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Meet the author

Welcome to Understand Physics!

I am a physics writer with extensive experience of teaching physics in schools and colleges. In addition to Understand Physics, I have written Einstein – A Beginner’s Guide and a considerable number of highly-regarded school and college text books including New Understanding Physics for Advanced Level and the AS level and A2 physics textbooks for AQA Physics Specification A as well as Physics for IGCSE, Key Science Physics for GCSE, AQA GCSE Physics and the physics content of AQA GCSE Science and AQA GCSE Additional Science. I have also written Foundations in Physics for university foundation courses in physics and physics-related subjects. My physics text books are used in many countries and Einstein – A Beginner’s Guide has been translated into several languages including Spanish and Mandarin. I also wrote the A-Z guide to physics for the Advancing Physics course sponsored by the U.K. Institute of Physics. I am an experienced A level physics examiner and frequently contribute to in-service courses for physics teachers.

Physics is the subject we all rely on for every step we take and every breath we breathe. This book is intended to introduce you to the essential ideas and rules of physics, presented to make the subject as easy as possible. We will be looking at ideas and experiments that stretched the minds of scientists and philosophers in the past, but they were pioneers and we are not, and so we do not need to explore all the dead ends along the way to the frontiers of the subject. At times, we will pause on our journey to take in important ideas and facts that are needed to build up an overview of the subject and make further progress towards the frontiers. We will also look at the methods and skills used in scientific investigations and how ideas were developed from investigations and then tested and used. So that’s a few clues about how we will be making the journey that lies ahead. Now let’s see what the route will cover.

 

Jim Breithaupt, 2010


1: Only got a minute?

Physicists tend to be a bit unconventional because physics is a very varied subject and physicists like to be able to turn their knowledge and skills to almost any situation. Richard Feynman (1918–88) was one of the most creative physicists of the twentieth century. Following wartime duties on the Manhattan Project, which created the atom bomb, he made his name through developing a new understanding of the force between charged objects. After the 1986 Challenger space shuttle disaster Feynman gave crash investigators a simple yet historic demonstration showing what had caused the disaster: an O-shaped sealing ring on the fuel line had cracked when cooled to the very low temperature associated with the type of fuel used. So physicists get to grips with how and why objects and materials behave as they do and why objects interact and move as they do. In short, physics is about matter, which is what material objects are made from, and it is about energy, which is to do with how objects interact and move.

However, to reduce physics to the study of matter and energy is to undervalue the subject, as physicists can be found applying their skills and knowledge in a vast range of situations beyond the physics laboratory, for example, in archaeology, communications, computing, engineering, hospitals, business and finance, sport and leisure, in fact just about everywhere. The World Wide Web (WWW), which has revolutionized business and commerce, was set up by physicists to enable them to communicate around the world and discuss scientific papers electronically. The latest generation of body scanners were developed from discoveries by physicists working on a phenomenon known as magnetic resonance. These scanners have revolutionized the study of the brain, making it possible for scientists to see how different parts of the brain respond to different experiences and situations.


5: Only got five minutes?

The impact of physics

We live in the Scientific Age, which has brought immense benefits to us all. Compare your lifestyle with that of someone two centuries ago and you will realize that the vast majority of people then lived in abject poverty, dependent for their very lives on the vagaries of the weather, which could ruin harvests and hit transportation of food and other essential commodities. The Scientific Age has brought power on demand, so we need not rely on wood or coal for cooking and heating our homes. Travel is much quicker, cheaper and far more convenient than two centuries ago when sea journeys took weeks and overland journeys days. People are healthier and fitter and live longer now than then, thanks to improvements such as clean water, better nutrition and medical drugs. All these improvements have come about because of discoveries made by scientists. To appreciate the impact of physics, consider just two discoveries made in physics in the nineteenth century which revolutionized life in the twentieth century.

