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Radius v Nucleon Number
The radius of nuclei depends on the nucleon number, A of the atom
This makes sense because as more nucleons are added to a nucleus, more space is
occupied by the nucleus, hence giving it a larger radius
The exact relationship between the radius and nucleon number can be determined
from experimental data
By doing this, physicists were able to deduce the following relationship:

Where:
R = nuclear radius (m)
A = nucleon / mass number
R  = constant of proportionality = 1.05 fm

Plotting a graph of R against A  gives a straight line through the origin with the
gradient equal to R

It is also possible to plot a logarithmic graph of the relationship which can be derived as
follows:

ln R = ln (R  A )

ln R = ln R  + ln (A )

ln R = ln R  + 1/3 ln A

Therefore, a graph of ln R against ln A yields a straight line
Comparing this to the straight-line equation: y = mx + c

y = lnR
x = lnA
m (the gradient) = 1/3
c (y-intercept) = ln R
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Worked Example

Verify the experimental relationship between R and A using the data from the
table above and estimate a value of R .

Step 1: Add a column to the table to determine the values for A


0
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Step 2: Plot a graph of R against A and draw a line of best fit1 / 3 YOUR NOTES  
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Step 3: Calculate the gradient

R  = 1.12 fm0

YOUR NOTES  




Head to savemyexams.co.uk for more awesome resources

Page 75 of 101 
© 2015-2021 Save My Exams, Ltd. · Revision Notes, Topic Questions, Past Papers

Constant Density of Nuclear Material
Assuming that the nucleus is spherical, its volume is equal to:

Where R is the nuclear radius, which is related to mass number, A, by the equation:

Where R  is a constant of proportionality

Combining these equations gives:

Therefore, the nuclear volume, V, is proportional to the mass of the nucleus, A

Mass (m), volume (V), and density (ρ) are related by the equation:

The mass, m, of a nucleus is equal to:

m = Au

Where:
A = the mass number
u = atomic mass unit

Using the equations for mass and volume, nuclear density is equal to:

Since the mass number A cancels out, the remaining quantities in the equation are all
constant

Therefore, this shows the density of the nucleus is:
Constant
Independent of the radius

The fact that nuclear density is constant shows that nucleons are evenly separated
throughout the nucleus regardless of their size

8.3.7 Nuclear Density

0
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Nuclear Density
Using the equation derived above, the density of the nucleus can be calculated:

Where:
Atomic mass unit, u = 1.661 × 10  kg
Constant of proportionality, R  = 1.05 × 10  m

Substituting the values gives a density of:

The accuracy of nuclear density depends on the accuracy of the constant R , as a guide
nuclear density should always be of the order 10  kg m
Nuclear density is significantly larger than atomic density, this suggests:

The majority of the atom’s mass is contained in the nucleus
The nucleus is very small compared to the atom
Atoms must be predominantly empty space

–27
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Energy & Mass Equivalence
Einstein showed in his theory of relativity that matter can be considered a form of
energy and hence, he proposed:

Mass can be converted into energy
Energy can be converted into mass

This is known as mass-energy equivalence, and can be summarised by the equation:

E = mc

Where:
E = energy (J)
m = mass (kg)
c = the speed of light (m s )

Some examples of mass-energy equivalence are:
The fusion of hydrogen into helium in the centre of the sun
The fission of uranium in nuclear power plants
Nuclear weapons
High-energy particle collisions in particle accelerators

8.4 Nuclear Fusion & Fission

8.4.1 Energy & Mass Equivalence

2
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Mass Difference & Binding Energy
Experiments into nuclear structure have found that the total mass of a nucleus is less
than the sum of the masses of its constituent nucleons
This difference in mass is known as the mass defect
Mass defect is defined as:

The difference between an atom's mass and the sum of the masses of its
protons and neutrons

The mass defect Δm of a nucleus can be calculated using:

