AQA A2 Physics
Nuclear Energy



5.2 Nuclear Energy

Mass and energy
Appreciation that E = mc2 applies to all energy changes.

Simple calculations on mass difference and binding energy. Atomic mass unit, u; Conversion of units; 1 u = 931.3 MeV.

Graph of average binding energy per nucleon against nucleon number.

Fission and fusion processes.

Simple calculations from nuclear masses of energy released in fission and fusion reactions.

Induced fission
Induced fission by thermal neutrons; possibility of a chain reaction; critical mass.

The functions of the moderator, the control rods and the coolant in a thermal nuclear reactor; factors affecting the choice of materials for the moderator, the control rods and the coolant and examples of materials used; details of particular reactors are not required.

Safety aspects

Fuel used, shielding, emergency shut-down.

Production, handling and storage of radioactive waste materials.

Background Reading

The Strong Nuclear Force (also referred to as the strong force) is one of the four basic forces in nature (the others being gravity, the electromagnetic force, and the weak nuclear force). As its name implies, it is the strongest of the four. However, it also has the shortest range, meaning that particles must be extremely close before its effects are felt. Its main job is to hold together the subatomic particles of the nucleus (protons, which carry a positive charge, and neutrons, which carry no charge. These particles are collectively called nucleons). As most people learn in their science education, like charges repel (+ +, or - -), and unlike charges attract (+ -). 

If you consider that the nucleus of all atoms except hydrogen contain more than one proton, and each proton carries a positive charge, then why would the nuclei of these atoms stay together? The protons must feel a repulsive force from the other neighbouring protons. This is where the strong nuclear force comes in. The strong nuclear force is created between nucleons by the exchange of particles called mesons. This exchange can be likened to constantly hitting a ping-pong ball or a tennis ball back and forth between two people. As long as this meson exchange can happen, the strong force is able to hold the participating nucleons together. 
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The nucleons must be extremely close together in order for this exchange to happen. The distance required is about the diameter of a proton or a neutron. If a proton or neutron can get closer than this distance to another nucleon, the exchange of mesons can occur, and the particles will stick to each other. If they can't get that close, the strong force is too weak to make them stick together, and other competing forces (usually the electromagnetic force) can influence the particles to move apart. This is represented in the following graphic. The dotted line surrounding the nucleon being approached represents any electrostatic repulsion that might be present due to the charges of the nucleons/particles that are involved. A particle must be able to cross this barrier in order for the strong force to "glue" the particles together. 
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In the case of approaching protons/nuclei, the closer they get, the more they feel the repulsion from the other proton/nucleus (the electromagnetic force). As a result, in order to get two protons/nuclei close enough to begin exchanging mesons, they must be moving extremely fast (which means the temperature must be really high), and/or they must be under immense pressure so that they are forced to get close enough to allow the exchange of meson to create the strong force. 
Now, back to the nucleus. One thing that helps reduce the repulsion between protons within a nucleus is the presence of any neutrons. Since they have no charge they don't add to the repulsion already present, and they help separate the protons from each other so they don't feel as strong a repulsive force from any other nearby protons. Also, the neutrons are a source of more strong force for the nucleus since they participate in the meson exchange. These factors, coupled with the tight packing of protons in the nucleus so that they can exchange mesons creates enough strong force to overcome their mutual repulsion and force the nucleons to stay bound together. The preceding explanation shows the reason why it is easier to bombard a nucleus with neutrons than with protons. Since the neutrons have no charge, as they approach a positively charged nucleus they will not feel any repulsion. They therefore can easily "break" the electrostatic repulsion barrier to being exchanging mesons with the nucleus, thus becoming incorporated into it. 

10.1 Energy and Mass
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Einstein published his theory of special relativity in 1905,

Summarise it below.

Most importantly for this topic it gives us the formula:
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Which in simple terms tells us that 
With all reactions there are energy changes, on the nuclear scale these are significant and can be calculated as follows:
[image: image5.jpg]



In radioactive decay some mass is always converted to energy explain this for the three events below:
Alpha decay 
Beta  decay 
Electron capture 
Complete summary questions 2 and 3 on page 184

10.2 Binding Energy

E = mc2 and binding energies in the nucleus (and in molecules.)

