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Objective 

To discuss fission and fusion reactions and 

the concept of criticality 

2 



IAEA 

Content 

• Fission Reaction 

• Fission Products  and Trnsuranium 

elements 

• Criticality and Control of Fission 

• Fusion Reaction 

• Fission Fuels 

• Advantages and Disadvantages of 

Fusion 
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Fission 

Sample fission reactions: 

 

235U + n  141Ba + 92Kr + 3n + 170 MeV 

 

235U + n  94Zr + 139La + 3n + 197 MeV 
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Fission 

 Follows neutron capture 

 

 Thermal neutrons fission 233U, 235U, 239Pu 

which have odd number of neutrons 

 

 For isotopes with even number of neutrons, 

the incident neutron must have energy above 

about 1 MeV 
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Fission 
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Fission 

Neutron Name/Title Energy (eV) 

Cold Neutrons 0 < 0.025 

Thermal Neutrons 0.025 

Epithermal Neutrons 0.025 < 0.4 

Cadmium Neutrons 0.4 < 0.6 

Epicadmium Neutrons 0.6 < 1 

Slow Neutrons 1 < 10 

Resonance Neutrons 10 < 300 

Intermediate Neutrons 300 < 1,000,000 

Fast Neutrons 1,000,000 < 20,000,000 

Relativistic Neutrons >20,000,000 
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Fission 
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Fission 

Source of energy released during fission: 

 

 Kinetic energy of fission fragments 

 Gamma rays 

 Kinetic energy of neutrons emitted 

 Prompt 

 Delayed 
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Criticality 

 Neutrons ejected during fission equal 

 

 neutrons producing more fissions 

+  neutrons absorbed  

+  neutrons lost from system 

 

 Criticality is constant if balance exists.  Fission 

rate (power) can be changed by varying the 

number of neutrons absorbed and/or 

controlling the number lost 
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Criticality 

Multiplication Factor (4 factor formula) 

Keff = 
Nf+1 

Nf 

Nf+1 is the number of neutrons produced in the “f+1” 

generation by the Nf neutrons of the previous “f” 

generation 
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Criticality 

 Sub-Critical (keff < 1) – more neutrons lost by 

escape from system and/or non-fission 

absorption by impurities or “poisons” than 

produced by fission. 

 

 Critical (keff = 1) – one neutron per fission 

available to produce another fission 

 

 Super-Critical (keff > 1) – rate of fission neutron 

production exceeds rate of loss 
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Criticality 

 Keff  depends on the availability of neutrons 

with the required energy and the availability of 

fissile atoms 

 

 As a result, keff depends on composition, 

arrangement and size of fissile material 

 

 If assembly is infinitely large, no neutrons are 

lost and Keff = L x k , where L is the non-

leakage probability and K  depends on 4 

factors 
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Fission 

Control of Fission 

 

 Fission typically releases 2-3 neutron (average 

2.5) 

 

 One is needed to sustain the chain reaction at 

a steady level of controlled criticality 

 

 The other 1.5 leak from the core region or are 

absorbed in non-fission reactions 
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Fission 

Control of Fission 

 

 Boron or cadmium control rods absorb neutrons 

 

 When slightly withdrawn the number of neutrons 

available for fission exceeds unity and the power 

level increases 

 

 When the power reaches the desired level, the 

control rods are returned to the critical position 
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Fission 

Control of Fission 

 

 fission neutrons initially fast (energy above 1 MeV) 

 

 fission in 235U most readily caused by slow neutrons 

(energy about 0.02 eV) 

 

 moderator slows fast neutrons by elastic collisions 

 

 For natural (unenriched) U only graphite and “heavy” 

water suitable moderators 

 

 For enriched uranium “light” water may be used 
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Fission 

Control of Fission 
 

 fuel gradually accumulates fission products and 

transuranic elements which increases neutron 

absorption (control system has to compensate) 
 

 after about three years, fuel is replaced due to: 

 build-up in absorption 

 metallurgical changes from constant neutron 

bombardment 
 

 burn-up effectively limited to about half of the fissile 

material 
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Fission Summary 
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 In 1920 Arthur Eddington suggested that the energy of 

the sun and stars was a product of the fusion of 

hydrogen atoms into helium 

 

 In the core of the sun at temperatures of 10-15 million 

degrees Celsius, hydrogen is converted to Helium  

 

 Since the 1950's, great progress has been made in 

nuclear fusion research however, the only practical 

application of fusion technology to date has been the 

"hydrogen" or thermonuclear bomb 

Fusion 
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 Fusion has an almost unlimited potential 
 

