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We describe the power production process in Accelerator Driven Sub-critical systems employing Thorium-232 and Uranium-238 as fuel and examine the demands on the power of the accelerator required.
Introduction
We can transmute fertile nuclei such as Thorium-232 and Uranium-238 into fissile nuclei such as Uranium-233 and Plutonium-239 by bombarding them with neutrons.  The reactions in question for Thorium are


The neutron is absorbed by 232Th which converts into 233Th which decays in 22 minutes (half-life) by the emission of a photon to protoactinium 233Pa which beta decays in 27 days to produce the long-lived isotope of Uranium, 233U.
233U undergoes fission by means of the thermal neutrons in the system to produce power. The neutron flux must not be such that significant amount of 233Pa  is broken up before it converts into 233U. This places an upper limit of ~ 1014neutrons/cm2/s for the neutron flux in the system[1]. This corresponds to a proton accelerator of  10MW power operating at ~ 1-2 GeV beam energy producing spallation neutrons on a high Z material such as lead or lead-bismuth eutectic, which are then used with the breeding process.

In the case of 238U, the following reactions take place under neutron bombardment.


The transmutation reactions occur with an order of magnitude more efficiency with fast neutrons (energy >1000eV) where as the fission of Uranium-233 and Plutonium-239 proceeds more efficiently by thermal neutrons (<1 eV).  Conventional nuclear reactors attain criticality by moderation of the fission neutron spectrum (which peaks at 1MeV) slowing them down to thermal energies. The average energy released per fission is ~200MeV.
Fast reactors and the ADS approach both utilize fast neutrons (1kilo eV or higher); fast reactors by means of  a Plutonium oxide/U235 unmoderated core which supplies fission neutrons to the surrounding fuel and the ADS by means of a spallation  target on which an intense proton beam (10 MW, 1 GeV) is targeted.
ADS Power Production
A 10mA 1 GeV proton beam has 10MW of power. The gain G of an ADS( or energy amplifier) is defined [2] as the ratio of the thermal power output/power of the incoming beam. The neutron multiplication factor k is the average number of neutrons available for fission as a result of each neutron induced fission. If N0 is the initial number of neutrons, after n fission generations, the total number of neutrons will be N0/(1-k), as n tends to infinity. The gain G, can be expressed as



Where η is the (spectrum averaged) number of fission neutrons produced by a neutron absorbed in a fissile isotope, and L is the sum of fractional losses of neutrons absorbed or lost in a variety of ways (captures, diffused outside volume and so on). G0 is a gain proportionality constant, typically 2.4-2.5.  


To achieve criticality (k=1) neutron losses have to be brought down to be below  Lcrit=(1-2/η). Since L>0, in order to achieve criticality η has to be greater than 2, one neutron being used for fission and the other for breeding. Rubbia et al [2] assume a value of k=0.98, for which they obtain a gain factor of G=120. A 10MW beam will then produce 1.2GW of thermal power. Assuming a conversion efficiency of 0.45, they then expect to produce 540MW of electrical power[3].









	Reactor type
	 
	Temperature 
	 
	Carnot Eff.
	 
	Actual

	 
	 
	
	Deg K
	
	
	
	

	PWR
	 
	
	648
	
	0.409
	
	0.330

	EA
	 
	 
	973
	 
	0.606
	 
	0.489

	Coal with water below critical point
	 
	 
	 
	 
	 
	0.36-0.40



Table  1 Table of operating temperatures, Carnot efficiencies and actual efficiencies for a PWR, ADS and a coal powered plant. ADS and PWR expected to operate with an output temperature of 110 degrees C.

Thermal efficiencies
Table 1 contains the table of operating temperatures for a pressurized water reactor (PWR) and an ADS. An ADS runs at a higher operating temperature than a PWR. The Carnot efficiencies for both are calculated. The actual obtained efficiency for a PWR is 0.33. Assuming the same ratio of Carnot/actual efficiencies for an ADS, we obtain an ADS efficiency of 0.49, which is close to that assumed in [2]. Note that a coal power plant (with water below critical point) has typical efficiencies of 0.36-0.40. The ADS  with a lead bismuth target can in principle be designed to operate at even higher temperatures yielding greater thermal efficiencies.


Comparison to the NEA/OECD report numbers
Figure 1 shows  plots of the accelerator current (in mA)  vs the proton energy (in MeV) for various power outputs of the ADS as calculated in the joint NEA/OECD comparative study of fast reactors and ADS [4]. Curves for constant beam power are also shown. It can be seen that as the proton beam energy increases to 1 GeV, the ADS becomes more efficient at producing power. However, a 5MW beam at 1 GeV produces slightly under 100MW electrical power. So a 10MW 1 GeV beam will produce slightly below 200MW electrical power according to this study. The k value used for this study is 0.97. Scaling up the power by the ratio of the two (1-k) numbers produces a Rubbia equivalent power of ~280MW electrical power at a k value of 0.98. This is nearly a factor of 2 below the Rubbia number.

[image: ]

Figure 1 Plots of Accelerator current (mA) vs beam energy (MeV) for various ADS electrical power outputs. A k value of 0.97 was assumed. Curves for constant beam power (1MW and 5MW) are also shown. NEA/ OECD study[4].
First Principles calculation
We assume that a 1 GeV proton on a lead target produces 30 spallation neutrons all of which interact with the fuel. Half of these neutrons are involved in the fission process and the other half in breeding. Each fission yields on average 0.2 GeV of energy. Then a 10mA 1 GeV proton beam (10MW) power will produce 30MW of fission which gets amplified by the k factor of 0.98 to 1500MW of thermal power. With an efficiency of 0.45, this will yield 675MW of electricity. This is closer to the Rubbia number than the NEA/OECD figure. It is difficult to pin down the causes of the discrepancy without detailed investigation into the assumptions made by both studies.
Conclusions
A 10-20 MW proton accelerator operating in a beam  energy range 1-2 GeV should suffice for ADS systems that operate in the power production mode.  The demonstration of such a high intensity proton accelerator would provide a great deal of impetus to the ADS approach that would provide yet another tool in our arsenal to combat global warming, transform nuclear waste into a usable commodity providing energy for thousands of years to come.
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