This famous equation describes how mass m can be turned into energy E. Conversely, when we do work on something, we give it energy, so we can increase its mass by an amount Δm = E/c2. (The symbol Δ, pronounced 'delta', means 'the change in'.) 

Let's start with the atomic nucleus. Happily for us, most of them are stable - they don't disintegrate spontaneously. (And, also happily for us, some of them do - the Earth would be a very different place without radioactivity.) For example, a deuterium nucleus (which is called a deuteron) has just two components, a neutron (symbol n) and a proton (symbol p). When we add an electron (symbol e) to the deuterium nucleus, we get an atom of deuterium (symbol D). 

If we 'pull apart' a deuterium nucleus, we require energy Ed. We call this the binding energy of deuterium. When we supply this energy, the mass is increased by Δm = Ed/c2. Conversely, when two particles that attract each other come together, they lose energy and their mass decreases.

Put simply the binding energy of the nucleus is the work that must be done to separate the nucleus into its constituent components

This energy that is responsible for holding the nucleus together has a mass, when we form a nucleus from separate nucleons energy is released and so a nucleus has less mass (energy) than the combined mass of its constituent parts. We call this the mass defect.
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Binding Energy formula
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Mass defect formula

Calculate the binding energy per nucleon, in MeV per nucleon, of

1. a Carbon 12 nucleus (mass m= 12u)

2. an iron nucleus (mass = 55.92067u)

Nuclear Stability

A useful quantity is the binding energy per nucleon, this is the average energy needed to "break off" just one nucleon from the nucleus. It is defined as:


E.g.    Bi nucleus

The graph below shows the binding energy per nucleon against nucleon number. Elements with a high binding energy per nucleon are very difficult to break up. Iron 56 has the highest binding energy per nucleon of any element and this which explains why there is so much of it in the universe.


At what range of mass numbers does the highest binding energy per nucleon occur?
Explain where and why fusion and fission occur (see page 186/7 for a hint) 

Complete summary questions on page 187
10.3 Fission and Fusion

NUCLEAR FISSION 

In the late nineteen thirties two German scientists Hahn and Strassman were doing a series of experiments to study the affects of firing neutrons at some uranium compounds. The result was a very radioactive product which they thought was a nucleus of a very heavy element, formed when the neutrons joined onto the uranium nucleus. However, when they analysed the products they found not elements heavier than uranium but two about half the mass number of the original uranium, a solution that had been suggested in 1938 by Lisa Meitner and Otto Frisch.

The uranium nucleus had split in half - this was the first evidence of what is called nuclear fission. If a nucleus is made unstable it may lose the extra energy in two ways. It can emit radiation (alpha, beta or gamma) or undergo fission. You can think of fission as rather like a wobbly jelly that has been shaken about too much and simply split up.

In all nuclei there are two forces, the strong nuclear force (acting between all the neutrons and protons) trying to hold the nucleus together and the electrostatic repulsion trying to push the protons apart.
NEUTRON INDUCED NUCLEAR FISSION AND THE CHAIN REACTION


When a neutron is fired at a uranium 238 nucleus, uranium 239 is formed, this is unstable and the nuclear fission occurs. 

(This only occurs with fast neutrons; slow neutrons are captured giving neptunium and then plutonium)

There are many possible results of the nuclear fission of another isotope of uranium, uranium 235 nucleus, one possible reaction is:


    235.044 + 1.0087        



    147.961 + 84.938 +  3.0261

This reaction has a mass defect of 0.1276u   
Energy is given out by the reaction because the mass of the products is less than the total mass of the original nucleus and the neutron. 

A full treatment of the equation shows that this energy is 118 MeV or 1.90 x 10-11J. This is a very small amount of energy but when you work out how many nuclei there are in 1kg of uranium you can understand why nuclear fission is so important.

Using Avogadro's number we can calculate the number of uranium atoms (N) in 1kg of the metal. 

N = [1000x6.02x1023]/235.004  = 2.56 x 1024                                                     

This means that if we could fission all the nuclei in 1kg of U235 we would release 2.56x1024 x 1.90x10-11 = 4.9x1013J of energy! 

Put in every day terms this is sufficient to heat a house, with a 5kW heater, 24 hours a day, 7 days a week, 52 weeks a year for over 300 years! It is not quite that simple because it’s difficult to get ALL the nuclei to split. 