Δm = Zm  + (A – Z)m  – m

Where:
Z = proton number
A = nucleon number
m  = mass of a proton (kg)
m  = mass of a neutron (kg)
m  = measured mass of the nucleus (kg)

A system of separated nucleons has a greater mass than a system of bound nucleons

Due to the equivalence of mass and energy, this decrease in mass implies that energy
is released in the process
Since nuclei are made up of neutrons and protons, there are forces of repulsion
between the positive protons

Therefore, it takes energy, ie. the binding energy, to hold nucleons together as a
nucleus

Binding energy is defined as:

8.4.2 Mass Difference & Binding Energy
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The amount of energy required to separate a nucleus into its constituent
protons and neutrons

Energy and mass are proportional, so, the total energy of a nucleus is less than the
sum of the energies of its constituent nucleons
The formation of a nucleus from a system of isolated protons and neutrons is,
therefore, an exothermic reaction - meaning that it releases energy
This can be calculated using the equation:

E = Δmc

In a typical nucleus, binding energies are usually measured in MeV
This is considerably larger than the few eV associated with the binding energy of
electrons in the atom

Nuclear reactions involve changes in the nuclear binding energy whereas chemical
reactions involve changes in the electron binding energy

This is why nuclear reactions produce much more energy than chemical reactions

Worked Example

Calculate the binding energy per nucleon, in MeV, for the radioactive isotope
potassium-40 ( K).

Nuclear mass of potassium-40 = 39.953 548 u

Mass of one neutron = 1.008 665 u

Mass of one proton = 1.007 276 u

Step 1: Identify the number of protons and neutrons in potassium-40

Proton number, Z = 19
Neutron number, N = 40 – 19 = 21

Step 2: Calculate the mass defect, Δm

Proton mass, m  = 1.007 276 u
Neutron mass, m  = 1.008 665 u
Mass of K-40, m  = 39.953 548 u

Δm = Zm  + Nm  – m

Δm = (19 × 1.007276) + (21 × 1.008665) – 39.953 548

Δm = 0.36666 u

Step 3: Convert from u to kg

1 u = 1.661 × 10  kg

Δm = 0.36666 × (1.661 × 10 ) = 6.090 × 10  kg
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Step 4: Write down the equation for mass-energy equivalence

E = Δmc

Where c = speed of light

Step 5: Calculate the binding energy, E

E = 6.090 × 10  × (3.0 × 10 )  = 5.5 × 10  J

Step 6: Determine the binding energy per nucleon and convert J to MeV

Take the binding energy and divide it by the number of nucleons
1 MeV = 1.6 × 10  J

Exam Tip

Avoid describing the binding energy as the energy stored in the nucleus – this is
not correct – it is energy that must be put into the nucleus to pull it apart.Make
sure to learn the definitions of mass defect and binding energy as these are
common exam questions!

2
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Atomic Mass Unit (u)
The unified atomic mass unit (u) is roughly equal to the mass of one proton or neutron:

1 u = 1.66 × 10  kg

It is sometimes abbreviated to a.m.u
This value will be given on your data sheet in the exam
The a.m.u is commonly used in nuclear physics to express the mass of subatomic
particles. It is defined as

The mass of exactly one-twelfth of an atom of carbon-12

Therefore, one atom of carbon-12 has a mass of exactly 12 u
Since mass and energy are interchangeable, the a.m.u can also be expressed in MeV

1 u is equivalent to 931.5 MeV

Table of common particles with mass in a.m.u

The mass of an atom in a.m.u is roughly equal to the sum of its protons and neutrons
(nucleon number)

For example, the mass of Uranium-235 is roughly equal to 235u

A.m.u might be quoted in kg or MeV since mass and energy are equivalent via E = mc
MeV is a unit of energy whilst kg is a unit of mass

Worked Example

Estimate the mass of the nucleus of the element copernicium-285 in kg.Give
your answer to 2 decimal places.
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Nuclear Fusion & Fission

Nuclear Fusion

Fusion is defined as:

