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        Introduction

        So you’ve heard about nuclear energy, but you’re not sure what it is. Some people talk about nuclear providing vast amounts
          of cheap and clean energy. But you will probably also have heard about safety concerns in harnessing this source of energy.
          
        

        As world energy needs increase due to a growing population and increased demand for technology for transportation, communication,
          entertainment, etc., it is impossible to meet these energy demands without considering the contributions from a variety of
          sources. On a global scale, one of the major players in energy supply is bound to be nuclear. 
        

        In order to supply all our energy needs in the future, the nuclear energy industry looks set to expand over the coming years,
          with an expansion of employment opportunities available at different levels requiring a variety of skills in a variety of
          sectors where there are a whole range of opportunities; in the decommissioning industry, for example, where there are many
          innovative and exciting engineering and technical challenges within power generation and in the defence industry, as well
          as new nuclear build. Although specialist training will be available for those entering employment within the nuclear sector,
          the aim of this course is to provide you with background to help you decide whether this is an area that interests you, and
          whether you would like to take your interest further. This course will provide opportunities to develop your knowledge and
          point you to opportunities for further study. 
        

        Find out more about studying with The Open University by visiting our online prospectus.
        

      

    

  
    
      
        Learning outcomes

        After studying this course, you should be able to:

        
          	engage in learning about the science behind nuclear energy

        

        
          	have been introduced to online learning using OU pedagogies

        

        
          	 be able to improve your study skills in a nuclear context, so equipping you for further study and in particular study of
            the courses STG074 Learn about nuclear energy or ST174 Inside nuclear energy.
          

        

        
          	be able to improve your maths skills in a nuclear context and equip yourself for further learning, within and beyond the OU

        

        
          	be informed about further training and study, within and beyond the OU, that could equip you for employment in the nuclear
            industry.
          

        

      

    

  
    
      
        Online learning

        If you haven’t studied online before, the following advice will be of use to you.

        
          
            Box 1 Studying from the screen

          

          
            Studying this course requires reading a wide variety of different types of text, with items as varied as diagrams, tables
              and questions, onscreen. Trying to understand what you read, and know what you need to remember, are just two of the concerns
              you’ll have, along with the challenge of generating and retaining interest in what you are reading. Once you are interested
              in what you read, the process is more enjoyable – not exactly in the same ways as more casual reading, of an exciting novel
              perhaps, but a rewarding and positive experience all the same.
            

            Reading will be more successful if you indulge in active learning of the type mentioned below. This means finding ways of
              becoming engaged with texts – having ideas, looking for interest and purpose, perhaps by asking yourself questions about the
              topic. It also means doing more than expecting new information to become fixed in your mind through prolonged exposure (‘blotting-paper
              learning’). It’s more fun and productive if you avoid treating all the words the same. Look for key words, such as definitions,
              at how words are grouped into paragraphs or threads that have a particular focus, and at how the author’s ideas link together
              to produce explanation and argument.
            

          

        

        
          
            Box 2 Active learning

          

          
            If you think about the process of learning science at school, there must be times when you felt the process was one of passively
              absorbing facts, perhaps by staring at the paper in front of you or listening, wide-eyed, to what your teacher was saying. Absorbing
              facts is still part of science learning, but if you attempt to do this by letting the facts wash over you, hoping that some
              will stick as you sit tight, you’ll be disappointed. If you practise ‘blotting-paper learning’ – passively absorbing information
              – you’ll find that you forget a large fraction of the information that comes your way. And many of those which you do initially
              remember will quickly disappear from memory, or be only half-remembered, after a few months unless revisited regularly.
            

            The phrase ‘active learning’ can mean many things, but for the moment think of it as becoming engaged in the process of learning
              – seeking some form of involvement in the act of learning and feeling able to take control, rather than sitting back, taking
              what comes and hoping for the best. One example relates to reading – how you learn from a piece of science text, on the screen
              or page.  To use ‘active learning’ when learning from a piece of science text, look for ways to be interested in the subjects
              you’re reading about: make the subject personal to you by searching out what matters to you in some way. Becoming engaged
              with what’s in front of you will be that much easier if you are open to ideas, able to draw on your experience and are interested
              in solving problems – try out different approaches to find out what works best for you.  
            

          

        

      

    

  
    
      
        1 The motivation for nuclear energy

        
          1.1 Generating electricity

          In Section 1 you will be introduced to the principles underlying electricity generation and supply. 

          Harnessing nuclear energy is one of many ways in which electricity can be generated on Earth. Most power stations, including
            nuclear ones, employ a similar process. They use some sort of fuel to heat water to produce steam under pressure. The steam
            is then used to turn the blades of a turbine (Figure 1), causing the central shaft to rotate. This in turn rotates a generator,
            which produces electrical power. 
          

          
            [image: ]

            Figure 1 A steam turbine with the case opened revealing the turbine blades.

            View description - Figure 1 A steam turbine with the case opened revealing the turbine blades.

          

          
            Radioactive sources of energy

            In a nuclear power plant, the heat is generated during a process known as nuclear fission in which radioactive elements break
              apart releasing energy. You will learn more about these elements and radioactive processes in Section 2. The radioactive elements
              in the Earth that are mined and processed into nuclear fuel were produced by supernova explosions way out in space, and concentrated
              in the Earth’s crust as the Earth formed nearly five billion years ago. 
            

          

          
            1.1.1 Solar energy

            The Sun is powered by a different kind of nuclear process called nuclear fusion, in which small atoms such as hydrogen are
              fused together to make heavier atoms, like helium, giving out energy in the process. (You will find out more about nuclear
              fusion in Section 7.) This energy reaches the Earth as solar radiation – which, as you will see, is the origin of most of
              the other types of energy that are available. Plants absorb solar radiation and use it, in a process called photosynthesis,
              to produce new plant material. This, in turn, forms the basis of nearly all the food chains on Earth. The remains of living
              organisms, buried and compressed over millions of years, have formed the fossil fuels, coal, oil and natural gas, which are
              burned in power stations to produce heat. It is also possible to use plant material, such as peat and wood, collectively called
              biofuel, to generate electricity. The biofuel can be either burned directly, in the same way as fossil fuels in a power station,
              or used to produce gas (biogas) that can then be burned. Figure 2 shows how these different power sources are interconnected.
              
            

            
              [image: ]

              Figure 2 Some of the processes that contribute to producing electricity.

              View description - Figure 2 Some of the processes that contribute to producing electricity.

            

            There are a few sources of energy shown in Figure 2 that have not yet been mentioned – these are from wind and water power,
              which also are derived from solar radiation, and photovoltaics, which produce electricity directly from solar energy. 
            

            
              
                	
                  

                  What is the link between solar radiation, and wind and water power? Hint: think about the weather.
                  

                

              

              
                	
                  

                  The Sun is the source of the energy that drives our weather systems. It causes water to evaporate and form clouds, which then
                    produce rain. This rain falls on high ground and, as it runs downhill, the energy can be harnessed by hydroelectric power
                    stations situated on rivers or other large bodies of water. In these, water is used to drive turbines instead of steam. Winds
                    are produced when air masses are heated by the Sun (the Earth’s rotation plays a part too) and these are used to power wind
                    turbines.
                  

                

              

            

            Although not mentioned in Figure 2, there are plans to harness ocean wave power to generate electricity, but this is proving
              difficult to do on a commercial basis. Waves, of course, are also produced largely by wind. Tidal power can be obtained from
              barrages built across estuaries. 
            

            
              
                	
                  

                  Do you think tidal power is dependent on the Sun?

                

              

              
                	
                  

                  Tides are produced largely by the gravitational force of the Moon, though the size of the tides is dependent on the relative
                    positions of the Sun and Moon. So tidal power can be considered to be lunar, rather than solar.
                  

                

              

            

            Another source of electricity is hydrothermal power, which usually depends on water being pumped down into the ground, heated
              by hot rocks deep below the surface and the steam produced is then used to run turbines. In Iceland, the Svartsengi geothermal
              power station uses naturally occurring hot water (at about 90 °C), which gushes to the surface of the volcanically active
              island at a rate of over 400 litres per second. The steam from this hot water is used to run turbines. Afterwards the water
              passes though a heat exchanger, to provide hot water for a heating system for homes in the surrounding area. The underground
              water, now at about 38 °C, is finally pumped out onto the lava surface, where it forms an enormous open air heated swimming
              pool called the Blue Lagoon (Figure 3). 
            

            
              [image: ]

              Figure 3 The Svartsengi geothermal power station, with the Blue Lagoon in the foreground.

              View description - Figure 3 The Svartsengi geothermal power station, with the Blue Lagoon in the fo ...

            

            Small amounts of power are also generated by photovoltaic (PV: ‘photo’ = light and ‘voltaic’ = generating electricity) solar
              panels. These are currently very inefficient at absorbing solar energy, although research continues to develop them. 
            

          

          
            1.1.2 Nuclear power

            Nuclear energy has the potential to make a huge contribution to the large-scale generation of electricity at a time of massive
              global economic growth, particularly in the developing world. There is also an immediate need in the developed world to replace
              the nuclear power stations that were constructed in the last fifty years and are approaching the end of their economic operating
              life, either with newer nuclear power stations or alternative sources of power generation. 
            

            The fuel for nuclear power stations is based on materials such as uranium. Section 2 introduces the constituents of atoms,
              how radioactive atoms break apart and the types of particles they emit when they do. Section 3 describes some of the technology
              used in a nuclear reactor. Controlling a nuclear reactor is very different from a fossil fuel power station, where the output
              can be varied by changing the amount of fuel supplied. In a nuclear plant, bringing the fuel together under certain conditions
              starts up a self-sustaining (or ‘chain’) reaction and it is not possible to move the fuel around once installed in order to
              control the speed of reaction. Instead, nuclear reactors are controlled by inserting other materials that absorb some of the
              radioactive particles and so slow down the reaction. The basic design of a nuclear power station is shown in Figure 4. 
            

            
              [image: ]

              Figure 4 The basic design of a nuclear electricity generating plant.

              View description - Figure 4 The basic design of a nuclear electricity generating plant.

            

            Radioactivity can be seriously hazardous to all living things and Section 5, on the health effects of radiation, explores
              the biological effects it can have. 
            

            During its time in the reactor core, nuclear fuel becomes much more radioactive than it was when it went in. Nonetheless,
              eventually the fuel becomes used up and cannot be used any longer for power generation. This spent fuel has to be removed
              and stored until it has cooled down, which may take some months or years, but even after that it will continue to be radioactive
              for up to thousands of years into the future. In Section 4 of this course you will consider the storage of the waste and the
              problems of decommissioning reactors, since other components of the reactor will remain radioactive even after the fuel itself
              has been removed. Issues of safety and regulation are briefly addressed also in Section 6. 
            

            There are enormous scientific and technological challenges resulting from choosing the nuclear option for power generation.
              There must therefore be significant benefits if nuclear power is to make a significant contribution to electricity generation
              in the future. One of the important benefits is that, when global warming due to increased atmospheric carbon dioxide (CO2) is a serious and probably worsening problem, nuclear electricity generation is ‘carbon-free’. Even taking into account the
              energy used during the construction and maintenance of nuclear power stations, there is still an enormous reduction in carbon
              emissions compared with a fossil fuel power station. However, although there are significant benefits, there are also disadvantages
              to nuclear energy. 
            

            The science of nuclear energy began in the late 19th century, although it was not until the mid-20th century that the hazards
              of exposure to radioactive materials were recognised. Some of this knowledge came while investigating the destructive force
              of nuclear explosions at the end of the Second World War. After the war, the age of nuclear power began. It seems that the
              expressions ‘nuclear energy’ (and power and weapons) and ‘atomic energy’ (and power and weapons) have been used interchangeably
              since then, although in this course the term ‘nuclear’ will always be used. Unlike a purely chemical explosion, a nuclear
              bomb leaves behind a poisoned environment where the invisible effects of radioactivity may remain for decades. Nowadays radioactive
              materials are subject to strict controls including obligations to display warning symbols (Figure 5). The yellow trefoil sign
              is meant to represent harmful beams radiating from a radioactive source. In view of its more benign propeller-like appearance,
              a supplementary pictogram was introduced in 2007 by the International Atomic Energy Agency jointly with the International
              Standards Organisation. 
            

            
              [image: ]

              Figure 5 (a) The international radiation symbol and (b) a warning more specifically about sealed sources of ionising radiation.

              View description - Figure 5 (a) The international radiation symbol and (b) a warning more specifically ...

            

          

          
            1.1.3 A longer term vision

            There is another nuclear technology that is currently being developed in which energy is unlocked through nuclear reactions
              similar to those that take place within the core of stars like the Sun. 
            

            
              
                	
                  

                  What is the difference between the nuclear reactions in the Sun and those in the current fission-type nuclear reactors?

                

              

              
                	
                  

                  The process in the Sun is nuclear fusion, where small atoms (such as hydrogen) are fused together to make slightly larger
                    ones (such as helium), giving out energy. Nuclear reactors are based on fission processes, where large atoms break apart to
                    release energy.
                  

                

              

            

            The starting material for a fusion reactor, hydrogen, is relatively easy to obtain on Earth and is likely to remain so, and
              a fusion reactor would produce far less radioactive waste than a fission reactor. So fusion reactors look to be a good option.
              The challenges lie in scaling down the reactions that take place in the Sun a hundred-thousand-million-million-fold to the
              scale of a regional power plant. It is not expected that fusion reactors will be economically viable for many years to come,
              and so this course will concentrate primarily on nuclear fission. However, you will get an opportunity to learn a little more
              about fusion later in this course when you look at future developments. 
            

            In the rest of this section you will consider, in more detail, the motivations for developing nuclear energy and the issues
              surrounding such developments in Section 7. 
            

          

        

        
          1.2 Introducing the issues

          
            ‘There is not the slightest indication that nuclear energy will ever be obtainable. It would mean that the atom would have
              to be shattered at will.’
            

            (Albert Einstein, 1932)

          

          Less than ten years after this statement by Einstein, nuclear fission was demonstrated for the first time. The story of nuclear
            energy has been a matter of debate from the outset and has seldom followed a predictable course. Controversy around new developments
            isn’t as unusual as you might think. A century earlier, an editorial in a UK newspaper stated: 
          

          
            ‘We prefer to take our chance of cholera and the rest than to be bullied into health. England wants to be clean, but not cleaned
              by Chadwick.’
            

            (The Times, London, 1842)
            

          

          This quote refers to a proposal by Edwin Chadwick to build an underground sewerage system in London. Up to that time, London
            only had open drains that ran down the centre of the streets, and eventually discharged into streams and rivers. This, in
            itself, sounds fairly horrifying to us now, but the problems that this gave rise to were compounded by the fact that there
            was no mains water supply. Instead, people went to wells to draw their water. Not surprisingly, the water supplies frequently
            became contaminated with sewage, with the result that there were epidemics of water-borne diseases, like cholera and typhoid.
            Indeed, Queen Victoria’s husband, Prince Albert, died of typhoid at the age of 42.
          

          Against this background, why did The Times’ editorial oppose what seems to be an extremely sensible proposal? To start with, any improvements in public health would
            have to have been funded from taxes. Furthermore, the main burden of any additional taxes would have fallen on the better
            off, who, in general, did not live in the crowded conditions that gave rise to the worst effects. 
          

          Additionally, in those days, the degree of state intervention in everyday life was very limited. For example, education was
            not compulsory, there were no state pensions and there was no healthcare. The Times was therefore reflecting both the general political norms of the day and at the same time protecting the financial interests
            of its readers. 
          

          This example seems rather far from the topic of nuclear energy, but it is an example that illustrates that almost every technological
            and scientific innovation meets some opposition before it becomes accepted. The basis for such opposition may be straightforward
            – as in the example above, the interests of a section of society are threatened – or it might be complex, involving a wide
            range of issues such that balancing the advantages and disadvantages is difficult. Nuclear energy clearly falls into this
            category. 
          

          The question of whether or not to pursue nuclear energy is one that has worried people more or less since its discovery. This
            course aims to clarify your understanding so you can decide whether you’d like to learn more about it and whether it you’d
            be interested in seeking employment in the nuclear industry in the future. 
          

          It seems that the issue at stake is making sure enough electricity is generated to meet society’s needs but doing so in a
            way that does least damage to the environment and is hopefully sustainable into the longer term. There are two main issues
            with the continued reliance on fossil fuel power stations – first, there isn’t an infinite supply of fuel, and second, burning
            fossil fuels produces large amounts of carbon dioxide gas, which is a greenhouse gas. 
          

          What is the kind of information that you will need in order to make an informed judgement on the question of whether or not
            to use nuclear energy? Some of the issues involved in evaluating the role of nuclear energy that are discussed are as follows:
            
          

          
            	What is nuclear energy and where do we get it from? 

            	What are the biological and health risks from radiation? 

            	How do we dispose of nuclear waste and what are the issues to consider? 

            	What about alternative sources of energy? 

          

          There are a number of arguments for and against nuclear energy. In the later part of the 20th century, from the 1970s, it
            is probably fair to say that the arguments against gradually came to dominate policy in this area. However, in the current
            era the three main factors driving energy policy are:  
          

          
            	climate change and the need to look for energy sources that reduce emissions of carbon dioxide into the atmosphere  

            	the finite supply of fossil fuels 

            	energy security and the need for countries to be able to supply their own energy with reduced dependence on other nations.
              
            

          

          Given all of these factors, nuclear energy is once again being given serious consideration.

        

        
          1.3 Scientific notation and significant figures

          Before discussing energy production and consumption, it’s important to have a feel for the amounts of energy involved and
            the units used. Inevitably this course will include some calculations but there will not be many. In general, when an equation
            must be used, it will be explained in words, rather than using complicated symbols, although sometimes mathematical equations
            will be needed. This is a topic in which you will need to be familiar with some mathematical concepts, such as scientific
            notation for large and for small numbers, percentages, and reading and interpreting graphs. There are a number of questions
            in this section designed to help you decide if you are confident enough in these areas. If not, you are strongly recommended
            to work through the maths skills below. 
          

          
            
              Question 1

            

            
              
                This question will help you decide whether you are confident using scientific notation. Print out and complete Table 1. When
                  numbers in scientific notation are spoken aloud, the word ‘power’ is often omitted, so there are brackets around the word
                  in the right-hand column of the table. If you find this question difficult you should work through the first math skills resource for this course.
                

                
                  Tip: hold Ctrl and click a link to open it in a new tab.

                

                
                  Table 1

                  
                    
                      
                        	Scientific notation  
                        
                        	Written in full*  
                        
                        	Written in words/spoken as  
                        
                      

                      
                        	1 × 106 
                        
                        	1,000,000 
                        	One million, or ‘one times ten to the (power) six’ 
                      

                      
                        	  
                             

                        
                        	1000 
                        	One thousand, or ‘one times ten to the (power) three’ 
                      

                      
                        	3 × 104 
                        
                        	
                            

                            

                        
                        	‘Three times ten to the (power) four’, or … 
                      

                      
                        	1 × 10−3 
                        
                        	0.001 
                        	One thousandth, or ‘one times ten to the (power) minus three’ 
                      

                      
                        	1 × 10−9 
                        
                        	* 
                        	
                            

                            

                        
                      

                      
                        	6.2 × 10−4 
                        
                        	 
                        	
                            

                            

                        
                      

                      
                        	
                            

                            

                        
                        	 
                        	Three hundred and twenty thousand, or … 
                      

                      
                        	
                            

                            

                        
                        	0.0055 
                        	 
                      

                    
                  

                  * Don’t worry about writing out the number 1 × 10−9 in full for this question; scientists would not normally write out a number with this many leading zeroes.
                  

