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Chapter Map 
Common Issues: 
 
You can easily spoil your calculations by not 
taking care with units. The energies they meet 
in this chapter may be expressed as a number 
of J or MeV. 
 
Some people get confused between mass 
defect and binding energy.  
 
You may also get confused with the idea that 
you need to provide the binding energy to 
break a nucleus apart. Take balls of plasticine, 
stick them together and make a nucleus. Bits of 
plasticine can get stuck under your finger nails  
 
You’d need to put these back into the balls if 
you wanted to separate them out again – this is 
related to the binding energy. 
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10.1 Energy & Mass 

Specification link-up 3.5.2: Mass and energy 
  
What does E = mc2 mean?  
 
What happens to the mass of an object when it gains or loses 
energy?  
 
How can we calculate the energy released in a nuclear reaction? 
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What can you fill in the gaps...... 

12.000000 

19.98695 
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Mass or Energy 
Mass–energy equivalence is the concept that the mass of a body is a 
measure of its energy content. The mass of a body is always equal to 
the total internal energy, divided by a constant c2 that changes the 
units appropriately. 
    
where E is energy, m is mass, and c = 299,792,458 meters per second 
is the speed of light in a vacuum. 
 
Mass–energy equivalence was proposed in Albert Einstein in 1905. 
Einstein was the first to propose this simple formula and the first to 
interpret it correctly as a general principle. 
 
In the formula, c2 is the conversion factor required to convert from 
units of mass to units of energy.  
 
Using SI Units, joules are used to measure energy, kilograms for 
mass, meters per second for speed. Note that 1 joule equals 
1 kg·m2s-2.  
 
In unit-specific terms, E (in joules) = m (in kilograms) multiplied by 
(299,792,458 m/s)2.  
 
The most common use of the formula is often misquoted as the 
third one is what we often use when there is a change of mass for 
example on an atom splitting then energy is released! 
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10.2 Binding Energy 

Specification link-up 3.5.2: Mass and energy  
 
What is binding energy?  
 
Which nuclei are the most stable?  
 
Why is energy released when a U undergoes fission?  
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Mass Defect is the Binding Energy! 
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Binding Energy Graph – Max around N = 56 
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Estimating Energy Released... 
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Ideas of Mass Defect 

We have already thought about the idea that when 
you take into account the gravitational attraction 
between nucleons, the electrostatic repulsion 
between the charged protons in the nucleus and the 
strong interaction between quarks inside the 
nucleons themselves that there is an equilibrium 
point where the nucleus is stable.  
 
We know that nuclei are made up of protons and 
neutrons, but the mass of a nucleus is always less 
than the sum of the individual masses of the protons 
and neutrons which constitute it.  
 
The difference in mass is a measure of the nuclear 
binding energy which holds the nucleus together. This 
binding energy can be calculated from the Einstein 
relationship: E = mc2 

 

Nuclear binding energy = Δmc2 
 



Mr Powell 2008 
Index 

Example of binding energy 

For the alpha particle there is a difference of Δm= 0.0304 u 
 

Nuclear binding energy = Δmc2 

 

In fact we can say that ΔE  =  Δmc2 = 1u x 0.00304u x (3 x 108)2 =  4.54 x 10-12J 
 
Or expressed as MeV we divide by charge on an electron to obtain 28.3 MeV  

 

Using the idea that 1u = 1.66054 x 10-27kg we find that by combining 2p+2n to 
make an alpha particle that  we have lost some mass? 



Mr Powell 2008 
Index 

Comparison to ionisation energy 

The enormity of the nuclear binding energy can perhaps be better appreciated 
by comparing it to the binding energy of an electron in an atom.  
 
The comparison of the alpha particle binding energy with the binding energy of 
the electron in a hydrogen atom is shown below. The nuclear binding energies 
are on the order of a million times greater than the electron binding energies of 
atoms.  
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Binding Energy Curves 

A binding energy curve can obtained by dividing the total nuclear binding 
energy by the number of nucleons for different atoms. 
 
The fact that there is a peak in the binding energy curve in the region of 
stability near iron means that either the breakup of heavier nuclei (fission) or 
the combining of lighter nuclei (fusion) will yield nuclei which are more 
tightly bound (less mass per nucleon).  
 
The binding energies of nucleons are in MeV.  

NB: although the graph is 
connected as a curve 
you cannot 
interpolate accurately 
between atoms to 
any more than 
0.1MeV 
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Binding Energy Calculations... 

We must be exact in all these calculations. Use the following data to answer 
them...  1a.m.u.  = 1.66043 x 10-27kg =931.493MeV/c2 (or 1/12 of the mass of 
a carbon 12 atom.) 

