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Spontaneous & Induced Fission

Spontaneous & Induced Fission

Thereis alot of energy stored within the nucleus of an atom
= Thisenergy canbereleasedinanuclearreaction such as fission or fusion
Nuclear fissionis defined as:
The splitting of alarge, unstable nucleus into two smaller nuclei

Isotopes of uranium and plutonium both undergo fission and are used as fuels in nuclear power
stations to convert nuclear energy into electrical energy
During fission, when a neutron collides with an unstable nucleus, the nucleus splits into two smaller
nuclei(called daughter nuclei) as well as two or three neutrons

= Gammarays are also emitted

The products of fission move away very quickly
Thisis because energy is transferred from the nuclear potential energy store of a nucleus to the kinetic
energy store of the fission fragments

= Thisenergyisthen carried away as heat

Spontaneous Fission

Itis rare for nucleito undergo fission without additional energy being putinto the nucleus
When nuclear fission occurs in this way it is called spontaneous fission

Induced Fission

Usually, for fission to occur the unstable nucleus must first absorb a neutron
= Thiswill be slow moving, often called a 'thermal’ neutral
Take, for example, uranium-235, which is commonly used as a fuel in nuclearreactors
It has avery long half-life of 700 million years
This means that it would have low activity and energy would be released only if it was to have additional
neutrons added

During induced fission, a neutronis absorbed by the uranium-235 nucleus to make uranium-236
= Thisisvery unstable and splits by nuclear fission almostimmediately
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Energy Released in Fission Reactions

Energy Released in Fission Reactions

= Whenalarge (parent) nucleus, such as uranium-235, undergoes a fission reaction, the daughter nuclei
produced as aresult will have a higher binding energy per nucleon than the parent nucleus
= Asaresult of the mass defect between the parent nucleus and the daughter nuclei, energy is released

= Nuclearfissionis well-regarded as having the fuel source with the highest energy density of any fuel
thatis currently available to us (until fusionreactions become feasible)

= Calculationsinvolving energy releasedin fission reactions often require the use of equations foundin
an array of previous topics, such as

energy density (J m~3)

. k -3) =
density ( gm ) specitic energy (7 kg_l)

mass (g) X Avogadro's number N g (mol™1)

no. of atoms =
molar mass (g mol™!)
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@ Worked example

When a uranium-235 nucleus absorbs a slow-moving neutron and undergoes a fission reaction, one
possible pair of fission fragments is technetium-112 and indium-122.

The equation for this process, and the binding energy per nucleon for eachisotope, are shown below.

235 4 ln » U2Tc + 122[p + 21n
5Y 537 p 0

0
nucleus binding energy per nucleon / MeV
U 7.59
lﬁ Te 8.36
n 8.51

(a) Calculate the energy released per fission of uranium-235, in MeV.

(b) Determine the mass of uranium-235required per day to runa 500 MW power plant at 35%
efficiency.

(c) The specific energy of coalis approximately 35 MJ kg™,

Forthe same power plant, estimate the ratio

mass of coal required per day

mass of 233U required per day

Answer:

(a) Energyreleased per fission of uranium-235

Step 1: Determine the binding energies of the nuclei before and after the reaction

= Binding energy is equal to binding energy per nucleon x mass number
= Binding energy before (235U) =235x7.59=1784MeV

. Bindingenergyafter(mTc + 12211’1):(112x8.36)+(122><8.51):1975MeV

Step 2: Find the difference to obtain the energy released per fission reaction

= Therefore, the energy released per fission =1975-1784 =191 MeV
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(b) Mass of uranium-235 required per day

Step 1: List the known quantities

= Avogadro's number, Na=6.02 x 1023 mol-!
= Molarmass of U-235,m;=235gmol-’
= Poweroutput, Poyt =500 MW =500 x 106 J 5!
= Efficiency,e=35%=0.35
= Time,t=1day=60x60x24=86400s
Step 2: Determine the number of atoms in 1kg of U-235

= There are Ny (Avogadro’s number) atomsin 1mol of U-235, whichis equal toamass of 235 g

mass (g) X NA (mol™1)

number of atoms =
m (g mol~1)

1000 x (6.02x 1023)
235

= Amassof kg (1000 g) of U-235 contains =2.562 x 1024 atoms kg™!