                

              

              View answer - Question 1

            

          

          
            
              Question 2

            

            
              
                This question will help you decide whether you are confident using the prefixes used with SI units. Express each of the values
                  in Table 2 in units of metres, years or watts, giving your answers in scientific notation. The first one is done for you.
                  If you find this question difficult you should work through  the second math skills resource for this course.
                

                
                  Tip: hold Ctrl and click a link to open it in a new tab.

                

                
                  Table 2

                  
                    
                      
                        	Value  
                        
                        	Scientific notation  
                        
                      

                      
                        	2 km 
                        	2 × 103 m 
                        
                      

                      
                        	4.3 km 
                        	  
                      

                      
                        	6.6 nm 
                        	  
                      

                      
                        	5.76 Ga (where ‘a’ is years)  
                        	  
                      

                      
                        	8.0 MW (where ‘W’ is watts)  
                        	  
                      

                      
                        	14.5 mm 
                        	  
                      

                      
                        	2.4 µm 
                        	  
                      

                    
                  

                

              

              View answer - Question 2

            

          

          
            
              Box 3 Significant figures and approximations

            

            
              Suppose you were reading the temperature outside from an old-fashioned thermometer and the level of the fluid was about half
                way between 16 and 17 on the scale. The more exact your measurement, the better, so while you could write down a value of
                16.5, it would be unfair to write down a value of 16.524, because someone else might look at the same reading and write 16.6,
                or someone else 16.4. This means there is uncertainty about the first decimal place – and huge uncertainty about the legitimacy
                of any figures to the right of that. The formal way of expressing this is to say that the reading from this thermometer can
                be written down to three significant figures (as in 16.5), but no more. If you had access to a thermometer with finer division
                between 16 and 17, chances are you could justifiably record a value to four significant figures, along the lines of 16.45,
                because it is only the second decimal place of the reading that you are uncertain of.
              

              
                [image: ]

                Figure 6 Two thermometers, A and B, measuring the air temperature in the same place. Thermometer A has scale divisions of
                  1 °C whereas thermometer B has scale divisions of 0.1 °C.
                

                View description - Figure 6 Two thermometers, A and B, measuring the air temperature in the same place. ...

              

              
                
                  	
                    

                    In Figure 6, what is the temperature indicated by thermometer B?

                  

                

                
                  	
                    

                    The temperature is between 16.4 °C and 16.5 °C. The second decimal place is rather uncertain, but it appears to be about 6,
                      so you might record the temperature as 16.46 °C. However, you might think that the last digit should be 5 or 7.
                    

                  

                

              

              Using significant figures appropriately in calculations is important too because following the rules allows you to avoid introducing
                a false degree of accuracy. Suppose for example you have to work out the area where you are given values for a length of 3.4
                m and a width of 2.482 m. Taps on the calculator produces a product of 8.4388 m2 but the rules (and common sense) tell you your result should have the number of significant figures identical to whichever
                contributing measurement has the least – which in this case is 3.4 m, i.e., two significant figures.  So the answer here is
                8.4 m2. 
              

              The use of significant figures helps with another important skill, that of approximation. If you are trying to check your
                working out of a calculation, say 4.34 × 47.2 divided by 103.3, you can express each of these values to one significant figure. Doing
                so gives you vales of 4 × 50 divided by 100, which is 2. On a calculator screen, that gives 1.9830396902, close enough to
                the estimate of 2 to suggest that the maths has been done correctly. In terms of numbers of significant figures to quote,
                you should look for the least number of significant figures in the original data, which is three, so the answer to the calculation
                is best expressed as 1.98.  
              

            

          

        

        
          1.4 Units of energy and power and their conversions

          Energy cannot be created or destroyed, it can only be transformed from one form into another. 

          This might or might not be a familiar concept to you, but here are a couple of examples to help explain: the energy stored
            in food is transformed when you digest what you eat into a form of energy that your body can use to ‘fuel’ physiological processes
            and to enable you to ‘do’ things; the energy from the Sun is used in photosynthesis by plants to create food that enables
            the plants to grow and to perhaps produce food for the previous process! 
          

          Energy comes in various forms, but we will be especially concerned with energy transferred in the form of heat, and with kinetic
            energy, which is the energy an object possesses by virtue of its movement. The standard unit that energy is measured in is
            the joule (J). 
          

          Power is the rate at which energy is transferred, for example when an electric fire transfers energy in the room in the form of heat to its
            surroundings. 
          

          Energy can be related to power and time by the equation: 

          energy = power × time (Equation 1) 

          
            
              	
                

                Rearrange Equation 1 to get an expression for power, in terms of energy and time.

              

            

            
              	
                

                Dividing both sides of the equation by time gives:

                
                  [image: ]

                

              

            

          

          The watt (W) is the unit of power and it corresponds to an energy transfer of 1 joule per second. Many domestic appliances
            have their power given in thousands of watts, or kilowatts (kW), and electricity power stations normally have their outputs
            rated in millions of watts, that is, in megawatts (MW). 
          

          
            
              	
                

                What units are used to measure the total electrical energy produced or used?

              

            

            
              	
                

                Joules may seem like the most sensible answer. However, because the total energy is equal to the product of the power and
                  the time for which it is being produced, the energy industry usually uses the kilowatt-hour (kW h), i.e. one kilowatt being
                  produced or used for one hour. 
                

              

            

          

          A kilowatt-hour of energy tells you an amount of energy and not how fast that energy was used. For example, a 100 W light
            bulb lit for 10 hours uses 1 kW h of energy, as does a 1000 W electric heater left on for one hour. 
          

          
            
              	
                

                How many joules corresponds to 1 kW h?

              

            

            
              	
                

                1 kW = 1000 W. The number of seconds in one hour is 60 × 60 s = 3600 s.

                So 1 kW h = 1000 W × 3600 s = 3,600,000 W s = 3,600,000 J.

              

            

          

          Larger units, such as megawatt-hours, MW h (103 kW h), and gigawatt-hours, GW h (106 kW h), may be used to measure the total energy produced by power stations. 
          

          
            
              Activity 1 Estimating your own approximate energy usage

            

            
              
                The estimated time for this activity is 45 minutes. 

                It is important to develop a sense of which things make a big difference to your energy consumption and which things are less
                  significant. This is a skill that takes some time to master, but to help you get a sense of your own energy use, there are
                  a number of online calculators you can use. These allow you to tally up approximately how much energy you use for a variety
                  of reasons, e.g. travel, heating, lighting and products, and provide a ‘carbon footprint’ – that is, how much carbon dioxide
                  (CO2) is released into the atmosphere as a result of using this amount of energy. These calculators generally use many different
                  assumptions and averages, although these are usually based on some underlying scientific understanding. 
                

                In this activity you will use a carbon calculator to produce an individual ‘footprint’ and then answer some questions based
                  on this. There is a calculator you can use from WWF, and a much more detailed one from Carbon Footprint; though you can find many others by putting 'carbon calculator' into a search engine. All of these calculators are designed
                  to widen awareness of climate change and the impact we can have on an individual level.
                

                Open your chosen calculator now, then answer the questions that follow about your home, energy use, travel and food choices.
                  If you use one of the links above, you might like to open the calculator in a new tab on your web browser by holding the control
                  key (Ctrl) when clicking the link, so you can easily navigate back to this course.
                

                Questions

                
                  	If the average emissions per person in the UK are 5–6 tons per year, how does your own use compare? 

                  	Once you have calculated your individual footprint, most calculators will allow you to compare your carbon footprint with
                    the national average and with others who live in similar circumstances to you. Do this now and note both the overall footprints,
                    and the contributions of ‘home’, ‘appliances’ and ‘travel’ groups. Where are the biggest differences? 
                  

                  	Is there anything that is a bigger contributor than you would have expected? Is there anything that surprises you in your
                    approximate carbon footprint? 
                  

                

                Keep these rough calculations in mind as you read on, when dealing with very large and very small numbers it is really useful
                  to be able to keep a sense of relative importance. 
                

              

              View discussion - Activity 1 Estimating your own approximate energy usage

            

          

        

      

    

  
    
      
        2 The science behind nuclear energy

        
          2.1 Atoms and elements

          
            
              Box 4 Making notes

            

            
              Making notes helps identify key points that you can come back to later, and helps with the process of engaging with the text. Note-taking
                need be no more than creating a faithful record, most often of something said. Note-making, on the other hand, is a strategy
                for helping to construct and absorb the innermost meaning of a piece of text. Note-making aims to identify and embed what
                the author saw as the ‘bare bones’ of the piece – what he or she would have conveyed if obliged to use far fewer words. All
                authors embellish their central message with text added for colour, interest, extra explanation, linkages, etc.; your job
                in note-making is to strip away extra detail and expose what lies beneath to help strengthen your learning – and so create
                a resource for revision.
              

            

          

          
            
              	
                

                What chemical substances come to mind when you think about nuclear reactors?

              

            

            
              	
                

                Most people think of uranium and plutonium, which are used as nuclear fuel.

              

            

          

          Uranium and plutonium are examples of chemical elements. All matter is made up of tiny building blocks called atoms. Different
            types of atoms combine in a number of ways to form the varying substances of matter. You might think there would need to be
            a huge number of different sorts of atoms to account for all the substances that exist and that can be made, but in fact there
            are just 118 different types of atom that have been observed. These are known as the chemical elements and of those 118, only
            about 90 occur naturally, with the rest being made in a laboratory. It is the many ways a few types of atoms can combine that
            allows for such a variety of substances to exist. Each element is represented by a chemical symbol, consisting of one or two
            letters, for example, H is for hydrogen and He is helium. 
          

          More than 90% of the atoms in the Universe are hydrogen atoms – these are the smallest and simplest atoms. The next simplest
            atom is helium. Elements that are heavier and more complex than hydrogen are formed in the interiors of stars, where enormous
            temperatures and pressures cause hydrogen atoms to fuse into more complex elements. Most of these elements are not very abundant
            and some are very rare. It is fair to say that the majority of what exists in the world around us is formed from combinations
            of two or more of the following elements: hydrogen, H; carbon, C; nitrogen, N; oxygen, O; sodium, Na; magnesium, Mg; iron,
            Fe; calcium, Ca; aluminium, Al; and silicon, Si. 
          

          Some substances exist in the form of pure elements made up of only one type of atom. Diamond, for example, contains only carbon
            atoms arranged in a rigid structure. Other substances take the form of chemical compounds. For instance, common salt (sodium
            chloride) comprises crystals containing both sodium (Na) and chlorine (Cl) atoms combined in a regular structure in equal
            atomic amounts. The chemical formula for salt is therefore written as NaCl, indicating one atom of sodium for each chlorine
            atom. Atoms may also combine together to form molecules. You should know that the chemical formula for carbon dioxide is CO2. This indicates that a carbon dioxide molecule is composed of one carbon atom and two oxygen atoms. 
          

          
            
              	
                

                Which atoms make up a molecule of water (H2O)?
                

              

            

            
              	
                

                Two hydrogen atoms and one oxygen atom.

              

            

          

          You may have heard of the names of the elements being given with a number after them – for example, carbon-14, uranium-235.
            These numbers tell you the number of particles in the nucleus of an atom of the element, that is, the number of protons plus
            neutrons. It is called the mass number (A). 
          

          
            2.1.1 Electrons, protons, neutrons and isotopes

            Whatever the type of atom, each one has certain features in common. Each contains a central nucleus (plural nuclei), which
              carries a positive electric charge as well as most of the atom’s mass. The nucleus is surrounded by one or more negatively
              charged particles known as electrons (symbol: e−), each of which has a much lower mass than the nucleus. The very simplest atoms of all, those of the element hydrogen, have
              a nucleus consisting of just a single particle, known as a proton (symbol: p). The next simplest atom, helium, has two protons
              in its nucleus; lithium has three protons; beryllium has four; boron, five; carbon, six; and so on.  
            

            The number of protons in the nucleus of an atom is known as its atomic number (Z) and it is this number that determines the chemical element. Elements are defined by their chemistry, and chemistry is all
              about the interactions of the electrons of the atom, not the nuclei. The number of electrons in a neutral atom is always the
              same as the number of protons in its nucleus. 
            

            When speaking of the value of the electric charge of particles and atoms, it is most convenient to use the charge of a proton
              as the reference point. So, the electric charge of a proton is said to be ‘+1’ unit. The electric charge of an electron is
              exactly the same as that of a proton, but negative instead of positive. The electric charge of an electron is therefore ‘−1’
              unit. 
            

            
              
                	
                  

                  What is the atomic number of carbon? What is the electric charge of a carbon nucleus?

                

              

              
                	
                  

                  The nucleus of a carbon atom contains six protons, so the atomic number of carbon is 6 and the charge of the nucleus is +6
                    units.
                  

                

              

            

            The other constituents of atomic nuclei are particles known as neutrons (symbol: n) as they have zero electric charge. Neutrons
              have a mass that is almost, but not exactly, the same as that of protons, which is approximately two thousand times the mass
              of the electron. They therefore contribute to the mass of an atom, but not to its electric charge. 
            

            Normal hydrogen atoms do not have neutrons in their nuclei, although there is a form of hydrogen – known as deuterium – that
              does. The nucleus of a deuterium atom consists of a proton and a neutron. It is still the element hydrogen (because it contains
              only one proton) but it is a ‘heavy’ form of hydrogen, thanks to the extra neutron. Deuterium is said to be an isotope of
              hydrogen. Similarly, normal helium atoms contain two neutrons in their nucleus, along with the two protons; but a ‘light’
              isotope of helium contains only one neutron instead. The total number of protons and neutrons in the nucleus of an atom is known as the mass number (A) of the atom. Different isotopes of an element have different mass numbers but their atomic numbers, are the same. 
            

            
              
                Question 3

              

              
                
                  Calculate the mass numbers of: 

                  
                    	normal hydrogen

                    	‘heavy’ hydrogen (i.e. deuterium)

                    	normal helium

                    	‘light’ helium.

                  

                

                View answer - Question 3

              

            

            As a shorthand, isotopes of each element may be represented by using the following notation [image: ], where X is the symbol for the element itself and two numbers are used to indicate the atomic number (lower number, Z) and mass number (upper number, A). So a normal hydrogen atom is represented as [image: ] and an atom of the heavier isotope, deuterium, as [image: ]. Isotopes of some other light atoms are shown in Table 3 and Figure 7. An alternative notation is to use the name of the
              element followed by a hyphen and then the mass number. For example, helium would usually be denoted by helium-4, but the lighter
              isotope referred to above would be given as helium-3. These can also be abbreviated to just the chemical symbol and mass number,
              for example He-4 and He-3. 
            

            Sometimes, protons and neutrons are collectively referred to as nucleons because both types of particle reside inside the
              nucleus of an atom. Similarly, electrons, protons and neutrons are often collectively referred to as subatomic particles,
              for obvious reasons. This nomenclature is summarised in Table 4. 
            

            
              Table 3 Some isotopes of the eight lightest elements. Isotopes of the same element have the same atomic number but a different
                mass number.
              

              
                
                  
                    	Atomic number  
                    
                    	Mass number  
                    
                    	Isotope name*  
                    
                    	Isotope symbol  
                    
                  

                  
                    	1 
                    	1 
                    	hydrogen 
                    	[image: ] 
                    
                  

                  
                    	
                    	2 
                    	deuterium 
                    	[image: ] 
                    
                  

                  
                    	2 
                    	3 
                    	helium-3 
                    	[image: ] 
                    
                  

                  
                    	
                    	4 
                    	helium-4 
                    	[image: ] 
                    
                  

                  
                    	3 
                    	7 
                    	lithium-7 
                    	[image: ] 
                    
                  

                  
                    	4 
                    	7 
                    	beryllium-7 (unstable) 
                    	[image: ] 
                    
                  

                  
                    	 
                    	8 
                    	beryllium-8 (unstable) 
                    	[image: ] 
                    
                  

                  
                    	 
                    	9 
                    	beryllium-9 
                    	[image: ] 
                    
                  

                  
                    	5 
                    	11 
                    	boron-11 
                    	[image: ] 
                    
                  

                  
                    	6 
                    	12 
                    	carbon-12 
                    	[image: ] 
                    
                  

                  
                    	 
                    	13 
                    	carbon-13 
                    	[image: ] 
                    
                  

                  
                    	 
                    	14 
                    	carbon-14 (unstable) 
                    	[image: ] 
                    
                  

                  
                    	 7 
                    	14 
                    	nitrogen-14 
                    	[image: ] 
                    
                  

                  
                    	 8 
                    	16 
                    	oxygen-16 
                    	[image: ] 
                    
                  

                
              

              * Some isotopes are unstable, that is they decay to other products. The stability of isotopes is discussed in Section 2.2.

            

            Although not needed for a discussion of nuclear energy, it is worth mentioning that protons and neutrons do themselves have
              an internal structure and are comprised of even smaller particles, known as quarks. 
            

            Atoms tend towards a state of being electrically neutral. That is to say, the positive electric charge of the nucleus is exactly
              balanced by the negative electric charge of the electrons surrounding it. Because each electron carries an electric charge
              of −1 unit and each proton carries an electric charge of +1 unit, the number of electrons in a neutral atom is exactly the same as the number of protons in its nucleus. However, under some circumstances, an electron might be removed from a
              neutral atom, or an atom might acquire an ‘extra’ electron, leaving the atom either positively or negatively charged. In this
              case the atom is known as an ion and the process is that of ionisation. You will learn about ionising radiation later. 
            

            
              [image: ]

              Figure 7 Schematic diagrams of the nuclei of some isotopes. Protons are coloured red and labelled with p, and neutrons green
                and labelled with n. 
              

              View description - Figure 7 Schematic diagrams of the nuclei of some isotopes. Protons are coloured ...

            

            
              Table 4 The constituents of atoms: subatomic particles.

              
                
                  
                    	  
                    	Electric charge  
                    
                    	Notes  
                    
                  

                  
                    	
                      Electron 

                      
                        [image: ]

                      

                    
                    	−1 unit 
                    	In a neutral atom, number of electrons = number of protons 
                  

                  
                    	Nucleons:
                    	 
                    	Mass number = number of nucleons 
                    
                  

                  
                    	
                      Proton 

                      
                        [image: ]

                      

                    
                    	+1 unit 
                    	Atomic number = total number of protons 
                    
                  

                  
                    	
                      Neutron 

                      
                        [image: ]

                      

                    
                    	0 
                    	 Isotopes  of the same elements have different numbers of neutrons 
                    
                  

                
              

            

            
              
                	
                  

                  What is the difference between an atom of lithium-7 and an atom of beryllium-7?