Michael Faraday (1791–1867) discovered how to generate electricity and thereby laid the foundations for the electrical supply industry and for electrical communications. Faraday gained an appetite for science in his first job as a bookbinder’s apprentice. As well as binding the books, he read them avidly and learned about electricity from them. He wrote to Sir Humphry Davy at the Royal Institution in London and gained a position as an assistant as a result. His research into electromagnetism led to his famous discovery of how to generate electricity using magnets. He developed great insight into the link between electricity and magnetism and discovered the fundamental principles that led to the invention of the alternating current generator, the transformer, the electric motor and the electric telegraph. The electricity supply industry developed in the latter half of the nineteenth century from Faraday’s discoveries. By the first decades of the twentieth century, most homes in Britain and other industrial nations had been wired up to a local electricity supplier and nationwide grid systems for electricity distribution were established. Nowadays we take our electricity supplies for granted, unless a power cut occurs and we are thrown temporarily back into the pre-electricity era. When Faraday demonstrated his discoveries to an invited audience at the Royal Institution, he was asked, ‘What use is electricity, Mr Faraday?’ He replied with another question, ‘What use is a new baby?’ No one can tell what can grow from a new discovery.

James Clerk Maxwell (1831–79) was a mathematical physicist who used Faraday’s ideas to devise a theory that light is an electromagnetic wave. He showed that an electric wave and a magnetic wave can travel together through space at a speed of 300, 000 kilometres per second, the same as the speed of light. He therefore deduced that light must be an electromagnetic wave. He already knew that the spectrum of light covers a continuous range of colours; namely red, orange, yellow, green, blue and violet. His theory showed that all the colours of light are electromagnetic waves of different wavelengths. When he put forward this theory in 1865, he knew that infrared radiation lies just beyond the red part of the visible spectrum and that ultraviolet radiation lies just beyond the violet part of the spectrum. His theory of electromagnetic waves thus accounted for infrared and ultraviolet radiation as well as light. However, he predicted the existence of electromagnetic radiation outside the known spectrum of infrared radiation, light and ultraviolet radiation. Two decades later, Heinrich Hertz discovered radio waves and he was able to show by measurement that they travel at the same speed as light, thus providing clear evidence that radio waves are electromagnetic waves. Hertz’s discoveries were taken up by other scientists including Marconi, who led the way forward into the use of radio waves in wireless communications. The enormous range of the radio spectrum is now used for many purposes, including radio and TV broadcasting, mobile phone communications, radar systems, satellite communications and navigation. Maxwell’s theory of electromagnetic waves provides the theoretical basis for all these forms of communications.

Many more examples can be found of the way in which fundamental discoveries in physics have dramatically altered the way we live. The discovery of the atomic nucleus by Ernest Rutherford and the invention of the transistor are two examples of experimental discoveries in physics that have led to the growth of new industries. Albert Einstein’s theories of relativity and the development of quantum mechanics by Niels Bohr and others are examples of theories that overturned established ideas of physics and provided radical new approaches in the subject. We will meet these and other shattering new discoveries and ideas later on in this book. However, do not imagine that such dramatic changes are all history now. Physicists continue to produce astonishing new discoveries and amazing new ideas. Antimatter, black holes and superstrings are but a few of the latest hot topics in physics. The explosive growth of the World Wide Web is another result of physicists at work barely a decade ago, in this case developing an electronic method of keeping in touch with each other which was then taken up at an astounding pace by people and businesses in all walks of life.


10: Only got ten minutes?

The golden rule of science

The methods used by physicists follow a general pattern known as the scientific method. The key feature of the scientific method is that scientific theories and laws can never be proved, only disproved. No amount of experimental evidence can prove a scientific theory or law; yet just one reliable experiment is sufficient to disprove any scientific theory or law. Forget this golden rule of science and disaster is inevitable. In the 1990s, concerns arose that there could be a link between BSE in cattle in Britain and human deaths due to CJD. Other EU countries banned imports of British beef. Top medical and food scientists were unable at the time to prove that BSE and CJD deaths were linked. However, the absence of proof does not mean that no link exists. The golden rule was forgotten, that science works by disproving theories and predictions. Finding no proof of a link between BSE and CJD is not the same as disproving that there is a link. Also, the discovery of a different cause of CJD would not disprove that BSE and CJD are linked, because CJD might have more than one cause. This terrible tragedy might have been averted if the golden rule of science had not been forgotten.

