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To Amelia and Alex





Preface



The year 2005 is the ‘World Year of Physics’. It marks the centenary of the publication of three papers by Albert Einstein during a few months in 1905. The most famous of these is probably the third, which set out the theory of relativity, while the second paper provided definitive evidence for the (then controversial) idea that matter was composed of atoms. Both had a profound effect on the development of physics during the rest of the twentieth century and beyond, but it is Einstein’s first paper that led to quantum physics.


In this paper, Einstein showed how some recent experiments demonstrated that the energy in a beam of light travelled in packets known as ‘quanta’ (singular: ‘quantum’), despite the fact that in many situations light is known to behave as a wave. This apparent contradiction was to lead to the idea of ‘wave–particle duality’ and eventually to the puzzle of Schrödinger’s famous (or notorious) cat. This book aims to introduce the reader to a selection of the successes and triumphs of quantum physics; some of these lie in explanations of the behaviour of matter on the atomic and smaller scales, but the main focus is on the manifestation of quantum physics in everyday phenomena. It is not always realized that much of our modern technology has an explicitly quantum basis. This applies not only to the inner workings of the silicon chips that power our computers, but also to the fact that electricity can be conducted along metal wires and not through insulators. For many years now, there has been considerable concern about the effect of our technology on the environment and, in particular, how emission of carbon dioxide into the Earth’s atmosphere is leading to global warming; this ‘greenhouse effect’ is also a manifestation of quantum physics, as are some of the green technologies being developed to counteract it. These phenomena are discussed here, as are the application of quantum physics to what is known as ‘superconductivity’ and to information technology. We address some of the more philosophical aspects of the subject towards the end of the book.


Quantum physics has acquired a reputation as a subject of great complexity and difficulty; it is thought to require considerable intellectual effort and, in particular, a mastery of higher mathematics. However, quantum physics need not be ‘rocket science’. It is possible to use the idea of wave–particle duality to understand many important quantum phenomena without much, or any, mathematics. Accordingly, the main text contains practically no mathematics, although it is complemented by ‘mathematical boxes’ that flesh out some of the arguments. These employ only the basic mathematics many readers will have met at school, and the reader can choose to omit them without missing the main strands of the argument. On the other hand, the aim of this book is to lead readers to an understanding of quantum physics, rather than simply impressing them with its sometimes dramatic results. To this end, considerable use is made of diagrams and the reader would be well advised to study these carefully along with the text. Inevitably, technical terms are introduced from time to time and a glossary of these will be found towards the end of the volume. Some readers may already have some expertise in physics and will no doubt notice various simplifications of the arguments they have been used to. Such simplifications are inevitable in a treatment at this level, but I hope and believe that they have not led to the use of any incorrect models or arguments.


I should like to thank my former students and colleagues at the University of Birmingham, where I taught physics for over thirty years, for giving me the opportunity to widen and deepen my knowledge of the subject. Victoria Roddam and others at Oneworld Publications have shown considerable patience, while applying the pressure needed to ensure the manuscript was delivered, if not in time, then not too late. Thanks are also due to Ann and the rest of my family for their patience and tolerance. Finally, I of course take responsibility for any errors and inaccuracies.


Alastair I. M. Rae
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Quantum physics is not rocket science


‘Rocket science’ has become a byword in recent times for something really difficult. Rocket scientists require a detailed knowledge of the properties of the materials used in the construction of spacecraft; they have to understand the potential and danger of the fuels used to power the rockets and they need a detailed understanding of how planets and satellites move under the influence of gravity. Quantum physics has a similar reputation for difficulty, and a detailed understanding of the behaviour of many quantum phenomena certainly presents a considerable challenge – even to many highly trained physicists. The greatest minds in the physics community are probably those working on the unresolved problem of how quantum physics can be applied to the extremely powerful forces of gravity that are believed to exist inside black holes, and which played a vital part in the early evolution of our universe. However, the fundamental ideas of quantum physics are really not rocket science: their challenge is more to do with their unfamiliarity than their intrinsic difficulty. We have to abandon some of the ideas of how the world works that we have all acquired from our observation and experience, but once we have done so, replacing them with the new concepts required to understand quantum physics is more an exercise for the imagination than the intellect. Moreover, it is quite possible to understand how the principles of quantum mechanics underlie many everyday phenomena, without using the complex mathematical analysis needed for a full professional treatment.


