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Problem Statement 

 According to the uranium Red Book Natural uranium will 
last just over 100 years. However, the more abundant 
thorium, burned in breeder reactors, could stretch the 100 
years for uranium supply to 15,000 years.  

 Thorium-based fuel cycles are also viewed as more 
proliferation resistant than uranium uranium.  

 However, several barriers prevented thorium from significant 
market entry.  

 Pu can also be used as a driver fuel for Th fuel cycles. 

 Based on these assumptions uranium is often demonised in 
public debate while thorium is hailed as a miracle fuel that 
will solve all the problems of the nuclear industry. 

 

 



Methods 

  In this article, these statements were 
investigated in terms of the underlying 
physics and economics. 

 Economics and proliferation risks were 
studied by means of a review of the literature. 

 The breeding potential was studied based on 
original physics calculations. 

 

 



Summary of Results 

 Due to a higher number of neutrons emitted per 

neutron absorbed (η) 233U has the best breeding 

potential in thermal reactors by far. 

 

 



Breeding potential from fast fissions 




232Th/233U fuel cycles will thus always have the 

best breeding potential in HTRs, where fast 

fissions are insignificant. 

 However Pu/238U fuel cycles will have better 

breeding potential in fast reactors. 

 In most reactors the safety and refueling 

intervals of Pu/238U fuel cycles can be improved 

by adding some thorium. 

 Therefore thorium should be seen as a 

supplementary fuel for rod-fuelled reactors, 

rather than a replacement for Pu/238U. 

 

 



Fuel economics 

 100 year uranium constraint will disappear if 

uranium prices were to increase sharply. 

 Reactor economics are insensitive to uranium 

price and thus a tripling of the uranium price 

can be absorbed. 

 Therefore uranium fuel shortages will probably 

not constrain reactor deployment in near future. 

 However, Thorium fuel economics is 

constrained by the current high cost of chemical 

reprocessing. 



Radiotoxicity of spent fuel 



Nuclear Weapons Proliferation Risk 

 From a pure explosion-physics viewpoint, 233U is a better 

bomb fuel than both 235U and Pu(PWR): Suitable for 

both high yield implosion and gun-type bombs. 

 However 233U is contaminated with 233U, which decays to 
208Tl, which is highly radioactive and produces a 2.6 MeV γ-

ray when it decays. 

 Radiation as well as a detection risk to would-be 

proliferators. 

 However, if proliferators were to chemically reseparate the 
233U from the mixture, they would get several weeks in 

which the radiation levels would be too low to threaten 

them. 



 The proliferation resistance of Th fuel cycles thus 

depends heavily on the  

 willingness of the host country to fight proliferation and  

 fear of death on the part of the proliferators! Therefore it 

is not effective against suicide bombers.) 

 Nuclear weapons proliferation is thus a political 

problem which cannot be stopped by proliferation 

resistant fuel cycles alone. Therefore it probably also 

requires political interventions. 

 



Proliferation Risk of Reactor-grade Plutonium 

regarding Construction of ‘Fizzle Bombs’ 
(Paper HTR2012-8-006) 

 The approximately 23.7 wt% 240Pu in reactor-grade 

plutonium denatures the 239Pu to the extent that it 

cannot fuel high yield nuclear weapons, which are 

normally desired by military forces.  

 Caused high spontaneous fission rate of 240Pu which 

triggers pre-detonation which blows the imploding 

fuel shell apart before the designed level of 

compression and reactivity can be attained. 

 Reduced to “fizzle” yield. 

 Is this sufficient to prevent proliferation?  

 



Method 

 From a review of the literature, assess: 

Technical viability of construction of 

low yield nuclear weapons by 

terrorists.  

Potential effectiveness of the use of 
such fizzle bombs by terrorists. 
 



Yield of "fizzle bombs" 



 Simulations showed that above 9% 238Pu produces 

enough decay heat to melt the explosives around an 

implosion type weapon or even to cause it to 

explode: Excellent proliferation resistance. 

 Principle difference: 


240Pu can only reduce the yield, but  


238Pu can prevent bomb construction. 
 



Destructive potential of fizzle-yield nuclear 

weapons 

 Bell and Dallas (2007) published detailed simulation 

results for the destruction by 20 kt TNT and a very 

large 500 kt TNT nuclear bomb four large American 

cities. 

 Blasts decay as the inverse cube of the distance: 

Therefore a 1000-fold reduction in the yield will only 

cause a 10-fold reduction in the destruction radius. 

 A small 0.1 kT fizzle bomb will thus still injure about 

2.9% of the number of people that the 20 kT bomb 

would. 

 Will burn about 0.5% of the number of people.  

 



Conclusions 

 Fizzle bombs thus not powerful enough for military 

purposes. 

 However, the significant blast damage, combined 

with the high levels of fear that the associated 

release of radioactivity will cause in a city, terrorists 

may still find fizzle bombs attractive psychological 

weapons of terror.  

 

 



 The ability of 240Pu in Pu(PWR) to reduce the yield 

of fizzle bombs may thus not in itself be a sufficient 

deterrent against proliferation by terrorists. 

 Therefore a need does exist to enhance the 

incineration or further denaturisation of Pu(PWR) 

by means of higher fractions of 238Pu. 

 Can be done by further incineration in HTRs or 

other reactors. 

 Optimisation of Pu fuel cycles is still in process, in 

order to improve safety features. 

 



Simulations for maximum proliferation 

resistance 

 Optimisation aim:  

 

Maximising proliferation resistance of the spent fuel 

by maximising the destruction of 237Np and 

increasing the 240Pu and especially 238Pu fractions in 

the Pu mixtures in the spent fuel. 

 



Method: Modifications to the Pu(PWR) fuel 

cycle 

 Optimisation Adding the associated 237Np, from 

reprocessed PWR spent fuel, to the Pu(PWR) in the 

fresh fuel. 

 Simulating the standard 3 g Pu(PWR) fuel spheres, 

but implementing the required delay time after 

chemical separation of the Pu(PWR) for 25% of the 
241Pu to β--decay to 241Am, at which point the fuel 

was inserted into the reactor and burn-up 

commenced. 241Am is quickly transmutated to 
242Cm, which α-decays to 238Pu. 

 



Results for addition of  237Np to Pu(PWR) 

 Substantial increase in the 238Pu fraction of the 

plutonium mixture in the spent fuel, from 9.6wt% to 

13.3wt%, thereby strongly adding proliferation 

resistance. 

 Burn-up decrease 59.9% from 601.0 to 488.9 

MWd/kgHM and increased the heavy metal 

disloading by 59.9wt% 

 Disloading of 241Pu increased by 62.0% 

 241Pu will within a few decades β--decay to 241Am, 

which will within a few centuries decay to 237Np. 

 



Results for decay of 241Pu to 241Am 

 Strongly reduced the burn-up from 601 to 473.6 

MWd/kgHM. 

 

 Increased the heavy metal disloading by 59.9wt% 



Conclusions 

 Interventions which add resonance absorbers to the 

fuel deteriorate the neutron economy. 

 This reduces the burn-up and increases the HM in 

spent fuel, especially 241Pu. 

 This largely defeats the purpose of the exercise. 

 



Thank you! 
 

 

Any questions or comments. 

 



Burn-up Results: All fuel types 

 

 



Burn-up Results: All fuel types 

 

 