The scientific method uses experiments and observations to test the laws and theories of physics. A scientific theory or law starts out as a hypothesis, which is no more than a proposal based on the available scientific evidence. Thus a hypothesis about how life started on Earth might be that life in the form of micro-organisms was brought to Earth by some means from Mars. This particular hypothesis was put forward as a result of the discovery of microbe fossils in a meteorite found in Antarctica that is thought to have come from Mars. The hypothesis has been tested by robot vehicles landed on Mars which have searched for signs of life in the Martian soil and atmosphere. No positive findings have yet been reported and so the hypothesis remains just that, although the discovery of water ice in the Martian soil by the Mars Phoenix Lander in July 2008 suggests that life may once have existed on Mars, and further space missions to Mars are being planned. If microbes, past or present, were discovered on Mars, this would boost the status of the hypothesis sufficiently to make it into a theory. The theory that life on Earth arrived from Mars would be strengthened if microbe fossils were found on Mars similar to the ones found in Antarctica. The scientific evidence in favour of the theory would then be very strong, but it would not be possible to say that the theory is true, because life on Earth might have developed before the arrival of the microbe fossil from Mars. No amount of experimentation could ever prove the theory, but successive tests could reinforce it and boost its status.

 



	Visit the NASA website to learn more about the Mars Phoenix Lander and future plans for the search for life on Mars.





The theory of continental drift developed from a hypothesis put forward by Alfred Wegener in 1915. He realized that the similarities between the eastern coastline of South America and the western coastline of Africa could mean that they were once joined together and then drifted apart. He discovered many similar fossils, plants and animals in the two continents and so he put forward the hypothesis that the continents were once all joined as a single land mass. Wegener was unable to find a convincing source of power to make the continents drift apart, but his ideas were taken up by Arthur Holmes in 1931 and he showed that heat released inside the Earth, due to radioactive decay, could provide the necessary power. Further observations and measurements over several decades showed that the outer layer of the Earth is made up of separate pieces which fit together to make a sphere. These pieces, known as tectonic plates, carry the continents, which are known to drift across the surface as the plates gradually move. Earthquakes and volcanoes occur where the plates are in collision. Wegener’s hypothesis thus developed into the theory of plate tectonics, as more and more scientific evidence accumulated in support of the ideas. Further scientific evidence in support of the theory would reinforce its status even more. However, the theory would need to be discarded or drastically altered if reliable scientific evidence was ever found against it. No theory can ever be proved, as a single reliable experiment in future could disprove it.

SCIENTIFIC BLUNDERS

The history of science has many cul-de-sacs where discarded theories lie abandoned and forgotten. Some of these theories were once held aloft as part of the litany of scientific wisdom. For example, over two centuries ago, scientists believed that heat is a fluid that flows from hot objects to cold objects, like water flowing along a river. The fluid was called ‘caloric’ and it gave rise to the calorie as the unit of heat. The supporters of the caloric theory were undaunted when they were asked to explain where the heat comes from when you rub your hands together. They imagined that tiny particles created by the rubbing action released caloric in the process. The caloric theory was opposed by scientists who reckoned that heat is a form of energy. The caloric theory was disproved in 1799 by Sir Humphry Davy. He showed that when two blocks of ice below freezing point were rubbed together, water was produced as a result of the ice melting. He demonstrated that the melting of ice occurs because of friction between the two surfaces in contact. Energy must be supplied to the blocks to make them slide over each other and this energy causes the ice to melt. No mention was needed of caloric nor of particles rubbed off the ice.

