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Introduction

Welcome to the second edition of Physics for the IB Diploma. The content and structure of this second edition has been completely revised to meet the demands of the 2014 IB Diploma Programme Physics Guide.

Within the IB Diploma Programme, the physics content is organized into compulsory topics plus a number of options, from which all students select one. The organization of this resource exactly follows the IB Physics Guide sequence:


•  Core: Chapters 1–8 cover the common core topics for Standard and Higher Level students.

•  Additional Higher Level (AHL): Chapters 9–12 cover the additional topics for Higher Level students.

•  Options: Chapters 13–16 cover Options A, B, C and D respectively. Each of these is available to both Standard and Higher Level students. (Higher Level students study more topics within the same option.)



Each of the core and AHL topics is the subject of a corresponding single chapter in the Physics for the IB Diploma printed book.

The Options (Chapters 13–16) are available on the website accompanying this book, as are useful appendices and additional student support (including Starting points and Summary of knowledge): www.hoddereducation.com/IBextras

There are two additional short chapters offering physics-specific advice on the skills necessary for Graphs and data analysis and Preparing for the IB Diploma Physics examination, including explanations of the command terms. These chapters can be found on the accompanying website.

Special features of the chapters of Physics for the IB Diploma are described below.


•  The text is written in straightforward language, without phrases or idioms that might confuse students for whom English is a second language.

•  The depth of treatment of topics has been carefully planned to accurately reflect the objectives of the IB syllabus and the requirements of the examinations.

[image: ]

•  The Nature of Science is an important new aspect of the IB Physics course, which aims to broaden students’ interests and knowledge beyond the confines of its specific physics content. Throughout this book we hope that students will develop an appreciation of the processes and applications of physics and technology. Some aspects of the Nature of Science may be examined in IB Physics examinations and important discussion points are highlighted in the margins.

•  The Utilizations and Additional Perspectives sections also reflect the Nature of Science, but they are designed to take students beyond the limits of the IB syllabus in a variety of ways. They might, for example, provide a historical context, extend theory or offer an interesting application. They are sometimes accompanied by more challenging, or research-style, questions. They do not contain any knowledge that is essential for the IB examinations.

[image: ]

•  Science and technology have developed over the centuries with contributions from scientists from all around the world. In the modern world science knows few boundaries and the flow of information is usually quick and easy. Some international applications of science have been indicated with the International Mindedness icon.

•  Worked examples are provided in each chapter whenever new equations are introduced. A large number of self-assessment questions are placed throughout the chapters close to the relevant theory. Answers to most questions are provided at the end of the book.
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•  It is not an aim of this book to provide detailed information about experimental work or the use of computers. However, our Skills icon has been placed in the margin to indicate wherever such work may usefully aid understanding. A number of key experiments are included in the IB Physics Guide and these are listed in Chapter 18: Preparing for the IB Diploma Physics examination, to be found on the website that accompanies this book.

•  A selection of IB examination-style questions is provided at the end of each chapter, as well as some past IB Physics examination questions.

•  Links to the interdisciplinary Theory of Knowledge (ToK) element of the IB Diploma course are made in all chapters.

•  Comprehensive glossaries of words and terms for Core and AHL topics are included in the printed book. Glossaries for the Options are available on the website.



Using this book

The sequence of chapters in Physics for the IB Diploma deliberately follows the sequence of the syllabus content. However, the IB Diploma Physics Guide is not designed as a teaching syllabus, so the order in which the syllabus content is presented is not necessarily the order in which it will be taught. Different schools and colleges should design a course based on their individual circumstances.

In addition to the study of the physics principles contained in this book, IB science students carry out experiments and investigations, as well as collaborating in a Group 4 Project. These are assessed within the school (Internal Assessment), based on well-established criteria.

The contents of Chapter 1 (Physics and physical measurement) have applications that recur throughout the rest of the book and also during practical work. For this reason, it is intended more as a source of reference, rather than as material that should be fully understood before progressing to the rest of the course.
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1 Measurements and uncertainties
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ESSENTIAL IDEAS


•  Since 1948, the Système International d’Unités (SI) has been used as the preferred language of science and technology across the globe and reflects current best measurement practice.

•  Scientists aim towards designing experiments that can give a ‘true value’ from their measurements but, due to the limited precision in measuring devices, they often quote their results with some form of uncertainty.

•  Some quantities have direction and magnitude, others have magnitude only, and this understanding is the key to correct manipulation of quantities.
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1.1 Measurements in physics

Since 1948, the Système International d’Unités (SI) has been used as the preferred language of science and technology across the globe and reflects current best measurement practice

Fundamental and derived SI units

[image: ] To communicate with each other we need to share a common language, and to share numerical information we need to use common units of measurement. An internationally agreed system of units is now used by scientists around the world. It is called the SI system (from the French ‘Système International’). SI units will be used throughout this course.
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Nature of Science

Common terminology

For much of the last 200 years many prominent scientists have tried to reach agreement on a metric (decimal) system of units that everyone would use for measurements in science and commerce. A common system of measurement is invaluable for the transfer of scientific information and for international trade. In principle this may seem more than sensible, but there are significant historical and cultural reasons why some countries, and some societies and individuals, have been resistant to changing their system of units.

The SI system was formalized in 1960 and the seventh unit (the mole) was added in 1971. Before that, apart from SI units, a system based on centimetres, grams and seconds (CGS) was widely used, while the imperial (non-decimal) system of feet, pounds and seconds was also popular in some countries. For non-scientific, everyday use, people in many countries sometimes still prefer to use different systems that have been popular for centuries. Confusion between different systems of units has been famously blamed for the failure of the Mars orbiter in 1999 and has been implicated in several aviation incidents.
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The fundamental units of measurement

There are seven fundamental (basic) units in the SI system: kilogram, metre, second, ampere, mole, kelvin (and candela, which is not part of this course). The quantities, names and symbols for these fundamental SI units are given in Table 1.1.