The fusing together of two small nuclei to produce a larger nucleus

Low mass nuclei (such as hydrogen and helium) can undergo fusion and release energy
When two protons fuse, the element deuterium is produced
In the centre of stars, the deuterium combines with a tritium nucleus to form a helium
nucleus, plus the release of energy, which provides fuel for the star to continue burning

The fusion of deuterium and tritium to form helium with the release of energy

For two nuclei to fuse, both nuclei must have high kinetic energy
This is because nuclei must be able to get close enough to fuse

However, two forces acting within the nuclei make this difficult to achieve

Electrostatic Repulsion 
Protons inside the nuclei are positively charged, which means that they
electrostatically repel one another

Strong Nuclear Force
The strong nuclear force, which binds nucleons together, acts at very short
distances within nuclei
Therefore, nuclei must get very close together for the strong nuclear force to take
effect

8.4.3 Nuclear Fusion & Fission YOUR NOTES  
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It takes a great deal of energy to overcome the electrostatic and strong nuclear forces,
hence fusion can only be achieved in an extremely hot environment, such as the core
of a star

Nuclear Fission

Fission is defined as:

The splitting of a large atomic nucleus into smaller nuclei

High mass nuclei (such as uranium) can undergo fission and release energy

The fission of a target nucleus, such as uranium, to produce smaller daughter nuclei with
the release of energy

Fission must first be induced by firing neutrons at a nucleus
When the nucleus is struck by a neutron, it splits into two, or more, daughter
nuclei
During fission, neutrons are ejected from the nucleus, which in turn, can collide
with other nuclei which triggers a cascade effect
This leads to a chain reaction which lasts until all of the material has undergone
fission, or the reaction is halted by a moderator

Nuclear fission is the process which produces energy in nuclear power stations, where
it is well controlled
When nuclear fission is not controlled, the chain reaction can cascade to produce the
effects of a nuclear bomb
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Exam Tip

When an atom undergoes nuclear fission, take note that extra neutrons are
ejected by the nucleus and not from the fission products
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Calculating Energy Released in Nuclear Reactions
The binding energy is equal to the amount of energy released in forming the nucleus,
and can be calculated using:

E = (Δm)c

Where:
E = Binding energy released (J)
Δm = mass defect (kg)
c = speed of light (m s )

The daughter nuclei produced as a result of both fission and fusion have a higher
binding energy per nucleon than the parent nuclei
Therefore, energy is released as a result of the mass difference between the parent
nuclei and the daughter nuclei

Worked Example

When a uranium-235 nucleus absorbs a slow-moving neutron and undergoes
fission one possible pair of fission fragments is technetium-112 and indium-122.
The equation for this process and the binding energy per nucleon for each
isotope is shown below.

Binding energy per nucleon of U-235 = 7.59 MeV

Binding energy per nucleon of Tc-112 = 8.36 MeV

Binding energy per nucleon of In-122 = 8.51 MeV

When a uranium-235 nucleus undergoes fission in this way, calculate:

a) The energy released, in MeV

b) The mass defect

Part (a)

Step 1: Determine the binding energies on each side of the equation

Binding energy = Binding Energy per Nucleon × Mass Number

Binding energy before (U) = 235 × 7.59 = 1784 MeV
Binding energy after (Tc + In) = (112 × 8.36) + (122 × 8.51) = 1975 MeV

Step 2: Find the difference between the energies

Energy released = 1975 – 1784 = 191 MeV

Part (b)

Method 1

2

-1
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Step 1: Convert the energy released from MeV to J

1 MeV = 1.60 × 10  J
Energy released = 191 × (1.60 × 10 ) = 3.06 × 10  J

Step 2: Write down the equation for mass-energy equivalence

E = Δmc

Where c = speed of light

Step 3: Rearrange and determine the mass defect, Δm

Δm = 3.4 × 10  kg

Method 2

Step 1: Convert the energy released from MeV to u

Step 2: Calculate the mass defect, Δm

1 u = 1.66 × 10  kg

Δm = 0.205 × (1.66 × 10 ) = 3.4 × 10  kg

Exam Tip

Both methods for calculating mass defect are perfectly valid. It is highly
recommended that you practice both ways and see which method you are most
comfortable using.
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Binding Energy per Nucleon Graph
In order to compare nuclear stability, it is more useful to look at the binding energy
per nucleon
The binding energy per nucleon is defined as:

The binding energy of a nucleus divided by the number of nucleons in the
nucleus

A higher binding energy per nucleon indicates a higher stability
In other words, it requires more energy to pull the nucleus apart

Iron (A = 56) has the highest binding energy per nucleon, which makes it the most
stable of all the elements

By plotting a graph of binding energy per nucleon against nucleon number, the stability of
elements can be inferred

Key Features of the Graph

At low values of A:
Nuclei tend to have a lower binding energy per nucleon, hence, they are generally
less stable

8.4.4 Binding Energy YOUR NOTES  
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This means the lightest elements have weaker electrostatic forces and are the
most likely to undergo fusion

Helium ( He), carbon ( C) and oxygen ( O) do not fit the trend
Helium-4 is a particularly stable nucleus hence it has a high binding energy per
nucleon
Carbon-12 and oxygen-16 can be considered to be three and four helium nuclei,
respectively, bound together

At high values of A:
The general binding energy per nucleon is high and gradually decreases with A
This means the heaviest elements are the most unstable and likely to undergo
fission

Comparing Fusion & Fission

Fusion occurs at low values of A because:
Attractive nuclear forces between nucleons dominate over repulsive electrostatic
forces between protons

In fusion, the mass of the nucleus that is created is slightly less than the total mass of
the original nuclei

The mass defect is equal to the binding energy that is released since the nucleus
that is formed is more stable

Fission occurs at high values of A because:
Repulsive electrostatic forces between forces begin to dominate, and these forces
tend to break apart the nucleus rather than hold it together

In fission, an unstable nucleus is converted into more stable nuclei with a smaller total
mass

This difference in mass, the mass defect, is equal to the binding energy that is
released

Fusion releases much more energy per kg than fission
The energy released is the difference in binding energy caused by the difference in
mass between the reactant and products

Hence, the greater the increase in binding energy, the greater the energy released

At small values of A (fusion region), the gradient is much steeper compared to the
gradient at large values of A (fission region)
This corresponds to a larger binding energy per nucleon being released

4 12 16
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Worked Example

The equation below represents one possible decay of the induced fission of a
nucleus of uranium-235.

The graph shows the binding energy per nucleon plotted against nucleon
number A.

Calculate the energy released:

a) By the fission process represented by the equation

b) When 1.0 kg of uranium, containing 3% by mass of U-235, undergoes
fission

Part (a)

Step 1: Use the graph to identify each isotope’s binding energy per nucleon
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Binding energy per nucleon (U-235) = 7.5 MeV
Binding energy per nucleon (Sr-98) = 8.6 MeV
Binding energy per nucleon (Xe-135) = 8.4 MeV

Step 2: Determine the binding energy of each isotope

Binding energy = Binding Energy per Nucleon × Mass Number

Binding energy of U-235 nucleus = (235 × 7.5) = 1763 MeV
Binding energy of Sr-98 = (98 × 8.6) = 843 MeV
Binding energy of Xe-135 = (135 × 8.4) = 1134 MeV

 

Step 3: Calculate the energy released

Energy released = Binding energy after (Sr + Xe) – Binding energy before (U)

Energy released = (1134 + 843) – 1763 = 214 MeV

Part (b)

Step 1: Calculate the energy released by 1 mol of uranium-235

There are N  (Avogadro’s number) atoms in 1 mol of U-235, which is equal to a
mass of 235 g
Energy released by 235 g of U-235 = (6 × 10 ) × 214 MeV

 

Step 2: Convert the energy released from MeV to J

A

23
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1 MeV = 1.6 × 10  J
Energy released = (6 × 10 ) × 214 × (1.6 × 10 ) = 2.05 × 10  J