The conceptual basis of quantum physics is strange and unfamiliar, and its interpretation is still controversial. However, we shall postpone most of our discussion of this to the last chapter,1 because the main aim of this book is to understand how quantum physics explains many natural phenomena; these include the behaviour of matter at the very small scale of atoms and the like, but also many of the phenomena we are familiar with in the modern world. We shall develop the basic principles of quantum physics in Chapter 2, where we will find that the fundamental particles of matter are not like everyday objects, such as footballs or grains of sand, but can in some situations behave as if they were waves. We shall find that this ‘wave–particle duality’ plays an essential role in determining the structure and properties of atoms and the ‘subatomic’ world that lies inside them.


Chapter 3 begins our discussion of how the principles of quantum physics underlie important and familiar aspects of modern life. Called ‘Power from the Quantum’, this chapter explains how quantum physics is basic to many of the methods used to generate power for modern society. We shall also find that the ‘greenhouse effect’, which plays an important role in controlling the temperature and therefore the environment of our planet, is fundamentally quantum in nature. Much of our modern technology contributes to the greenhouse effect, leading to the problems of global warming, but quantum physics also plays a part in the physics of some of the ‘green’ technologies being developed to counter it.


In Chapter 4, we shall see how wave–particle duality features in some large-scale phenomena; for example, quantum physics explains why some materials are metals that can conduct electricity, while others are ‘insulators’ that completely obstruct such current flow. Chapter 5 discusses the physics of ‘semiconductors’ whose properties lie between those of metals and insulators. We shall find out how quantum physics plays an essential role in these materials, which have been exploited to construct the silicon chip. This device is the basis of modern electronics, which, in turn, underlies the information and communication technology that plays such an important role in the modern world.


In Chapter 6 we shall turn to the phenomenon of ‘super-conductivity’, where quantum properties are manifested in a particularly dramatic manner: the large-scale nature of the quantum phenomena in this case produces materials whose resistance to the flow of electric current vanishes completely. Another intrinsically quantum phenomenon relates to recently developed techniques for processing information and we shall discuss some of these in Chapter 7. There we shall find that it is possible to use quantum physics to transmit information in a form that cannot be read by any unauthorized person. We shall also learn how it may one day be possible to build ‘quantum computers’ to perform some calculations many millions of times faster than can any present-day machine.


Chapter 8 returns to the problem of how the strange ideas of quantum physics can be interpreted and understood, and introduces some of the controversies that still rage in this field, while Chapter 9 aims to draw everything together and make some guesses about where the subject may be going.


As we see, much of this book relates to the effect of quantum physics on our everyday world: by this we mean phenomena where the quantum aspect is displayed at the level of the phenomenon we are discussing and not just hidden away in objects’ quantum substructure. For example, although quantum physics is essential for understanding the internal structure of atoms, in many situations the atoms themselves obey the same physical laws as those governing the behaviour of everyday objects. Thus, in a gas the atoms move around and collide with the walls of the container and with each other as if they were very small balls. In contrast, when a few atoms join together to form molecules, their internal structure is determined by quantum laws, and these directly govern important properties such as their ability to absorb and re-emit radiation in the greenhouse effect (Chapter 3).


The present chapter sets out the background needed to understand the ideas I shall develop in later chapters. I begin by defining some basic ideas in mathematics and physics that were developed before the quantum era; I then give an account of some of the nineteenth-century discoveries, particularly about the nature of atoms, that revealed the need for the revolution in our thinking and became known as ‘quantum physics’.


Mathematics


To many people, mathematics presents a significant barrier to their understanding of science. Certainly, mathematics has been the language of physics for four hundred years and more, and it is difficult to make progress in understanding the physical world without it. Why is this the case? One reason is that the physical world appears to be largely governed by the laws of cause and effect (although these break down to some extent in the quantum context, as we shall see). Mathematics is commonly used to analyse such causal relationships: as a very simple example, the mathematical statement ‘two plus two equals four’ implies that if we take any two physical objects and combine them with any two others, we will end up with four objects. To be a little more sophisticated, if an apple falls from a tree, it will fall to the ground and we can use mathematics to calculate the time this will take, provided we know the initial height of the apple and the strength of the force of gravity acting on it. This exemplifies the importance of mathematics to science, because the latter aims to make predictions about the future behaviour of a physical system and to compare these with the results of measurement. Our belief in the reliability of the underlying theory is confirmed or refuted by the agreement, or lack of it, between prediction and measurement. To test this sensitively we have to represent the results of both our calculations and our measurements as numbers.