 
Mass of e in u = 0.00055        Mass of p in u  = 1.00728   Mass of n in u = 1.00867 
 
Find the binding energy in MeV per nucleon for each of the following, then plot a 

graph of binding energy against mass number. 
 
1. Lithium  (6) - actual nuclear mass = 6.01513u 

 
2. Carbon (14) - actual nuclear mass = 14.00324u 

 
3. Iron (56) - actual nuclear mass = 55.93493u 

 
4. Strontium (87) - actual nuclear mass = 86.90890u 

 
5. Strontium (90)  - actual nuclear mass = 89.90730u 

1. 5.335 MeV 
2. 7.524 MeV 
3. 8.793 MeV 
4. 8.708 MeV 
5. 8.703 MeV 
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Example Calculation 1 
Lithium  (6) - actual nuclear mass 

= 6.01513u 



Mr Powell 2008 
Index 

Example Calculation 2 
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Example Calculation 3 



Mr Powell 2008 
Index 

Example Calculation 4 
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Example Calculation 5 
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Binding Energy Curves 

http://hyperphysics.phy-astr.gsu.edu 

http://hyperphysics.phy-astr.gsu.edu/
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Example 2 Uranium.... 
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Now using E=mc2 

Task: convert this to eV’s 

Ans: 1.685 x 109J     = 1685 MeV 
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10.3 Fission & Fusion 

Specification link-up 3.5.2: Induced fission  
 
How much energy is released in a fission or a fusion reaction?  
 
Why can’t small nuclei be split?  
 
Why can’t large nuclei be fused?  
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Fission/ Fusion Summary 
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Alternative View... 
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16 O 

12 C 

238 U 

148 La 

85 Br 

(resourcefulphysics.org) 
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Simple Summary 
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Fission 

A few heavy isotopes are fissile. 
This means that they are 
capable of splitting into smaller 
nuclei and releasing energy. The 
most commonly used fissile 
isotopes are Uranium (235) or 
Plutonium (239). Uranium will 
occasionally undergo 
spontaneous fission, but a 
nucleus can be induced to 
fission by making it absorb a 
neutron. When it absorbs a 
neutron, the nucleon number 
increases by one but the proton 
number is unchanged. 

The nucleus is unstable and will split into 
two parts or “fission” products. Each 
fission product is roughly 2/5 & 3/5th of 
the nucleus.  
 
Fission products are always radioactive, 
usually -emitters. As the nucleus 
splits, a few neutrons are released. On 
average 2.4 neutrons are produced per 
fission but you can get a statistical range 
of 1-8. 

94 
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Fission 2 

Since the sum of the products’ masses is less than the mass of the nucleus, 
energy is released when the fission happens. This energy is released in a variety 
of forms: 
 

KE of the fission products 
 
KE of the neutrons 
 
energy released subsequently when fission products undergo radioactive 
decay 
 
energy carried away by neutrinos (in practice this is lost as the neutrinos 
will rarely interact with other matter) 
 

 rays released at the time of fission. 
 

We refer to this as a “Q value.” 
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Binding Energy Curve? 

So when thinking of the binding energy 
curves we can move 4 different ways.  
 
Which one would be the fission process 
and why? 
 
Looking at the fission products which 
picture would be correct? 
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Characteristics of Decay? 

So how many neutrons should be 
produced on average? 
 
How fast would we predict that they 
might travel? 
 
If the mass of a neutron is 1.675 x 10-27kg 
how much kinetic energy might they have 
if their speed is 0.065c. 
 

KE = ½mv2  = 0.5 x 1.675 x 10-27kg x (0.065 x 3x108ms-1)2 

        = 3.2 x 10-13J  
        = 2 MeV  
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Nuclear Reactors 

Example of the energy released in a Pu fission, run the numbers through 
yourself with the Uranium equation.... 
 

94 
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Missing Q.... 

U235 = 235.124u 
 
Ba144 = 143.923u 
 
Kr90 = 89.920u 
 
n = 1.009u  
 
1u = 930Mev 
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Fission Questions... 

1. 0.207u or 192.51 MeV or 3.1 x 10-11J 
 

2.  a) 3      
 

b) 0.266u 247.38MeV   
 

4.0 x 10-11J    250MeV 

Use 1u = 930Mev 
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Fusion Reactions 

Fusion is whereby two light nuclei 
join together to form a larger 
nucleus which has a greater 
binding energy per nucleon. 
 
The nuclei are normally ionised in 
a gas plasma and must be 
travelling at speed to overcome 
electrostatic repulsion. 
 
This makes the idea attractive to 
smaller nuclei to make them more 
stable. 
 