However once one nucleus has fissioned neutrons are released and these can go on to split further nuclei. If this fission can be sustained a chain reaction is produced. A diagram of such a reaction is shown in the diagram above. This reaction will proceed at high speed; the time for an emitted neutron to collide with another nucleus to produce a second fission is about 0.01 microsecond.  

THE ENERGY OF THE STARS - NUCLEAR FUSION

In nuclear fission a heavy nucleus is split by neutron bombardment but if two light nuclei can be joined together we have another way of releasing energy - this is known as nuclear fusion.

Many scientists in Europe, Japan and the United States are working to achieve controlled fusion. The lure of fusion is that the fuel could be heavy hydrogen (deuterium), extracted from sea water - one part in 6700 of the hydrogen atoms in sea water is deuterium and this gives an almost unlimited energy source for the foreseeable future.


The big problem here is that both the nuclei are positive and to get them to fuse we have to somehow make them come very close together so that the strong nuclear force becomes greater than the electrostatic repulsion. The way this is done is to make them collide at very high speed by raising the temperature of the gas to over 100 million oC, several times hotter than the centre of the Sun!

At these temperatures the gas becomes a plasma, a sea of electrons and ions and is a real problem to contain.

The most likely fusion reaction is the deuterium(D) - tritium(T) one shown below:


          eq \o(\s\up 8( 2),\s\do 3( 1))D + eq \o(\s\up 8( 3),\s\do 3( 1))T                           eq \o(\s\up 8( 4),\s\do 3( 2))He + eq \o(\s\up 8( 1),\s\do 3( 0))n   + 17.6 MeV

   2.014 102 + 3.016 049     4.002 604   +  1.008665

Giving a mass defect of 0.018888 and an energy of 17.6 MeV. This is less than for the fission of one nucleus of uranium but since the density of deuterium is so much less than uranium the yield per kilogram is comparable.
In 1kg of deuterium there are approximately 3 x 1026 atoms and so the energy released per kilogram is 8.45 x 1014 J. 
The temperature at which the power generation rate exceeds the loss rate is called the critical ignition temperature. This is about 4.5 x 107 K for the D - T reaction but rises to 4 x 108 K for the apparently simpler D - D reaction. 

THE TOKOMAK AND JET

One solution (used at JET, the Joint European Torus) is to use a magnetic field to hold the plasma in a doughnut shaped container. The magnetic field around the torus keeps the charged plasma away from the sides of the container. 


The special design of magnetic field in JET called a tokomak, first developed in the Soviet Union, gives its name to this general type of fusion reactor. If the plasma touched the walls it would simply cool - there is not enough thermal energy in it to melt the container. One of the main problems with JET has been to control this plasma, it writhes and twists and eventually leaks out of the magnetic field. In JET the plasma is heated in three ways: by giving it energy using radio waves, firing a beam of atoms into the gas and passing a current of up to 7 MA through it! 

You can see from the D-T reaction above that neutrons are produced and these would make the structure radioactive. However the scale of this can be limited by using suitable materials and there is no radioactive waste like the products from a fission reactor. 

To provide the equivalent of the worlds annual electricity needs during the latter part of the twentieth century with 40% efficient power stations we would need to burn:

          1 700 000 000 tons of coal or

          
          85 000 tons of uranium in conventional reactors or

            

1000 tons of uranium in fast breeder reactors or 

            

1000 tons of lithium in D-T fusion reactors or

             
135 tons of deuterium in D-D fusion reactors!

For a fusion reactor of the JET type to become operational we would need a plasma temperature in the region of 100 - 150 million degrees celsius, a central plasma density of around 10-6 kgm-3, this is 2 - 3x1020 particles m-3, and an energy confinement time of 1 - 2 seconds all at the same time. 

Unfortunately tritium does not occur naturally but in a commercial fusion reactor lithium would be used as a heat absorbing blanket and this would also breed tritium to keep the reaction going. The reactions for this are:

7Li + n + 2.87 MeV            3H + n + 4He      and              6Li + n             3H + 4He + 4.8 MeV

The second reaction looks more promising until you realise that only 7.4% of natural lithium is 6Li.

On 9th November 1991 a breakthrough was achieved at JET when they first used the correct fuel, a mixture of deuterium and tritium in the torus. At 7.44 pm they produced a pulse of of power from fusion lasting about 2 seconds, peaking at almost two megawatts, with the plasma reaching a temperature of 200 million oC,. They only used 0.2 g off tritium mixed with six times as much deuterium but it was still a step towards the 50-50 mixture that the are hoping to use in the future.