                

              

              
                	
                  

                  Both atoms have the same mass number, namely 7. However, the nucleus of the lithium atom has three protons and four neutrons,
                    while the nucleus of the beryllium atom has four protons and three neutrons. Furthermore, the lithium atom contains three
                    electrons while the beryllium atom contains four electrons.
                  

                

              

            

            
              
                Question 4

              

              
                
                  How many protons and neutrons are there in [image: ], [image: ] and [image: ]?
                  

                

                View answer - Question 4

              

            

            
              
                Question 5

              

              
                
                  What do the atomic number and mass number of an atom describe?

                

                View answer - Question 5

              

            

          

        

        
          2.2 Radioactivity

          
            
              	
                

                What is the key difference between a nuclear power station and a fossil-fuelled power station?

              

            

            
              	
                

                In a nuclear power station, the heat is supplied from the radioactivity of the nuclear fuel; in a fossil-fuelled power station,
                  the heat is supplied by burning the fuel (Figure 2).
                

              

            

          

          In most naturally occurring elements, the nucleus is stable and the element does not change its form. However, in heavier
            elements, the nucleus is very often unstable, and prone to radioactive disintegration, called radioactive decay. When an unstable
            or radioactive nucleus decays, energy is released, and particles are emitted from the nucleus. It is these particles that
            characterise radioactivity. This type of radiation is sometimes called ionising radiation as the emitted particles have enough
            energy to detach electrons from atoms or molecules that they interact with, turning those atoms or molecules into ions. Radioactivity
            and nuclear energy are not the same thing but they are linked – if it were possible to somehow get the energy without having
            to worry about the radioactivity, nuclear energy would be a lot less problematic. But the radioactive particles that are emitted
            mean that there are all sorts of problems associated with generating nuclear energy. 
          

          Radioactivity isn’t something new – it has been around longer than humans and has always been part of the environment. In
            fact it is radioactive decay that provides the majority of the Earth’s internal heat that causes volcanoes to erupt and drives
            plate tectonics. 
          

          Radioactivity was discovered in 1896 by Henri Becquerel who noticed that the radiation from uranium salts had similar characteristics
            to X-rays that had been discovered the previous year by Wilhelm Röntgen. Over the following 20 years, Marie and Pierre Curie,
            Ernest Rutherford, and many others worked on identifying the different emissions of positively and negatively charged and
            neutral particles from radioactive elements. This short video gives some historical background to Becquerel and Curie’s work.
            
          

          Watch the video for some background to the discovery of radioactivity and answer the questions below: 

          
            
              Video content is not available in this format.

            

            Radioactivity

            View transcript - Radioactivity

          

          
            
              	
                

                Which two radioactive elements did Marie Curie discover?

              

            

            
              	
                

                Polonium and radium.

              

            

          

          
            
              	
                

                What substance did she refine to produce these elements?

              

            

            
              	
                

                Pitch blend.

              

            

          

          All of the heavier elements (with atomic numbers greater than 83, which is bismuth), as well as isotopes of some lighter elements,
            are radioactive. They decay emitting three types of radiation, α, β and γ (or alpha, beta and gamma).  
          

          
            
              	
                

                An α-particle consists of two protons and two neutrons. This makes it a nucleus of which atom?

              

            

            
              	
                

                An α-particle is a helium-4 nucleus.

              

            

          

          Alpha-particles are easier to stop than other forms of radiation because they are bigger than the other forms and because
            they have a double positive charge (remember that a proton has a single positive charge). They can be stopped by a sheet of
            paper or by clothing. This is important because they cause a lot of damage if they interact with biological tissue. Even when
            they are travelling in air, their positive charge means that they attract electrons and quickly become nothing more than harmless
            helium. 
          

          A β-particle turns out to be an electron ejected from a nucleus. In neutral atoms, electrons exist outside the nucleus, and
            have a negative charge equal and opposite in magnitude to the positive charge on a proton. In β-decay, a neutron inside a
            nucleus changes into a proton and emits an electron, that is the β-particle (another particle called an antineutrino is also
            emitted but it has no charge and almost no mass and you can ignore it in the present context). A β-particle has more kinetic
            energy than a normal electron and carries a single negative charge. It’s harder to stop than an α-particle and can get through
            paper or clothing but is stopped by denser materials such as water or aluminium. Once they are stopped, the β-particles simply
            become part of the material they are in, like any other electron. 
          

          Gamma rays are high-energy electromagnetic radiation emitted by radioactive elements. The electromagnetic spectrum, shown
            in Figure 8, is the range of all possible energies of electromagnetic radiation. A photon can be defined as the basic unit,
            or elementary particle, of electromagnetic radiation. Like visible light, a γ-ray is just energy but a γ-photon has more energy
            than a photon of visible light or even of X-rays. Because they have no mass or charge and high energy, γ-rays are more difficult
            to stop than β- or α-particles and it takes dense materials such as lead, or concrete, to absorb their energy and stop them.
            Gamma-emission usually occurs together with α- or β-emission and it is rare to get gamma rays emitted on their own. 
          

          
            [image: ]

            Figure 8 The electromagnetic spectrum. (The energy scale is given in two units. Both the electronvolt (eV) and the joule (J)
              are explained later.) 
            

            View description - Figure 8 The electromagnetic spectrum. (The energy scale is given in two units. Both ...

          

          The understanding of radioactivity was developed by Ernest Rutherford and his colleague Frederick Soddy. They showed that
            radioactivity resulted in elements changing from one type to another, a very radical idea in 1903. Rutherford had previously
            concluded from observations that the rate at which particles are emitted depends only on the number of radioactive atoms present
            at the time, and that the rate is proportional to the number of these atoms.
          

          When a radioactive disintegration occurs, though, the number of radioactive atoms of that type is reduced. You then have a
            situation where the rate of decay decreases as the number of radioactive atoms falls. This rate of decay is usually measured
            by specifying something called the half-life. 
          

          The half-life is the time taken for half of the radioactive atoms in any sample to decay. The more rapidly the sample decays,
            the shorter the half-life. No matter how many atoms there are, the halving of the number of atoms always takes the same time
            for a given radioactive material. The video below sets some context for safety concerns around radioactivity. Watch it now,
            and answer the questions below: 
          

          
            
              Video content is not available in this format.

            

            Safety concerns around radioactivity

            View transcript - Safety concerns around radioactivity

          

          
            
              	
                

                Name some common foodstuffs that are radioactive.

              

            

            
              	
                

                Brazil nuts, banana cake, etc.

              

            

          

          
            
              	
                

                Do all experts agree that radiation is harmful to humans in low doses?

              

            

            
              	
                

                No, some think it isn’t harmful at low doses.

              

            

          

        

        
          2.3 Uranium 

          Since uranium is an element that you are going to learn more about, it is worth spending a little time now outlining its properties.
            
          

          Uranium is a naturally occurring element found mainly in small quantities everywhere on Earth. Uranium has played a vital
            role in the evolution of the Earth. Its natural radioactivity is believed to have provided the heat source powering such processes
            as plate tectonics and the maintenance of the Earth’s molten core. It is likely that without the energy released by radioactive
            decay, the Earth would have cooled long ago causing it to have a Mars-like environment. Indeed, without uranium it is probable
            that there would be no life on Earth as the core would have cooled to a point where the Earth’s magnetic field would have
            collapsed, allowing the solar wind to strip away the atmosphere and the oceans. 
          

          Uranium is the main fuel used in nuclear reactors. Natural uranium has three isotopes: uranium-238, uranium-235 and uranium-234.
            All of the isotopes are radioactive and so are sometimes called radioisotopes or radionuclides. Uranium-238 forms about 99.3%
            of all natural uranium, with uranium-235 forming around 0.7% and uranium-234 just 0.0055%. A sample of uranium-238 decays
            when its atoms disintegrate by α-emission into thorium-234, which decays by β-emission into protactinium-234, which then itself
            decays, and so on. The main decay chain for uranium-238 is shown in Figure 9. 
          

          
            [image: ]

            Figure 9 The main decay chain for uranium-238. Other radioisotopes similarly have their own characteristic decay chains. 

            View description - Figure 9 The main decay chain for uranium-238. Other radioisotopes similarly have ...

          

          All three isotopes of uranium have very long half-lives. Starting with a piece of uranium-238 today, you would need to wait
            4.5 billion years (approximately the age of the Earth!) before half of the nuclei had emitted particles and changed into thorium.
            For uranium-235 the half-life is shorter – only 700 million years – so there is a smaller proportion of it left today; and
            for uranium-234 with a half-life of very approximately a quarter of a million years there is only a very tiny amount left
            naturally occurring. 
          

          
            
              	
                

                How many stages are involved in the decay of uranium-238 before the series ends with the stable isotope lead-206?

              

            

            
              	
                

                There are 14 stages, as shown in Figure 9.

              

            

          

          The significance of this is that uranium ore, buried underground for millions of years, will contain all these isotopes, and
            all of them will be decaying steadily. The result is a total radioactivity many times greater than that of the uranium alone.
            
          

          You have seen that radioactive nuclei are unstable, and that each type has a characteristic half-life. 

          
            
              	
                

                What do you think causes a particular radioactive nucleus to emit a particle at any particular time?

              

            

            
              	
                

                The extraordinary answer is that there is no immediate cause – the nuclei are unstable but radioactivity is a truly random
                  process, governed by nothing other than the laws of probability.
                

              

            

          

          If you start with a sample containing, say, a billion iodine-131 atoms, you can predict with confidence that about half a
            billion will be left after eight days (its half-life). But there is absolutely no way to predict which atoms will be left,
            nor when nor whether any particular nucleus will disintegrate. 
          

        

        
          2.4 Energy from nuclei

          Is the energy obtained from nuclear reactions different from any other sort of energy? Well, yes and no is the rather unhelpful
            answer. As you saw earlier, nuclear fuel generates energy in the form of heat which is then used to generate electricity,
            and this is, in most respects, the same as using heat from the chemical reactions that occur when fossil fuels are burned.
            What makes nuclear energy different is the fact that radioactivity is produced and this leads to all the safety concerns and
            precautions that are needed. Another way in which nuclear energy differs is in the amount of energy that can be obtained from
            a given mass of ‘fuel’. Scientists have adopted specific units when talking about energy, as discussed in Box 5. 
          

          
            
              Box 5 Units of energy

            

            
              In talking about nuclear energy, sometimes the discussion is about how much energy a single atom might yield. At the same
                time, we are concerned with the big picture of meeting the energy needs of whole populations or supplying electricity to a
                national grid. The range of energies that will be discussed is huge and there is a range of units accordingly. This is quite
                unusual in science where, as a rule, a standard, SI unit is favoured, such as the metre for distance and then used with prefixes
                to make bigger and smaller units. However, with energy, the SI unit is the joule (J) and this is a very big unit at the atomic
                or nuclear scale. Most nuclear and particle scientists use, instead, the electronvolt (eV), where one electronvolt is 1.602 × 10−19 J. (You may remember that the energy scale in Figure 8 was given in both joules and electronvolts.) You will see units like
                keV, MeV and GeV used in anything you read that discusses nuclear reactions. There are 6.25 × 1018 eV in one joule, so you can see that it would be very inconvenient to conceive of a single unit that would suit all of our
                needs. 
              

              In the case of chemical reactions like burning coal, the energy that is a by-product of the reaction can be calculated ‘per
                atom’ – not at the level of individual atoms but by calculating the number of carbon atoms in a given mass of coal. In terms
                of joules, this turns out to be a tiny amount – around 6 × 10−19 J. For such small amounts of energy it is convenient to use the electronvolt (eV). In short, when burning fossil fuels, there
                is an energy yield of a few electronvolts per atom. The energy from chemical reactions (fossil fuels) comes from the breaking
                of bonds that join atoms together, whereas in nuclear reactions it is from the breaking apart of the atom itself. 
              

              In nuclear reactions the energy released can be understood from Einstein’s most famous equation: 

              E = mc2

              You’ve probably heard of it, but do you know what it means? Basically, it shows that there is a clear equivalent relationship
                between mass (m) and energy (E). Although c, in this equation, is the speed of light (2.998 × 108 m s−1), it is effectively just a constant (c2 is roughly 9 × 1016 m2 s−2) – the details of this need not concern us for now. You could just as well write: 
              

              E = 9 × 1016 m2 s−2 × m 
              

              Because the speed of light has the units of metres per second (m s−1), the other quantities are given in SI units as well: mass in kilograms (kg) and energy in joules (J). 
              

            

          

          The important point to note is that a small mass converts into a large energy. In nuclear reactions, the smallest nuclei may
            ‘fuse’ to create larger ones or very large atoms may disintegrate to form two smaller ones. In either case, the mass of the
            ‘end products’ is less than the mass of the starting atoms and the mass difference is released as energy. Typically, the ‘per
            atom’ energy yield from nuclear decay is in the order of millions of electronvolts, as compared with the few electronvolt
            yields per atom from fossil fuels. 
          

          It was this knowledge, before the ability to harness this energy had been developed, that led nuclear physicist Leo Szilard,
            in 1934, to speculate about planned experiments that, if successful, would lead to: 
          

          
            ‘Power production […] on such a large scale and probably with so little cost that a sort of industrial revolution could be
              expected; it appears doubtful for instance whether coal mining or oil production could survive after a couple of years.’
            

            (Quoted in Weart and Szilard, 1978, p. 39)

          

        

      

    

  
    
      
        3 How a reactor works

        
          3.1 A comparison to a conventional power plant

          The purpose of conventional coal-fired power stations and nuclear power stations is to generate electricity. 

           Both types of power station generally use turbines to convert heat energy into electrical power and both use steam to drive
            the turbines. Steam is generated by heating water and the only real difference between a conventional coal-fired power station
            and a nuclear power station is the source of this heat. 
          

           In a conventional power station, the source of the heat is the energy released by breaking chemical bonds in the process
            of burning. 
          

           In a nuclear power station, the source of the heat is the breaking of nuclear bonds in the process of nuclear fission, as
            described earlier in Section 1. 
          

          
            Coal-fired and nuclear power stations

            Try the activity here to learn about the differences between nuclear and coal-fired power stations.

            
              
                Interactive content is not available in this format.

              

            

          

        

        
          3.2 Fission and the chain reaction

          Event for event, nuclear fission releases a huge amount of energy compared with chemical reactions. Even so, many billions
            of fission events are required per second to yield commercial amounts of power. 
          

          The key to creating so many fission events is the two or three free neutrons that are typically released by each fission event.
            Each one of these neutrons can initiate a new fission event. This process is called induced fission because the free neutron
            induces fission in the nucleus. Maintaining an induced fission chain reaction is the key to commercial nuclear power generation.
            
          

          In essence then, a nuclear power station is a system for: 

          
            	maintaining a fission chain reaction 

            	extracting the resulting heat. 

          

          The chain reaction takes place in the core of the reactor, and the resulting heat passes into a fluid, or coolant, which is
            pumped through the core. 
          

          
            
              Interactive content is not available in this format.

            

          

        

        
          3.3 Criticality

          A fission chain reaction can proceed without intervention, as the free neutrons created by one fission event go on to trigger
            the next fission event. As two or three neutrons are produced by each fission event, it is easy to see that a chain reaction
            could get out of hand and ‘runaway’ producing too much energy too quickly. 
          

          
            Terminology

            
              	Criticality: The number of fission events is steady and the chain reaction releases a steady amount of energy.  
              

              	Sub-critical: The number of fission events decreases and the chain reaction releases progressively less energy.  
              

              	Super-critical: The number of fission events increases and the chain reaction releases progressively more energy.  
              

            

            The requirement in a nuclear power station is to maintain the reaction at, or close to, criticality. If it is sub-critical,
              the fission reaction will gradually reduce; if super-critical, then the reaction could run out of control. 
            

          

          
            Critical mass

            In order for a fission reaction to go ‘critical’ it needs a critical mass of uranium. This is shown in Figure 10 below. 

            
              [image: ]

              Figure 10 The top image shows a mass that is too small to sustain a chain reaction, as too high a proportion of neutrons escape
                by passing out of the mass. The bottom image shows that increasing the mass to the ‘critical mass’ causes a higher proportion
                of neutrons to stay within the volume long enough to induce further fissions. 
              

              View description - Figure 10 The top image shows a mass that is too small to sustain a chain reaction, ...

            

          

        

        
          3.4 Controlling the fission chain reaction

          A nuclear fission reaction at criticality can be maintained by controlling the critical mass. However, the critical mass will
            change as fuel is used up or even as the temperature fluctuates. Instead we need a dynamic method that can adapt to changing
            circumstances. 
          

          The standard method for controlling a chain reaction in a nuclear power station is by the means of control rods. Control rods
            are rods made from a material that absorbs neutrons. As the rods are inserted further into the fissile material more neutrons
            are absorbed and so fewer fission events are triggered. 
          

          Other control methods may be used in addition to inserting rods. For example some reactors have the option of introducing
            neutron absorbing material into the coolant in order to reduce the rate of fissioning. Use the slider to move the control
            rods in and out of the core to control the number of fusion events.
          

          
            
              Interactive content is not available in this format.

            

          

          
            A generic power station

            Click below to view a demonstration of how a nulear power station works.

            
              
                Interactive content is not available in this format.

              

            

            Now watch the video to put the concepts you have just learned into context in a real nuclear reactor and think about the questions
              that follow.
            

            
              
                Video content is not available in this format.

              

              A generic nuclear power station

              View transcript - A generic nuclear power station

            

            
              
                	
                  

                  What’s the temperature inside the reactor core when it is working?

                

              

              
                	
                  

                  About 300°C.

                

              

            

            
              
                	
                  

                  What fuel does this reactor use?

                

              

              
                	
                  

                  Uranium oxide.

                

              

            

            
              
                	
                  

                  What does the water inside the reacctor core do?

                

              

              
                	
                  

                  

                  Slows down the neutrons.

                

              

            

          

        

        
          3.5 Fissile, fissionable and fertile 

          Radioisotopes are described as either fissile, fissionable or fertile: 

          
            	Fissile materials can sustain a chain reaction with neutrons of any energy.

            	Fissionable materials are materials that can only be made to fission with high energy (fast) neutrons.

            	Fertile materials are materials that can be transformed (technically this is called transmuted) into fissile materials by
              the bombardment of neutrons inside a reactor.
            

          

          All three materials may exist within a reactor core, but only fissile materials can sustain the chain reaction. 

        

        
          3.6 Moderation

          Although the definition of a fissile material is that it can sustain a chain reaction with neutrons of any energy, induced
            fission is often more likely with neutrons of lower energy (slower) rather than higher energy (faster). If this seems counter-intuitive,
            imagine a golfer trying to putt a ball. The ball is more likely to be ‘captured’ by the hole if it is not going too fast.
            
          

          If the free neutrons created by fission are not slowed down, they are described as fast neutrons. If they are slowed down
            to thermal energies (the process of moderation), they are called thermal neutrons. The decision as to whether a reactor runs
            with fast or thermal neutrons is a fundamental element of the reactor design. 
          