[image: ]

They are called ‘fundamental’ because their definitions are not combinations of other units (unlike metres per second, for example). You do not need to learn the definitions of these units.
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Nature of Science

Improvement in instrumentation

Accurate and precise measurements of experimental data are a cornerstone of science, and such measurements rely on the precision of our system of units. The definitions of the fundamental units depend on scientists’ ability to make very precise measurements and this has improved since the units were first defined and used.

Scientific advances can come from original research in new areas, but they are also driven by improved technologies and the ability to make more accurate measurements. Astronomy is a good example: controlled experiments are generally not possible, so our rapidly expanding understanding of the universe is being achieved largely as a result of the improved data we can receive with the help of the latest technologies (higher-resolution telescopes, for example).



[image: ]



Derived units of measurement

All other units in science are combinations of the fundamental units. For example, the unit for volume is m3 and the unit for speed is m s−1. Combinations of fundamental units are known as derived units.

Sometimes derived units are also given their own name (Table 1.2). For example, the unit of force is kg m s−2, but it is usually called the newton, N. All derived units will be introduced and defined when they are needed during the course.

[image: ]

Note that students are expected to write and recognize units using superscript format, such as m s−1 rather than m/s. Acceleration, for example, has the unit m s−2.

Occasionally physicists use units that are not part of the SI system. For example, the electronvolt, eV, is a conveniently small unit of energy that is often used in atomic physics. Units such as this will be introduced when necessary during the course. Students will be expected to be able to convert from one unit to another. A more common conversion would be changing time in years to time in seconds.
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ToK Link

Fundamental concepts

As well as some units of measurement, many of the ideas and principles used in physics can be described as being ‘fundamental’. Indeed, physics itself is often described as the fundamental science. But what exactly do we mean when we describe something as fundamental? We could replace the word with ‘elementary’ or ‘basic’, but that does not really help us to understand its true meaning.

One of the central themes of physics is the search for fundamental particles − particles that are the basic building blocks of the universe and are not, themselves, made up of smaller and simpler particles. It is the same with fundamental laws and principles: a physics principle cannot be described as fundamental if it can be explained by ‘simpler’ ideas. Most scientists also believe that a principle cannot be really fundamental unless it is relatively simple to express (probably using mathematics). If it is complicated, maybe the underlying simplicity has not yet been discovered.

Fundamental principles must also be ‘true’ everywhere and for all time. The fundamental principles of physics that we use today have been tested, re-tested and tested again to check if they are truly fundamental. Of course, there is always a possibility that in the future a principle that is believed to be fundamental now is discovered to be explainable by simpler ideas.

Consider two well-known laws in physics. Hooke’s law describes how some materials stretch when forces act on them. It is a simple law, but it is not a fundamental law because it is certainly not always true. The law of conservation of energy is also simple, but it is described as fundamental because there are no known exceptions.
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Scientific notation and metric multipliers

Scientific notation

When writing and comparing very large or very small numbers it is convenient to use scientific notation (sometimes called ‘standard form’).

In scientific notation every number is expressed in the form a × 10b, where a is a decimal number larger than 1 and less than 10, and b is a whole number (integer) called the exponent. For example, in scientific notation the number 434 is written as 4.34 × 102; similarly, 0.000 316 is written as 3.16 × 10−4.

Scientific notation is useful for making the number of significant figures clear (see the next section). It is also used for entering and displaying large and small numbers on calculators. ×10x or the letter E is often used on calculators to represent ‘times ten to the power of…’. For example, 4.62E3 represents 4.62 × 103, or 4620.

[image: ] The worldwide use of this standard form for representing numerical data is of great importance for the communication of scientific information between different countries.

Standard metric multipliers

In everyday language we use the words ‘thousand’ and ‘million’ to help represent large numbers. The scientific equivalents are the prefixes kilo- and mega-. For example, a kilowatt is one thousand watts, and a megajoule is one million joules. Similarly, a thousandth and a millionth are represented scientifically by the prefixes milli- and micro-. A list of standard prefixes is shown in Table 1.3. It is provided in the Physics data booklet.
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ToK Link

Effective communication needs a common language and terminology

What has influenced the common language used in science? To what extent does having a common standard approach to measurement facilitate the sharing of knowledge in physics?

There can be little doubt that communication between scientists is much easier if they share a common scientific language (symbols, units, standard scientific notation etc. as outlined in this chapter). But are our modern methods of scientific communication and terminology the best, or could they be improved? To what extent are they just a historical accident, based on the specific languages and cultures that were dominant at the time of their development?
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Significant figures

The more precise a measurement is, the greater the number of significant figures (digits) that can be used to represent it. For example, an electric current stated to be 4.20 A (as distinct from 4.19 A or 4.21 A) suggests a much greater precision than a current stated to be 4.2 A.

Significant figures are all the digits used in data to carry meaning, whether they are before or after a decimal point, and this includes zeros. But sometimes zeros are used without thought or meaning, and this can lead to confusion. For example, if you are told that it is 100 km to the nearest airport, you might be unsure whether it is approximately 100 km, or ‘exactly’ 100 km. This is a good example of why scientific notation is useful. Using 1.00 × 103 km makes it clear that there are three significant figures. 1 × 103 km represents much less precision.