Step 3: Determine the specific energy of U-235

= Specific energy of U-235 = total amount of energy released by 1kg of U-235
= Specific energy of U-235 = (number of atoms perkg) x (energy released per atom) = energy
released perkg
= Energyreleased peratom of U-235=191MeV
= Therefore, specific energy of U-235 =(2.562 x 1024) x 191= 4.893 x 1026 MeV kg~
s Toconvert1MeV=108x (1.6 x 10-19)J
= Specific energy of U-235=(4.893 x 1026) x 106 x (1.6 x 10717) = 7.83 x 10'3 J kg™!
Step 4: Use the relationship between power, energy and efficiency to determine the mass

= Theinput powerrequiredis:

out out
efficiency & power: € = = Pin =
in €
500
input power: Pin = E = 1429 MW
Ef“ 671
input power: Pin = p = 1429 X 10°Js

= Therefore, the mass of U-235requiredinaday is:
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Ein (J) % 1 kg
ls specitic energy of 235U (J)

mass of 35U (kg s™1) =

mass of U-235 (per second) =

1429 x 109 1
X
1 7.83x 1013

= 1.82 x 1075 kgs™!

mass of U-235 (perday) = (1.82 x 107%) x 86 400 = 1.58 kg

= Therefore, 1.58 kg of uranium-235 is required per day to runa 500 MW power plant at 35%
efficiency

(c) Ratio of the masses of coaland U-235

1

mass
specific energy of U  mass of coal required per day

= Since specific energy &

specific energy of coal * “mass of 235U required per day

= Where the energy density of coal =35 MJ kg™
mass of coal required per day ~ 7.83x 1013

= = 2.24 x 106
mass of 235 U required per day 35x 106

= Over 2 million times (~3.5 x 106 kg) more coal is required than uranium-235 to achieve the same
power outputin a day (or second, ormonth oryear)
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Chain Reactions from Fission

Chain Reactions

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

= Neutronsinvolvedininduced fission are known as thermal neutrons
= Thermal neutrons have low energy and speed meaning they caninduce fission
= Thisisimportant as neutrons with too much energy will rebound away from the uranium-235
nucleus and fission will not take place

= Only one extraneutronis required to induce a Uranium-235 nucleus to split by fission

= During the fission, it produces two or three neutrons which move away at high speed

= Eachof these new neutrons can start another fission reaction, which again creates further excess
neutrons

= This processis called a chainreaction

= The products of fission are two daughter nuclei and at least one neutron
= Theneutronsreleased 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

= Nuclearreactions are designed to be self-sustaining yet very controlled
= This canbe achieved by using a precise amount of uranium fuel, known as the critical mass
= The criticalmassis defined as:

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

= Using exactly the critical mass of fuel willmean that a single fission reaction follows the last
= Usingless 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
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Operation of a Nuclear Reactor

Operation of a Nuclear Reactor

= |nanuclearreactor, achainreactionisrequired to keep the reactorrunning
= Whenthereactoris producing energy at the required rate, two factors must be controlled:
= The number of free neutronsin the reactor
= The energy of the free neutrons
= The main components of anuclearreactorare:
= Controlrods
= Moderators
= Heatexchangers
= Shielding

Control Rods

Purpose of a control rod: To absorb neutrons

= Controlrods are made of a material which absorbs neutrons without becoming dangerously unstable
themselves
= The number of neutrons absorbed s controlled by varying the depth of the controlrodsin the fuel rods
= |Lowering therods further decreases the rate of fission, as more neutrons are absorbed
= Raising the rods increases the rate of fission, as fewer neutrons are absorbed
= Thisis adjusted automatically so that exactly one fission neutron produced by each fission event goes
onto cause anotherfission

= |nthe eventthe nuclearreactorneeds to shut down, the control rods can be lowered all the way so no
reaction can take place

Moderator

The purpose of a moderator: To slow down neutrons

= The moderatoris a material that surrounds the fuel rods and control rods inside the reactor core
= Moderators are made from materials that are poor absorbers of neutrons, such as water
= Thefast-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 canreact efficiently with the uranium fuel
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Heat exchangers

The purpose of a heat exchanger: To transfer thermal energy efficiently between the water systems of a
nuclear power plant

