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DeSIGN CONSIDErations for ACCELERATOR TRansmutation of waste system
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This paper briefly discusses the design objectives of accelerator transmutation of waste systems and important design parameters and constraints to be considered.
1.    Design Objectives of ATW
The main objective of the accelerator transmutation of waste (ATW) system is to reduce the mass, toxicity and longevity of the high-level waste to be disposed in the repository. This can be achieved by separating transuranic (TRU) elements from the spent fuel and transmuting them in the subcritical multiplier of ATW.
One practical measure for the performance of the ATW system fueled with a uranium-free metallic dispersion fuel is the fraction of the initial TRU inventory that is not transmuted and lost to the waste stream. This fractional loss of the initial TRU inventory can be represented as
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where Bd is the fractional TRU discharge burnup and f is the fraction of TRU lost in recycle/re-fabrication [1]. Therefore, in order to minimize this fractional loss, it is necessary to maximize the fractional discharge burnup and minimize the fractional loss in recycle/re-fabrication. 
The fission power produced by the subcritical multiplier varies with static reactivity ρ as
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where ρ is related to the effective multiplication factor k (k<1) as ρ=1-1/k, S is the spallation neutron source, and Is is the source importance factor [1]. As TRU fuel is depleted over an irradiation cycle, k decreases and ρ becomes more negative. As a result, absent compensating measures, the fission power declines with fuel depletion, making it difficult to design an economic heat removal system and reducing the generation of electric power. In order to minimize the resulting needs for increasing accelerator power and/or introducing an excess reactivity and active reactivity control, therefore, it is necessary to minimize the reactivity loss over an operating cycle, which is somewhat contradictory to the objective of maximizing discharge burnup.
2.    Design Considerations
2.1.    Subcriticality and Source Importance

The subcriticality of the ATW multiplier is an important design parameter. As the subcriticality level increases, the beam-current to generate a desired system power increases, and the margin to the critical reactor performance regime increases. Thus, the subcriticality level needs to be optimized by trade-off between minimizing the beam current and maximizing the margin to criticality.  
As shown in Eq. (2), for a given spallation source intensity (i.e., beam current), the fission power is proportional to the source importance factor that depends on the space and energy distributions of source neutrons. Thus, the spallation target and subcritical multiplier need to be arranged in such a way to maximize the source importance. 
2.2.    Fuel Discharge Burnup
Discharge burnup is proportional to the average power density and the fuel residence time, and inversely proportional to the fuel volume fraction and the TRU fraction in fuel. Thus, the discharge burnup can be maximized by designing for the maximum power density and fuel residence time and the minimum fuel volume fraction. However, these design parameters are interrelated and limited by various design constraints. The following points need to be considered in determining these design parameters.
The TRU fraction in fuel is determined such that the desired subcriticality level is achieved for the selected multiplier configuration and fuel management scheme, and the maximum TRU fraction is constrained by the irradiation performance of selected fuel form. The fuel residence time is typically constrained by the peak fast fluence limit for the structural material to ensure the fuel pin integrity. The peak linear power is constrained by the need to limit peak fuel and/or cladding temperatures, and the minimum fuel volume fraction required to satisfy the specified constraint on peak linear power increases as the power density increases. The power density and coolant volume fraction are also interrelated for adequate cooling, and for a specified coolant velocity, the minimum coolant volume fraction increases as the power density increases. 
2.3.    Burnup Reactivity Loss

The decline in multiplier fission power over an irradiation cycle can be mitigated in three ways. The first option is the gradual addition of reactivity, e.g., by continuous replacement of depleted fuel with fresh fuel or by withdrawal of control rods, but this adds to system complexity/cost and creates a potential accident initiator.
The second choice is to increase of the neutron source strength by gradually increasing beam power, but this requires an accelerator that is “overdesigned” for the lower TRU depletion state early in the irradiation cycle and creates a potential for source increase accidents.
Finally, the source importance factor can be increased, e.g., by reducing the fraction of source neutrons lost by leakage or through capture in the target, but this option would likely be similar in terms of cost/complexity as control rods and also introduces the possibility of accidental increases in source importance.
Irrespective of the method used to compensate for the reactivity decline, there are strong economic and safety incentives to minimize the decline itself. Therefore, the design parameters discussed in Sec. 2.2 should be optimized by trade-off between maximizing the discharge burnup and minimizing the burnup reactivity loss. 
2.4.    Buffer Design
The spallation neutron target and subcritical multiplier are coupled through a buffer region to enhance the diffusion of spallation neutrons to the multiplier and to reduce the damage to fuel by high-energy neutrons. 
The target and buffer designs should be performed in conjunction with the subcritical multiplier design. For example, by designing target and buffer for a higher source importance, the desired multiplication factor at the beginning of cycle can be achieved with a reduced amount of fuel. The reduced fuel loading would increase the discharge burnup for a fixed fuel residence time. This indicates that the target position and the buffer thickness need to be determined such that the source importance is maximized. At the same time, the peak damage to fuel needs to be reduced to increase the fuel residence time and hence the discharge burnup. Therefore, the target position and buffer thickness need to be optimized based on a compromise between these competing objectives.
It should be also noted that the burnup reactivity loss decreases with reduction in buffer thickness, but the reduced buffer thickness results in a large increase in the fluence to burnup ratio, implying a much lower discharge burnup for a given fluence limit [2]. In addition, the high-energy neutron and proton damages are much more severe at reduced buffer thickness. Thus, there exists a clear design trade-off between increased accelerator size/cost (thick buffer) and increased fuel processing demand (reduced burnup with thin buffer).  

2.5.    Irradiation Damage to Fuel Cladding

For investigating the irradiation damage to fuel, the atomic displacement, hydrogen production, and helium production rates should be evaluated at the buffer and multiplier interface where the peak fast fluence occurs. 
Atomic displacement rate of structural material is mainly induced by low-energy (< 20 MeV) neutrons, and high-energy neutron and proton induced damages are negligible. On the other hand, high-energy (>20 MeV) neutron contribution to hydrogen production is significantly larger than low-energy neutron contribution. High-energy neutron contribution to helium production is comparable to low-energy neutron contribution. Proton induced hydrogen and helium production rates are generally much smaller than neutron induced ones, but become non-negligible for thin buffer. 

It is necessary to investigate the combined effects of various irradiation damage components and to devise the design criteria for the irradiation damage of structural materials using actual irradiation data.
3.    Concluding Remarks
Physics of subcritical multiplier are not much different from those of critical reactors, and various subcritical multipliers can be designed, depending on the mission such as actinide transmutation, power production, material irradiation test, etc. However, in order to compete with alternative solutions, economical competitiveness is crucial, and it is necessary to develop unique physical or technical advantages.
In general, the optimum design is mainly determined by the imposed constraints, rather than the governing equations. Therefore, to eliminate unnecessarily conservative design margins, realistic design criteria based on experimental data need to be developed.
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