When making calculations, the result cannot be more precise than the data used to produce it. As a general (and simplified) rule, when answering questions or processing experimental data, the result should have the same number of significant figures as the data used. If the number of significant figures is not the same for all pieces of data, then the number of significant figures in the answer should be the same as the least precise of the data (which has the fewest significant figures). This is illustrated in Worked example 1.
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Worked example


1 Use the equation:
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    to determine the power, P, of an electric motor that raises a mass, m, of 1.5 kg, a distance, h, of 1.128 m in a time, t, of 4.79 s. (g = 9.81 m s−2)
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A calculator will display an answer of 3.4652…, but this answer suggests a very high precision, which is not justified by the data. The data used with the least number of significant figures is 1.5 kg, so the answer should also have the same number:

P = 3.5 W



[image: ]
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‘Rounding off’ to an appropriate number of significant figures

‘Rounding off’, as in Worked example 1, should be done at the end of a multi-step calculation, when the answer has to be given. If further calculations using this answer are then needed, all the digits shown previously on the calculator should be used. The answer to this calculation should then be rounded off to the correct number of significant figures. This process can sometimes result in small but apparent inconsistencies between answers.

Orders of magnitude

Physics is the fundamental science that tries to explain how and why everything in the universe behaves in the way that it does. Physicists study everything from the smallest parts of atoms to distant objects in our galaxy and beyond (Figure 1.1).

[image: ]

Physics is a quantitative subject that makes much use of mathematics. Measurements and calculations commonly relate to the world that we can see around us (the macroscopic world), but our observations may require microscopic explanations, often including an understanding of molecules, atoms, ions and sub-atomic particles. Astronomy is a branch of physics that deals with the other extreme − quantities that are very much bigger than anything we experience in everyday life.

The study of physics therefore involves dealing with both very large and very small numbers. When numbers are so different from our everyday experiences, it can be difficult to appreciate their true size. For example, the age of the universe is believed to be about 1018 s, but just how big is that number? The only sensible way to answer that question is to compare the quantity with something else with which we are more familiar. For example, the age of the universe is about 100 million human lifetimes.

When comparing quantities of very different sizes (magnitudes), for simplicity we often make approximations to the nearest power of 10. When numbers are approximated and quoted to the nearest power of 10, it is called giving them an order of magnitude. For example, when comparing the lifetime of a human (the worldwide average is about 70 years) with the age of the universe (1.4 × 1010 y), we can use the approximate ratio 1010/102. That is, the age of the universe is about 108 human lifetimes, or we could say that there are eight orders of magnitude between them.

Here are three further examples:


• The mass of a hydrogen atom is 1.67 × 10−27 kg. To an order of magnitude this is 10−27 kg.

• The distance to the nearest star (Proxima Centauri) is 4.01 × 1016 m. To an order of magnitude this is 1017 m. (Note: log of 4.01 × 1016 = 16.60, which is nearer to 17 than to 16.)

• There are 86 400 seconds in a day. To an order of magnitude this is 105 s.



Tables 1.4 to 1.6 list the ranges of mass, distance and time that occur in the universe. You are recommended to look at computer simulations representing these ranges.
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Estimation

Sometimes we do not have the data needed for accurate calculations, or maybe calculations need to be made quickly. Sometimes a question is so vague that an accurate answer is simply not possible. The ability to make sensible estimates is a very useful skill that needs plenty of practice. The worked example and questions 2–5 below are typical of calculations that do not have exact answers.

When making estimates, different people will produce different answers and it is usually sensible to use only one (maybe two) significant figures. Sometimes only an order of magnitude is needed.
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Worked example


2 Estimate the mass of air in a classroom. (density of air = 1.3 kg m−3)
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A typical classroom might have dimensions of 7 m × 8 m × 3 m, so its volume is about 170 m3.

mass = density × volume = 170 × 1.3 = 220 kg

Since this is an estimate, an answer of 200 kg may be more appropriate. To an order of magnitude it would be 102 kg.
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  1 Estimate the mass of:




   a a page of a book

   b air in a bottle

   c a dog

   d water in the oceans of the world.




  2 Give an estimate for each of the following:




   a the height of a house with three floors

   b how many times a wheel on a car rotates during the lifetime of the car

   c how many grains of sand would fill a cup

   d the thickness of a page in a book.




  3 Estimate the following periods of time:




   a how many seconds there are in an average human lifetime

   b how long it would take a person to walk around the Earth (ignore the time not spent walking)

   c how long it takes for light to travel across a room.




  4 Research the relevant data so that you can compare the following measurements. (Give your answer as an order of magnitude.)




   a the distance to the Moon with the circumference of the Earth

   b the mass of the Earth with the mass of an apple

   c the time it takes light to travel 1 m with the time between your heartbeats.
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1.2 Uncertainties and errors

Scientists aim towards designing experiments that can give a ‘true value’ from their measurements, but because of the limited precision in measuring devices, they often quote their results with some form of uncertainty
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Nature of Science

Certainty

Although scientists are perceived as working towards finding ‘exact’ answers, an unavoidable uncertainty exists in any measurement. The results of all scientific investigations have uncertainties and errors, although good experimentation will try to keep these as small as possible.

When we receive numerical data of any kind (scientific or otherwise) we need to know how much belief we should place in the information that we are reading or hearing. The presentation of the results of serious scientific research should always have an assessment of the uncertainties in the findings, because this is an integral part of the scientific process. Unfortunately the same is not true of much of the information we receive through the media, where data are too often presented uncritically and unscientifically, without any reference to their source or reliability.

No matter how hard we try, even with the very best of measuring instruments, it is simply not possible to measure anything exactly. For one reason, the things that we can measure do not exist as perfectly exact quantities; there is no reason why they should.

This means that every measurement is an approximation. A measurement could be the most accurate ever made, for example the width of a ruler might be stated as 2.283 891 03 cm, but that is still not perfect, and even if it was we would not know because we would always need a more accurate instrument to check it. In this example we also have the added complication of the fact that when measurements of length become very small we have to deal with the atomic nature of the objects that we are measuring. (Where is the edge of an atom?)
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The uncertainty in a measurement is the range, above and below a stated value, over which we would expect any repeated measurements to fall. For example, if the average height to which a ball bounced when dropped (from the same height) was 48 cm, but actual measurements varied between 45 cm and 51 cm, the result should be recorded as 48 ± 3 cm. The uncertainty is ± 3 cm, but this is sometimes better quoted as a percentage, in this example ± 6%. Obviously, it is desirable that experiments should produce results with low uncertainties – such measurements are described as being precise. But it should be noted that sometimes results can be precise, but wrong!