Cold fusion is a more recent example of a scientific theory that bit the dust. When the nuclei of two light atoms are fused together, energy is released because the two nuclei bind together to form a single nucleus. This process takes place in the core of a star and is responsible for the energy radiated from the star. The immense pressure at the centre of a star forces light nuclei together and makes them fuse. Over the past four decades, scientists have tried without success to make a fusion reactor which would produce energy on a large scale at a steady rate. The particles in such a reactor would have to collide at enormous speed to fuse together, but at such speeds they are very difficult to control. Two decades ago, a breakthrough was claimed by scientists working on an entirely different approach to the fusion problem. They reckoned they had discovered fusion taking place in the spaces between the surface atoms of a certain metal when small atoms were in contact with the metal under particular conditions. The process was referred to as ‘cold fusion’, because it seemingly did not require the enormous temperatures necessary for fusion in stars. Other scientists disputed that the release of energy was due to fusion and attempted without success to reproduce the process of cold fusion. They concluded that the energy released was not due to fusion and the claim was rejected. A successful fusion reactor, hot or cold, would be a major step forward in providing energy without pollution and without producing greenhouse gases such as carbon dioxide. Cold fusion proved to be a claim too far.

Strange ideas

Do not be too harsh on scientists whose claims are rejected. In 1905, Albert Einstein produced two scientific papers that revolutionized physics and changed our understanding of nature dramatically. One of these two papers was about the nature of light, which Einstein showed to be in the form of packets of energy he called photons. His other paper, his theory of relativity, proved that absolute space and absolute time do not exist and that mass and energy are linked. We will meet these ideas later. Both papers were revolutionary, yet Einstein was to wait over 15 years before he was awarded the Nobel prize for physics. Why such a long time? The prize is awarded for discoveries that benefit the human race. More than a decade passed before sufficient evidence was available to support Einstein’s theories of relativity and light. In recent years, experimental evidence has been discovered for the amazing theories about black holes, developed by theoreticians such as Stephen Hawking. These strange objects are cosmic crushers from which nothing, not even light, can escape. A black hole would be likely to destroy human life as well as our planet. Maybe there has been no Nobel prize for Hawking yet as, so far, knowledge of black holes seems to have brought few benefits. However, you could argue that the knowledge that helps us to avoid a black hole would definitely be a benefit to the human race! We will return to the subject of black holes later in this book.

Science in general, and physics in particular, is about understanding nature from the smallest scale, deep inside the atom, to the largest scale, stretching to the edge of the Universe. The general method used in science is to look for patterns in observations and experimental data and formulate a hypothesis about the patterns or data. The hypothesis is then used to make a prediction, which can be tested by appropriate experiments. If the results of the experiment confirm the prediction, the hypothesis is used to form a theory, which is tested by more experiments. If the results do not confirm the prediction, the hypothesis must be modified or abandoned. The more experiments that support the theory, the stronger the theory becomes. The Principle of Conservation of Energy is a theory that has withstood many tests. The Principle states that energy is always conserved in any change. The total energy after a change is the same as the total energy before the change. This key principle did not seem to work in a radioactive process known as beta emission. Energy seemed to disappear without trace in this process. It was concluded that either the Principle of Conservation of Energy does not work in this process, or a particle that could not be detected carries away the missing energy. This elusive particle was given a name, the neutrino. Twenty years after the problem was raised, neutrinos were at last detected and the Principle of Conservation of Energy was saved.

Physics is about probing the laws of nature and challenging the status quo. This book is intended to explain the key ideas of physics at the present time, but be in no doubt that new and strange ideas lie ahead. More science has been discovered in the last half century than ever before. Physics is an exciting subject for anyone who thrives on changes and challenges.


1

Starting physics

In this chapter you will learn:


	why physics has always been a very important subject, from thousands of years ago right to the present time

	why Archimedes became a legend when he carried out the first recorded example of non-destructive testing

	how to measure the density of an object.