To illustrate this point further, consider the following example. Suppose it is night time and three people have developed theories about whether and when daylight will return. Alan says that according to his theory it will be daylight at some undefined time in the future; Bob says that daylight will return and night and day will follow in a regular pattern from then on; and Cathy has developed a mathematical theory which predicts that the sun will rise at 5.42 a.m. and day and night will then follow in a regular twenty-four-hour cycle, with the sun rising at predictable times each day. We then observe what happens. If the sun does rise at precisely the times Cathy predicted, all three theories will be verified, but we are likely to give hers considerably more credence. This is because if the sun had risen at some other time, Cathy’s theory would have been disproved, or falsified, whereas Alan and Bob’s would still have stood. As the philosopher Karl Popper pointed out, it is this potential for falsification that gives a physical theory its strength. Logically, we cannot know for certain that it is true, but our faith in it will be strengthened the more rigorous are the tests that it passes. To falsify Bob’s theory, we would have to observe the sun rise, but at irregular times on different days, while Alan’s theory would be falsified only if the sun never rose again. The stronger a theory is, the easier it is in principle to find that it is false, and the more likely we are to believe it if we fail to do so. In contrast, a theory that is completely incapable of being disproved is often described as ‘metaphysical’ or unscientific.


To develop a scientific theory that can make a precise prediction, such as the time the sun rises, we need to be able to measure and calculate quantities as accurately as we can, and this inevitably involves mathematics. Some of the results of quantum calculations are just like this and predict the values of measurable quantities to great accuracy. Often, however, our predictions are more like those of Bob: a pattern of behaviour is predicted rather than a precise number. This also involves mathematics, but we can often avoid the complexity needed to predict actual numbers, while still making predictions that are sufficiently testable to give us confidence in them if they pass such a test. We shall encounter several examples of the latter type in this book.


The amount of mathematics we need depends greatly on how complex and detailed is the system that we are studying. If we choose our examples appropriately we can often exemplify quite profound physical ideas with very simple calculations. Wherever possible, we limit the mathematics used in this book to arithmetic and simple algebra; however, our aim of describing real-world phenomena will sometimes lead us to discuss problems where a complete solution would require a higher level of mathematical analysis. In discussing these, we shall avoid mathematics as much as possible, but we shall be making extensive use of diagrams, which should be carefully studied along with the text. Moreover, we shall sometimes have to simply state results, hoping that the reader is prepared to take them on trust. A number of reasonably straightforward mathematical arguments relevant to our discussion are included in ‘mathematical boxes’ separate from the main text. These are not essential to our discussion, but readers who are more comfortable with mathematics may find them interesting and helpful. A first example of a mathematical box appears below as Mathematical Box 1.1.




MATHEMATICAL BOX 1.1


Although the mathematics used in this book is no more than most readers will have met at school, these are skills that are easily forgotten with lack of practice. At the risk of offending the more numerate reader, this box sets out some of the basic mathematical ideas that will be used.


A key concept is the mathematical formula or equation, such as


a = b + cd


In algebra, a letter represents some number, and two letters written together means that they are to be multiplied. Thus if, for example, b is 2, c is 3 and d is 5, a must equal 2 + 3 × 5 = 2 + 15 = 17.


Powers. If we multiply a number (say x) by itself we say that we have ‘squared’ it or raised it to power 2 and we write this as x2. Three copies of the same number multiplied together (xxx) is x3 and so on. We can also have negative powers and these are defined such that x−1 = 1/x, x−2 = 1/x2 and so on.


An example of a formula used in physics is Einstein’s famous equation:


E = mc2


Here, E is energy, m is mass and c is the speed of light, so the physical significance of this equation is that the energy contained in an object equals its mass multiplied by the square of the speed of light. As an equation states that the right- and left-hand sides are always equal, if we perform the same operation on each side, the equality will still hold. So if we divide both sides of Einstein’s equation by c2, we get


E/c2 = m or m = E/c2


where we note that the symbol / represents division and the equation is still true when we exchange its right- and left-hand sides.