          In the process known as moderation, fast neutrons are slowed down by interaction with a moderator. The moderator is a volume
            of a material such as hydrogen. The neutrons collide with the nuclei of the moderator and, in the process, are slowed down
            to the same average speed as those of the moderator. 
          

          If the moderator is at room temperature, the neutrons emerge with a range of velocities typical of a material at this temperature.
            
          

          The neutrons enter the moderator and are slowed down until they have the same energy spectrum as the atoms (or molecules)
            of the moderator. A good moderator is made of light nuclei (so it is more efficient at slowing down the neutrons), and is
            a material that does not absorb too many neutrons. 
          

        

        
          3.7 Specific nuclear fuels

          The most common nuclear fuels are based on the isotopes of uranium and plutonium, though other fuels such as thorium are available
            or are under development. Click on each of the buttons to find out about the most common types:
          

          
            
              
                
                  Natural uranium

                

                View discussion - Untitled part

              

              
                
                  Enriched uranium

                

                View discussion - Untitled part

              

              
                
                  Plutonium

                

                View discussion - Untitled part

              

            

          

        

        
          3.8 Enrichment

          Most nuclear reactors require the proportion of fissile U-235 to be increased. This process is known as enrichment. The two
            commonest enrichment methods make use of the fact that the U-238 atom is larger and heavier than the U-235 atom. 
          

          In these methods, natural uranium (in the form of uranium hexafluoride gas) is either repeatedly passed through ceramic filters
            (the gaseous diffusion method) or repeatedly centrifuged (centrifugal method) so that the larger, heavier U-238 atoms are
            separated out from the natural uranium mix. Both these methods are slow and require industrial scale operations to be carried
            out effectively. 
          

          The result of enrichment is two separate portions of uranium, one with an increased proportion of U-235 and one with a decreased
            proportion. The portion with the decreased proportion of U-235 is known as depleted unranium or DU. 
          

          
            
              	
                

                Even though DU is less radioactive than natural uranium it is a controversial material. Why is this? 

              

            

            
              	
                

                Due to its high density, DU is used for applications such as armour piercing weapons, where it may remain in the environment
                  for long periods of time. DU is not only radioactive but also chemically toxic. 
                

              

            

          

          
            Centrifugal enrichment of uranium

            Figure 11 shows a bank of centrifuges used for the enrichment of uranium – each cylindrical can contains a spinning drum.
              Uranium is typically enriched, that is to say the percentage of U-235 is increased, to between 3 and 7 per cent for nuclear
              power production. The same enrichment methods are used to enrich uranium to the 90 per cent typically required for nuclear
              weapons. 
            

            It is this transferability between power generation and weapons technology that is responsible for the political sensitivity
              of some aspects of nuclear power generation technology. 
            

            
              [image: ]

              Figure 11 A bank of centrifuges for enriching uranium.

              View description - Figure 11 A bank of centrifuges for enriching uranium.

            

          

        

        
          3.9 Fast or thermal?

          Probably the most fundamental choice regarding the design of a nuclear power station is the speed of the fission-inducing
            free neutrons. Are we building fast reactors that use fast, un-moderated neutrons or thermal reactors that use thermal neutrons?
            
          

          The vast majority of today’s nuclear power stations, as well as the planned new build reactors are of the thermal type. 

          Fast breeder reactors are so named because they use un-moderated fast spectrum neutrons and because they convert fertile material
            to new fissile material, that is to say they breed new nuclear fuel. Fast reactors use nuclear fuel far more efficiently than
            thermal reactors and their nuclear waste has reduced radiotoxicity. 
          

          However, there are a number of difficulties with fast reactors: 

          
            	controlling the criticality of the chain reaction is more difficult 

            	since water acts as a moderator it cannot be used as a coolant in a fast reactor, and the coolants, such as liquid sodium,
              that are used are more problematic to handle and contain safely 
            

            	the concept of a fast breeder reactor assumes fuel re-processing, which has implications for the threat of the proliferation
              of nuclear weapons. 
            

          

          
            [image: ]

            Figure 12 The Dounreay fast breeder reactor in Scotland.

            View description - Figure 12 The Dounreay fast breeder reactor in Scotland.

          

        

        
          3.10 The activity of spent nuclear fuel

          Spent nuclear fuel is comprised of uranium-235, uranium-238, fission products, plutonium and traces of other elements. Although
            many of the fission products have reasonably short half-lives of the order of 30 years, some fission products have very long
            half-lives. For example, plutonium-239, has a half-life of about 24,000 years and the longest lived fission product, iodine-129,
            has a half-life of 15.7 million years. The way in which the activity from spent fuel decays with time is shown in Figure 13.
            Note that because of the very wide range of activities and the need to show some degree of detail in the change of activity
            over the first 1000 years, both the scales on this graph are logarithmic. All you need to know about logarithmic scales is
            that this simply means that evenly spaced markings along the axis actually represent an increase of ‘ten times’ greater than
            the previous marking. Logarithmic graphs are hard to read, as a straight line doesn’t indicate a steady change as with conventional
            graphs. Rather than try to interpret the data here in any detail, you should take away from the graph the fact that it shows
            enormous changes in activity over the first, say, 1000 years and a proportionately similar change over the next million years.
            
          

          
            [image: ]

            Figure 13 The way in which activity from spent nuclear fuel declines with time. The horizontal line labelled ‘uranium used
              for the initial fuel’ shows the activity of the same quantity of natural uranium required to make the original fuel rod if
              it had undergone no radioactive decay and is provided for comparison. 
            

            View description - Figure 13 The way in which activity from spent nuclear fuel declines with time. The ...

          

          
            
              Question 6

            

            
              
                Use Figure 13 to answer the following questions: 

                
                  	Which component of spent fuel has the highest level of activity in the first 100 years?

                  	Which components are responsible for the highest level of activity on the longer timescale of 100 to 10,000 years?

                  	How long, after removal from a reactor, is it before the activity of the spent fuel is lower than that of the uranium initially
                    used for the fuel?
                  

                  	What does Figure 13 suggest is a major concern for people designing waste disposal or storage facilities?

                  	Certain components of radioactive waste have half-lives of approximately 100,000 years. Will the activity level of these materials
                    have fallen to a safe level after this period of time?
                  

                

              

              View answer - Question 6

            

          

        

      

    

  
    
      
        4 Waste management

        The range of activity levels of the materials in the waste that must be considered is vast, from minute traces of radioactivity
          on a pair of worker’s gloves to the contents of spent fuel rods which have levels of activity more than 100 million times
          that of natural uranium. Because of the wide ranging characteristics of these different wastes, some classification is required
          in order that different management requirements can be meaningfully discussed. 
        

        Classification of nuclear waste is a complex problem because, as you have seen, waste comes in a great variety of chemical
          and physical forms. Different schemes have been proposed and used at different times and in different countries. These schemes
          can become quite complex but all use three broad categories: low-, intermediate- and high-level waste. 
        

        Low-level wastes include, for example, laboratory clothing which has become contaminated and used paper towels, as well as
          liquid, gaseous and solid wastes from different parts of the fuel cycle. An important common factor that these items share
          is low activity and low heat production: in fact, the heat produced in them is negligible. Although low-level wastes require
          isolation and containment for a few hundred years, they can be stored at facilities near the surface with limited regulation.
           
        

        Intermediate-level wastes have higher activities per unit mass or volume than low-level wastes, and so pose a greater radiation
          hazard. They include fuel cladding and wastes from different stages of fuel reprocessing. Their storage needs to be more elaborate
          than that for low-level wastes, but they need no cooling, or only very limited cooling, during storage and disposal. Waste
          in this category requires disposal at greater depths than low-level waste, of the order of tens of metres to a few hundred
          metres. 
        

        High-level waste produces so much heat from the decay of radioisotopes that it requires continuous cooling, and its safe storage
          requires elaborate precautions to be taken. Such waste requires specially constructed disposal facilities. 
        

        Whatever the form of the waste, some initial processing usually takes place to reduce the volume of the waste, or to make
          it safer and more convenient to handle. For example, low-level waste may be incinerated or compressed and possibly encapsulated
          in concrete; intermediate-level waste may be evaporated if it is in liquid form or cut up or crushed if it is in solid form,
          prior to encapsulation in concrete-filled drums as shown in Figure 14. High-level waste is generally placed in containers
          and stored, often under water, for some years in order for its activity level to reduce. Some high-level waste is combined
          with a glass powder and heated in a process known as vitrification, which is intended to leave the waste in a stable, consistent
          form. A proportion of spent fuel is also reprocessed. 
        

        
          [image: ]

          Figure 14 (a) A drum used to store intermediate-level waste encased in concrete, cut away to show its contents. (b) Waste
            packaging and encapsulation plant (Sellafield, UK). 
          

          View description - Figure 14 (a) A drum used to store intermediate-level waste encased in concrete, ...

        

        Only the low-level waste currently has established and accepted mechanisms for final storage or disposal. It is typically
          either sent to regulated landfill sites or buried in special low-level waste repositories. Currently, intermediate- and high-level
          wastes are held in storage on the surface, often at the nuclear power stations from which they originated, while a longer
          term solution is sought. 
        

        
          4.1 Underground waste disposal

          If isolation from the biosphere is unlikely and a significant reduction in the radioactivity of waste is still several years
            away, the most viable option for managing waste must be removal from the immediate environment. 
          

          At the time of writing (2012), the favoured option for nuclear waste management around the world is to bury the waste in purpose-built
            underground repositories (also sometimes called depositories). One country, Sweden, is already constructing such a facility
            and others have stated that this is their favoured waste management option. 
          

          
            
              	
                

                What advantages are there to burying nuclear waste deep underground?

              

            

            
              	
                

                The waste is buried at a depth of several hundred metres below the surface so that the emitted radiation is effectively shielded
                  by the intervening rock. The waste is secure from unauthorised access and the approach is based on existing, known, mining
                  technologies.
                

              

            

          

          Assuming that the radioactive waste stays underground, the problem of disposing of it would appear to have been solved. It
            is possible that earthquakes could bring the material to the surface, but they are not the main problem. The main problem
            is posed by water. 
          

          
            
              	
                

                In what two ways might water cause problems for the integrity of a waste repository? 

              

            

            
              	
                

                First, if it is able to penetrate the repository, water can corrode containers around the waste and then dissolve the radioactive
                  wastes inside. Second, the movement of water underground can transport any dissolved radioactive waste from the burial site
                  to the surface. Once at the surface, the wastes could be incorporated into the food chain or contaminate the environment.
                

              

            

          

          In order to reduce the possibility of either of these problems arising, the design of repositories includes containers with
            multiple layers enclosing the waste and other engineered barriers or seals around the containers. Great attention is also
            paid to the suitability of the surrounding environment, particularly the geology in terms of stability and rock composition,
            and the way water can move through it. Several processes combine to cycle water globally, and these are summarised in Figure 15.
            
          

          
            [image: ]

            Figure 15 The global water cycle: showing the distribution of the world’s water. ‘Lakes’ includes freshwater and saline lakes.
              The values shown as transfers represent the amounts of water cycled annually (in units of 1015 kg y−1), as opposed to that stored in reservoirs (in units of 1015 kg). 
            

            View description - Figure 15 The global water cycle: showing the distribution of the world’s water. ...

          

          
            
              Question 7

            

            
              
                Use Figure 15 to answer the following questions: 

                
                  	If 96 per cent of the world’s water is stored in the oceans, what percentage of water occurs in underground water?

                  	How could water from underground water get into parts of the water cycle other than the oceans?

                  	What percentage of the underground water flows into the oceans annually?

                  	What does this suggest about the rate of underground water flow?

                

              

              View answer - Question 7

            

          

          The answer to Question 7 suggests that if underground water (sometimes just referred to as groundwater) penetrates an underground
            radioactive waste repository, it may only dissolve and carry away the radioisotopes very slowly. However, as you have already
            seen, underground waste repositories need to be designed to keep the waste materials secure for hundreds of thousands of years.
            With this in mind, there are a number of factors to consider that affect the choice of a suitable underground site for disposing
            of radioactive waste. 
          

          At any stage in the water cycle where evaporation occurs, anything dissolved in the water is left behind. In particular, radioisotopes
            transported into the oceans would accumulate there; they would not evaporate and re-enter the water cycle. 
          

          How water flows through the ground is largely determined by the geology. Many of the rocks that make up the Earth’s crust
            contain voids, which can hold water. These voids can take various forms. In sandstones, for example, they consist of small
            interconnected pores between the grains of sand. In granites, which are made up of interlocking crystals, there may be fissures
            or fractures, which can be interconnected so allowing water to travel through the rock. Below a certain level, the rock voids
            are all filled with water. This level is called the water table, and the rocks below it are said to be saturated. By using
            the voids as a pathway, water can flow through the saturated rocks. 
          

          
            
              	
                

                Is there anywhere you could situate a repository such that water flow isn’t a problem? 

              

            

            
              	
                

                If a repository is situated far above the water table, then problems associated with the flow of groundwater would be minimised.
                  
                

              

            

          

          
            
              	
                

                What do you notice about the level of the water table in Figure 15? What is the significance of this observation in terms
                  of the possible water movement? 
                

              

            

            
              	
                

                The water table is not level across the countryside. It is higher under the higher ground. Since water generally flows downhill,
                  this may mean that the water flows underground from one area to another. 
                

              

            

          

          The ease with which water flows through rocks, due to the differences in the height of the water table, is known as the hydraulic
            conductivity, and it varies with the rock types. For example, if the rock contains large well-connected pores or voids, like
            the sandstone in Figure 16a, or extensive linked fractures, like the granite in Figure 16b, the hydraulic conductivity will
            be large, and water will flow easily through the rock. 
          

          
            [image: ]

            Figure 16 Void structures in different rock types. Each of the images (a)–(c) is referred to in the text.

            View description - Figure 16 Void structures in different rock types. Each of the images (a)–(c) is ...

          

          
            
              	
                

                What would you predict about the hydraulic conductivity of the rock in Figure 16c?

              

            

            
              	
                

                 There are large pores in the rock, but the pores are not interconnected, so the water cannot flow easily through the rock.
                  Its hydraulic conductivity will be very small. 
                

              

            

          

          
            Transmutation of waste

            Another approach to waste disposal is to transform or ‘transmute’ the waste material into shorter lived radioactive elements.
              The following video introduces this concept. Watch the video now and answer the questions that follow.
            

            
              
                Video content is not available in this format.

              

              Transmutation of waste

              View transcript - Transmutation of waste

            

            
              
                	
                  

                  What process is used to split the heavier elements into lighter ones?

                

              

              
                	
                  

                  Nuclear fission.

                

              

            

            
              
                	
                  

                  How long does untreated nuclear waste remain radioactive?

                

              

              
                	
                  

                  Typically, tens of thousands of years.

                

              

            

          

        

        
          4.2 Decommissioning

          At the end of its life, a nuclear power plant needs to be shut down, and the site and plant managed in some way. This management
            process, which may take a variety of forms, is known as decommissioning. 
          

          Due to the presence of radioactive materials, the decommissioning of a nuclear power plant is a complex process that may progress
            through many stages, over a number of decades. The following approaches to decommissioning have been identified by the International
            Atomic Energy Authority (IAEA). 
          

          
            	Immediate dismantling: Radioactive material, parts and equipment are removed or decontaminated, soon after the plant closes. The land is released
              for restricted or unrestricted use. 
            

            	Deferred dismantling: This is also known as safe storage, or safestore. Radioactive material is put in a safe condition and monitored prior to
              decontamination or removal. The period of deferment under this option may be anywhere from 40 to 100 years. At the end of
              the process, the land is released for restricted or unrestricted use. 
            

            	Entombment: Radioactive components are sealed off using a structurally long-lived material such as concrete. Radiation is allowed to
              ‘decay’ until the land can be released for restricted or unrestricted use. 
            

          

          
            4.2.1 Decommissioning in the UK

            The ease, or otherwise, of decommissioning is affected by the original design and construction methods, as well as by the
              maintenance history of the plant. It is a goal of the next generation of nuclear power stations to provide designs that take
              account of the whole life-cycle of the plant, including decommissioning. The design for decommissioning should take account
              of physical construction methods, as well as best practice approaches to maintenance and record keeping. 
            

            Decommissioning of the Trawsfynydd power station, in the Snowdonia National Park, began in 1993 and is proceeding under the
              deferred dismantling or safestore scheme. The following stages and durations have been identified: 
            

            
              	Plant shutdown. 

              	Defuelling: Two-year duration. Removal of all fuel from reactors and ponds. 
              

              	Care and maintenance preparations: Seven-year duration, overlapping with defuelling. Recovery, processing, packaging, temporary storage of the operational wastes.
                Dismantling of all plant and structures. Refurbishment of reactor buildings as required and limited dismantling.
              

              	Care and maintenance: Several tens of years’ duration. A prolonged but mainly quiescent period, including maintenance of buildings, etc. 
              

              	Site clearance: Eight-year duration, notionally beginning about 100 years after first shutdown. Removal of remaining site structures and
                site de-licensing.  
              

            

            The following video discusses the decommissioning steps being carried out at a reactor on the Dounreay site. Watch it now
              and answer the questions that follow.
            

            
              
                Video content is not available in this format.

              

              Decomissioning steps

              View transcript - Decomissioning steps

            

            
              
                	
                  

                  Name the radioactive elements that remain at Dounreay.

                

              

              
                	
                  

                  Uranium and plutonium.

                

              

            

            
              
                	
                  

                  How can radioactive particles get into the food chain?

                

              

              
                	
                  

                  Fish can ingest sand containing radioactive particles from the sea bed. 

                

              

            

          

        

      

    

  
    
      
        5 Health effects of radiation

        You cannot have nuclear power without also having ionising radiation. The hardware in and around the nuclear reactor is designed
          to keep this radiation away from people because it can be harmful to health, even lethal. In order to be able to provide effective
          protection, it is necessary to know just how this harm is caused. Ionising radiation comes in many forms, and each one behaves
          differently. Protection against the hazards of each must be designed with these differences in mind. 
        

        In this section you will find out how each different kind of ionising radiation particle interacts with matter, how it affects
          living tissue and how it can be prevented from harming us. You will discover how changes to the information contained in our
          DNA give rise to cancer and the part that radiation plays in this process. 
        

        
          5.1 How radiation interacts with living cells

          Radionuclides can emit a variety of different particles. These are called alpha, beta, and gamma. All of these are classed
            as ionising radiation, which can have effects on living cells. 
          

          With the exception of the red blood corpuscles, every cell in the body contains molecules of DNA. DNA molecules carry the
            information that determines the make-up and behaviour of the cell itself. This information is usually called the genetic code.
            It is inherited by the descendents of the cell. The code is in the form of a sequence of smaller molecules, called bases,
            arranged along the core of the DNA molecule. There are four different kinds of bases. Each is referred to by an initial –
            A, T, C and G. 
          

          When a cell divides, the DNA molecules themselves also split into two. They do this by unzipping down the middle and separating
            the previously joined bases from one another. The key to preserving and duplicating the code in the new cell lies in the fact
            that the base A always bonds to T, and C always bonds to G. This way, the complete molecule can be faithfully reconstructed
            from just one side of the unzipped sequence. 
          