Evidently since there is an 
increase in binding energy per 
nucleon. the new nucleus is 
heavier than the two  original 
parts and energy is given off. 
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Fusion Reactions 

Fusion is whereby two light nuclei 
join together to form a larger 
nucleus which has a greater 
binding energy per nucleon.  
 
This makes the idea attractive to 
smaller nuclei to make them more 
stable. 
 
Evidently since there is an increase 
in binding energy per nucleon the 
new nucleus is lighter than the 
two  original parts and energy is 
given off. 
 
We can do a summation of mass 
to work out the difference. 
 
Can you work out Q in MeV 

QHeHH  4

2

2

1

2

1
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Fusion – more examples... 
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Fusion Calculations 

1) 
a) 24MeV  
b) 13MeV 
c) 17MeV 
 
2) 1.4 x 1025 MeV 
3) Fe has the highest binding energy 

so a fusion event would not create 
any Q value to be emitted in 
various forms. 
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Star – Gravity v Fusion 

When the density and temperatures are enough fusion can occur in 
gases.  
 
An example is a star where two forms of hydrogen fuse to form 
helium, a neutron, thermal and light energy 
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Stability? 
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Energy Release E = mc2 
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Comparison of Fusion Reactions 



Mr Powell 2008 
Index 

Three methods of Generation 
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Using a Laser Beam... 



Mr Powell 2008 
Index 

Tokamak - toroidal chamber with magnetic coils  

• Here is a simple version of a 
Tokamak. 

 

• A Tokamak is simply a fusion 
reactor. 

 

• The hot plasma is the yellow donut 
in the middle. It is created by a large 
current of electricity. 

 

• Red & Green rings provide a 
magnetic field to contain and shape 
the plasma. 

 

• Without the containment you could 
have a nasty accident. 
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Fusion Compared Sun & Earth 
Fusion in the Sun and on Earth

Fusion in the Sun: three-stage process

proton proton

positron

neutrino

deuterium H-2

proton deuterium H-2



helium He-3 helium He-3

two protons

Two protons fuse, converting one to
a neutron, to form deuterium H-2.

The deuterium H-2 captures
another proton, to form He-3.

Two He-3 nuclei fuse, giving
He-4 and freeing two protons.

neutron lithium Li-6

Deuterium and tritium are heated to very high temperature. Neutrons from their
fusion then fuse with lithium in a ‘blanket’ around the hot gases. Tritium is renewed.

Fusion on Earth: two-stage process

helium He-3
helium He-4

tritium H-3

helium He-4 neutron helium He-4 tritium H-3

deuterium H-2
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IOP Worksheet - Fission 

1. energy = ((20 x 1012 Wh /year × 3600JW-1 h–1) / (3.16 x107s/year)) × 
(100 / 40)   

            = 5.7 x 109 J every second.  

 

2. No of atoms = (5.7 x 109 J) / (200 x 106 eV × 1.6 x 10–19 JeV–1)  

                    = 1.8 x 1020 atoms. 

 

3. mass per second = 1.8 x 1026  s–1 × 235.04394 u × 1.66 × 10–27 kg u–1  

                             = 7.0 × 10–5 kg s–1 

 

4. mass change = (5.7 x 109 J s–1)/ ((3 x 108)2 kg s–1) = about 6.3 x10-8 kg 
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IOP Worksheet - Fission 

5. disintegrations per second =  ((1 x 109 J s–1)/ (200 x 106 eV × 1.6 x 

10–19 J eV–1)) × (100/40) = 7.8 x 1019s–1 

 

6. mass per second = 7.8 x 1026  s–1 × 235.04394 u × 1.66 × 10–27 kg u–

1 = 3.0 × 10–5 kg s–1 

 

7. mass = 3.0 × 10–5 kg s–1 × 3 years × 3.2 × 107 sy–1 = 2900 kg 

 

8. mass = 2800 kg × (100/0.7) = 400 000 kg  

 

9. Lower limit.          
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Answers ...... 

1) a) Explain why the fusion reaction does not proceed unless the products 
of the reaction have a lower total mass than the nuclei that fuse together. 
E = mc2. Mass and energy are equivalent quantities. If the mass 
decreases during a reaction, then energy has been produced, usually as 
kinetic energy of the products. If mass had increased then a large 
amount of energy would have to be input into the reaction and it could 
not proceed without it. 
 

b) Calculate the potential energy of two protons 10−15 m apart.  
 
 
 

When two charges of 1.6  10−19 C approach within 10−15 m 
potential energy  
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Answers 2 

kT
kT

T 32
2

3











23

13

104.13

103.2









K105.5
9

c) Ideas from the kinetic theory of a gas molecule in Topic 12.3 
apply to the protons in the plasma of the Sun.  
 