Classical physics



If quantum physics is not rocket science, we can also say that ‘rocket science is not quantum physics’. This is because the motion of the sun and the planets as well as that of rockets and artificial satellites can be calculated with complete accuracy using the pre-quantum physics developed between two and three hundred years ago by Newton and others.2 The need for quantum physics was not realized until the end of the nineteenth century, because in many familiar situations quantum effects are much too small to be significant. When we discuss quantum physics, we refer to this earlier body of knowledge as ‘classical’. The word ‘classical’ is used in a number of scientific fields to mean something like ‘what was known before the topic we are discussing became relevant’, so in our context it refers to the body of scientific knowledge that preceded the quantum revolution. The early quantum physicists were familiar with the concepts of classical physics and used them where they could in developing the new ideas. We shall be following in their tracks, and will shortly discuss the main ideas of classical physics that will be needed in our later discussion.


Units


When physical quantities are represented by numbers, we have to use a system of ‘units’. For example, we might measure distance in miles, in which case the unit of distance would be the mile, and time in hours, when the unit of time would be the hour, and so on. The system of units used in all scientific work is known by the French name ‘Systeme Internationale’, or ‘SI’ for short. In this system the unit of distance is the metre (abbreviation ‘m’), the unit of time is the second (‘s’), mass is measured in units of kilograms (‘kg’) and electric charge in units of coulombs (‘C’).


The sizes of the fundamental units of mass, length and time were originally defined when the metric system was set up in the late eighteenth and early nineteenth century. Originally, the metre was defined as one ten millionth of the distance from the pole to the equator, along the meridian passing through Paris; the second as 1/86,400 of an average solar day; and the kilogram as the mass of one thousandth of a cubic metre of pure water. These definitions gave rise to problems as our ability to measure the Earth’s dimensions and motion more accurately implied small changes in these standard values. Towards the end of the nineteenth century, the metre and kilogram were redefined as, respectively, the distance between two marks on a standard rod of platinum alloy, and the mass of another particular piece of platinum; both these standards were kept securely in a standards laboratory near Paris and ‘secondary standards’, manufactured to be as similar to the originals as possible, were distributed to various national organizations. The definition of the second was modified in 1960 and expressed in terms of the average length of the year. As atomic measurements became more accurate, the fundamental units were redefined again: the second is now defined as 9,192,631,770 periods of oscillation of the radiation emitted during a transition between particular energy levels of the caesium atom,3 while the metre is defined as the distance travelled by light in a time equal to 1/299,792,458 of a second. The advantage of these definitions is that the standards can be independently reproduced anywhere on Earth. However, no similar definition has yet been agreed for the kilogram, and this is still referred to the primary standard held by the French Bureau of Standards. The values of the standard masses we use in our laboratories, kitchens and elsewhere have all been derived by comparing their weights with standard weights, which in turn have been compared with others, and so on until we eventually reach the Paris standard.


The standard unit of charge is determined through the ampere, which is the standard unit of current and is equivalent to one coulomb per second. The ampere itself is defined as that current required to produce a magnetic force of a particular size between two parallel wires held one metre apart.


Other physical quantities are measured in units that are derived from these four: thus, the speed of a moving object is calculated by dividing the distance travelled by the time taken, so unit speed corresponds to one metre divided by one second, which is written as ‘ms−1’. Note this notation, which is adapted from that used to denote powers of numbers in mathematics (cf. Mathematical Box 1.1). Sometimes a derived unit is given its own name: thus, energy (to be discussed below) has the units of mass times velocity squared so it is measured in units of kg m2s−2, but this unit is also known as the ‘joule’ (abbreviation ‘J’) after the nineteenth-century English scientist who discovered that heat was a form of energy.