          
            The structure of living cells

            Click on the animation to see the structure of living cells in the human body.

            
              
                Interactive content is not available in this format.

              

            

          

        

        
          5.2 How does a low radiation dose cause cancer?

          What do we mean by the word ‘cancer’? Put very simply, cancer is the uncontrolled proliferation of some of the body’s own
            cells, whose genetic code has been disrupted in such a way, so that they no longer ‘know’ what kind of cell they are. They
            have also lost the knack of dying after a few generations. 
          

          The most important mechanism by which ionising radiation causes cancer-risking damage to the genetic code is through double-strand
            breakages. If a DNA molecule becomes unzipped, or damaged, either as part of the normal cell division process, or by the effect
            of a particle of ionising radiation, it is possible to recover the code as long as one strand has been left intact. The cell
            contains a number of repair systems that do just this job. These have evolved because DNA breakage is quite common. Background
            radiation, chemical agents, even desiccation can do this. Life forms of any complexity would not be possible without the existence
            of these repair mechanisms. However, if both strands are broken, this is no longer possible. The DNA molecule is severed,
            and there is no information about how it should be put back together again. 
          

          Our discussion so far has involved a single critical mutation. This is not enough to convert a cell into the completely unregulated
            proliferative state we know as cancer. Cancer results from the accumulation, within cells, of a small number of independent
            mutations that can take place over a long period of time. In fact, many years may elapse between one mutation occurring and
            the next. 
          

          Cancer starts with one mutation in a single cell. This transmits it to all its progeny cells. Some generations of cell division
            later, a second mutation occurs in one of these cells. This mutation is then transferred to its progeny, and so on. Mutations
            accumulate randomly over a large number of cell generations. Mutations in at least five or six cancer-critical genes have
            to accumulate within a cell before it becomes cancerous. 
          

          This whole process is governed by chance. This is because, in order to cause changes to a DNA molecule, a particle of ionising
            radiation has to get within a certain distance of it. It is not possible to predict whether a person exposed to a given low
            dose of radiation will go on to develop cancer as a result. This will depend on whether they are unlucky enough to have a
            particle strike just the right molecule in just the right place, at just the right time. 
          

          It is possible to be more certain of the effects if large enough populations of people are involved. There have been research
            studies into the effects of modest doses of radiation which have involved sample sizes that include millions of people. 
          

          
            The development of a tumour

            
              [image: ]

              View description - Uncaptioned figure

            

          

        

        
          5.3 High dose radiation

          When high doses of radiation are involved, the nature of the threat to life is different to that faced by the low doses to
            which we expect to be exposed. With low doses, the main concern is the eventual onset of cancer. With high doses, injury and
            death are the result of the killing of cells in vital tissues, over a short period of time. In this way, the effects of exposure
            to a high radiation dose is very like being poisoned in a more conventional way. 
          

          Unfortunately, there are many examples where people have been exposed to large doses of radiation. One of the earliest was
            one of the scientists working on the Manhattan project during the Second World War. Harry Daghlian was taking measurements
            involving a sphere of nickel-plated plutonium and a set of neutron-reflecting tungsten carbide blocks. One of these slipped
            out of his hand and fell into a position that caused it to reflect the neutrons coming from the plutonium back into the source.
            This caused a chain reaction, which greatly increased the number of neutrons coming out of the plutonium. When he reached
            into the equipment to retrieve the block and arrest the chain reaction, he received an estimated dose of neutrons that was
            about 2000 times the average annual environmental radiation dose. He died 25 days later of acute radiation syndrome. 
          

          Louis Slotin was later killed by the same piece of plutonium during an experiment in which he accidentally lost grip on a
            beryllium sphere that was intended to reflect neutrons. 
          

        

        
          5.4 Acute radiation syndrome (ARS)

          The most important parts of the body to be affected by large instantaneous doses of radiation are the bone marrow, the blood,
            and the cells lining the stomach and intestines. 
          

          Often, the skin is also affected and severe radiation burns can cause serious complications. This is because the damage to
            the skin makes infection more likely, and the immune system is already severely damaged by the radiation. 
          

          
            	One of the first symptoms is nausea, and the earlier its onset after exposure, the worse the prognosis. 

            	Survivors of large doses may take up to two years to recover, and will have an increased likelihood of developing cancer.

          

          The intestinal damage causes the diarrhoea, nausea and dehydration that occurs when the dose exceeds about 400 times the average
            annual background dose. The damaged or destroyed bone marrow causes internal bleeding, susceptibility to infection and anaemia.
            This is ultimately also the root cause of death. Other common effects include hair loss, skin burns, itching and swelling,
            and temporary or permanent sterility. 
          

          Despite some of the severe consequences of exposure to radiation, relatively few people have suffered adverse health effects
            from accidents at nuclear power stations, as the following video shows. Watch the video now and answer the questions that
            follow.
          

          
            
              Video content is not available in this format.

            

            Acute radiation syndrome

            View transcript - Acute radiation syndrome

          

          
            
              	
                

                Which is larger, the number of smoking-related deaths per year or deaths from the nuclear accident at Chernobyl?

              

            

            
              	
                

                The video says that there were 107,000 smoking-related deaths in 2009 compared to 122 deaths from the nuclear accident at
                  Chernobyl.
                

              

            

          

          
            
              	
                

                Name one way that radiation is used to benefit health.

              

            

            
              	
                

                Linear acclerators produce X-rays that are targetted to kill cancer cells leaving healthy cells untouched. 

              

            

          

        

      

    

  
    
      
        6 Regulation 

        In this section of the course we will look at the regulatory framework around the licensing and operation of nuclear facilities
          in the UK.
        

        Because of the potential health risks to workers and the general public, there is a very tight control of sites that are permitted
          to handle radioactive materials. Legislation is in place to regulate the operation of nuclear power plant and the disposal
          of radioactive waste.  
        

        In this video, Lawrence Williams, Professor of Nuclear Safety at the University of Central Lancashire (UCLAN), discusses the
          importance of regulation in the nuclear industry. Watch this video now. 
        

        
          
            Video content is not available in this format.

          

          Regulation

          View transcript - Regulation

        

        
          6.1 Why is legislation important?

          Legislation is important because the regulation of nuclear installations is part of UK law. The Acts of Parliament and Regulations
            can lead to prosecution if they are breached. 
          

          Legislation is used throughout industry as a way of ensuring that employers do not exploit their employees and/or engage in
            unsafe practices. Legislation has been used since Victorian times to reduce the incidence of accidents. In recent times, there
            have been large-scale accidents that have led to new or amended legislation. 
          

          Legislation aims to: 

          
            	protect the health and safety of the public 

            	protect the health and safety of staff 

            	protect the environment 

            	prevent accidents from occurring 

            	limit the consequences of any accidents 

            	provide financial protection for the public if accidents happen. 

          

        

        
          6.2 The Nuclear Installations Act

          The main act of Parliament that relates to nuclear power plants, and other sites, is the Nuclear Installations Act (1965/69).
            This Act:
          

          
            	requires a site licence to be issued prior to the operation of a nuclear facility

            	established the Nuclear Installations Inspectorate (NII)

            	puts absolute liability on the licencee. 

          

          Absolute liability means that a company, irrespective of negligence, is liable for personal injury to any person and/or damage
            to third party property, attributable to nuclear matter. In the case of an incident, the company is ‘guilty until proved innocent’.
            The liability of a power generation company is limited according to the Electricity Act. 
          

          In this video Lawrence Williams talks about good plant design and a highly skilled workforce in the nuclear industry. Watch
            this now. 
          

          
            
              Video content is not available in this format.

            

            Good plant design

            View transcript - Good plant design

          

        

        
          6.3 Regulatory bodies

          The key regulatory bodies in the UK are: 

          
            	Health and Safety Executive (HSE)

            	Environment Agency

            	Scottish Environment Protection Agency (SEPA)

          

          Use these links to find out more about the role of these agencies in nuclear regulation. You may find that the box below helps
            you use websites for study. 
          

          
            Tip: hold Ctrl and click a link to open it in a new tab.

          

          
            
              Box 6 Using online resources

            

            
              When it comes to accessing information, there has never been a better time to be a student. As you can appreciate, the development
                of the internet has already changed the face of study dramatically and the modern day ability to have a wealth of information
                at your fingertips makes studying both more interesting and more demanding. It’s relatively easy to start the process of finding
                information; finding the right material, either electronically or within the walls of a library, which supports your study
                and helps you become better informed, is more tricky.
              

              Online resources come in so many different sorts, very often available from wherever you choose to study. For example, through
                a library’s web pages, you can access a wide range of bibliographic databases that identify what has been published in a particular
                area of academic interest. Searching databases of this type identifies sources that have a higher academic standing than you’d
                get with standard search engines (such as Google) available from your computer desktop. Some of your hits will be from newspapers
                and some from the proceedings of conferences and official publications (such as government reports and reviews, for example)
                – but the chances are that the majority will be scientific research papers published in academic journals. Online science
                journals accessed via university library web pages are usually only accessible by using the passwords and permission from
                the library, but some of these online journal articles are available via the Google Scholar search engine. But it’s also the case that an increasing number of journals (and other electronic resources) are open access
                and therefore readily accessible on the web. At the time of writing there are more than 4000 such journals, many of high quality
                – which is linked to the fact that they are peer-reviewed, of which more in a moment. So gaining access to online sources
                of all these types is straightforward enough – but once you’re there, what do you do with what you’ve found?
              

              Judging reliability and value

              The operation of peer review offers a degree of reassurance about quality in relation to the literature, but the great majority
                of the web pages you access won’t have been subject to that procedure. As a student, get into the habit of running through
                a series of spot checks for such material before you take its content seriously. Adopt a critical perspective: start off sceptically
                and lighten up as reasons for doing so become apparent.  There’s the obvious point about clear relevance to your needs – it’s
                wise to stay clear of sources that seems impressive and yet whose technical difficulty makes them hard to understand. As you
                critically look at what you find, ask the following questions:
              

              
                	When was the material written, and by whom? Just having a name may not mean a great deal in itself, given the powers of invention
                  on the web, but additional information (such as an email account or web page) opens up the possibility of contact and so is
                  a little better.
                

                	Does the author have any current or past affiliation? It’s rather a rough and ready judgement, but individuals or groups with
                  some form of institutional link are taken rather more seriously than those who do not, unless there is some positive reason
                  to think otherwise. But bear in mind that in science, there is a strong and healthy tradition of amateur scientists. For every
                  ‘crazy’ website that insists, for example, that Einstein’s theories are wrong, or that evolution never happened, there are
                  others that offer a wealth of valuable information about a great range of topics from individuals worth taking seriously.
                

                	Is there a fair recognition of other literature and points of view? You’ll know that the web is rich in ‘rants’ that obsessively
                  peddle particular points of view and sweepingly dismiss other viewpoints and authors. You’d be wise to be wary of very strident,
                  unbalanced voices – again, there’s a balance for you to strike. Historians of science tell tales of workers who, by going
                  against the grain, have been initially ridiculed only for their ideas to be vindicated in time. But just because some heretical
                  views have ultimately proved correct doesn’t mean that such lone voices are usually right.
                

                	Are there references supplied to back up any claims made, at least some of which are from peer-reviewed sources? Once again,
                  take a balanced view on this – not everything has to be referenced, and well-established knowledge is taken for granted. But
                  the traditions of science are that new arguments are generally built on the foundations provided by the work of others. Scientists
                  are pleased to take the opportunity of demonstrating how they are adding to what’s known already, rather than ploughing a
                  lonely furrow; to be revolutionary, and to be the only voice of sanity, you generally have to be exceptionally gifted and
                  special – qualities difficult to ascertain merely from a presence on the web.
                

              

            

          

        

      

    

  
    
      
        7 Future developments

        
          7.1 Thorium: an alternative fuel cycle 

          
            
              	
                

                Which fuel has dominated the nuclear power industry to date?

              

            

            
              	
                

                Uranium has been the main fuel used in nuclear power stations.

              

            

          

          Nearly all of the power plants currently operating are based on using uranium as the fuel, and most of the planned new build
            designs also appear to assume uranium-based fuel. However, thorium has been suggested as an alternative fuel because it is
            more abundant than uranium, although it is more difficult to extract the energy from. 
          

          The transformation of thorium-232 into a fissile isotope follows two β-decays: 

          
            [image: ]

          

          India, which has large reserves of thorium, is currently pursuing research into reactors that use thorium instead of uranium.
            India has a unique set of issues that is driving this research: 
          

          
            	There is an urgent need to increase the electricity supply as the country develops rapidly. 

            	India was prohibited for many years from importing uranium by the 1970 Nuclear Non-Proliferation Treaty (although this ban
              was lifted in 2008), so has made great efforts towards nuclear self-sufficiency. 
            

            	Whereas reserves of uranium are minimal, the country has a great supply of thorium – approximately 25 per cent of the world’s
              total. 
            

          

          A short video posted on YouTube discusses the development of thorium-based reactors in India: 

          If you are reading this course as an ebook, you can access this video here: India's experimental Thorium Fuel Cycle Nuclear Reactor [NDTV Report].
          

        

        
          7.2 Nuclear fusion

          Nuclear fusion is often held up as the ultimate nuclear future technology. Like fission, fusion is a nuclear process, because
            fusion reactions involve changes in the numbers of protons and neutrons within nuclei. As with fission, these changes are
            accompanied by a release of energy. In many respects, however, this is where the similarity to fission ends. 
          

          Whereas nuclear fission involves splitting large nuclei into, essentially, two smaller ones, nuclear fusion involves combining,
            or ‘fusing’, two small nuclei into one larger one. In both cases energy is released and proportionately more in the case of
            fusion.
          

          In principle, all that has to be done to access this fusion energy is to combine two small nuclei (such as hydrogen) into
            a larger one (such as helium). Unfortunately this is not easy to achieve. 
          

          
            
              	
                

                What kind of electric charge do nuclei carry and why?

              

            

            
              	
                

                Nuclei are positively charged because they contain protons and no electrons. The nuclei also contain neutrons but these have
                  no electric charge.
                

              

            

          

          
            
              	
                

                From general knowledge, what can you say about atomic particles with similar charges?

              

            

            
              	
                

                Similar charges repel each other – the so-called electrostatic repulsion. This is similar to the way that two magnets repel
                  one another if you hold them with their north poles, or their south poles, together.
                

              

            

          

          Of course, the protons in all nuclei also repel each other for the same reason, but they are so close together that the strong
            nuclear force that acts at short-range (a force that keeps nucleons together in a nucleus) overcomes this repulsion. In order
            to get nuclear fusion to occur, then, it is necessary to get two nuclei with a low mass number sufficiently close together
            that the nuclear force overcomes the electrostatic repulsion. 
          

          But how can nuclei be brought close enough together? In order to enable nuclei to fuse, a plasma is used. A plasma is a gas
            that has had a significant proportion of its atoms ionised so that the positively charged nuclei and negatively charged electrons
            are dissociated from one another. So a plasma is a gas of charged particles, which means that electric and magnetic fields
            can be used to contain it and so bring the nuclei closer together. Fusion projects also require extremely high temperatures
            so that the particles within the plasma have a lot of kinetic energy. These two features make it possible to bring nuclei
            close enough, for long enough, and with enough kinetic energy for fusion to occur. 
          

          
            
              	
                

                Based on what you have just read, what do you think is the main problem with making nuclear fusion a viable energy source?

              

            

            
              	
                

                Making the plasma hot enough and dense enough requires a lot of energy to be put in and the challenge is getting more energy
                  out than was put in to make the nuclei fuse.
                

              

            

          

          You should now watch the following video, entitled Generating Electricity by Nuclear Fusion, which discusses the work on nuclear fusion being carried at the Joint European Torus (JET) project near Culham, Oxfordshire.
            After watching the clip, answer the question that follows. 
          

          
            
              Video content is not available in this format.

            

            Generating Electricity by Nuclear Fusion

            View transcript - Generating Electricity by Nuclear Fusion

          

          
            
              	
                

                What are the three main advantages of fusion as stated by the scientist from the Culham Centre interviewed in the clip?

              

            

            
              	
                

                There is plentiful fuel, less waste than  fission and fusion should be passively safe, which means that the reactor would
                  be brought automatically under control in an emergency without action from an operator.
                

              

            

          

          There is potentially another method for bringing the nuclei in the plasma close enough and for long enough for fusion to occur,
            but that doesn’t use the magnetic field technology of the JET reactor. This is the method being used at the National Ignition
            Facility (NIF) at the Lawrence Livermore Laboratory in the USA. NIF plans to focus the intense energy of 192 very large laser
            beams on a target, about the size of a small coin, filled with hydrogen fuel. This will result in the nuclei of the hydrogen
            atoms fusing and releasing several times more energy than it took to start the fusion reaction. Although the main (and stated)
            purpose of NIF is safeguarding the US stockpile of thermonuclear weapons and not energy generation, it may help with the latter.
            The research at NIF is at a relatively early stage and hasn’t yet achieved fusion in the laboratory, but there is interest
            in this as a potential alternative energy source.
          

          If you’d like to know more about the fusion projects at JET and the Lawrence Livermore Lab, use your internet searching skills
            to find reliable sources of information on the web, bearing in mind the guidance given to you in Box 6.
          

        

      

    

  
    
      
        8 Sustainability

        The discussion here on sustainability involves reading an extract from the book Sustainable Energy: Without the Hot Air by Professor David MacKay. The box below will help you to develop your skills in reading critically and making notes.
        

        
          
            Box 7 Critical and analytical reading

          

          
            For texts thought worthy of your time, reading means genuine engagement. Intelligent thinking is required – you need to react
              to what you read, to worry, question, challenge and make judgments. Doing these kinds of things means that you are being critical
              as reader, analysing what you come across. 
            

            ‘Critical’ is an odd word that’s often understood to mean pernickety and unfair. But in an academic context, it means insightful
              and informed – asking intelligent questions, being discerning and making sound judgments. In doing so, the word ‘critique’
              is perhaps is a better choice, producing an analysis much like a film or art critic. It isn’t a process reserved for texts
              that you feel are suspect or below standard – even the best of texts should be critically appraised. Reading critically means
              asking question such as these :
            

            
              	What comes across well here – what aspects would I try to reflect in my own writing?

              	What type of writing is this – is it a collection of facts, or does the author’s opinion come through?

              	 Is the author good at backing up points made with convincing evidence?

              	Are the parts of the text I’m tripping up on difficult because they are not well expressed?

              	What parts of the text am I tempted to challenge, and for what reason?

            

            Of course, for some texts, you’ll find it difficult to be critical in an upbeat way. Some texts can seem to be dry and factual,
              so looking for flaws in arguments or looking at what you read from an alternative angle is none too easy. But very few pieces
              of scientific writing are genuinely nothing but ‘hard facts’; what the author prioritises and links together contributes to
              a form of argument or persuasion, if only about what he/she thinks is essential understanding. Distinguishing what to accept
              on trust and when to be sceptical is especially tricky when you begin to study science, where the great majority of basic
              information would be signed up to by the great majority of scientists, which lends an authority that it would foolish to deny. In
              science, going against the grain or voicing opinions that differ from the consensus is part and parcel of what drives scientific
              understanding forward – but this shouldn’t be the pre-occupation of students of the subject at this level. Neither is it expected
              at this level that you’ll have lots of sound and original ideas about the science you’re reading. However, forming your own
              opinions on how well things are said, how convincingly arguments are made and how authoritative particular texts are should
              be an important habit throughout study.
            