Estimate the temperature when two protons have sufficient 
total kinetic energy to approach within 10−15 (k = 1.4  10−23 J). 
 
total kinetic energy of two particles at temperature needed for 
protons to approach... 

 
This temperature is higher than at the centre of the Sun, a few 
million K. Fusion is possible at lower temperatures because 
there will still be sufficient protons with enough kinetic energy 
even though the average kinetic energy is too low.  
 
Also quantum tunnelling may occur and so the protons may be 
further than  10−15 m apart. 
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Answers Q2 

All three fusion reactions involved in the creation of a nucleus of helium-4 are shown 
below. 
 
 
 
 
 
 
 
 
 
Show that in the second reaction 5.5 MeV of energy is released in the fusion. 
1 u= 1.66  10−27 kg, c = 3.0  108 m s−1, e = 1.6  10−19 C 
mass decrease = 1.00728 + 2.01355 − 3.01493 = 0.0059 u 
energy available = 0.0059  1.66  10−27  (3  108)2 = 8.8  10−13 J = 5.5 MeV 
  
Suggest why, in the reactions shown, the highest temperature is needed for the third 
fusion reaction, even though it releases the most energy.  
The helium nuclei have more charge and thus more potential energy at the closest 
distance of approach. The particles need more kinetic energy to overcome the 
repulsion before fusion can occur. 
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Answers 2c 

Calculate how many of each of the three reactions is needed to produce one 
helium-4 nucleus and thus determine the total energy released when one 
helium-4 nucleus is produced. 
 
Four of the first reaction, two of the second and one of the third reaction. 
total energy required = 4  0.43 + 2  5.5 + 12.9 = 25.6 = 26 MeV (2 s.f.) 
 
Calculate the energy released in the formation of 1 kg of helium-4 by fusion in 
the Sun. Give your answer in J. 1 kg of helium-4 contains  

26

27
105.1

106.6

1


 

energy released = 1.5  1026  26  106  1.6  10−19 = 6.2  1014 J 

nuclei 
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Question 3 

3) a) Fission is at present used to provide electrical energy and it is hoped that 
fusion will be used in the future. Outline the difficulties in using fission to provide 
electrical energy.  

 
high temperatures and density needed 
confinement of plasma / unstable plasma 
 
3) b) The energy released when 1 kg of uranium-235 fissions is about 8  1013 J. 

Explain why fusion is being developed even though fission involves tried-and-tested 
technology.  

In your account highlight the physical principles involved, including energy 
resources, safety and waste products. 

 
Points include: 
more energy per kg of material 
energy available from isotopes in sea water found throughout the world 
waste products have small nucleon number and shorter half-life 
less danger from radioactive fall out from an explosion 
both need to provide protection from neutrons produced 
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10.4 Nuclear Reactors 

Specification link-up 3.5.2: Safety aspects  
 
How does a nuclear reactor work?  
 
What is a thermal nuclear reactor?  
 
How is a nuclear reactor controlled?  
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Example of Fission Event... 
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Fission in Depth – Binding again! 

Because of the short range of the strong binding force, large nuclei must 
contain proportionally more neutrons than do light elements, which are most 
stable with a 1–1 ratio of protons and neutrons.  
 
Extra neutrons stabilise heavy elements because they add to strong-force 
binding without adding to proton-proton repulsion.  
 
Fission products have, on average, about the same ratio of neutrons and 
protons as their parent nucleus, and are therefore usually unstable because 
they have proportionally too many neutrons compared to stable isotopes of 
similar mass.  
 
This is the fundamental cause of the problem of radioactive high level waste 
from nuclear reactors. Fission products tend to be beta emitters, emitting fast-
moving electrons to conserve electric charge as excess neutrons convert to 
protons inside the nucleus of the fission product atoms. 
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Fission in Depth 2 

The most common nuclear fuels, 235U and 239Pu, 
are not major radiological hazards by themselves: 
235U has a half-life of approximately 700 million 
years, and although 239Pu has a half-life of only 
about 24,000 years, it is a pure alpha particle 
emitter and hence not particularly dangerous 
unless ingested.  
 
Once a fuel element has been used, the remaining 
fuel material is intimately mixed with highly 
radioactive fission products that emit energetic 
beta particles and gamma rays.  
 
Some fission products have half-lives as short as 
seconds; others have half-lives of tens of 
thousands of years, requiring long-term storage in 
facilities such as Sellafield in Cumbria until the 
fission products decay into non-radioactive stable 
isotopes. 
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Line of Stability.... 
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Nuclear Reactors 
Reactors are built for three primary purposes, 
which typically involve different engineering trade-
offs to take advantage of either the heat or the 
neutrons produced by the fission chain reaction: 
 
Power reactors are intended to produce heat for 
nuclear power, either as part of a generating 
station or a local power system such as a nuclear 
submarine.  
 