In studying quantum physics, we often deal with quantities that are very small compared with those used in everyday life. To deal with very large or very small quantities, we often write them as numbers multiplied by powers of ten, according to the following convention: we interpret 10n, where n is a positive whole number, as 1 followed by n zeros, so that 102 is equivalent to 100 and 106 to 1,000,000; while 10−n means n–1 zeros following a decimal point so that 10−1 is the same as 0.1, 10−5 represents 0.00001 and 10−10 means 0.0000000001. Some powers of ten have their own symbol: for example, ‘milli’ means one thousandth; so one millimetre (1 mm) is 10−3 m. Other such abbreviations will be explained as they come up. An example of a large number is the speed of light, whose value is 3.0 × 108ms−1, while the fundamental quantum constant (known as ‘Planck’s constant’ – see below) has the value 6.6 × 10−34 Js. Note that to avoid cluttering the text with long numbers, I have quoted the values of these constants to one place of decimals only; in general, I shall continue this practice, but we should note that most fundamental constants are nowadays known to a precision of eight or nine places of decimals and important experiments have compared experimental measurements with theoretical predictions to this precision (for an example see Mathematical Box 2.7 in Chapter 2).


Motion


A substantial part of physics, both classical and quantum, concerns objects in motion, and the simplest concept used here is that of speed. For an object moving at a steady speed, this is the distance (measured in metres) it travels in one second. If an object’s speed varies, then its value at any given time is defined as the distance it would have travelled in one second if its speed had remained constant. This idea should be familiar to anyone who has travelled in a motorcar, although the units in this case are normally kilometres (or miles) per hour.


Closely related to the concept of speed is that of ‘velocity’. In everyday speech these terms are synonymous, but in physics they are distinguished by the fact that velocity is a ‘vector’ quantity, which means that it has direction as well as magnitude. Thus, an object moving from left to right at a speed of 5 ms−1 has a positive velocity of 5 ms−1, but one moving at the same speed from right to left has a negative velocity of –5 ms−1. When an object’s velocity is changing, the rate at which it does so is known as acceleration. If, for example, an object’s speed changes from 10 ms−1 to 11 ms−1 during a time of one second, the change in speed is 1 ms−1 so its acceleration is ‘one metre per second per second’ or 1 ms−2.


Mass


Isaac Newton defined the mass of a body as ‘the quantity of matter’ it contains, which begs the question of what matter is or how its ‘quantity’ can be measured. The problem is that, though we can define some quantities in terms of more fundamental quantities (e.g. speed in terms of distance and time), some concepts are so fundamental that any such attempt leads to a circular definition like that just stated. To escape from this, we can define such quantities ‘operationally’, by which we mean that we describe what they do – i.e. how they operate – rather than what they are. In the case of mass, this can be done through the force an object experiences when exposed to gravity. Thus two bodies with the same mass will experience the same force when placed at the same point of the Earth’s surface, and the masses of two bodies can be compared using a balance.4


Energy


This is a concept we shall be frequently referring to in our later discussions. An example is the energy possessed by a moving body, which is known as ‘kinetic energy’; this is calculated as one half of the mass of the body by the square of its speed – see Mathematical Box 1.2 – so its units are joules, equivalent to kgm2s−2. Another important form of energy is ‘potential energy’, which is associated with the force acting on a body. An example is the potential energy associated with gravity, which increases in proportion to the distance an object is raised from the floor. Its value is calculated by multiplying the object’s mass by its height and then by the acceleration due to gravity. The units of these three quantities are kg, m and ms−2, respectively, so the unit of potential energy is kgm2s2, which is the same as that of kinetic energy, as is to be expected because different forms of energy can be converted from one to the other.


An extremely important principle in both quantum and classical physics is that of ‘conservation of energy’; which means that energy can never be created or destroyed. Energy can be converted from one form to another, but the total amount of energy always remains the same. We can illustrate this by considering one of the simplest examples of a physical process, an object falling under gravity. If we take any object and drop it, we find that it moves faster and faster as it drops to the ground. As it moves, its potential energy becomes less and its speed and therefore kinetic energy increase. At every point the total energy is the same.




MATHEMATICAL BOX 1.2


To express the concept of energy quantitatively, we first have to express the kinetic and potential energies as numbers that can be added to produce a number for the total energy. In the text, we define the kinetic energy of a moving object as one half of the product of the mass of the object with the square of its speed. If we represent the mass by the symbol m, the speed by v and the kinetic energy by K, we have


K = [image: image] mv2


In the case of an object falling to the surface of the Earth its potential energy is defined as the product of the mass (m) of the object, its height (h) and a constant g, known as the ‘acceleration due to gravity’, which has a value close to 10ms−2. Thus, calling the potential energy V,


V = mgh


The total energy, E, is then


E = K + V = [image: image] mv2 + mgh


Suppose that our object has a mass of 1 kilogram and is released one metre above the floor. At this point it has zero kinetic energy (because it hasn’t started moving yet) and a potential energy of 10 J. As it reaches the floor, the total energy is still 10 J (because it is conserved), but the potential energy is zero. The kinetic energy must therefore now be 10 J, which means that the object’s speed is about 4.5 ms−1.