          

        

        Now read Chapter 24 (pp. 161–76) of MacKay’s book, Sustainable Energy. The rest of the book is freely available on the internet and you may like to continue your reading if you are interested
          in sustainable energy issues.
        

      

    

  
    
      
        9 Where next?

        You have been introduced to skills of independent learning that will become increasingly valuable to you throughout life,
          so now it is worth spending a little time reflecting on this skill. 
        

        
          
            Box 8 Towards independent learning

          

          
            It’s helpful to think about the higher-level learning journey you’re starting by studying this course about nuclear energy
              as following a path of increasing self-reliance and becoming a skilful learner. Maybe your impression of what study of science
              would be like at a higher level focused on the accumulation of masses of information – the facts that you’d learn. In reality,
              what’s more important in science learning is an understanding of the ways that facts contribute to the over-arching ideas,
              theories, laws, creative hunches and off-the-wall notions that comprise the subject. Just as important as learning this ‘architecture’
              that holds science together is the process of becoming more adept at the actions that relate to science. These are the skills
              that you will develop – ranging from the ‘hands on’ skill of being practical in science to writing good essays, or using sources
              intelligently, putting into effect some of the guidance offered in the study skills boxes.
            

            As a result, you’ll become more able to meet challenges and work out problems for yourself. By becoming proficient in a range
              of skills, if you were to face the prospect of having to get to grips with a new area of science under your own steam, you
              would be able to do so – you’re learning how to learn and you have the makings of an independent leaner. That means, for instance,
              being able to manage your time effectively, juggle lots of demands on you, meet deadlines, cooperate with other students effectively,
              use a computer to promote your learning, plus a whole load of other attributes. Given the richness of all that underpins the
              term independent (or autonomous) learning, this isn’t a transformation that happens all at once – the different skills are
              built up over time, probably at different rates, with different levels of enthusiasm and aptitude from you. Important though
              it is to be ambitious about your learning, you must also be realistic about what’s possible on what timetable. Patience is
              a virtue in studying – it allows you not to panic when things don’t progress in the way or at the pace you’d like them to.
            

            The skills you build up in this way don’t work just in the context of learning science – they are transferable. There will
              be times ahead in your adult life when you’ll need to learn anew, both in formal contexts (your professional work, for example)
              and more informally, perhaps as you begin a new interest or hobby. So applying these same skills during ‘lifelong learning’
              reflects the long-term benefits from what you’re now practising.  
            

          

        

        You have nearly reached the end of this free course and we hope that you have developed your knowledge and understanding about
          nuclear energy and its importance in the world’s future energy supply. Try the quiz now to check your learning and see if
          you are ready to go further.
        

        
          
            Unclear about nuclear? quiz

          

        

      

    

  
    
      
        Conclusion

        This free course provided an introduction to studying Science. It took you through a series of exercises designed to develop
          your approach to study and learning at a distance and helped to improve your confidence as an independent learner.
        

      

    

  
    
      
        Keep on learning

        
          [image: ]

        

         

        
          Study another free course

          There are more than 800 courses on OpenLearn for you to choose from on a range of subjects. 
          

          Find out more about all our free courses.
          

           

        

        
          Take your studies further

          Find out more about studying with The Open University by visiting our online prospectus. 
          

          If you are new to university study, you may be interested in our Access Courses or Certificates.
          

           

        

        
          What’s new from OpenLearn?

                               Sign up to our newsletter or view a sample.
          

           

        

        
          
            For reference, full URLs to pages listed above:

            OpenLearn – www.open.edu/openlearn/free-courses                 
            

            Visiting our online prospectus – www.open.ac.uk/courses                 
            

            Access Courses – www.open.ac.uk/courses/do-it/access                 
            

            Certificates – www.open.ac.uk/courses/certificates-he                 
            

            Newsletter ­– www.open.edu/openlearn/about-openlearn/subscribe-the-openlearn-newsletter                 
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        Question 1

        Answer

        The completed Table 1 is given below.

        
          Completed Table 1

          
            
              
                	Scientific notation  
                
                	Written in full 
                
                	Written in words/spoken as  
                
              

              
                	1 × 106 
                
                	1,000,000 
                	One million, or ‘one times ten to the (power) six’ 
              

              
                	1 × 103 
                
                	1000 
                	One thousand, or ‘one times ten to the (power) three’ 
              

              
                	3 × 104 
                
                	30,000 
                	‘Three times ten to the (power) four’, or thirty thousand 
              

              
                	1 × 10−3 
                
                	0.001 
                	One thousandth, or ‘one times ten to the (power) minus three’ 
              

              
                	1 × 10−9 
                
                	* 
                	One billionth, or ‘one times ten to the (power) minus nine’ 
              

              
                	6.2 × 10−4 
                
                	0.00062 
                	‘Six point two times ten to the (power) minus four’ 
              

              
                	3.2 × 105 
                
                	320,000 
                	Three hundred and twenty thousand, or ‘three point two times ten to the (power) five’ 
              

              
                	5.5 × 10−3 
                
                	0.0055 
                	‘Five point five times ten to the (power) minus three’ 
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        Question 2

        Answer

        The completed Table 2 is given below

        
          Table 2

          
            
              
                	Value  
                
                	Scientific notation  
                
              

              
                	2 km 
                	2 × 103 m 
                
              

              
                	4.3 km 
                	4.3 × 103 m 
                
              

              
                	6.6 nm 
                	6.6 × 10−9 m 
                
              

              
                	5.76 Ga (where ‘a’ is years) 
                	5.76 × 109 a 
                
              

              
                	8.0 MW (where ‘W’ is watts) 
                	8.0 × 106 W 
                
              

              
                	14.5 mm 
                	1.45 × 10−2 m 
                
              

              
                	2.4 µm 
                	2.4 × 10−6 m 
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        Question 3

        Answer

        
          	The nucleus of normal hydrogen contains one proton, so the mass number is 1.

          	The nucleus of deuterium contains one proton and one neutron, so the mass number is 2.

          	The nucleus of normal helium contains two protons and two neutrons, so the mass number is 4.

          	The nucleus of ‘light’ helium contains two protons and one neutron, so the mass number is 3.
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        Question 4

        Answer

        [image: ] has one proton and no neutrons. 
        

        [image: ] has six protons and eight neutrons. 
        

        [image: ] has 92 protons and 143 neutrons. 
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        Question 5

        Answer

        Atomic number describes the number of protons in the nucleus, and hence the type of atom. The mass number describes the total
          number of protons plus neutrons, together known as nucleons, in the nucleus. 
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        Question 6

        Answer

        
          	The fission products have the highest activity in the first 100 years. The fission product line is higher than all the other
            lines until more than 100 years after the start of the graph.
          

          	From soon after 100 years, plutonium has the highest activity, followed by the other actinides.

          	Not until after approximately 100,000 years do all the lines cross the horizontal line, indicating that the activity of the
            spent fuel is lower than that of the uranium initially used for the fuel.
          

          	The biggest concern is that facilities have to be planned for that will last considerably longer than humans are used to planning
            for – potentially of an order of time comparable with the time humans have been on Earth! 
          

          	No, the half-life is the time it takes for half of the atoms of that radioactive element to decay, but that does not tell
            you anything about how much of that element is present and so is not equivalent to the level of hazard.
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        Question 7

        Answer

        
          	
            (a) There are 1,400,000 × 1015 kg of water in the oceans. If this is 96 per cent of the total, then 1 per cent is given by 1,400,000/96, which is about 14,600 × 1015 kg. 
            

            If 14,600 × 1015 kg is 1 per cent, then 22,900 × 1015 kg, the amount of water stored as underground water, would be 22,900/14,600, which is about 1.6 per cent%. 
            

            So the percentage of underground water is 1.6 per cent. 

          

          	If the land level is lower than the water table, the underground water can get into lakes, as well as into the soil and rivers.
            From here it can evaporate and move into the atmosphere.
          

          	
            17 × 1015 kg of underground water flows into the ocean out of a total of 22,900 × 1015 kg. The fraction of the underground water that flows into the ocean is therefore [image: ] = [image: ]. Multiplying this fraction by 100 to obtain the answer as a percentage gives [image: ] per cent, i.e. the percentage of underground water that flows into the ocean each year is less than one-tenth of 1 per cent.
            

          

          	The implication is that the rate of underground water flow is generally very slow compared with the flow of water in other
            parts of the cycle.
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        Activity 1 Estimating your own approximate energy usage

        Discussion

        These are individual results so it is difficult to give universal answers to the above questions, but by now you should have
          a sense of your own energy usage and whether it is greater or less than the average for the UK.  
        

        Travel is a major contributor and you probably found that regular use of a car or even a single flight per year pushes your
          carbon footprint up considerably. Hovering over the block for each group (‘home’, ‘appliances’ and ‘travel’) shows the contribution
          each part makes (such as flights or use public transport). 
        

        If you have the time, you might like to try going back to the start of the calculator and seeing how your footprint changes
          depending on the information you put in (for example, by using or not using a car). 
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        Untitled activity

        Untitled part

        Discussion

        Natural uranium is essentially a mixture of three isotopes. One of these is present only in trace quantities. The other two
          are: 
        

        
          	99.3% U-238, which is fissionable only 

          	0.7% U-235, which is fissile.

        

        Natural uranium is able to sustain a chain reaction if the free neutrons are first moderated. 
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        Untitled activity

        Untitled part

        Discussion

        Enriched uranium is uranium in which the percentage of U-235 has been increased artificially, typically to 3–5%. Enriched
          uranium is able to sustain a fission chain reaction.
        

        Back

      

    

  
    
      
        Untitled activity

        Untitled part

        Discussion

        Plutonium may be formed in nuclear reactors when, for example, U-238 captures a neutron and becomes Pu-239. Pu-239 is fissile
          and so contributes to the chain reaction and the overall power production of a typical power station.
        

        Back

      

    

  
    
      
        Figure 1 A steam turbine with the case opened revealing the turbine blades.

        Description

        The picture shows a large cylindrical turbine with the metal turbine blades in the foreground. A few workers are visible nearby
          and the blades look to be nearly the height of one of the workers.
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        Figure 2 Some of the processes that contribute to producing electricity.

        Description

        This is a branching flow diagram that in the top half shows all the energy resources that originate with stellar processes and links them to the processes that produce electricity. Each type of energy is shown in a box with arrows that link between.
          On the left branch, radioactive processes branch to geothermal in one box and nuclear fuel in the other. An arrow from nuclear fuel leads down to energy from nuclear fission.

        In the right branch, solar energy from fusion leads with an arrow to solar radiation. This then branches to four boxes in a row containing energy sources: fossil fuels, biofuel, wind and water and photovolataic. Fossil fuel and biofuel link to another box below burning fuel.  
        

        At the bottom of the diagram there are four boxes joined by downward arrows showing the sequence in a power station. They
          sequence is steam to turbine to generator to electricity. The energy sources link with arrows to these boxes completing the flow diagram. 
        

        Geothermal , energy from nuclear fission and burning fuel link to steam at the beginning of the sequence. Wind and water link to the next box turbine. Photovoltaic links to the final box, electricity.
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        Figure 3 The Svartsengi geothermal power station, with the Blue Lagoon in the foreground.

        Description

        The Blue Lagoon looks icy. Across this the power station can be seen with a great deal of steam coming from it.
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        Figure 4 The basic design of a nuclear electricity generating plant.

        Description

        This is a schematic diagram of a power station. On the left a box shows the reactor core and on the right is a box showing
          the turbine, cooling tower, heat exchanger and a pylon that represents the national grid. There are pipes between the components
          with arrows showing the direction of the steam or water. Steam is shown in a red or pink pipe while water is shown as blue,
          representing the different temperatures.
        

        Steam is shown to travel along a pale pink pipe at the top of the diagram from the reactor to the turbine and then down to
          the heat exchanger. There is an additional arrow linking the turbine to the National Grid, indicating generation of electricity.
          From the heat exchanger a red pipe is shown linking it to the cooling tower with a blue pipe shown on the journey back. The
          pipe is now labelled ‘condensed water’ and is shown to return from the heat exchanger to the reactor core on the left, along
          the bottom of the diagram.
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        Figure 5 (a) The international radiation symbol and (b) a warning more specifically about sealed sources of ionising radiation.

        Description

        Both signs are shown within black triangles. The international radiation symbol in (a) represents radiation coming off a source.
          The source is a central black circle with three black segments of a larger circle fanning outward from it. The warning sign
          in (b) shows a smaller version of the symbol from (a) with additional arrowed rays. There is also a skull and crossbones and
          a schematic figure shown running away.
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        Figure 6 Two thermometers, A and B, measuring the air temperature in the same place. Thermometer A has scale divisions of
          1 °C whereas thermometer B has scale divisions of 0.1 °C.
        

        Description
This diagram shows the two thermometers. A has one degree divisions and the temperature is shown to be somewhere between 16
        °C and 17 °C. In B there are smaller divisions of 0.1 and the temperature can be seen to be between 16.4 °C and 16.5 °C, which
        is a more precise measurement.
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        Figure 7 Schematic diagrams of the nuclei of some isotopes. Protons are coloured red and labelled with p, and neutrons green
          and labelled with n. 
        

        Description

        Each of the isotopes are shown as a cluster of different coloured circles representing the protons in red and neutrons in
          green: Hydrogen-1 is shown as one proton; deuterium has one proton and one neutron; Helium-3 as two protons and one neutron;
          Helium-4 has two neutrons and two protons; Lithium-7 has three protons and four neutrons; carbon-12 has six protons and six
          neutrons.
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        Figure 8 The electromagnetic spectrum. (The energy scale is given in two units. Both the electronvolt (eV) and the joule (J)
          are explained later.) 
        

        Description

        The diagram shows the main part of the electromagnetic spectrum within a horizontal bar, the energy increasing from left to
          right. There are two scales showing the energy of the radiation. The units are electron volts on the scale on the top and
          joules on the bottom, with the scales running left to right. Both scales are logarithmic with each division a factor of ten.
        

        The order of the spectrum from low energy to high energy is: radio waves, microwaves, infra red, visible, ultraviolet, X-rays,
          gamma rays. There is some overlap but each section covers a range of energy in the spectrum. These are given below first in
          electron volts and then in joules. The visible spectrum is a very narrow band and has been expanded to show the different
          colours. From low energy to high energy the order is: red, orange, yellow, green, blue, violet. 
        

        Radio wave range: 10 to the –11 eV to 10 to the –6 eV; 10 to the –30 J to 10 to the –25 J. 

        Microwave range: 10 to the –6 eV to 10 to the –2 eV; 10 to the –25 J to 10 to the –21 J. 

        Infra red range: 10 to the –3 eV to just under 1 eV; 10 to the –22 J to just under 10 to the –19 J. 

        The visible range is in a narrow band around 1 eV or 10 to the –19 J. 

        Ultraviolet range: just over 1eV to a thousand eV; just over 10 to the –19 J to 10 to the –16 J. 

        X-ray range: A hundred eV to a million eV; 10 to the –17 J to 10 to the –13 J. 

        Gamma ray range: A million eV to 10 billion eV; 10 to the –13 J to 10 to the –9 J.
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        Figure 9 The main decay chain for uranium-238. Other radioisotopes similarly have their own characteristic decay chains. 

        Description

        This sequence is shown in a column on the left of the diagram with the downward arrows that link the isotopes labelled. The
          half-lives are shown on the right. Uranium-238 has a half-life of 4.5 billion years and decays by alpha emission to thorium
          234. Thorium-234 has a half-life of 24.1 days and decays by beta emission to Protactinium-234. Protactinium-234 has a half-life
          of 1.17 days and decays by beta emission to Uranium-234. Uranium-234 has a half-life of 245,000 years and decays by alpha
          emission to Thorium-230. Thorium-230 has a half-life of 75,000 years and decays by alpha emission to Radium-226. Radium-226
          has a half-life of 1600 years and decays by alpha emission to Radon-222. Radon-222 has a half-life of 3.82 days and decays
          by alpha emission to Polonium-218. Polonium-218 has a half life of 3.05 minutes and decays by alpha emission to Lead-214.
          Lead-214 has a half-life of 26.8 minutes and decays by beta emission to Bismuth-214. Bismuth-214 has a half-life of 19.7 minutes
          and decays by beta emission to Polonium-214. Polonium-214 has a half-life of 0.00016 seconds and decays by alpha emission
          to Lead-210. Lead-210 has a half-life of 22 years and decays by beta emission to Bismuth-210. Bismuth-210 has a half-life
          of 5 days and decays by beta emission to Polonium-210. Polonium-210 has a half-life of 138 days and decays by alpha emission
          to Lead-206, which is stable and the end of the decay chain.
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        Figure 10 The top image shows a mass that is too small to sustain a chain reaction, as too high a proportion of neutrons escape
          by passing out of the mass. The bottom image shows that increasing the mass to the ‘critical mass’ causes a higher proportion
          of neutrons to stay within the volume long enough to induce further fissions. 
        

        Description

        This does not need further description.
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        Figure 11 A bank of centrifuges for enriching uranium.

        Description

        Many metal cylinders are shown in a series of holders.
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        Figure 12 The Dounreay fast breeder reactor in Scotland.

        Description

        There are industrial buildings in the distance. One of the buildings is larger, white and with a large domed roof.
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        Figure 13 The way in which activity from spent nuclear fuel declines with time. The horizontal line labelled ‘uranium used
          for the initial fuel’ shows the activity of the same quantity of natural uranium required to make the original fuel rod if
          it had undergone no radioactive decay and is provided for comparison. 
        

        Description

        The graph has a logarithmic scale on each axis. On the x-axis time (in years) is shown rising by a factor of ten each increment.
          The scale runs from 1 year to 1 million years. On the y-axis the activity is shown with units of Giga Becquerel. This scale
          increases by a factor of 100 each increment and goes from 100 Giga Becquerel to 10 billion Giga Becquerel. There is a horizontal
          line across the graph at just over 1000 Giga Becquerel labelled ‘uranium raised for the initial fuel’. This can be used to
          compare the subsequent activity of the waste with that of the initial fuel.
        

        The fission products plot shows a smooth downward gradient in activity to about 10 million GBq after 100 years. There is a
          more rapid decline to about 1000 GBq after a thousand years causing it to dip just below the horizontal line. It keeps relatively
          constant until 100,000 years when it begins to decline again. 
        

        Plutonium’s activity remains constant at about 10 million GBq for the first 10 years and then has a smooth downward gradient
          dipping below the horizontal line after about 100,000 years. 
        

        Minor actinides start at the same level as plutonium (10 million GBq) but the activity starts decreasing immediately. It lies
          below the plutonium curve but roughly parallel to it. It dips below the horizontal line sooner after about 10,000 years.
        