Research reactors are intended to produce 
neutrons and/or activate radioactive sources for 
scientific, medical, engineering, or other research 
purposes.  
 
Breeder reactors are intended to produce nuclear 
fuels in bulk from more abundant isotopes. The 
better known fast breeder reactor makes 239Pu (a 
nuclear fuel) from the naturally very abundant 238U 
(not a nuclear fuel).  Thermal breeder reactors 
previously tested using 232Th continue to be studied 
and developed.  
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Nuclear Reactors 

Power reactors generally convert the 
kinetic energy of fission products into 
heat, which is used to heat a working 
fluid and drive a heat engine that 
generates mechanical or electrical 
power.  
 
The working fluid is usually water with a 
steam turbine, but some designs use 
other materials such as gaseous helium.  
 
Breeder reactors are a specialised form 
of research reactor, with the caveat that 
the sample being irradiated is usually the 
fuel itself, a mixture of 238U and 235U.  
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Magnox 

Magnox reactors are pressurised, 
carbon dioxide cooled, graphite 
moderated reactors using natural 
uranium (i.e. unenriched) as fuel and 
magnox alloy as fuel cladding.  
 
Boron-steel control rods were used. 
Early reactors have steel pressure 
vessels, while later units are of 
reinforced concrete; some are 
cylindrical in design, but most are 
spherical.  
 
Magnox reactors require their rods to 
be replaced quite often so a down 
side is that complex replacement 
mechanisms needed to be designed 
which often failed. 
 
Calder Hall in the UK was the worlds 
first commercial power station. 
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Magnox 3D 
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Magnox Fuel Rods... 

Magnox is short for Magnesium non-oxidising. This material has the advantage of a 
low neutron capture cross-section i.e. it does not absorb the free neutrons. but has 
two major disadvantages: 
 
1. It limits the maximum temperature, and hence the thermal efficiency, of the plant.  

 
2. It reacts with water, preventing long-term storage of spent fuel under water.  
 
Magnox fuel incorporated cooling fins to provide maximum heat transfer despite low 
operating temperatures, making it expensive to produce.  
 
While the use of uranium metal rather than oxide made reprocessing more 
straightforward and therefore cheaper, the need to reprocess fuel a short time after 
removal from the reactor meant that the fission product hazard was severe.  
 
Expensive remote handling facilities were required to address this danger. 
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PWR Reactor 

Pressurised water reactor are generation II nuclear 
power reactors that use ordinary water under high 
pressure (superheated water) as coolant to remove 
heat generated by nuclear chain reaction from nuclear 
fuel. Now mainly used in ships and subs all over the 
world. 
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Example of Nuclear Sub... 
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PWR.... 

PWR reactors are very stable due to their 
tendency to produce less power as 
temperatures increase; this makes the 
reactor easier to operate 
 
PWR reactors can be operated with a 
core containing less fissile material than 
is required for them to go critical.  This 
significantly reduces the chance that the 
reactor will run out of control and makes 
PWR designs relatively safe from 
criticality accidents.  
 
Because PWR reactors use enriched 
uranium as fuel, they can use ordinary 
water as a moderator. 
 
PWR turbine cycle loop is separate from 
the primary loop, so the water in the 
secondary loop is not contaminated by 
radioactive materials.  

The coolant water must be highly 
pressurised to remain liquid at high 
temperatures. This requires high strength 
piping and a heavy pressure vessel and 
hence increases construction costs. The 
higher pressure can increase the 
consequences of a loss of coolant accident.  
 
Most pressurised water reactors cannot be 
refueled while operating. (Offline time) 
 
The high temperature water coolant with 
boric acid dissolved in it is corrosive to 
carbon steel (but not stainless steel), this can 
cause radioactive corrosion products to 
circulate in the primary coolant loop.  
 
Natural uranium is only 0.7% Uranium-235, 
the isotope necessary for thermal reactors. 
This makes it necessary to enrich the 
uranium fuel, which increases the costs of 
fuel production.  
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Moderation 

How can we make it more likely that a neutron 
will collide with a 235U nucleus? There are two 
ways, both used in nuclear power reactors: 
 
Slow down the fast neutrons to increase their 
chance of being captured by a fissile 235U nucleus. 
This process is called moderation. 
 
Concentrate the 235U compared to the 238U. This 
process is called enrichment. 
 
The speed of the fast fission neutrons is slowed 
down “moderated” by allowing them to collide 
with a suitable moderator nucleus. Conservation 
of momentum tells us that the speed of a light 
neutron colliding with a massive nucleus will be 
little affected. We need a material with 
relatively light nuclei to absorb momentum and 
energy from the neutron. 
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Moderation elements? 