The next stage of the fusion reactor story could be the building of ITER (International Thermonuclear Experimental Reactor).

This would:

be about 25 metres high

have a plasma chamber 4.3 m by 8.4 m

have a field on the axis of 4.85T

have a maximum plasma current of 22 MA and give a nominal fusion power of 1000 MW.

Getting the energy out will be a real problem because it is thought that some parts of the machine will be exposed to some 25 million wattts per square metre. 

The go ahead for  European, Russian and United States cooperation for such a machine was given in late 1992 and it is hoped that the machine could become operational by the year 2005.

However it still seems unlikely that a commercial fusion reactor will be built before the year 2040.

FUSION WITH LASERS

In the USA at Lawrence Livermore National Laboratory high powered lasers are being used to create fusion. Ten laser beams are directed onto a small plastic sphere containing a mixture of deuterium and tritium. The power of this laser array, called NOVA is enormous. Some 124.5 kJ of radiant energy with a wavelength of 1050 nm are delivered to a 0.5 mm diameter sphere in 2.5 ns giving a power input of 5 x 1013 watts raising its temperature to over 400 MoC! Even higher powers of 1014 are planned.

Their recipe for fusion goes like this:

Take a 5mm capsule of potassium dihydrogen phosphate (KDP) filled with 5mg of deuterium-tritium fuel. Apply 200 kJ of energy, wait 10-9 s, result a little star!

10.4 The thermal Nuclear reactor

THE NUCLEAR FISSION REACTOR  
The possibility of producing large amounts of energy from nuclear fission lead to the construction of the worlds first nuclear reactor in a squash court in Chicago in 1942. Since then many commercial nuclear power stations have been built around the world. The neutrons produced in a chain reaction are moving too fast to cause further fission in U235 nuclei and they have to be slowed down. This is done by graphite or heavy water and these materials are called moderators. As the neutrons collide with atoms of the moderator they slow down from 106 ms-1 to 104 ms-1 and at this speed they are known as thermal neutrons. Rods of boron steel are used as control rods to control the rate of the reaction since they gobble up neutrons without fissioning. Lowering them into the reactor core will slow down the reaction. They are held on electromagnetic clamps so that if there is a dangerous increase in core temperature they can be dropped into the reactor and so shut down the chain reaction. 

A nuclear reactor, in fact any device using a nuclear chain reaction needs a minimum amount of fuel called the critical mass (about 15 kg for pure U 235).  This is the mass of pure uranium 235 needed to sustain a chain reaction. Anything less than this and the loss of neutrons from the surface will be too great and the chain reaction will stop. Masses below this are called subcritical while those greater than this are known as supercritical. The exact value of the mass needed depends on the shape and purity of the sample as well as the material.

DEVELOPMENT OF NUCLEAR POWER REACTORS IN BRITAIN

In Britain there are three types of reactor in service:
(a) the thermal reactor (Magnox)

(b) the advanced gas cooled reactor (AGR)

(c) pressurised water reactor (PWR)


Thermal (Magnox) Reactors

A typical reactor of this type was built at Hinkley Point in Somerset in 1965, it is now called Hinkley A.

There are two reactors, each reactor core contains 355 x 103 kg of uranium fuel (99.3% U238, 0.7% U235) in 36 000 fuel rods, each one a metre long, packed in magnesium alloy (magnox) cans, placed eight high in 4500 channels in the 1891 tonnes of graphite moderator. The magnesium alloy is used because it has low neutron absorption. The core (14m high and 8 m diameter) is contained in a 20m diameter, 7.62 cm thick steel pressure vessel and heat is drawn off by carbon dioxide gas at 1.28 x 106 Pa(185 p.s.i) which is blown through the core. The temperature of this gas rises from 180oC to 360o as it passes through the core. This is used to turn water into steam in heat exchangers and the steam drives turbines giving an output of 215 MW of electrical power to the national grid.

(many of these older reactors are being decommissioned).

Advanced Gas Cooled Reactors (Hinkley B Station)

This has a pressure vessel 18.9m diameter, 19m high, made of 5m thick pre-stressed concrete lined with 16mm steel containing a core that gives 1500 MW of power output.