        Back

      

    

  
    
      
        Figure 14 (a) A drum used to store intermediate-level waste encased in concrete, cut away to show its contents. (b) Waste
          packaging and encapsulation plant (Sellafield, UK). 
        

        Description
In (a) the contents of the drum shows a large concrete drum sealed in metal that has been cut open. Material can be seen to
        speckle the concrete inside. Figure (b) shows a few drums on a conveyor belt in an industrial setting.
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        Figure 15 The global water cycle: showing the distribution of the world’s water. ‘Lakes’ includes freshwater and saline lakes.
          The values shown as transfers represent the amounts of water cycled annually (in units of 1015 kg y−1), as opposed to that
          stored in reservoirs (in units of 1015 kg). 
        

        Description

        The diagram shows a schematic diagram of mountains next to a shoreline and the sea. A cross section also shows beneath the
          ground. The water reservoirs are shown as boxes on the diagram with values of water stored in units of 10 to the power of
          15 kilograms. The transfer processes between reservoirs are also shown as arrows with values in 10 to the power of 15 kilograms
          per year.
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        Figure 16 Void structures in different rock types. Each of the images (a)–(c) is referred to in the text.

        Description

        The reservoirs with values are: Oceans 1.4 million, rivers 2, atmosphere 13, ice and snow 27,300, soil moisture 16, lakes 176 and underground water 22,900.
        

        Evaporation from the sea is shown as 336, of which 300 falls back as precipitation and the remaining 36 travels over to land.
          Evaporation and transpiration from the land totals 64 leading to precipitation over land as 100. There is also run off over
          land of 19 and underground 17 down to the ocean.
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        Uncaptioned figure

        Description

        These are a sequence of diagrams (a) to (f) showing the development of a tumour. In (a) a single row of twenty healthy cells
          is shown. Each healthy cell is shown as blue, they are a square shape with rounded corners and are joined together. In (b)
          a green cell has appeared in the middle of the row, representing a mutation. In (c) the number of green cells has increased
          to fiveand a dark blue cell has appeared showing a second mutation. In (d) there are now five green cells and four dark blue
          ones in the original row. Two dark blue cells are attached above forming a short row here along with a red cell representing
          a third mutation. In diagram (e) there has been a large increase in the number of red cells. The original row is there with
          pale blue, green and dark blue cell but now over a dozen red cells are shown as a cluster in the middle of the row and upwards
          and downwards from it, forming further short rows. There are further mutations shown by black and yellow cells. This trend
          is continued on (f) that shows predominately red cells clustered in the middle of the diagram in rows above and below, 28
          cells in total. There are other sorts of mutated cell shown around this central cluster and the healthy cells are now in the
          minority.
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        Radioactivity

        Transcript

        In 1896, French scientist Henri Becquerel was working with uranium crystals and found ultraviolet light made them glow. Looks
          eery. He left uranium salts overnight on a photographic plate that had never been exposed to light. In the morning, he found
          a dark shadow on it and realised that the uranium salts must have been the source of energy. Bacquerel had discovered radioactivity.
          
        

        Scientists began to investigate. One was young Polish chemist Marie Curie. Marie began collecting uranium ore, called pitchblende.
          Testing it with an electrometer, she found that it was four times more radioactive than pure uranium. She checked it 20 times.
          What could be going on? 
        

        Then she had a brain wave. She decided there was something else in the pitchblende that was boosting its radioactivity, something
          more radioactive than uranium. But what? Could be a new element? 
        

        Marie Curie didn’t have a well-equipped lab. It was far more basic – a bit like this. One chemist called it a cross between
          a horse stable and a potato cellar. She had a tonne of pitchblende – some say 10 tonnes – delivered by horse and carts. And
          then, with just basic equipment like this, she attempted to isolate her mystery elements. 
        

        Her experiments had a myriad of complex stages, including potentially lethal processes using highly flammable hydrogen gas.
          But all her hard work was worth it. With just her primitive kit, Marie Curie discovered two radioactive elements. Polonium,
          named after her native Poland, and another that would launch an entire industry – radium. 
        

        Radium was once the key component in luminous paint. It’s intensely radioactive. The world fell in love with radium, assuming
          its invisible energy must be good for you. The French slapped on radium face powder. The Germans ate radium chocolate. The
          Americans wore radium-branded condoms. But the magic faded when doctors realised that far from boosting health, it triggered
          cancers. 
        

        Marie Curie didn’t live to see the amazing journey the radioactive elements would take us on. Because whilst these are naturally
          occurring elements, they would take man one step closer to a seemingly impossible dream – to create entirely new elements.
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        Safety concerns around radioactivity

        Transcript

        The thing is radioactivity is all around us. It’s in the air that we breathe. It comes out from the ground. It’s inside our
          bodies.
        

        The food that we eat is radioactive. All living tissue, for instance, contains radioactive carbon-14. This banana cake contains
          potassium-40, as do these Brazil nuts. So every time I have food like this, I’m increasing the amount of radioactivity within
          my body.
        

        There’s a constant background radiation that does us no harm at all. It’s when the level of radiation increases above that
          background that the controversy arises. The scientific consensus has been that any dose of radiation above the background
          can cause damage.
        

        And so the picture would look like this. Harm against dose, it was a straight line. But even low-dose levels could be harmful.

        This remains the consensus. But there are a number of scientists who believe there may be a different theory. It goes like
          this.
        

        Low doses may not be harmful at all. And there’s a certain threshold level above which the harm begins to rise. It’s a quite
          different way of thinking about radioactivity and its harmful effects.
        

        This isn’t just different. It’s highly controversial. There’s an ongoing debate over the shape of the curve because it’s difficult
          to collect evidence at such low levels. And it’s possible that there’s a small section of the population that may be more
          sensitive than others to low-dose radiation.
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        A generic nuclear power station

        Transcript

        I’m about to do something almost no one never gets to do – go right inside a nuclear reactor. Built in 1978, this one is almost
          identical to the Fukushima reactor, except it was never switched on. 
        

        When you walk into a nuclear power plant, you can’t help being slightly awestruck by the size and apparent complexity of the
          place. But the truth is, when you get to the heart of the operation, it’s all surprisingly simple. 
        

        All of this complex machinery is here just to monitor and control the nuclear reaction that then heats water and turns it
          into steam. Once the steam leaves the reactor, you’re pretty much in the realms of conventional power. Hot high-pressure steam
          comes down pipes like this and gets fed into a turbine like this. There the technology is not so much nuclear as positively
          Victorian. The pressure of the steam pushes on the blades of the turbine causing this to rotate. That then turns a generator,
          which produces the electricity that this whole plant was built for in the first place. 
        

        A big problem I find with nuclear power stations is the sheer scale of them makes them a little confusing. But honestly, it
          all just boils down to this. You’ve got yourself a nuclear reactor here. It’s kind of like a kettle, except the water’s not
          heated by electricity, it’s heated by nuclear fuel rods. Boiling water produces steam. The steam comes down a pipe. And there,
          it impacts on a turbine, which is essentially a bunch of spoons on a spindle. That produce electricity, and hey, presto, you’ve
          got yourself a happy town. 
        

        The thing that makes a nuclear power station different from a conventional one is how the water is heated to form steam. And
          to see that, I need to go into the reactor core itself. This is the heart of a nuclear reactor. And not many people get to
          stand here, because when active, all of this would be at around 300 degrees Celsius, and under a similar pressure that you’d
          find half a mile below the ocean, pushing these walls apart with a force of around 40,000 tonnes. 
        

        But where is all the energy coming from to do that? It’s coming from down here. These are nuclear fuel assemblies. Now, if
          operational, this small space would be packed with over a hundred of these, each giving out vast amounts of energy in the
          form of heat. And that’s because every one of these square metal tubes would be packed with thousands of little pellets, like
          this. 
        

        The pellets are made of uranium oxide. And uranium is special to us, because it’s an atom we can split. When things break
          apart, they tend to release the energy stored in whatever was holding them together. Now, it doesn’t matter whether that’s
          an atom or a stretched elastic band like this one. 
        

        So I’m going to come in, split it, and what I end up with is two smaller high energy elements flying off in opposite directions.
          Now when that’s an atom, those two smash into to their surroundings, warming things up. The big difference is, no matter how
          small your scissors, they’re not the tool for splitting an atom. To do that, you need a small particle called a neutron. 
        

        Now when this hits the very centre of a uranium atom, it can get absorbed, causing the atom to become unstable and split.
          But as well as releasing all that energy, you also release two or three more neutrons that can then fly off into the surroundings,
          causing more trouble. 
        

        The thing is, that’s still not really enough to sustain a nuclear reaction, because uranium atoms don’t absorb neutrons that
          easily. The neutrons need to be going at just the right speed. And for that, this whole reactor needs one more thing. 
        

        Just add water. The water plays a pivotal role, because it slows down those little neutrons to a speed where they’re much
          more likely to be absorbed by nearby uranium atoms, causing them to become unstable and release more energy and more neutrons
          in a continuous cascade. Now, if you can keep this sustainable, you’ve gone critical, which is a good thing, because then,
          you’re generating heat sufficiently quickly to run a power station. 
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        Transmutation of waste

        Transcript

        
          INTERVIEWER: 

          I think one of the most exciting prospects to come out of recent research is how to deal with nuclear waste. You see, long-term
            waste remains radioactive for tens of thousands of years, so how to deal with it is obviously a very thorny issue. At the
            moment, the only accepted thing to do is to bury it deep underground in geologically sealed sites. But there’s an obvious
            problem with this. It simply sits there as a legacy for future generations. 
          

          Here in Grenoble, in the southeast of France, they’re working on how to transform long-term waste into something which can
            be disposed of more effectively. 
          

          

        

        [MUSIC PLAYING]

        
          Dr. Ulli Koester is in charge of researching this process here. It’s called transmutation. 

          

        

        
          ULLI KOESTER: 

          So we can turn one element to another. So we can destroy long-lived radioactive waste by turning it, with this transmutation,
            into short-lived isotopes which go away quickly. 
          

          

        

        
          INTERVIEWER:

          Ultimately, what happens in any nuclear reactor is that by splitting atomic nuclei, an element is transformed into other,
            different elements. And what they do here is rather similar, just accelerated. They take heavy elements that are radioactive
            for tens of thousands of years and split them into lighter ones that are radioactive for just tens or hundreds of years. 
          

          

        

        
          ULLI KOESTER:

          Transmutation is an alchemist’s dream. That’s where people try to convert lead into gold, which is actually possible with
            a strong accelerator. But the gold price has to go a long way before it becomes interesting economically.
          

          

        

        
          INTERVIEWER: 

          To perform this work, they need a specialised nuclear reactor. They then take a small piece of radioactive material, in this
            case, americium 241, and load it remotely into the reactor’s core. Once deep inside, it’s bombarded with a high flux of neutrons,
            triggering fission of as many nuclei in the waste as possible, so burning it up more completely.
          

          

        

        
          ULLI KOESTER:

          So here we have a 50 times higher neutron flux compared to a power reactor, which means we can accelerate the process by a
            factor of 50. Instead of waiting for 50 years for something to happen, we can shorten it down to one year.
          

          

        

        
          INTERVIEWER:

          And this blue light in the shielding water is a sign that transmutation is happening. It’s called Cherenkov radiation. And
            it’s created by the products released as one element is changed into another. After 50 days or so in the reactor, the americium,
            which had a half life of 430 years, has been transformed into completely different elements. 
          

          

        

        
          ULLI KOESTER: 

          Each peak represents a fingerprint for an individual isotope. If you find this peak, we can look it up and we will find it
            is a decay of krypton 87, which has a much shorter half life of a couple of hours. So it will decay away very quickly.
          

          

        

        
          INTERVIEWER: 

          It’s a process that can be applied to other, more toxic waste products, which can be radioactive for thousands of years. It’s
            not yet a working solution for our nuclear waste problems, but it shows what might be possible if scientists are able to pursue
            wider options. 
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        Decomissioning steps

        Transcript

        
          NARRATOR:

          This is the beautiful, old Hinkley Point A control room. It’s being closed down now. But that’s not the end of the story,
            because ahead lie years of cleanup and decommissioning. In fact, the actual reactor core here is said to remain on site for
            the next hundred years. And that really raises possibly the most contentious issue when we talk about nuclear power, whether
            it’s to do with an ordinary operation like Hinkley Point or the result an incident like Fukushima or Chernobyl. What can we
            do with the radioactive waste?
          

          Well, I went up to the far north of Scotland to find out. After 35 years of service, Dounreay Power Station was finally decommissioned
            in 1994. But nearly 20 years later, it’s still full of radioactive waste. Nuclear reactors always produce radioactive waste.
            And this can range from the contents of the actual core, where the reaction happens, to really anything in the entire plant
            that becomes contaminated with radiation.
          

          Now, current figures show that right now in the UK we’ve got well over 160,000 tonnes of the stuff. And something needs to
            be done with it.
          

          Here at Dounreay, a 2.9 billion-pound cleanup is well underway. But after six years, they’re still dealing with the lowest
            level waste – contaminated paper, rags, tools, which all must be sealed into steel drums and painstakingly analysed.
          

          There’s far more low-level waste here than anything else, and some of it’s barely radioactive. But inside the reactor itself
            lies a far more serious challenge. Literally, where I’m walking now, below my feet, is the Dounreay reactor. Now, it’s not
            in use anymore. But inside the core, just down there, is some very hazardous radioactive material that still remains – uranium
            and plutonium. And the big challenge is to get all that stuff out and make it safe.
          

          This final stage of the cleanup is due to start next year. Handling this waste will be so hazardous, they’re now installing
            robots ready to do the entire job remotely.
          

          

        

        
          MIKE BROWN: 

          The core on this reactor is going to be radioactive for hundreds and hundreds of years. The first thing you would do is remove
            the fuel from the reactor. This is a very sophisticated mast, and it has 14 different tools on it. The tools can go into the
            reactor and cut free the elements. 
          

          

        

        
          NARRATOR:

          So it’s like a big Swiss army knife of multi-tools that can rotate on a mast –

          

        

        
          MIKE BROWN: 

          It’s a huge Swiss army knife that is designed to work remotely and reliably. That gets rid of all the fuel that’s in the system.

          

        

        
          NARRATOR: 

          Once extracted, the fuel rods will be transferred into a cell containing an automated dismantling robot. For now, the robot’s
            practising with dummy fuel rods, but once active, it’ll be handling the plant’s most radioactive waste. So once it’s on and
            once it starts, you’re in production, as it were. That’s it. Nobody will be in here again. 
          

          

        

        
          MIKE BROWN: 

          It’s unlikely we’ll ever put anybody in here again. 

          

        

        
          NARRATOR: 

          From here, another robot will transfer the individual fuel pellets into stainless steel drums before sealing then in turn
            inside heavily shielded containers. 
          

          

        

        
          MIKE BROWN:

          These drums of waste would go into an underground repository under very controlled conditions, and they would be stored there
            forever.
          

          

        

        
          NARRATOR: 

          But at Dounreay, the cleanup of the reactor isn’t the only challenge. In the 1960s, things didn’t always go to plan here.
            And in a series of accidents, thousands of particles of highly radioactive waste were flushed from the plant and into the
            open sea.
          

          The task now is to recover as many as possible, one by one. 

          

        

        
          BILL THOMSON:

          But it’s a risk that shouldn’t have occurred. We have released radioactive material into the environment, and it’s now uncontrolled.
            And it shouldn’t be there.
          

          

        

        
          NARRATOR:

          So the risk, presumably, would be a fish ingesting one of these particles and then it getting into the food chain. 

          

        

        
          BILL THOMSON:

          That was the concern, I think. And you have to remember, these particles are actually going to be on the seabed in the sand.
            So the fish would actually have to eat the sand, in effect. However, there was a remote possibility that they could get into
            the food chain. And therefore someone could be exposed to it by eating it. 
          

          

        

        
          NARRATOR:

          The particles they’re looking for are tiny fragments of spent fuel. Working around the clock, the team uses a remotely operated
            vehicle to scour the seabed. The challenge is to scan an area the size of 500 football pitches. 
          

          So as soon as the detectors detect something, it’ll stop, and then drill down and – 

          

        

        
          BILL THOMSON: 

          It’ll target it with the recovery system, and then just drill down, suck up a mixture of sand and water.

          

        

        
          NARRATOR: 

          So you’ve basically put a big vacuum cleaner on there.

          

        

        
          BILL THOMSON: 

          Yep.

          

        

        
          NARRATOR: 

          The robot returns to the surface and the canisters of sand are unloaded for screening. So this is just systematically going
            through all the sand, and –
          

          

        

        
          BILL THOMSON: 

          Yeah, it’s about to pick up, spreading the sand over the containers they’ve got here and monitoring it all the time. Now,
            you can hear from that noise they’ve actually found something. So all we do now is divide the sand down a bit at a time and
            check each bit to find out where the particle is.
          

          

        

        
          NARRATOR: 

          It’s there. 

          

        

        
          BILL THOMSON: 

          Yeah. 

          

        

        
          NARRATOR: 

          That’s where it is. So within there, is our – 

          

        

        
          BILL THOMSON: 

          That is our particle, yes.

          

        

        
          NARRATOR:

          – particle. You’re going to literally monitor 60 hectares worth of sand, every grain.

          

        

        
          BILL THOMSON: 

          Yeah, we’ll monitor all the stuff with the ROV. And any sand that comes back here for particle recovery, that again, will
            be monitored to make sure it’s clean before it goes back to the seabed. 
          

          

        

        
          NARRATOR: 

          The radiation given off by these particles can penetrate human skin. But as the workers never touch it, they’re perfectly
            safe. So we know about the particles that are out to sea that you’ve been looking for on the seabed. Is there a risk of actually
            getting particles here on the beach? 
          

          

        

        
          BILL THOMSON: 

          At any two-week survey, on average, we might find two, perhaps three, particles. So you stop at two or three individual grains
            of sand from all of this sand that’s on the beach here. 
          

          

        

        
          NARRATOR: 

          Hypothetically, if somebody came into contact with a particle on the beach, what would happen to them? 

          

        

        
          BILL THOMSON: 

          The most likely way you would come into contact with a particle is if you got it stuck on your skin in some ways. In fact,
            probably the most credible way is if you got it stuck under a fingernail or something like that. A couple days later, you
            would get a slight reddening on the skin, a bit like a little burn. 
          

          

        

        
          NARRATOR: 

          Yeah. 

          

        

        
          BILL THOMSON: 

          And then over the next few days, that would heal up and disappear. And that would be it as far as immediate effects are concerned.
            But obviously, long-term, that gives you an increased risk that you might develop a cancer. Not that you will develop a cancer,
            but there is a risk associated with radiation exposure and cancer incidence. 
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        Acute radiation syndrome

        Transcript

        
          SPEAKER 1: 

          Once upon a time, radioactivity was positively celebrated. It was a fashionable label, and radioactive water was seen as a
            cure for all ills, but all that changed in 1945. 
          