The more precise that a measurement is, the greater the number of significant figures (digits) that can be used to represent it.

If the correct (‘true’) value of a quantity is known, but an actual measurement is made that is not the same, we refer to this as an experimental error. That is, an error occurs in a measurement when it is not exactly the same as the correct value. For example, if a student recorded the height of a ball’s bounce as 49 cm, but careful observation of a video recording showed that it was actually 48 cm, then there was an error in the measurement of +1 cm.

All measurements involve errors, whether they are large or small, for which there are many possible reasons, but they should not be confused with mistakes. Errors can be described as either random or systematic (see below), although all measurements involve both kinds of error to some extent.

The words error and uncertainty are sometimes used to mean the same thing, although this can only be true when referring to experiments that have a known correct result.
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ToK Link

Scientific knowledge is provisional

‘One aim of the physical sciences has been to give an exact picture of the material world. One achievement of physics in the twentieth century has been to prove that this aim is unattainable.’

Jacob Bronowski

Can scientists ever be truly certain of their discoveries?

The popular belief is that science deals with ‘facts’ and, to a large extent, that is a fair comment, but it also gives an incomplete impression of the nature of science. The statement is misleading if it suggests that scientists typically believe that they have uncovered certain universal ‘truths’ for all time. Scientific knowledge is provisional and fully open to change if and when we make new discoveries. More than that, it is the essential nature of science and good scientists to encourage the re-examination of existing ‘knowledge’ and to look for improvements and progress.
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Different kinds of uncertainty

The uncertainty in experimental measurements discussed in this chapter is a consequence of the limitations of scientists and their equipment to obtain 100% accurate results. However, we should also consider that the act of measurement, in itself, can change what we are attempting to measure. For example, connecting an ammeter in an electric circuit must affect the current it is trying to measure, although every effort should be made to ensure this effect is not significant. Similarly, putting a cold thermometer in a warm liquid will alter its temperature.

‘Uncertainty’ also appears as an important concept in modern physics: the Heisenberg uncertainty principle deals with the behaviour of sub-atomic particles and is discussed in Chapter 12 (Higher Level students). One of its core ideas is that the more precisely the position of a particle is known, the less precisely its momentum can be known, and vice versa. But it should be stressed that the Heisenberg uncertainty principle is a fundamental feature of quantum physics and has nothing to do with the experimental limits of current laboratory technology.

Random and systematic errors

Random errors

Random errors cannot be avoided because exact measurements are not possible. Measurements can be bigger or smaller than the correct value and are scattered randomly around that value. Random errors are generally unknown and unpredictable. There are many possible reasons for them, including:


• limitations of the scale or display being used

• reading scales from wrong positions

• irregular human reaction times when using a stopwatch

• difficulty in making observations that change quickly with time.



The reading obtained from a measuring instrument is limited by the smallest division of its scale. This is sometimes called a readability (or reading) error. For example, a liquid-in-glass thermometer with a scale marked only in degrees (23°C, 24°C, 25°C, etc.) cannot reliably be used to measure to every 0.1°C. It is usually assumed that the error for analogue (continuous) scales, like a liquid-in-glass thermometer, is half of the smallest division – in this example ± 0.5°C. For digital instruments the error is assumed to be the smallest division that the meter can display. Figure 1.2 shows analogue and digital ammeters that can be used for measuring electric current.

[image: ]

A common reason for random errors is reading an analogue scale from an incorrect position. This is called a parallax error – an example is shown in Figure 1.3.

[image: ]

Systematic errors

A systematic error occurs because there is something consistently wrong with the measuring instrument or the method used. A reading with a systematic error is always either bigger or smaller than the correct value by the same amount. Common causes are instruments that have an incorrect scale (wrongly calibrated), or instruments that have an incorrect value to begin with, such as a meter that displays a reading when it should read zero. This is called a zero offset error – an example is shown in Figure 1.4. A thermometer that incorrectly records room temperature will produce systematic errors when used to measure other temperatures.

[image: ]

Accuracy

A measurement that is close to the correct value (if it is known) is described as accurate, but in science the word accurate also means that a set of measurements made during an experiment have a small, systematic error. This means that an accurate set of measurements are approximately evenly distributed around the correct values (whether they are close to it or not), so that an average of those measurements will be close to the true value.

In many experiments the ‘correct’ result might not be known, which means that the accuracy of measurements cannot be known with any certainty. In such cases, the quality of the measurements can best be judged by their precision: can the same results be repeated?

The difference between precise and accurate can be illustrated by considering arrows fired at a target, as in Figure 1.5. The aim is precise if the arrows are grouped close together and accurate if the arrows are approximately evenly distributed around the centre of the target. The last diagram shows both accuracy and precision, although in everyday conversation we would probably just describe it as accurate.

[image: ]

A watch that is always 5 minutes fast can be described as precise but not accurate. This is an example of a systematic zero offset error. Using hand-operated stopwatches to time a 100 m race might give accurate results (if there are no systematic errors), but they are unlikely to be precise because human reaction times will produce significant random errors.

Identifying and reducing the effects of errors

If a single measurement is made of a particular quantity, we may have no way of knowing how close it is to the correct result; that is, we probably do not know the size of any error in measurement. But if the same measurement is repeated and the results are similar (low uncertainty, high precision), we will gain some confidence in the results of the experiment, especially if we have checked for any possible causes of systematic error.

The most common way of reducing the effects of random errors is by repeating measurements and calculating a mean value, which should be closer to the correct value than most, or all, of the individual measurements. Any unusual (anomalous) values should be checked and probably excluded from the calculation of the mean.