Now consider what happens after the falling object lands on the Earth. Assuming it doesn’t bounce, both its kinetic and potential energies have reduced to zero, so where has the energy gone? The answer is that it has been converted to heat, which has warmed up the Earth around it (see the section on temperature below). This is only a small effect in the case of everyday objects, but when large bodies fall the energy release can be enormous: for example, the collision of a meteorite with the Earth many million years ago is believed to have led to the extinction of the dinosaurs. Other examples of forms of energy are electrical energy (which we shall be returning to shortly), chemical energy, and mass energy as expressed in Einstein’s famous equation, E = mc2.


Electric charge


There are two main sources of potential energy in classical physics. One is gravity, which we referred to above, while the other is electricity, sometimes associated with magnetism and called ‘electromagnetism’. A fundamental concept in electricity is electrical charge and, like mass, it is a quantity that is not readily defined in terms of other more fundamental concepts, so we again resort to an operational definition. Two bodies carrying electrical charge exert a force on each other. If the charges have the same sign this force is repulsive and pushes the bodies away from each other, whereas if the signs are opposite it is attractive and pulls them together. In both cases, if the bodies were released they would gain kinetic energy, flying apart in the like-charge case or together if the charges are opposite. To ensure that energy is conserved, there must be a potential energy associated with the interaction between the charges, one that gets larger as the like charges come together or as the unlike charges separate. More detail is given in Mathematical Box 1.3.




MATHEMATICAL BOX 1.3


The mathematical expression for the potential energy of interaction between two charges of magnitude q1 and q2, separated by a distance r is


V = kq1q2/r


Where k is a constant defined so that the energy is calculated in joules when charge is measured in coulombs and distance in metres. Its value is 9.0 × 109 JmC−2. We see that as the charges come closer together so that r reduces, then V gets larger (i.e. more positive) if the charges have the same sign, whereas it gets smaller (i.e. becomes more negative) if the signs of q1 and q2 are opposite.





Electric fields


When two electric charges interact, the presence of one causes a force to act on the other and as a result both start moving, either away from each other if the charges have the same sign or towards each other if the signs are opposite. The question arises of how one charge can know that the other exists some distance away. To answer this, physicists postulate that an electric charge creates an ‘electric field’ throughout space, which in turn acts on another charge to produce the electrical force. Field is therefore another fundamental concept that is defined operationally – cf. our earlier definitions of mass and charge. Evidence to support this concept comes from experiments in which both charges are initially held fixed and one of them is then moved. It is found that the force on the other does not change straight away, but only after a time equivalent to that taken by light to travel the distance between the charges. This means that the field created by the moving particle takes time to respond, the parts of the field near the moving charge changing before those further away.


When charges move, not only does the electric field change, but another field, the ‘magnetic field’, is created. Familiar examples of this field are that created by a magnet or indeed by the Earth, which controls the direction of a compass needle. The coupled electric and magnetic fields created by moving charges propagate through space in the form of ‘electromagnetic waves’, one example of which is light waves. We shall return to this in more detail in Chapter 2.


Momentum


The momentum of a moving body is defined as the product of its mass and its velocity, so a heavy object moving slowly can have the same momentum as a light body moving quickly. When two bodies collide, the total momentum of both stays the same so that momentum is ‘conserved’ just as in the case of energy discussed earlier. However, momentum is different from energy in an important respect, which is that it is a vector quantity (like velocity) that has direction as well as magnitude. When we drop a ball on the ground and it bounces upwards at about the same speed, its momentum changes sign so that the total momentum change equals twice its initial value. Given that momentum is conserved, this change must have come from somewhere and the answer to this is that it has been absorbed in the Earth, whose momentum changes by the same amount in the opposite direction. However, because the Earth is enormously more massive than the ball, the velocity change associated with this momentum change is extremely small and undetectable in practice. Another example of momentum conservation is a collision between two balls, such as on a snooker table as illustrated in Figure 1.1, where we see how the conservation of momentum involves direction as well as magnitude.
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