Hydrogen – i.e. protons. Virtually the same mass (great), but gaseous (not 
very dense) and explosive. Hydrogen in water maybe?  Yes, pressurised 
water reactors use water as the moderator (as well as the coolant), but the 
protons are attached to the rest of the water molecule and have an effective 
mass of 18 times that of a free proton. 
 
Helium – inert (good) but gaseous, so not dense enough. 
 
Lithium – too rare (expensive), melting point too low anyway. 
 
Beryllium – possible but expensive. 
 
Boron absorbs neutrons. 
 
Carbon – mass equivalent to 12 protons, solid (good), flammable (bad). 
Used in the first generation of UK ‘Magnox’ reactors. 
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Control Rods and coolant 

The chain reaction in a nuclear power stations must 
be controlled, which means that the number of 
neutrons must be continuously regulated to stop 
the chain reaction diverging or closing down. To do 
this control rods are moved into or out of the 
reactor core. They are made from a substance that 
absorbs neutrons (e.g. boron). 
 
A coolant carries energy away from the core. What 
are the desirable properties of the coolant? 

 
It must not absorb neutrons 
it must have high thermal conductivity 
high specific heat capacity 
high boiling point 
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Fast Breeder Reactors 
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Fast Breeder Reactors 
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Fast Breeder Reactors 

As of 2006, all large-scale FBR power stations have been liquid metal fast 
breeder reactor (LMFBR) reactors cooled by liquid sodium.  
 
Prototype FBRs have also been built cooled by other liquid metals such as 
mercury, lead and NaK (an alloy of sodium (Na) and potassium (K)), and one 
generation IV reactor proposal is for a helium cooled FBR. 
 
FBRs usually use a mixed oxide fuel core of up to 20% plutonium dioxide (PuO2) 
and at least 80% uranium dioxide (UO2). Another fuel option is metal alloys, 
typically a blend of uranium, plutonium, and zirconium. The plutonium used can 
be supplied by the reprocessing from reactor outputs or 'off the shelf' 
dismantled nuclear weapons. 
 
In many FBR designs, the reactor core is surrounded in a blanket of tubes 
containing non-fissile uranium-238 which, by capturing fast neutrons from the 
reaction in the core, is partially converted to fissile plutonium-239 (as is some of 
the uranium in the core), which can then be reprocessed for use as nuclear fuel. 
Other FBR designs rely on the geometry of the fuel itself (which also contains 
uranium-238) to attain sufficient fast neutron capture. 
Reactor). 
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Fast Breeder Reactors 

Enrichment of the fuel is needed in a fast reactor in order to reach a self-
sustaining nuclear chain reaction. 
 
All current fast reactor designs use liquid metal as the primary coolant, to 
transfer heat from the core to steam used to power the electricity generating 
turbines. 
 
Sodium is the normal coolant for large power stations, but lead has been used 
successfully for smaller generating rigs. Both coolant choices are being studied 
as possible Generation IV reactors, and each presents some advantages. A gas-
cooled option is also being studied, although no gas-cooled fast reactor has 
reached criticality. 
 
Water cannot be used as the primary coolant since it acts as a moderator, 
slowing neutrons to thermal levels and preventing the breeding of uranium-238 
into plutonium-239. However a heavy water moderated thermal breeder 
reactor, using thorium to produce uranium-233, is theoretically possible. 
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Safety Issues Chernobyl 

The hazards associated with the nuclear power generation industry are well 

known and were shown in sharp focus on 26th April 1986.  An unauthorised 

experiment was carried out at the nuclear power station at Chernobyl in which 

the operators overrode safety systems to enact a worst case scenario failure.  

They found out.  The reactor became unbalanced, and went out of control.  The 

overheating caused decomposition of water into hydrogen and oxygen which 

gases collected at the top of the vessel.  Mixed with carbon monoxide from the 

graphite core, the mixture ignited in a thunderclap explosion, which blew the lid 

off the reactor and turned the vessel on its side.  

   

The damage was done by a chemical explosion, not nuclear.  However many 

tonnes of radioactive muck was hurled into the air, and nine tonnes of caesium-

137 floated across Europe.  Catastrophic environmental damage was done in the 

local environment and 135 000 people were evacuated permanently.  

   

The then Soviet authorities tried desperately to cover up the accident, claiming 

that the accident was a fire in a limestone works.  Eventually they had to come 

clean, and ask for international help to clear up the mess.  
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Safety Issues Three Mile Island 

 Another less serious but high profile case happened at Three Mile Island in the 

United States of America, blamed on incompetence and corporate failure.  