Many experiments involve taking a range of measurements, each under different experimental conditions, so that a graph can be drawn to show the pattern of the results. (For example, changing the voltage in an electric circuit to see how it affects the current.) Increasing the number of pairs of measurements made also reduces the effects of random errors because the line of best-fit can be placed with more confidence.

Experiments should be designed, wherever possible, to produce large readings. For example, a metre ruler might only be readable to the nearest half a millimetre and this will be the same for all measurements that are made with it. When measuring a length of 90 cm this error will probably be considered as acceptable (it is a percentage error of 0.56%), but the same sized error when measuring only 2 mm is 25%, which is probably unacceptable. The larger a measurement (that is made with a particular measuring instrument), the smaller the percentage error should be. If this is not possible, then the measuring instrument might need to be changed to one with smaller divisions.

It is possible to carry out an experiment carefully with good quality instruments, but still have large random errors. There could be many different reasons for this and the experiment may have to be redesigned to get over the problems. Using a stopwatch to time the fall of an object dropped from a hand to the floor, or measuring the height of a bouncing ball, are two examples of simple experiments which may have significant random errors.

The effects of systematic errors cannot be reduced by repeating measurements. Instruments should be checked for errors before they are used, but a systematic error might not even be noticed until a graph has been drawn of the results and a line of best-fit found not to pass through the expected intercept, as shown in Figure 1.6. In such a case it might then be sensible to adjust all measurements up or down by the same amount if the cause of the systematic error can be determined.

[image: ]

Absolute, fractional and percentage uncertainties

Uncertainties in experimental data

Uncertainties in experimental data can be expressed in one of three ways:


• The absolute uncertainty of a measurement is the range, above and below the stated value, within which we would expect any repeated measurements to fall. For example, the mass of a pen might be stated as 53.2 g ± 0.1 g, where the uncertainty is ± 0.1 g.

• The fractional uncertainty is the ratio of the absolute uncertainty to the measured value.

• The percentage uncertainty is the fractional uncertainty expressed as a percentage.



Uncertainties expressed in percentages are often the most informative. Experiments that produce results with uncertainties of less than 5% may be desirable, but are not always possible.
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Worked example


  3 The mass of a piece of metal is quoted to be 346 g ± 2.0%.




   a What is the absolute uncertainty?

   b What is the range of values that the mass could be expected to have?

   c What is the fractional uncertainty?
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   a 2.0% of 346 g is ± 7 g (to the nearest gram, as provided in the data in the question)

   b 339 g to 353 g (to 3 significant figures)

   c 2% is equivalent to [image: ]
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Ideally uncertainties should be quoted for all experimental measurements, but this can be repetitive and tedious in a learning environment, so they are often omitted unless being taught specifically.

It is usually easy to decide on the size of an uncertainty associated with taking a single measurement with a particular instrument. It is often assumed to be the readability error, as described earlier. However, the overall uncertainty in a measurement, allowing for all experimental difficulties, is sometimes more difficult to decide. For example, the readability error on a hand-operated stopwatch might be 0.01 s, but the uncertainty in its measurements will be much greater because of human reaction times.

The amount of scattering of the readings around a mean value is a useful guide to random uncertainty, but not systematic uncertainty. After the mean value of the readings has been calculated, the random uncertainty can be assumed to be the largest difference between any single reading and the mean value. This is shown in the following worked example.
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Worked example


  4 The following measurements (in cm) were recorded in an experiment to measure the height to which a ball bounced: 32, 29, 33, 32, 37 and 28. Estimate values for the absolute and percentage random uncertainties in the experiment.
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The mean of these six readings is 31.83 cm, but it would be sensible to quote this to two significant figures (32 cm), as in the original data. The measurement that has the greatest difference from this value is 37 cm, so an estimate of the uncertainty is 5 cm, which means a percentage uncertainty of (5/37) × 100 = 14%.

Note that if the same data had been obtained in the order 28, 29, 32, 32, 33, 37, it would be difficult to believe that the uncertainties were random, and another explanation for the variation in results would need to be found.
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Uncertainties in calculated results

When making further calculations based on experimental data, the uncertainty in individual measurements should be known. It is then important to know how to use these uncertainties to determine the uncertainty in any results that are calculated from those data.

Consider a simple example: a trolley moving with constant speed was measured to travel a distance of 76 cm ± 2 cm (± 2.6%) in a time of 4.3 s ± 0.2 s (± 4.7%).

The speed can be calculated from distance/time = 76/4.3 = 17.67…, which is 18 m s−1 when rounded to two significant figures, consistent with the experimental data.

To determine the uncertainty in this answer we consider the uncertainties in distance and time. Using the largest distance and shortest time, the largest possible answer for speed is 78/4.1= 19.02…. Using the smallest distance and the longest time, the smallest possible answer for speed is 74/4.5 = 16.44…. (The numbers will be rounded at the end of the calculations.)

The speed is therefore between 16.44 cm s−1 and 19.02 cm s−1. The value 19.02 has the greater difference (1.35) from 17.67. So the final result can be expressed as 17.67 ± 1.35 cm s−1, which is a maximum uncertainty of 7.6%. Rounding to two significant figures, the result becomes 18 ± 1 cm s−1.

Uncertainty calculations like these can be very time consuming and, for this course, approximate methods are acceptable. For example, in the calculation for speed shown above, the uncertainty in the data was ± 2.6% for distance and ± 4.7% for time. The percentage uncertainty in the final result is approximated by adding the percentage uncertainties in the data: 2.6 + 4.7 = 7.3%. This gives approximately the same value as calculated using the largest and smallest possible values for speed. Rules for finding uncertainties in calculated results are given below.