 

Physics has always been at the leading edge of human thought, not just in recent times but also before the Scientific Age, which began about four centuries ago. The theories of science that were held to be true long ago might seem very odd when we compare them with our present knowledge. We must not forget though that the scientists of ancient times, or natural philosophers as they were then called, came up with ideas and theories that were astonishingly sophisticated in comparison with other aspects of life in those times. In this chapter we will look at some of the physics ideas from long ago to see just how these ideas were developed and used. Then we will look at some important skills needed in physics, before moving on to use these skills to carry out density tests.

Physics in practice

BEFORE THE SCIENTIFIC AGE

Many theories of science before the Scientific Age were based on the assumptions that the Earth was at the centre of the Universe and that living beings were created by one or more superior beings who designated a special role for humans. The idea that humans evolved from apes over thousands of centuries found little favour, as it omitted the role of a creator. Theories about the natural world were usually chosen on grounds we would consider unscientific, and selected facts were used to support the theories. Other facts that did not match the theories were discarded as unreliable or imperfect. Not surprisingly, alchemy and astrology were two major strands of scientific endeavour before the Scientific Age. For example, attempts to turn lead into gold or to predict events occupied the working lives of many individuals, undoubtedly financed by rich and powerful patrons who imagined that they would amass further wealth as a result of such activities.

Science as a recorded activity flourished in the culture of Ancient Greece and the Mediterranean civilizations which developed from Greece. The idea that matter is composed of ‘atoms’ too small to be seen individually was a theory put forward by Democritus (470–400 BCE). Two centuries later, Aristarchus put forward the theory that the Sun was at the centre of the Universe. In the next century, Archimedes (287–212 BCE) made important discoveries in mechanics and mathematics. The importance of the scientific heritage bequeathed by these and other natural philosophers of the ancient Mediterranean civilizations is undisputed. Indeed the impact of one particular natural philosopher, Aristotle (382–322 BCE), was to influence the conduct of science for many centuries, right through to the beginning of the Scientific Age.

Aristotle was trained by the philosopher Plato, who founded the Academy in Athens. Aristotle accepted Plato’s theory of ideas as ‘eternal patterns’ that lie beyond the natural world. However, he recognized the importance of observations in formulating ideas about nature. Where observations could not be used to decide between competing theories, Aristotle rejected any theory that did not support the accepted ideals and overall philosophy developed by Plato. For example, Aristotle rejected Aristarchus’ theory that the Sun, not the Earth, was at the centre of the Universe. There was no observational evidence that the Earth was rushing through space round the Sun and no evidence either to support the associated idea that the Earth is spinning. Nor would Aristotle accept the idea that matter is composed of atoms. He rejected the idea of atoms in favour of the theory that all matter is made of the four elements: earth, water, air and fire. This older theory fitted the idea that the Earth is at the centre of the Universe, water in the seas lies above the Earth, air lies above the seas and fire is in the heavens.



Insight

Aristotle recognized the importance of observations in support of his ideas about nature and his overall philosophy.



Aristotle shaped science into a coherent set of ideas that were consistent with the prevailing world-view, namely that the Earth is the centre of the Universe and therefore a special place has been accorded to the human race by the creator of the Universe. However, Aristotle’s rejection of theories that did not fit in meant that interesting ideas were not followed up and investigated further. Aristotle stamped his method on science so firmly that it lasted for over 15 centuries. His approach of picking facts to support accepted theories dominated the way science was conducted long after his death, from Ancient Greece, through the Roman Empire, the Dark Ages and into the Middle Ages. Perhaps Aristotle’s authority enabled



ARCHIMEDES, THE FIRST GREAT SCIENTIST








	For two objects of equal weight, the distances from the fulcrum must be equal for the beam to be in equilibrium.