   

The safety of nuclear facilities has to be of paramount importance, and many 

systems are built in to prevent failure.  The last resort is to drop the control rods 

into the reactor.  

   

In normal operation, nuclear power generation is very safe; there have been few 

accidents involving radiation to personnel, although there are the "normal" 

industrial accidents that happen from time to time.  It is right and proper that 

there are strict controls, for the waste from nuclear reactors is some of the 

nastiest muck known to man, with radioactive isotopes with long half-lives.  

Britain processes nuclear waste, a valuable economic business which has to be 

monitored very carefully.   

 

However the reputation of the industry was dealt a major blow when there was a 

serious breach of trust by employees at Sellafield who falsified documentation 

about batches of waste.  

   

The disposal of waste has to be done with considerable care, and remains a truly 

controversial issue. 
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Controlled Fission 
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Q2 June 07.... 
The table shows data for some nuclei.  
1 eV = 1.6 ×10-19 J &  speed of electromagnetic radiation = 3.0 × 108 ms-1 

(a) (i) Show that these data support the rule that where R0 is a constant; 
 

R = R0A(1/3) 
 
(ii) The mass of a nucleon is about 1.7 × 10-27 kg. Calculate the density of nuclear matter.   (6 
marks) 
 
(b) (i) Explain what is meant by the binding energy of a nucleus. 
 
(ii) Show that the total binding energy of a sodium-23 nucleus is about 3 × 10-11 J. 
 
(iii) Calculate the mass-equivalent of this binding energy.     (5 marks) 
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Q1 June 06.... 

1 (a) Radioactive lead-214 changes to 
lead-206 by a series of decays involving 
alpha (α) and negative beta (β.) 
emissions. Explain clearly how many 
alpha and beta particles are emitted 
during this change. (4 marks) 
 
(b) The half-life of lead.214 is 26.8 
minutes. 
 
(i) Explain what is meant by half-life. 
 
(ii) Show that the decay constant of lead 
214 is approximately 0.026 minute-1. 
 
(iii) Calculate the percentage of the 
original number of nuclei of lead-214 
left in a sample after a period of 90 
minutes. (7 marks) 
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Q2 June 07.... 
(c) Nuclear structure can be explored by bombarding the nuclei with alpha particles. 
The de Broglie wavelength of the alpha particle must be similar to the nuclear 
diameter. Calculate the energy of an alpha particle that could be used to explore the 
structure of manganese-56. (4 marks) 

Planck constant = 6.6 × 10-34 J s 
mass of an alpha particle = 6.8 × 10-27 kg 
 

wavelength = nuclear diameter of manganese = 9.2 × 10-15 m 
momentum = h/λ = 7.17 × 10-20 Js m-1  or (N s) 
 

=h/p  or h/mv  as p = mv so as Ek = ½mv2 we can sub in; 
 
Ek = p2/2m or can use = h/mv  so v = h/m   

 
Using velocity = 1.05-1.06 × 107 ms-1 

 

3.7(4) -3.8(1) × 10-13 J 
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Q2 June 07.... 

 

(d) (i) State the proton number and nucleon number of the nucleus formed by the 
decay of manganese-56. 

Proton number.........   Nucleon number......... 
 
(ii) The activity of a sample of manganese 56 varies with time according to the 
equation 

A = A0e-λt 

 
What value should be used for λ in calculations involving manganese-56 when t is in 
seconds?          (4 marks) 

Z = 26       A = 56 
λ = 0.69/half life or 0.69/2.6 
7.37 - 7.41 × 10-5 (s-1) 
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Q2 June 07.... 
The table shows data for some nuclei.  
1 eV = 1.6 ×10-19 J &  speed of electromagnetic radiation = 3.0 × 108 ms-1 

(a) (i) Show that these data support the rule that where R0 is a constant; 
 

R = R0A(1/3) 
 
(ii) The mass of a nucleon is about 1.7 × 10-27 kg. Calculate the density of nuclear matter.   (6 
marks) 
 
(b) (i) Explain what is meant by the binding energy of a nucleus. 
 
(ii) Show that the total binding energy of a sodium-23 nucleus is about 3 × 10-11 J. 
 
(iii) Calculate the mass-equivalent of this binding energy.     (5 marks) 
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Q2 June 06.... 

6 (a)  (i) Explain why, despite the electrostatic repulsion between protons, the 
nuclei of most atoms of low nucleon number are stable. 
 
(ii) Suggest why stable nuclei of higher nucleon number have greater numbers of 
neutrons than protons. 
 