Rules for uncertainties in calculations


•  For quantities that are added or subtracted: add the absolute uncertainties. In the Physics data booklet this is given as:
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If y = a ± b then Δy = Δa + Δb



[image: ]




•  For quantities that are multiplied or divided: add the individual fractional or percentage uncertainties. In the Physics data booklet this is given as:
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•  For quantities that are raised to a power, n, the Physics data booklet gives:
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• For other functions (such as trigonometric functions, logarithms or square roots): calculate the highest and lowest absolute values possible and compare with the mean value, as shown in the following worked example. But note that although such calculations can occur in connection with laboratory work, they will not be required in examinations.
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Worked example


  5 An angle, θ, was measured to be 34° ± 1°. What is the uncertainty in the slope of this angle?
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tan 34° = 0.675 tan 33° = 0.649 tan 35° = 0.700

Larger absolute uncertainty = 0.675 − 0.649 = 0.026
(0.700 − 0.675 = 0.025, which is smaller than 0.026)

So, tan θ = 0.67 ± 0.03 (using the same number of significant figures as in the original data).
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  5 A mass of 346 ± 2 g was added to a mass of 129 ± 1 g.




   a What was the overall absolute uncertainty?

   b What was the overall percentage uncertainty?




  6 The equation [image: ] was used to calculate a value for s when a was 4.3 ± 0.2 m s−2 and t was 1.4 ± 0.1 s.




   a Calculate a value for s.

   b Calculate the percentage uncertainty in the data provided.

   c Calculate the percentage uncertainty in the answer.

   d Calculate the absolute uncertainty in the answer.




  7 A certain quantity was measured to have a magnitude of (1.46 ± 0.08). What is the maximum uncertainty in the square root of this quantity?
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Using computer spreadsheets to calculate uncertainties

Computer spreadsheets can be very helpful when it is necessary to make multiple calculations of uncertainties in experimental results. For example, the resistivity, ρ, of a metal wire can be calculated using the equation ρ = Rπr2/l, where r and l are the radius and length of the wire, and R is its resistance. Figure 1.7 shows the raw data (shaded green) of an experiment that measured the resistance of various wires of the same metal. The rest of the spreadsheet shows the calculations involved with processing the data to determine resistivity and the uncertainty in the result. A computer program can then be used to draw a suitable graph of the results, and this can include error bars (see page 13).
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8 a Use a computer spreadsheet to enter the same raw data as shown in Figure 1.7.




   b Use the spreadsheet to confirm the results of the calculations shown.

   c What difference would it make to the results if the radius of the wire could only be measured to the nearest half a millimetre?
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Nature of Science

Uncertainties

‘All scientific knowledge is uncertain…’

Richard P. Feynman (1998), The Meaning of It All: Thoughts of a Citizen-Scientist

It is not only measurements that have uncertainties. All scientific knowledge is uncertain in the sense that good scientists understand that anything we believe to be true today, may have to be changed in the light of future discoveries or insights. This doubt is fundamental to the true nature of science. At any time, past or present, in the development of science there is an accepted body of knowledge, and the greatest advances come from those who question and doubt the status quo of existing knowledge and thinking.
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Representing uncertainties on graphs

[image: ] Graph drawing skills are discussed in detail in Graphs and data analysis on the free accompanying website.

The range of random uncertainty in a measurement or a calculated result can be represented on a graph by using crossed lines to mark the point (instead of a dot).

Error bars

Figure 1.8 shows an example – a graph of distance against time for the motion of a train. Vertical and horizontal lines are drawn through each data point to represent the uncertainties in the two measurements. In this example, the uncertainty in time is ± 0.5 s and the uncertainty in distance is ± 1 m. These lines, which usually have small lines to indicate clearly where they end, are called error bars (perhaps they would be better called uncertainty bars). In Figure 1.8 the space outlined by each error bar has been shaded for emphasis – it is expected that a line of best-fit should pass somewhere through each shaded area.

[image: ]

In some experiments the error bars are so short and insignificant that they are not included on the graph. For example, a mass could be measured as 347.46 ± 0.01 g. The uncertainty in this reading would be too small to show as an error bar on a graph. (Note that error bars are not expected for trigonometric or logarithmic functions.)

Uncertainty of gradients and intercepts

If the results of an experiment suggest a straight-line graph, it is often important to determine values for the gradient and/or the intercept(s) with the axes. However, it is often possible to draw a range of different straight lines, all of which pass through the error bars representing the experimental data.

We usually assume that the best-fit line is midway between the lines of maximum possible gradient and minimum possible gradient. Figure 1.9 shows an example (for simplicity, only the first and last error bars are shown, but in practice all the error bars need to be considered when drawing the lines).

Figure 1.9 shows how the length of a metal spring changed as the force applied was increased. We know that the measurements were not very precise because the error bars are long. The line of best-fit has been drawn midway between the other two. This is a linear graph (a straight line) and it is known that the gradient of the graph represents the force constant (stiffness) of the spring and the x-intercept represents the original length of the spring. Taking measurements from the best-fit line, we can make the following calculations:
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original length = x-intercept = 1.9 cm

To determine the uncertainty in the calculations of gradient and intercept, we need to consider the range of straight lines that could be drawn through the error bars. The uncertainty will be the maximum difference between values obtained from graphs of maximum and minimum possible gradients and the value calculated from the best-fit line. In this example it can be shown that:

force constant is between 14 N cm−1 and 28 N cm−1

original length is between 1.1 cm and 2.6 cm.

The final result can be quoted as:

force constant = 19 ± 9 N cm−1

original length = 1.9 ± 0.8 cm.

Clearly, the large uncertainties in these results confirm that the experiment lacked precision.