	For two objects of weights W1 and W0, the distances d1 and d0 of the weights from the fulcrum are in inverse ratio to the weights. In other words:






















	Place a coin on the ruler near one end. Rebalance the ruler by positioning an identical coin on the ruler near the other end. You should find the two coins are at the same distance from the pencil when the ruler is balanced again.

	Place a third identical coin on top of one of the coins already on the ruler. Reposition this ‘double coin’ to balance the ruler again. You should find that the distance from the single coin to the pencil is twice the distance from the double coin to the pencil.





WEIGHTS AND MEASURES





	the second, which is defined as the time taken for a specified number of vibrations of a certain type of atom in an atomic clock.

	the metre, which is defined as the distance travelled by light in a vacuum in a specified time.

	the kilogram, which is the unit of mass. This is defined as the quantity of matter in a block of platinum kept in the Bureau of International Weights and Measures (BIPM) in Paris. Standard masses kept in other scientific laboratories are measured by comparison with the standard one kilogram mass in Paris. The weight of an object is the force of gravity on the object. Because the weight of an object is in proportion to its mass, a beam balance as described earlier may be used to compare the masses of any two objects.

	the kelvin, which is the scientific unit of temperature. See p. 68.

	the ampere, which is the scientific unit of electric current. See p. 103.







	
	
	



	
	
	



	
	
	



	
	
	



	
	
	










Powers of ten







	The prefix symbol for micro, µ, is pronounced ‘mu’.

	1 centimetre (cm) = 10–2 m and 1000 grams = 1 kilogram.



QUESTIONS










Density tests










DENSITY CALCULATIONS













Worked example




DENSITY MEASUREMENTS – LIQUIDS



	The volume of a liquid is measured by pouring the liquid into an empty measuring cylinder and measuring the level of the liquid in the cylinder against its graduated scale. The scale is usually marked in cubic centimetres (cm3). To convert the reading into cubic metres (m3), divide the measurement in cm3 by 1 million (= 106) because 1 m3 = 106 cm3.






	The mass of a measured volume of liquid can be measured by using a top pan balance. This is used to measure the mass of an empty beaker. Then the liquid is poured into the beaker and the total mass of the beaker and the liquid is remeasured. The mass of the liquid is the difference between the total mass of the beaker and liquid and the mass of the empty beaker. A top pan balance usually gives a reading in grams (g). Note that 1000 g = 1 kg.






	The density is calculated by dividing the mass in kilograms by the volume in m3.



Sample measurements







DENSITY MEASUREMENTS – SOLIDS



	Use a top pan balance to measure the mass of a piece of a solid.

	Pour some water into a suitable measuring cylinder. Note the volume of the water from the reading of the water level. Tie the piece of solid to a thread and lower it into the water until it is completely submerged. The level of water in the cylinder will rise as a result. Note the new reading of the water level. The volume of the piece of solid is the difference between the two readings.

	The density is calculated by dividing the mass in kilograms by the volume in m3.






	The solid must be insoluble in water.

	The volume of a regular solid such as a cube can be calculated from its dimensions. For example, the volume of a rectangular box is equal to its length × its height × its width.



Sample measurements







EUREKA!









QUESTIONS






















	Matter is composed of atoms. Atoms are too small to be seen individually.



	A lever can be used to increase the effect of a force on an object.



	If two objects are on a balanced beam pivoted at its centre of gravity, the heavier object is nearer the fulcrum.



	For two weights W1 and W0 on a beam balanced at its centre of gravity,
           [image: Image]
where d1 and d0 are their distances from the fulcrum.



	The SI system is the scientific system of units. Its base units include the metre, the kilogram and the second.



	A numerical value in standard form is written as a number between 1 and 10 followed by the appropriate power of ten.



	Common prefixes include M (mega) for a million, k (kilo) for a thousand, m (milli) for a thousandth and m (micro) for a millionth.



	Mass is a measure of the amount of matter in a substance.



	Volume is the amount of space a substance takes up.



	Density = mass/volume. The unit of density is the kilogram per cubic metre (kg/m3).
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