 1p coin is 3.56 g.

    c) After 1992, 1p coins were made of copper-plated mild steel of density 7.8 g cm−3.




        i) Determine the percentage difference between your value for the density and the value stated for mild steel.

        ii) Comment on your answer with reference to the uncertainties in your measurements.




    d) Until 1992, 1p coins were made of brass (density 8.5 g cm−3) and were 1.52 mm thick. Discuss whether your experiment would enable you to detect this difference.




4 In an experiment to find the acceleration of a mass falling freely under gravity, a student used an electronic timer to find the time, t, for a small steel sphere to fall vertically through a distance, h. The student recorded the following results:




[image: ]



   The student assumed that the relationship between h and t is [image: ].




    a) Show that a suitable graph to plot would be a graph of t2 against h and that the gradient of this graph is [image: ].

    b) Tabulate values of h and t2 and then plot a graph of t2 against h, starting both scales at the origin.

    c) Comment on the graph obtained.

    d) Use your graph to determine a value for g.

    e) Determine the percentage difference between the value you obtain for g and the accepted value of 9.81 m s−2.




    f) i) Comment on the way in which the student expressed the values of h.

       ii) Suggest how the measurements could have been improved.
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