= There are multiple water systemsin a nuclear power plant that need regulating
= The coolant (usually water) usedin the reactor vessel
= The waterand steam that drives the turbine
= The condenserthat cools the steam
= The heat exchanger mediates the thermal energy exchanges between these water systems
= The coolantis asubstance, such as water, thatis pumped into the reactor at a cold temperature to
extract the heat released by the fissionreactions
= |nthe heat exchanger, the coolant transfers the heat to water that is pumped in externally to produce
steam
= This steam then goes on to power electricity-generating turbines

Shielding
Purpose: To house the reactor and absorb hazardous radiation

= The entire nuclear reactoris surrounded by shielding materials
= The daughternuclei formed during fission, and the neutrons emitted, are radioactive
= Thereactoris surrounded by a steel and concrete wall that can be nearly 2 metres thick
= Thisabsorbs the emissions from the reactions
= |tensuresthatthe environment around the reactoris safe
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Radioactive Waste Management

Safety Issuesin Nuclear Power

Types of Radioactive Waste

= There are three main types of nuclear waste:
= Lowlevel
= |ntermediate level
= Highlevel

Low-level waste

= Thisiswaste such as clothing, gloves and tools which may be lightly contaminated
= Thistype 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

= Thisis everything between daily used items and the fuelrods themselves

= Usually, thisis the waste produced when a nuclear power station is decommissioned and taken apart

= This waste will have alonger half-life than the low-level waste, so must be encasedin cement in steel
drums and stored securely underground

High-level waste

= High-level waste refers to the unusable fission products from the fission of uranium-235 or from spent
fuelrods
= Thisis by farthe most dangerous type of waste as it will remain radioactive for thousands of years
= Aswellasbeing highly radioactive, the spent fuel rods are extremely hot and must be handled and
stored much more carefully than the other types of waste
= Theissues with high-level waste are:
= Within the fuel rods, nuclei of uranium-238 quickly decay into nuclei of plutonium-239
= Plutonium-239is classified as high-level radioactive waste
= Thisisbecauseits nuclei are extremely radioactive and have a very long half-life of 24 000 years
= This presents along-termrisk of contamination
= The treatment of high-level waste is as follows:
= The wasteisinitially placedin cooling ponds of water close to the reactor foranumber of years
= |sotopes of plutonium and uranium are harvested to be used again
= Wasteis mixed with molten glass and made solid (this is known as vitrification)
= Thenitisencasedin containers made from steel, lead, or concrete
= This type of waste must be stored very deep underground
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Advantages & Disadvantages of Nuclear Power
Advantages of using nuclear power:

= Climate change friendly: Nuclear power stations produce no greenhouse gases

= Highenergy density: Uranium provides farmore energy per kg compared to coal and other fossil
fuels

= Availability of fuel: The reserves of fissionable materials are much higher compared to fossil fuel
reserves

= Highreliability & safety: Despite some seriousincidentsin the past, nuclear poweris nowregarded as
one of the safest and most reliable processes for the production of electricity

Disadvantages of using nuclear power:

= Hazardous waste products: The production of radioactive waste is very dangerous and expensive to
deal with and stays at hazardous levels of activity for a very long time (>1000s of years)

= Potential for catastrophic accidents: A nuclear meltdown, such as at Chornobyl, could have
catastrophic consequences on the environment and for the people living in the surrounding area

= Potential for misuse: Thereis a danger of misuse of nuclear material and infrastructure in nuclear
weapons and terrorist attacks

= Dangers with mining fuel: There are many issues associated with mining uranium, from the people

handlingit to the detrimental effects it can have on the environment

Environmental Considerations

= |sotopes withlong half-lives must not enter our water and food supplies
= Buriallocations must be geologically stable, secure from attack, and designed for safety
= Spaceforsuchlocationsislimited

Safety Measures for Workers

= Several measures must be putin place toreduce the worker’s exposure to radiation

= Thefuelrods are handled remotelyi.e. by machines

= Thenuclearreactoris surrounded by avery thick lead or concrete shielding to limit exposure to
radiation

= |nanemergency, the controlrods are fully lowered into the reactor core to stop fissionreactions by
absorbing all the free neutronsin the core, thisis known as an emergency shut-down

Nuclear Energy in Society

= Nuclearpower canscare peopleif they do notunderstand it

= |tisdangerousif not handled properly, yetitis invisible which can be difficult for some people to
comprehend

= However, withincreased education on nuclear energy, society can use this knowledge to inform their
own decisions and opinions
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