(iii) All nuclei have approximately the same density. State and explain what this 
suggests about the nature of the strong nuclear force.  (6 marks) 
 
(b) (i) Compare the electrostatic repulsion and the gravitational attraction between 
a pair of protons the centres of which are separated by 1.2 × 10.15 m. 
 
proton charge = 1.6 × 10-19 C 
proton mass = 1.7 × 10-27 kg 
gravitational constant = 6.7 × 10-11Nm2 kg-2 

permittivity of free space = 8.9 × 10-12Fm-1 

 

(ii) Comment on the relative roles of gravitational attraction and electrostatic.  
(5 marks) 
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Q2 June 07.... 
The table shows data for some nuclei.  
1 eV = 1.6 ×10-19 J &  speed of electromagnetic radiation = 3.0 × 108 ms-1 

(a) (i) Show that these data support the rule that where R0 is a constant; 
 

R = R0A(1/3) 
 
(ii) The mass of a nucleon is about 1.7 × 10-27 kg. Calculate the density of nuclear matter.   (6 
marks) 
 
(b) (i) Explain what is meant by the binding energy of a nucleus. 
 
(ii) Show that the total binding energy of a sodium-23 nucleus is about 3 × 10-11 J. 
 
(iii) Calculate the mass-equivalent of this binding energy.     (5 marks) 
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Q2 June 06.... 

6 (a)  (i) Explain why, despite the electrostatic repulsion between protons, the 
nuclei of most atoms of low nucleon number are stable. 
 
(ii) Suggest why stable nuclei of higher nucleon number have greater numbers of 
neutrons than protons. 
 
(iii) All nuclei have approximately the same density. State and explain what this 
suggests about the nature of the strong nuclear force.  (6 marks) 
 
(b) (i) Compare the electrostatic repulsion and the gravitational attraction between 
a pair of protons the centres of which are separated by 1.2 × 10.15 m. 
 
proton charge = 1.6 × 10-19 C 
proton mass = 1.7 × 10-27 kg 
gravitational constant = 6.7 × 10-11Nm2 kg-2 

permittivity of free space = 8.9 × 10-12Fm-1 

 

(ii) Comment on the relative roles of gravitational attraction and electrostatic.  
(5 marks) 



Mr Powell 2008 
Index 

Q1 Jan 05.... 

(a) (i) State what is meant by the terms nuclear binding energy, mass defect and 
strong nuclear force. 
 
Nuclear binding energy  
 
 
Mass defect  
 
 
Strong nuclear force  
 

(3 marks) 
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Q1 Jan 05.... 
aii) Figure 1 shows the variation of binding energy per nucleon with nucleon 
number. 
A uranium-235 nucleus undergoes fission and produces two fission products of 
approximately equal nucleon number. Using data from Figure 1, estimate the 
energy released from the fission of one uranium-235 nucleus.  (3 marks) 
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Q1 Jan 05.... 
(iii) One possible fission reaction is 
 
 
 
calculate the energy released by this reaction. 
 
The masses of particles are given below in atomic mass units, u, where 1u is a 
mass of 
 
1.66 × 10-27kg. 
mass of n = 1.009 u 
mass of U = 235.124 u 
mass of Ba = 143.923 u 
mass of Kr = 89.920 u 
speed of electromagnetic radiation = 3.00 × 108ms-1 
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Q1 Jan 05.... 

(b) (i) In one type of nuclear reactor, carbon dioxide is used as the primary 
coolant. Treating the carbon dioxide as an ideal gas, use the following data 
to calculate the mass of carbon dioxide needed for the reactor.  (4 marks) 
 
average working temperature = 650 °C 
volume of coolant = 460 m3 

molar gas constant = 8.3 J mol-1K-1 

working pressure = 1.6MPa 
mass of one mole of carbon dioxide = 4.4 × 10-2kg 
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Q1 Jan 05.... 
(b) (ii) The carbon dioxide coolant in a fission reactor is circulated by a series of 
large fans, called gas circulators.  
 
Figure 2 shows the circulation of the carbon dioxide through the core, the gas 
circulators and the heat exchangers. Explain how the first law of thermodynamics 
applies to a fixed mass of the coolant as it makes one complete circuit of the 
reactor. (5+ 2 QWC) 
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Q1 Jan 05.... 

c) A fast neutron with an initial velocity of 1.4 × 107ms-1 collides with a stationary 
helium atom and rebounds and rebounds in the opposite direction after the 
collision. The momentum of the helium atom after the collision is 3.81 × 10-20 
kgms-1. 
 
(i) Show that the velocity of the neutron after the collision is  -8.4 × 106ms-1. mass 
of a neutron = 1.7 × 10-27kg 

(3 marks)  
 
 
 
 
(ii) Calculate the percentage loss of kinetic energy of the neutron during the 
collision. 

(2 marks)  


