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Nuclear power faces two important technical challenges: increase the availability of fissile material beyond the existing natural uranium, and safely disposing of partially burned nuclear fuel. Although some nuclear reactor designs can operate with natural uranium as fuel, most commercial reactors require enriched fuel. A single PWR reactor requires between 150 and 250 tons of fuel, with the fuel assemblies staying inside the reactor for a period between 18 and 24 months. During refuelling, 1/3 of the assemblies come out permanently, so the net consumption of fuel is in the range 25 – 50 tons/yr. According to the IEA BLUE map scenario [1], if the level of uranium usage remains at its present value (no growth), reasonably assured reserves (RAR) and inferred reserves (IR) of uranium will be depleted by 2100.

To extend nuclear power availability, it is required to artificially breed fissile material. Fissile isotopes can be produced by exposing natural fertile material, such as 232Th and 238U, to fast neutrons; irradiation of fertile material with neutrons having energies between 10 keV and 1 MeV is desirable when the purpose of the irradiation is to breed fissile material. Three options are available as alternatives to produce fast neutrons [2]: accelerator-based sources (spallation process), fusion reactors running with deuterium and tritium mixtures, and fast neutron spectrum reactors. Accelerator-based systems produce a point-like source, which leads to significant issues associated with heat removal and neutron damage near the point source. Switching between several targets may help mitigate these problems, but even with those strategies the heat removal and neutron damage problems remain [3]. Fast reactors, unlike accelerator- or fusion-based systems, are susceptible to reactivity accidents if adequate control measures are not taken [4], which implies an added operational risk, not present in the subcritical systems.

Fusion systems have been proposed in the past as fast neutron sources in the context of neutronics testing facilities for the development of practical fusion reactors [5]; these devices are designed to produce up to 2-4 MW/m2 of neutron wall loading over large areas. A important disadvantage of a first-generation fusion-based system is the need to breed tritium. The tritium burned in the fusion reactor will produce one neutron, and this neutron will be required to replenish the spent tritium, leaving no excess neutrons to carry out other tasks such as transmuting fertile isotopes into fissile ones. Therefore, fusion-based systems require neutron multiplication and a minimization of the neutron leakage.

In this work, neutron transport simulations are coupled to nuclear reaction kinetics calculations to evaluate the feasibility of using a fusion-based 200 MW neutron power source for the purpose of enriching natural ThO2/UO2 with fissile isotopes (233U in the case of Th fuel, 239Pu in the case of U fuel) so it can be used as fuel in standard thermal nuclear reactors. The geometry for the neutron source is a spherical tokamak design from the University of Texas at Austin which has been previously evaluated as a minor actinide burner [6]. Figure 1 shows a cut view of the fast neutron irradiator design.
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FIG. 1. Fast neutron irradiator for nuclear fuel assemblies based on a spherical tokamak fast neutron source.

Two figures of merit are defined to assess the performance of the system: tritium self-sufficiency and fissile material production rate; configurations which do not achieve tritium self-sufficiency or cannot boost the fissile material content to the desired level in a reasonable amount of time are not considered attractive. The sensibility of these two metrics to geometry parameters such as wall thicknesses and material choices is evaluated in this work. For these exploratory studies, the geometry is kept simple (i.e. no fuel bundle structural details, simple cylindrical walls) and homogeneous material distributions are assumed in all cases.

The irradiator performance metrics are evaluated using three distinct computer codes: ASTRA, MCNP and ORIGEN. ASTRA is used to estimate the temperature and density profiles in the confined plasma given operational parameters and a suitable mass and energy transport model [7]. With those profiles, the volumetric neutron source is calculated. The MCNP code [8] is used to solve the multigroup 3D neutron transport equation using the neutron source calculated from the ASTRA results and material composition in all regions of space. As an output, MCNP will give the neutron flux in the relevant regions of the domain, binned in accordance with the energy structure defined for the neutron tally. The ORIGEN code, part of the SCALE suite of nuclear codes [9], solves a set of extended Bateman equations to track changes in isotope population due to both radioactive decay and neutron-induced process. ORIGEN uses the ENDF/B-VII cross section database and the energy-resolved neutron flux information from MCNP to make the nuclear reactor kinetic calculations. Once the time defined for the depletion calculation has elapsed, ORIGEN generates the new isotopic composition as output. This new composition will be communicated to MCNP for recalculating the neutron flux given these new compositions. The process is repeated itratively until the system is simulated for the whole irradiation time. Figure 2. Shows a flow diagram of the simulation scheme used to evaluate the fast neutron irradiator performance.
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FIG. 2. Block diagram of the simulation scheme using ASTRA, MCNP and SCALE. The terminal represents user input and dark boxes represent data manipulation blocks. The portions inside the dashed rectangle are within the main program loop, tasks outside the loop are done once at the beginning of the simulation.

By changing the neutron multiplier and tritium breeding materials, as well as some geometrical parameters, combinations that fulfil both viability criteria for tritium and fissile material breeding have been found Two breeding materials (Li and Li2O) and two neutron multiplying materials (Be and FLiBe) were considered for inclusion in the irradiator, and they were evaluated by calculating values of tritium breeding ratio (TBR) and time to enrichment (TE). It was found that the Li/FLiBe combination with thin (0.05 cm thickness) side wall gave the best performance by reaching a TBR of 1 and a time to 5% enrichment of 24 months. The highest reactor support ratio is considered the most attractive, given that the primary purpose of the irradiator is to breed fuel; of course, at the same time, the tritium self-sufficiency of the neutron source needs to be ensured as well. A higher TBR puts less burden on the tritium recovery efficiency, at the cost of breeding less fuel. The decisive argument as to which system configuration works best would be an analysis of energy expenditure: energy demand for tritium recovery will increase as TBR decreases, and energy output from fissile material will increase as RSR increases. There must be an optimal point, and such analysis will be the focus of future work.
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