          This footage was taken during the aftermath of the atomic bomb blast in Hiroshima and Nagasaki, and the images are extremely
            unsettling, not only because they’re a reminder of the hundreds of thousands of people who died, but also because these events
            instigated a deeply rooted fear of radioactivity. Since the atom bomb blast, it’s been difficult to make a dispassionate assessment
            of the dangers of radioactivity, but that is what I want to do. I want to wipe the slate clean and find out the truth about
            the effects of radiation. 
          

          

        

        
          GERRY THOMAS:

          OK, I’m going to show you – 

          

        

        
          SPEAKER 1: 

          Gerry Thomas is a world expert on the 1986 Chernobyl nuclear power plant disaster. I’ve asked her to put the number of deaths
            caused by radiation into perspective. 
          

          

        

        
          GERRY THOMAS:

          The one thing that everybody knows about is the atomic bombings in Nagasaki and Hiroshima. 

          

        

        
          SPEAKER 1: 

          Yes, yes. 

          

        

        
          GERRY THOMAS:

          OK, now a lot of people died in those bombings, but the majority of the population actually died from the blast injury. Actually,
            only about 15 to 20 per cent of the people who died as a result of those bombings died because of radiation. So you’re talking
            about 20,000 deaths from radiation.
          

          

        

        
          SPEAKER 1: 

          All right, then. So where do we go from here? 

          

        

        
          GERRY THOMAS: 

          OK, so let’s look at something else that man had a hand in. This represents the figure of people that were killed as a result
            of a dam burst in China in 1975. The dam was there to provide hydroelectric power for the community. 
          

          

        

        
          SPEAKER 1:

          It does put it a little bit more into perspective.

          

        

        
          GERRY THOMAS:

          Yes, absolutely. 

          

        

        
          SPEAKER 1: 

          Where to next? 

          

        

        
          GERRY THOMAS: 

          OK. Well let’s talk about something now that we do to ourselves. We voluntarily do this.

          

        

        
          SPEAKER 1:

          Ah, cigarettes. 

          

        

        
          GERRY THOMAS:

          Absolutely.

          

        

        
          SPEAKER 1:

          OK. 

          

        

        
          GERRY THOMAS:

          So this is the total death toll for 2009, for lung cancer, emphysema, or many of the other smoking-related diseases that we
            know results in death. 
          

          

        

        
          SPEAKER 1:

          Much lower down the scale, Gerry tells me that 2,222 people died in road accidents in 2009, but perhaps most surprising is
            her next statistic.
          

          

        

        
          GERRY THOMAS: 

          How about falling out of bed?

          

        

        
          SPEAKER 1:

          Shut up.

          

        

        
          GERRY THOMAS: 

          Yeah, 106 people each year fall out of bed. 

          

        

        
          SPEAKER 1: 

          Seriously?

          

        

        
          GERRY THOMAS:

          Yeah. 106 people each year fall out of bed and die as a result of their injuries.

          

        

        
          SPEAKER 1: 

          Gosh, that’s desperate. I didn’t mean to sort of joke about it. Course, all of this serves to make you incredibly paranoid
            about everything you do in your daily life, never mind a dam bursting or, God forbid, a bomb going off, a nuclear bomb going
            off. 
          

          

        

        
          GERRY THOMAS: 

          But that’s the whole point. Life is risky. Perhaps you’d like to know where Chernobyl fits into this range of horrible fatalities.

          

        

        
          SPEAKER 1:

          I’m going to be shocked, aren’t I? I think I’m going to be shocked. 

          

        

        
          GERRY THOMAS: 

          I think you might be. 

          

        

        
          SPEAKER 1: 

          My hunch is, it’s going to be less than car crashes.

          

        

        
          GERRY THOMAS: 

          You’re quite right, it is less than car crashes. I think this is going to be a surprise to you.

          

        

        
          SPEAKER 1:

          Whoa. Wow, OK. I didn’t realise it was going to be –

          

        

        
          GERRY THOMAS: 

          So somewhere between the number of people who die falling out of bed and the number of people who die each year on the roads.

          

        

        
          SPEAKER 1:

          I thought it was going to be much closer to 2,000 than 100-odd. It’s remarkable how much lower the death toll from radiation
            at Chernobyl is than that of Hiroshima and Nagasaki. And according to Gerry, that figure includes both the short-term effects
            of acute radiation sickness and most cancers. 
          

          So the main thing I’m learning here is not to make the mistake of associating a nuclear accident to something like Hiroshima.
            
          

          

        

        
          GERRY THOMAS:

          It’s totally different.

          

        

        
          SPEAKER 1: 

          And you know, really, the numbers illustrate that. 

          

        

        
          GERRY THOMAS: 

          Absolutely. 

          

        

        
          SPEAKER 1: 

          Already. 

          Figures like these certainly suggest that radiation from accidents like Chernobyl is not as worrying as a lot of the media
            coverage would have us believe. But it can, and does, kill, and I want to understand how. I’m meeting Dr. Susan Short, who’s
            going to show me what radiation can do to human cells. As part of her research, she grows human tissue cells then exposes
            them to x-rays. Is it through here?
          

          

        

        
          SUSAN SHORT:

          Yeah, if you go in there, just turn left.

          

        

        
          SPEAKER 1:

          OK. Right then, so this is the machine? 

          

        

        
          SUSAN SHORT: 

          Yes, this is. So this is the low-energy x-ray machine. The beam comes out of the head of the machine here, and it’s high enough
            energy to irradiate the cells that are sitting in the flask just below. And we switch the machine on for various lengths of
            time, depending on the dose that we want to give to the cells. 
          

          

        

        
          SPEAKER 1: 

          Using samples like this one, Susan investigates how radiation damages living cells. 

          

        

        
          SUSAN SHORT: 

          So to show you, we’ve got some cells here that we were growing in a dish, and we’ve got two sets. So this is a group of cells
            that have not had any radiation dose, and each one of the little dots you can see is a surviving group of cells.
          

          

        

        
          SPEAKER 1:

          So the dark dot is marking a colony of cells, all that lovely grey faint outline is cells going healthily?

          

        

        
          SUSAN SHORT: 

          Yes, growing very happily on the plastic. 

          

        

        
          SPEAKER 1: 

          And then what’s that?

          

        

        
          SUSAN SHORT: 

          And this is the same cells that have had a dose of x-rays, just one dose. 

          

        

        
          SPEAKER 1: 

          It’s a marked difference. A lot of cells just died off. The reason x-rays can kill human cells is that just like the radiation
            from nuclear power plants, they cause a process called ionisation. 
          

          

        

        
          SUSAN SHORT: 

          So ionising radiation is high-energy radiation that deposits a lot of energy in the cell. And when it does that, it produces
            electrons and free radicals that can go on and damage other proteins. And if that happens close to an important molecule like
            DNA, it can make it very difficult for the cell to carry out its normal function, which might mean that cells would die. So
            why don’t you have a look? We’ve got ....
          

          

        

        
          SPEAKER 1: 

          Cells can survive low doses, but as Susan showed me, even they can suffer permanent genetic damage, mutations that could cause
            cancer later on. Oh my gosh. So each of those bright dots is showing where the DNA has been damaged?
          

          

        

        
          SUSAN SHORT: 

          Yes. 

          

        

        
          SPEAKER 1: 

          That’s amazing. Now ironically, the damaging effects of radiation can also be turned to our advantage by using them to kill
            cancer cells. 
          

          

        

        
          SUSAN SHORT: 

          This is one of our state of the art linear accelerators.

          

        

        
          SPEAKER 1:

          It really looks good. 

          

        

        
          SUSAN SHORT:

          In this machine, the x-ray beam, which is a higher energy beam than the one we saw in the lab comes out of the head of the
            machine here.
          

          

        

        
          SPEAKER 1: 

          The machine minimises radiation damage to healthy cells. As x-rays travel through the body, all cells they touch are affected,
            but because the machine rotates, healthy cells get just a brief dose, while the tumour at the centre is repeatedly exposed.
            
          

          

        

        
          SUSAN SHORT:

          So that helps you to build up the dose where the tumour is, and avoid doses to the normal tissue. 

          

        

        
          SPEAKER 1: 

          Mind yourself. It’s coming around. This is incredible. The work of radiotherapists like Susan means we’re continually learning
            more about the effects of radiation on our health. And already, lessons learned from Chernobyl have had an astonishing effect
            on the human cost of Japan’s recent nuclear accident. OK, so can I ask you about Fukushima now? What was the death toll there?
            
          

          

        

        
          GERRY THOMAS:

          There won’t be a death toll from radiation in Fukushima, because they have done all the right things. They read the book,
            they acted exactly as they should have done in Japan, there will not be a death toll from Fukushima. I will be extremely surprised
            if anybody loses their life as a result of exposure to anything from Fukushima.
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        Regulation

        Transcript

        If you look at, very simply, what are the good activities and what are the poor activities that you look for both as a regulator,
          but also as a society looking at the nuclear industry, you can simplify it into a number of ways of looking at it. If you’ve
          got a plant which is very well designed, very well engineered, has a lot of what I call defence in depth in order to ensure
          that the hazard potential – which is very great, given the huge energy density locked in the atom.   
        

        But to make that energy potential a relatively low risk to a member of the public or a worker requires a lot of engineering.
          It requires an understanding of the physics, the way things interact, and how many defences you put in place to be able to
          intercept things going wrong.   
        

        And engineers have developed, over the years, very sophisticated ways of doing that. So if you’ve got a well engineered plant
          which meets not only national but international standards, you’re probably about 80 per cent of the way to delivering what
          I would call nuclear safety.   
        

        The other 20 per cent comes from having very well motivated, very well trained, very well educated people who understand how
          they interact with that plant such that it’s designed properly and it’s operated properly. That’s the goal that we try to
          achieve. Society will then just consider a nuclear power station as a kilowatt hour factory and won’t worry about it all.
            
        

        At the other extreme, if you’ve got a plant which is poorly designed – perhaps it’s got some design flaws in it. People didn’t
          actually understand some of the fundamental physics behind the particular activities that they were trying to design in. And
          it’s operated by poorly motivated, poorly trained people, then that’s your worst case scenario.   
        

        And of course, one could argue that that’s what Chernobyl was. Chernobyl was a plant which was inherently flawed and it was
          operated by people, perhaps, that were not really motivated, in a way, to deliver nuclear safety. So that’s the catastrophe
          waiting to happen.   
        

        If you’ve got a poorly designed plant, but it’s operated by very good people, then the plant's gonna let you down. But the
          people will interact and prevent a major disaster. If you’ve got a very good plant operated by poorly trained people, then
          the people will let you down, but you’ve built in sufficient safeguards into the system which will prevent the major disaster.
          So this interaction between people and engineering is actually fundamental to what we’re trying to achieve.   
        

        Now, when we come to looking at how do you get the people necessary to design facilities, commission and construct them, operate
          them, we don’t have sufficient people that you can just pull off the shelf and say, here is a nuclear engineer who can do
          everything. You’ve got a range of people involved in a project. You have commercial people. You have project management people.
          You have people who understand construction. You have people who understand commissioning. You have people who understand
          the nuclear technologies. So how do you bring these people together in order to get them started?  
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        Good plant design

        Transcript

        People often ask, why is the nuclear industry different? We have other high-hazard industries. People say, well, we have railways,
          we have petrochemical industries. So why is nuclear different? Why do we need a different regulatory system? Why do we require
          higher standards of substantiation and justification of designs and operating procedures.   
        

        Well, to me, it comes down to energy density. And in the chemical industry and combustion industry, we’re talking mainly about
          the energy associated with basically moving electrons around the outside of an atom. When we come to the nuclear institute,
          we’re talking about splitting the atom. We’re talking about releasing the nuclear forces, which are many, many orders of magnitude
          greater.   
        

        And so, one has to recognise that we’re now dealing with high levels of energy in very small volumes. And therefore you have
          very tight control systems. We’re often dealing with high temperatures and pressures. So in the case of a pressure vessel
          for a pressurised water reactor, it is inconceivable – society would not accept failure – of that pressure vessel.   
        

        So how do you demonstrate that for a nuclear reactor, you’ve got to have incredibility of failure? Whereas for a petrochemical
          plant, you can afford for the pressure vessel to fail. Yeah, it won’t be nice, and people might be killed or injured, but
          there’ll be no major widespread societal damage. In the case of the nuclear industry, because you’re dealing with such high
          energy densities, failure of the pressure vessel would result in widespread release of radioactivity with potential harm to
          people and contamination of land, which would then have enormous economic consequences.   
        

        So we have to balance what benefits do we get out of nuclear industry, which comes from this high energy density. We can generate
          huge quantities of electricity in relatively small volumes. But the price of that is eternal vigilance in the design and operations.
          So the nuclear industry is different, both from a technical point of view, but also from a political point of view and a societal
          point of view. People are frightened of things that they can’t feel or they can’t see.   
        

        So when people join the nuclear industry and work in the nuclear industry, they have to understand that the quality standards
          that they’re required to meet are much higher than anywhere else, because they have to be able to demonstrate that the things
          that they are doing – they understand exactly what they’re doing. They understand the consequences of what they’re doing.
          They understand that there’s no room for cutting corners or failing to deliver the quality that the designer or the operator
          has requested.   
        

        And that’s where the culture comes in. And you have to understand that to have a culture where you are expected to deliver
          consistently high levels of performance in order to deliver the quality requirements, in order to ensure that the risks to
          society – the risks to people – are very low, even if the hazard potential is very high, is something which is quite unique
          in the nuclear context.  
        

        Back

      

    

  
    
      
        Generating Electricity by Nuclear Fusion

        Transcript

        
          INTERVIEWER 1: 

          We live in a world where the demand for energy is growing, and with fossil fuels limited and rising concerns over climate
            change, there’s an urgent need to find new ways of producing power. One of the most challenging ideas is to adapt the process
            that powers the sun. It’s called nuclear fusion. Here at Culham Science Centre, they’ve been working on fusion for over 30
            years. 
          

          

        

        
          JOE MILNES: 

          On a fusion reactor, instead of burning coal or gas, we are fusing the fuels, which in this case are hydrogen isotopes called
            deuterium and tritium, to create energy, and then we use that energy to produce electricity. 
          

          

        

        
          INTERVIEWER 1: 

          In nuclear fusion, atoms of hydrogen fuse together to form helium and release energy. This is quite different from fission,
            the splitting of atoms, which occurs in the nuclear power stations operating today. But fission produces a lot of radioactive
            waste.
          

          

        

        
          JOE MILNES: 

          The good news is fusion, what we do here, also creates a lot of energy, and the upside is this doesn’t produce nearly as much
            radioactive waste as fission does. 
          

          

        

        
          INTERVIEWER 1: 

          But to make this reaction happen, you have to heat up the hydrogen to 100 million degrees so it forms a plasma, and somehow,
            this has to be contained. 
          

          

        

        
          JOE MILNES: 

          One way to think of it is it’s like putting the sun in a bottle. If you imagine trying to keep that contained, it’s very,
            very difficult. 
          

          

        

        
          GUY MATTHEWS: 

          We have solved the problem with a configuration we call a tokamak. In this chamber, we can achieve temperatures which are
            10 times higher than the sun.
          

          

        

        
          INTERVIEWER 1:

          A tokamak is a machine shaped like a doughnut that produces a powerful magnetic field. This field confines the plasma. It’s
            like a magnetic bottle. 
          

          

        

        
          JOE MILNES: 

          We’ve built this machine here at Culham called JET. Typically, 20 or 30 times a day, we run a pulse, which is anywhere between
            30 seconds to a minute long, and during that time, we get fusion to occur.
          

          

        

        
          INTERVIEWER 1: 

          In these images, fusion is seeing actually happening. More fusion has been produced here at JET than anywhere else on earth,
            but it’s a long way short of a commercial reactor. 
          

          

        

        
          DR. DAVID WARD: 

          And JET here you can see here operating at very high temperatures, so this will be above 100 million degrees. Fusion is taking
            place as we speak there. JET can only run for a maximum time of about a minute. Unfortunately, JET can’t produce enough power
            to sustain itself. Roughly, you get back as much fusion power as you put in in heating power. And of course that’s useless
            for a power station. It’s got to be a bigger device, it’s got to last longer. 
          

          

        

        
          JOE MILNES: 

          Physics says if you build a machine about 10 times the size of this machine, you can get about 20 or 30 times the power out
            that you put in, so the idea is after JET, we will build a machine about 10 times the size. 
          

          

        

        
          INTERVIEWER 1:

          The next step is ETER, the International Thermonuclear Experimental Reactor, a globally funded prototype to be built in the
            south of France, and many of the systems for ETER are being developed and tested here at JET. The hope is that instead of
            running for a minute like JET, ETER will run continuously for up to an hour. This creates dramatic new problems for any components
            inside the reactor, like the tiles which line the inside of the tokamak. 
          

          

        

        
          GUY MATTHEWS: 

          At the moment, the tiles are made of carbon fibre composite material. In our machine, it is an excellent material, but it
            has one fatal flaw. A carbon wall could soak up the tritium that we inject in the plasma, and this is a radioactive gas, and
            it’s also a valuable gas. So beryllium we’ve now chosen because the amount of tritium it can retain is much, much lower.
          

          

        

        
          INTERVIEWER 1:

          Beryllium won’t absorb the tritium from the plasma, but its melting point is lower than carbon fibre, which means the engineers
            must devise ways to prevent the tiles getting too hot. 
          

          

        

        
          VAUGHAN THOMPSON: 

          By having this curved shape, we can actually reduce the heat by spreading it over a much larger region. Within each block,
            there are actually these grooves, and these are to allow for the tile to expand when it’s heated, and this is to prevent cracking
            which might otherwise occur.
          

          

        

        
          INTERVIEWER 1: 

          These new tiles for ETER will be tested here at JET. And after ETER, the plan is to build an even bigger machine working as
            a commercial fusion plant. Clearly, that’s still many years away, but it’s a route that the engineers and scientists at JET
            believe we need to take. 
          

          

        

        
          GUY MATTHEWS: 

          Fusion still offers great potential for future energy sources, huge reserves of fuels for thousands of years, it’s environmentally
            very reasonable, and passively safe. So yes, it’s a very good option for future energy supply.
          

          

        

        
          INTERVIEWER 1:

          Not everyone agrees. 

          

        

        
          DR. DOUG PARR: 

          We don’t know whether a fusion reactor would be safe. We know there’s a huge distance between laboratory experiments and working
            commercial reactors, and we don’t know how much waste they’re going to produce, so we can’t have assurances that fusion is
            going to be a safe technology. It’s still 30 to 50 years away. We should be deploying other alternatives rather than investing
            in a dream that fusion might still be.
          

          

        

        
           INTERVIEWER 1: 

          But the people working at Culham are convinced that if they’re to make faster progress developing fusion, we have to invest
            more. 
          

          

        

        
          GUY MATTHEWS:

          It’s very frustrating really. At the moment where we speak as though energy is an enormously important issue, we’re spending
            less on energy R&D now than we did in the ’80s. 
          

          

        

        
          JOE MILNES: 

          There’s quite a lot of R&D that still needs to be done. If it works, it will be fantastic. It’s a fantastic challenge. 
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