Step 3: Work out the proportion of uranium-235 in the sample

1 kg of uranium which is 3% U-235 contains 0.03 kg or 30 g of U-235

Step 4: Calculate the energy released by the sample

Exam Tip

Checklist on what to include (and what not to include) in an exam question
asking you to draw a graph of binding energy per nucleon against nucleon
number:

You will be expected to draw the best fit curve AND a cross to show the
anomaly that is helium
Do not begin your curve at A = 0, this is not a nucleus!
Make sure to correctly label both axes AND units for binding energy per
nucleon
You will be expected to include numbers on the axes, mainly at the peak to
show the position of iron ( Fe)

–13

23 –13 13
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Induced Fission
Induced nuclear fission occurs:

When a stable nucleus splits into small nuclei from the bombardment of a
slow-moving neutron

For example, when a uranium-235 nucleus absorbs a neutron, it becomes a uranium-
236 nucleus
This uranium-236 nucleus is highly unstable and will decay almost immediately, which
is why it is not usually shown in nuclear decay equations

This isotope can then decay into smaller nuclei

One of the many decay reactions uranium-235 can undergo is shown below:

Uranium-235 decay chain from nuclear fission

Neutrons involved in induced fission are known as thermal neutrons
Thermal neutrons have low energy and speed meaning they can induce fission

This is important as neutrons with too much energy will rebound away from the
uranium-235 nucleus and fission will not take place

Chain Reactions & Critical Mass

The products of fission are two daughter nuclei and at least one neutron
The neutrons released during fission go on to cause more fission reactions leading to a
chain reaction, where each fission goes on to cause at least one more fission

8.4.5 Induced Fission YOUR NOTES  
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Only one thermal neutron is used to create another fission reaction in a controlled chain
reaction

Nuclear reactions are designed to be self-sustaining yet very controlled
This can be achieved by using a precise amount of uranium fuel, known as the critical
mass
The critical mass is defined as:

The minimum mass of fuel required to maintain a steady chain reaction

Using exactly the critical mass of fuel will mean that a single fission reaction follows the
last

Using less than the critical mass (subcritical mass) would lead the reaction to
eventually stop
Using more than the critical mass (supercritical mass) would lead to a runaway
reaction and eventually an explosion

YOUR NOTES  
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Subcritical, critical and supercritical mass
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Components of a Nuclear Reactor

Moderator

The purpose of a moderator: To slow down neutrons

The moderator is a material that surrounds the fuel rods and control rods inside the
reactor core
The fast-moving neutrons produced by the fission reactions slow down by colliding with
the molecules of the moderator, causing them to lose some momentum
The neutrons are slowed down so that they are in thermal equilibrium with the
moderator, hence the term ‘thermal neutron’

This ensures neutrons can react efficiently with the uranium fuel

Control Rods

Purpose of a control rod: To absorb neutrons

The number of neutrons absorbed is controlled by varying the depth of the control
rods in the fuel rods

Lowering the rods further decreases the rate of fission, as more neutrons are
absorbed
Raising the rods increases the rate of fission, as fewer neutrons are absorbed

This is adjusted automatically so that exactly one fission neutron produced by each
fission event goes on to cause another fission
In the event the nuclear reactor needs to shut down, the control rods can be lowered
all the way so no reaction can take place

Coolant

The purpose of coolant: To remove the heat released by the fission reactions

The coolant carries the heat to an external boiler to produce steam
This steam then goes on to power electricity-generating turbines

8.4.6 Operation of a Nuclear Reactor YOUR NOTES  
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Components of a nuclear reactor
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Moderation of Fission Reactors
During fission, neutrons are released with high energies and must be slowed down by
water moderation to maintain the chain reaction
The first few collisions of a neutron with the moderator transfer sufficient energy to
excite nuclei in the moderator with the neutrons being absorbed
The subsequent collisions of a neutron with the moderator are elastic
In these subsequent collisions, momentum is transferred to the moderator atoms