The fuel is 114.2 x 103 kg of slightly enriched uranium oxide in fuel elements placed eight high in 308 channels in the 1384 metric tons of graphite moderator.

The coolant is still carbon dioxide but this time it is blown through the core at a greater pressure (3.97 x 106 Pa (576 p.s.i)) and with a flow rate of 3790 kgs-1.

The inlet temperature of the gas is 284oC and this rises to an outlet temperature of 630oC when it leaves the core.

Pressurised Water Reactors (Sizewell B - Suffolk)

These reactors were developed mainly in the USA and the Soviet Union and have a much smaller core than either the Magnox or AGR types. The other main difference is that the reactor uses light water as both a moderator and coolant.

Fast reactors

These  reactors use fast neutrons, natural uranium enriched with 20% plutonium as the fuel and liquid sodium as the coolant. The liquid sodium can be circulated with electromagnetic pumps.

Summary of properties of a variety of nuclear fission reactors

	Type
	Fuel (%U235)
	Moderator
	Coolant
	Temperature (oC)
	Efficiency (%)
	Pressure (psi)

	Magnox
	0.7
	Graphite
	Carbon dioxide
	400
	31
	300

	AGR
	2.3
	Graphite
	Carbon dioxide
	650
	42
	600

	PWR
	3.2
	Water
	Water
	324
	32
	2250

	Fast
	20 Pu
	None
	Sodium
	620
	44
	5

	BWR
	2.6
	Water
	Water
	386
	32
	1050

	RBMK
	2
	Water
	Water
	284
	31
	1000

	SGHWR
	2.24
	Heavy water
	Water
	272
	32
	900


COMMERCIAL PROBLEMS ASSOCIATED WITH THE EXPLOITATION OF FISSION 

There are various problems associated with the commercial use of nuclear reactors.

(a) Disposal of nuclear waste   (list the issues)
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

(b) Decommissioning a nuclear reactor - what do we do with it after it has ended its useful life?

____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

(a) Nuclear  waste

Low level waste (LLW) refers to _________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

And is dealt with by 

____________________________________________________________________________________________________________________________________________________________

Intermediate level waste (ILW) refers to __________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

And is dealt with by 

____________________________________________________________________________________________________________________________________________________________

Typical amount of waste in store in the UK by the year 2030

             LLW  1.5  x 106 cubic metres

             ILW  0.25 x 106 cubic metres


Table of the contents of ILW and HLW to be disposed of by NIREX by 2030. 

	
	
	LLW(Bq) 
	ILW(Bq)

	H3        
	
	.3x1014       
	6.8x1015

	C14       
	
	4.8x1013       
	6.6x1015

	Ca41      
	
	5.8x1011       
	1.3x1012

	Co60
	
	3.7x1013       
	2.9x1018

	Ni59      
	
	6.0x1010       
	6.1x1016

	Cs137
	
	2.9X1013       
	2.3X1018

	Th232
	
	3.7x109        
	3.0x1012       

	U238
	
	2.5X1013       
	2.0x1014

	Pu239
	
	2.9X1012       
	1.7x1016

	Am241
	
	2.8x1012       
	5.0x1016


The most radioactive is the high level waste (HLW), and the government has decided to store it for 50 years before it is disposed of. HLW is the responsibility of UKAEA and BNFL and is mainly irradiated fuel taken from reactors. Fuel has been reprocessed to take out uranium and plutonium but it still leaves a very toxic waste behind. This is being converted into glass blocks for storage. Typically 1000 times more radioactive than ILW, about 100 cubic metres of HLW is produced every year.

Nuclear power and the Greenhouse effect - it has been calculated that if nuclear power were expanded CO2 emissions could be reduced by up to 30%, thus lowering global warming by 15%.

Complete the summary question on Ch 10 page 194 
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Problems


1. Suggest why the critical ignition temperature is higher for the D - D reaction than for the D - T reaction.


2. Calculate the enrgy releassed in the following reactions:


(a) D(D,n)3H   (b) D(D,T)1H   (c) T(T,2n)4He
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Problem


1. Why is graphite or heavy water used as a moderator? HINT: What makes the size of these atoms suitable for slowing down neutrons. 
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Binding Energy per nucleon = Binding Energy/ Nucleon Number
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