 The hydrogen isotopes in one gallon of water have the 

fusion energy equivalent of 300 gallons of gasoline 
 

 A fusion power plant would have no greenhouse gas 

emissions and would not generate high level radioactive 

waste 
 

 Experts predict the world is still at least 50 years and 

billions of dollars away from having fusion generated 

electricity largely due to the enormous size and 

complexity of a fusion reactor 

Fusion 
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 Hydrogen atoms merged to create helium 
 

 Helium mass is slightly less (1%) than the original mass 

with the difference being given off as energy 
 

 Rather than using hydrogen atoms, it is easier to 

promote fusion by using two isotopes of hydrogen, 

deuterium and tritium 
 

 Deuterium is a naturally occurring isotope of hydrogen 

which has one extra neutron 
 

 One hydrogen atom in 6700 occurs as deuterium and 

can be separated from the rest 

Fusion 
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Fusion 
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 Tritium very rare because it is naturally radioactive and 

decays quickly 

 

 Tritium can be made by bombarding the naturally 

occurring element lithium with neutrons 

 

 Tritium could be created by having a "blanket" made of 

lithium surrounding a fusion containment vessel (this 

would result in a breeder reactor) 

 

 Fusion can only be accomplished at temperatures typical 

of the centre of stars, (of the order of 100 million degrees 

Celsius) 

Fusion 
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 Deuterium can be extracted from water (If all the world's 

electricity were provided by fusion, deuterium would last 

for millions of years) 
 

 Tritium does not occur naturally and will be 

manufactured from lithium within the machine 
 

 Lithium, the lightest metal, is plentiful in the earth's crust 

(if all the world's electricity were to be provided by fusion, 

known reserves would last for at least 1000 years)  
 

 Even though fusion occurs between Deuterium and 

Tritium, the consumables are Deuterium and Lithium 

Fusion Fuels 
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 For example, 10 grams of Deuterium which can be 

extracted from 500 litres of water and 15g of Tritium 

produced from 30g of Lithium would produce enough 

fuel for the lifetime electricity needs of an average 

person in an industrialised country 

Fusion Fuels 
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 A fusion reactor capable of generating 1000 MW of 

electricity would be very large and complex 
 

 While fission reactors can be made small enough to be 

used in submarines or satellites, the minimum size of a 

fusion reactor would be similar to that of today's largest 

commercial nuclear plants 
 

 the difficult part is creating a sustainable fusion reaction - 

capturing the energy to generate electricity is very 

similar to a fission reactor 
 

 A 1000 MW fusion generator would consume only 150 

kg of deuterium and 400 kg of lithium annually  

Fusion Power Plants 
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 The fuels required for fusion reactors, deuterium and 

lithium, are so abundant that the potential for fusion is 

virtually unlimited 

 

 Oil and gas fired power plants as well as nuclear plants 

relying on uranium will eventually run into fuel shortages 

as these non-renewable resources are consumed 

 

 Unlike fossil plants, fusion reactors have no emission of 

carbon dioxide (contributor to global warming) or sulphur 

dioxide (cause of acid rain) 

Advantages and 

Disadvantages of Fusion 
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 Barriers to the widespread use of nuclear power have 

been public concern over operational safety, and the 

disposal of radioactive waste 

 

 Accidents such as Chernobyl and Fukushima are 

virtually impossible with a fusion reactor because only a 

small amount of fuel is in the reactor at any time 

 

 It is also so extremely difficult to sustain a fusion reaction 

(should anything go wrong, the reaction would invariably 

stop) 

Advantages and 

Disadvantages of Fusion 
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 Long lived highly radioactive wastes are generated by 

conventional nuclear plants 

 

 Although the quantity of radioactive waste produced by a 

fusion reactor might be slightly greater than that from a 

conventional nuclear plant, the wastes would have low 

levels of short lived radiation, decaying almost 

completely within 100 years.  

 

 The major disadvantages of nuclear fusion are the vast 

amounts of time and money which will be required 

before any electricity is generated by fusion 

 

 

Advantages and 

Disadvantages of Fusion 
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Where to Get More Information 

 Cember, H., Johnson, T. E, Introduction to Health Physics, 

4th  Edition, McGraw-Hill, New York (2009) 

 

 International Atomic Energy Agency, Postgraduate 

Educational Course in Radiation Protection and the Safety of 

Radiation Sources (PGEC), Training Course Series 18, 

IAEA, Vienna (2002) 
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