[image: ]

1.3 Vectors and scalars

Some quantities have direction and magnitude, others have magnitude only, and this understanding is the key to correct manipulation of quantities
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Nature of Science

Models in three dimensions

Spatial awareness and an appreciation that the principles of science apply to three-dimensional space can easily be overlooked when studying the two-dimensional pages of a book or a screen. Knowing the directions of some physical quantities (in two or three dimensions) is important for understanding their effects. Such quantities are called vectors. Mathematical treatment of vector quantities in three dimensions (vector analysis) began in the eighteenth century.
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Vector and scalar quantities

The diagrams in Figure 1.10 show the force(s) acting on an object. In Figure 1.10a the object is being pulled to the right with a force of 5 N. The length of the arrow represents the size of the force and the orientation of the arrow shows the direction in which the force acts. The length of the arrow is proportional to the force. In Figure 1.10b there is a smaller force (3 N) pushing the object to the right. In both examples the object will move (accelerate) to the right.

[image: ]

In Figure 1.10c there are two forces acting. We can add them together to show that the effect is the same as if a single force of 8 N (= 3 + 5) was acting on the object. We say that the resultant (net) force is 8 N.

In Figure 1.10d there are two forces acting on the object, but they act in different directions. The overall effect is still found by ‘adding’ the two forces, but also taking their direction into account. This can be written as +5 + (−3) = +2 N, where forces to the right are given a positive sign and forces to the left are given a negative sign. The resultant will be the same as if there was only one force (2 N) acting to the right. In Figures 1.10e and 1.10f there are also two forces acting, but they are not acting along the same line. For these forces, the resultant can be determined using a scale drawing or trigonometry (see page 16).

Clearly, force is a quantity for which we need to know its direction as well as its magnitude (size).
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Quantities that have both magnitude and direction are called vectors.
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Everything that we measure has a magnitude and a unit. For example, we might measure the mass of a book to be 640 g. Here 640 g is the magnitude of the measurement, but mass has no direction.
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Quantities that have only magnitude, and no direction, are called scalars.
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Most quantities are scalars. Some common examples of scalars used in physics are mass, length, time, energy, temperature and speed. However, when using the following quantities we need to know both the magnitude and the direction in which they are acting, so they are vectors:


•  displacement (distance in a given direction)

•  velocity (speed in a given direction)

•  force (including weight)

•  acceleration

•  momentum and impulse

•  field strength (gravitational, electric and magnetic).



The symbols for vector quantities are sometimes shown in bold italic (for example, F). Scalar quantities are shown with a normal italic font (for example, m).

In diagrams, all vectors are shown with straight arrows, pointing in the correct direction, which have a length proportional to the magnitude of the vector (as shown by the forces in Figure 1.11). In this course vector calculations will be limited to two dimensions.

[image: ] The importance of vectors is easily illustrated by the difference between distance and displacement. The pilot of an international flight from, say, Istanbul to Cairo needs to know more than that the two cities are a distance of 1234 km apart. Of course, the pilot also needs to know the ‘heading’ (direction) in which the plane must fly in order to reach its destination. Similarly, in order to draw accurate maps or make land surveys, the distance and direction of a chosen position from a reference point must be measured.

Combination and resolution of vectors

Adding vectors to determine a resultant

When two or more scalar quantities are added together (for example masses of 25 g and 50 g), there is only one possible answer (resultant): 75 g. But when vector quantities are added, there is a range of different resultants possible, depending on the directions involved.

To determine the resultant of the two forces shown in Figures 1.10e or 1.10f there are two possible methods: by drawing (graphical method) or by trigonometry.

Graphical method

The two vectors shown in Figure 1.10f are drawn carefully to scale (for example, by using 1 cm to represent 1 N), with the correct angle (140°) between them. A parallelogram is then completed. The resultant is the diagonal of the parallelogram (see Figure 1.11). Remember that the magnitude and the direction should both be determined from the diagram. In this example the resultant force is represented by the line drawn in red. Its length is 3.4 cm, which represents 3.4 N, at an angle of 36° to the 5.0 N force.

[image: ]

Trigonometric method

The forces in Figure 1.11e are at right angles to each other. This means that a parallelogram drawn to represent these forces will be a rectangle (Figure 1.12) and the magnitude of the resultant of the forces, F, can be found using Pythagoras’s theorem:

F2 = 3.02 + 5.02 = 34

F = 5.8 N

[image: ]

The direction of this force can be determined by using trigonometry:

tan [image: ] (θ is the angle that the resultant makes with the direction of the 5.0 N force)

θ = 31°

You will not be expected to determine trigonometrical solutions if the parallelogram is not a rectangle.

Subtracting vectors to find their difference

We may need to know the difference between two vectors when we are considering by how much a vector quantity has changed. This is determined by subtracting one vector from the other. A negative vector has the same magnitude, but opposite direction, as a positive vector, so when finding the difference between vectors P and Q we can write:

P − Q = P + (−Q)

Figure 1.13 shows how vectors are subtracted graphically. The red line represents the difference when a particular vector changed in magnitude and direction from P to Q.

[image: ]

Multiplying and dividing vectors by scalars

If a vector P is multiplied or divided by a scalar number k, the resultant vectors are simply kP or P/k. If k is negative, then the resultant vector becomes negative, meaning that the direction is reversed.

Resolving a single vector into two components

We have seen that two individual vectors can be combined mathematically to find a single resultant that has the same effect as the two separate vectors. This process can be reversed: a single vector can be considered as having the same effect as two separate vectors. This is called resolving a vector into two components. Resolving can be very useful because, if the two components are chosen to be perpendicular to each other (often horizontal and vertical), they will then both be independent of each other, so that they can both be considered totally separately.