With each collision, the neutron slows down until the average kinetic energy of the
neutrons corresponds to that of the moderator nuclei

Eventually (after about 50 collisions), the neutrons reach speeds associated with
thermal random motion (hence the name thermal neutron)

At these speeds, neutrons can cause fission rather than rebound off of the
uranium nuclei

The process of moderation changes fast neutrons to slow neutrons

YOUR NOTES  
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Materials Used for Nuclear Reactor Components
Moderators must be made from light nuclei which are not fissionable and will not
absorb neutrons but will absorb a large amount of energy from them

Graphite and water are commonly used for moderators

Control rods must be made with non-fissionable materials
This is so that they can absorb excess neutrons without decaying themselves
Boron and cadmium are commonly used for control rods

Often water is used as both the coolant and moderator
This is because it has a high specific heat capacity meaning it can transfer large
amounts of thermal energy

Other materials such as molten salt or inert gas (e.g helium) are sometimes used as a
coolant

Another important component of a nuclear reactor is shielding
Alpha and beta radiation can be stopped by a few cm of material, however, gamma
radiation is much more penetrating

Therefore, lead or concrete is needed to ensure there are no radiation leakages

A summary of materials used are shown in the table below:

Materials for Moderators Table

YOUR NOTES  
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Safety Aspects of Nuclear Reactors

Nuclear Fuel

The fuel used in nuclear reactors is called enriched uranium
This is U-238 enriched with U-235 as U-235 is the isotope that undergoes fission
The U-238 isotope absorbs fission neutrons which helps to control the rate of
fission reactions

Several measures are in place to reduce the worker’s exposure to radiation
The fuel rods are handled remotely ie. by machines
The nuclear reactor is surrounded by a very thick lead or concrete shielding, which
ensures radiation does not escape
In an emergency, the control rods are fully lowered into the reactor core to stop
fission reactions by absorbing all the free neutrons in the core, this is known as an
emergency shut-down

Nuclear Waste

There are three main types of nuclear waste:
Low level
Intermediate level
High level

Low-level waste
This is waste such as clothing, gloves and tools which may be lightly contaminated
This type of waste will be radioactive for a few years, so must be encased in
concrete and stored a few metres underground until it can be disposed of with
regular waste

Intermediate-level waste
This is everything between daily used items and the fuel rods themselves
Usually, this is the waste produced when a nuclear power station is
decommissioned and taken apart
This waste will have a longer half-life than the low-level waste, so must be encased
in cement in steel drums and stored securely underground

High-level waste
This waste comprises of the unusable fission products from the fission of uranium-
235 or from spent fuel rods
This is by far the most dangerous type of waste as it will remain radioactive for
thousands of years
As well as being highly radioactive, the spent fuel roads are extremely hot and
must be handled and stored much more carefully than the other types of waste

How high-level waste is treated:
The waste is initially placed in cooling ponds of water close to the reactor for a
number of years
Isotopes of plutonium and uranium are harvested to be used again

8.4.7 Safety Aspects of Nuclear Reactors YOUR NOTES  
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Waste is mixed with molten glass and made solid (this is known as vitrification)
Then it is encased in containers made from steel, lead, or concrete
This type of waste must be stored very deep underground

Risks & Benefits of Nuclear Power

Benefits
Nuclear power stations produce no polluting gases
They are highly reliable for the production of electricity
They require far less fuel as uranium provides far more energy per kg compared
to coal and other fossil fuels

Risks
The production of radioactive waste is very dangerous and expensive to deal with
A nuclear meltdown, such as at Chernobyl, could have catastrophic consequences
on the environment and to the people living in the surrounding area

Nuclear Energy in Society
Nuclear power can scare people if they do not understand it
It is dangerous if not handled properly, yet it is invisible which can be difficult for some
people to comprehend
However, with increased education on nuclear energy, society can use this knowledge
to inform their own decisions and opinions
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