Figure 1.14 shows a single vector, A, acting at an angle θ to the horizontal. If we want to know the effects of this vector in the horizontal and vertical directions, we can resolve it into two components:

[image: ]

and

[image: ]

so that
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AH = A cos θ
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and

[image: ]



AV = A sin θ
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Both of these equations and the associated diagram are given in the Physics data booklet.
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Worked example


  6 Figure 1.15 shows a box resting on a sloping surface (an ‘inclined plane’). The box has a weight of 585 N. What are the components of weight:




   a down the slope?

   b perpendicularly into the slope?
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   a component down the slope = 585 sin 23° = 230 N

   b component into the slope = 585 cos 23° = 540 N
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ToK Link

Physics and mathematics

What is the nature of certainty and proof in mathematics?

Science is mostly based on knowledge gained from experimentation and measurement, although it has been made very clear in this chapter that absolute accuracy and certainty in the gathering of data is not possible. In contrast, the essential theories and methods of pure mathematics seem to deal with certainty. Mathematics is an indispensible tool for a physicist for many reasons, including its conciseness, its lack of ambiguity and its usefulness in making predictions. Most important principles in physics can be summarized in mathematical form.
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Examination questions – a selection

Paper 1 IB questions and IB style questions


Q1 The diameter of a wire was measured three times with an instrument that has a zero offset error. The results were 1.24 mm, 1.26 mm and 1.25 mm. The average of these results is:




       A accurate but not precise

       B precise but not accurate

       C accurate and precise

       D not accurate and not precise.




Q2 The approximate thickness of a page in a textbook is:




       A 0.02 mm

       B 0.08 mm

       C 0.30 mm

       D 1.00 mm.




Q3 Which of the following an approximate conversion of a time of 1 month into SI units?




       A 0.08 y

       B 30 d

       C 3 × 106 s

       D all of the above




Q4 The masses and weights of different objects are independently measured. The graph is a plot of weight versus mass that includes error bars.




[image: ]

       These experimental results suggest that:

       A the measurements show a significant systematic error but small random error

       B the measurements show a significant random error but small systematic error

       C the measurements are precise but not accurate

       D the weight of an object is proportional to its mass.




Q5 Which of the following is a fundamental SI unit?




       A newton

       B coulomb

       C ampere

       D joule




Q6 The distance travelled by a car in a certain time was measured with an uncertainty of 6%. If the uncertainty in the time was 2%, what would the uncertainty be in a calculation of the car’s speed?




       A 3%

       B 4%

       C 8%

       D 12%




Q7 Which of the following quantities is a scalar?




       A pressure

       B acceleration

       C gravitational field strength

       D displacement




Q8 The current in a resistor is measured as 2.00 A ± 0.02 A. Which of the following correctly identifies the absolute uncertainty and the percentage uncertainty in the current?





	 
	Absolute uncertainty
	Percentage uncertainty



	A
	± 0.02 A
	± 1%



	B
	± 0.01 A
	± 0.5%



	C
	± 0.02 A
	± 0.01%



	D
	± 0.01 A
	± 0.005%




© IB Organization


Q9 Which of the following is a reasonable estimate of the order of magnitude of the mass of a large aircraft?




       A 103 kg

       B 105 kg

       C 107 kg

       D 109 kg




Q10 Which of the following is equivalent to the SI unit of force (the newton)?




       A kg m s−1

       B kg m2 s−1

       C kg m s−2

       D kg m2 s2



© IB Organization
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joule (J) energy kgm?s—2
watt (W) power kgm?s—3
coulomb (C) charge As

volt (V) potential difference kgm2s3 A~
ohm (Q) resistance kgm?s—3 A2
weber (Wb) magnetic flux kgm2s—2 A
tesla (T) magnetic field strength kgs2A~!

becquerel (Bg)

radioactivity
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M Figure 1.10
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Table 1.4 The range of masses in the universe

Object Mass/kg
the observable universe 10%2
our galaxy (the Milky Way) 1042
the Sun 10%0
the Earth 1024
alarge passenger plane 10°

alarge adult human 10?
a large book 1

a raindrop 106
avirus 10720
a hydrogen atom 1027

an electron 10-20
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W Table 1.3 Standard metric (SI) multipliers

Prefix Abbreviation Value
peta P 105
tera T 101
giga G 10°
mega M 108
kilo k 102
deci d 10!
centi c 10-2
milli m 10-3
micro y 10-¢
nano n 10-°
pico p 10-12
femto f 1015
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M Table 1.6 The range of times in the universe

Time period Time interval/s
age of the universe 10%®
time since dinosaurs became extinct 10"
time since humans first appeared on Earth 10"
time since the pyramids were built in Egypt 10"
typical human lifetime 10°
one day 10°
time between human heartbeats 1
time period of high-frequency sound 104
time for light to travel across a room 10-8
time period of oscillation of a light wave 10715

time for light to travel across a nucleus 1072
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M Table 1.5 The range of distances in the universe

Distance Size/m
distance to the edge of the visible universe 107
diameter of our galaxy (the Milky Way) 102
distance to the nearest star 106
distance to the Sun 10"
distance to the Moon 108
radius of the Earth 107
altitude of a cruising plane 104
height of a child 1
how much human hair grows by in one day 104
diameter of an atom 10710

diameter of a nucleus 107"






OEBPS/images/nature.jpg
Nature of Science






OEBPS/images/tab1-1.jpg
B Table 1.1 Fundamental units

Quantity Name Symbol  Definition

length metre m the distance travelled by light in a vacuum in 1/299 792 458 seconds

mass kilogram kg the mass of a cylinder of platinum-iridium alloy kept at the International Bureau of
Weights and Measures in France

time second s the duration of 9 192 631 770 oscillations of the electromagnetic radiation emitted in
the transmission between two specific energy levels in caesium-133 atoms

electric current ampere A that current which, when flowing in two parallel conductors one metre apart in a
vacuum produces a force of 2 x 107N on each metre of the conductors

temperature kelvin K 1/273.16 of the thermodynamic temperature of the triple point of water

amount of substance  mole mol an amount of substance that contains as many particles as there are atoms in 12 g of

carbon-12
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