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Plutonium recycle in fast reactors, as well as utilization/transmutation of minor actinides and long-lived fission products in hybrid reactor systems (e.g. accelerator driven systems, ADS) offer promising nuclear fuel backend management options. Several R&D programs in various IAEA Member States are actively pursuing these options, along with the energy production and breeding mission of fast reactor systems. The paper presents an overview of the major national and international R&D programs in the area of ADS for transmutation of spent nuclear fuel. It also describes IAEA’s ongoing and planned activities in this field.
1.    Introduction
Based on a cumulative experience of almost 13000 reactor-years, nuclear power is a mature technology that makes a large contribution to worldwide energy supply. As of March 2009, there were 436 nuclear power plants operating in the world with a total net installed electrical capacity of 370 GW supplying slightly more than 15% of the world’s electricity, and 44 nuclear power plants of 38 GW electrical capacity under construction [1]. In 2007, the nuclear share in electricity generation ranged from maxima of 76.9% (France), 64.4% (Lithuania), and 54.3% (Slovakia) to minima of 2.8% (Brazil), 2.5% (India), 2.3% (Pakistan), and 1.9% (China) [1].
There are four major challenges facing the long-term development of nuclear energy as a part of the world’s energy mix: improvement of the economic competitiveness, meeting increasingly stringent safety requirements, adhering to the criteria of sustainable development, and public acceptability. While not involving the large quantities of gaseous products and toxic solid wastes associated with fossil fuels, radioactive waste disposal is also today’s dominant public acceptance issue. One of the primary reasons that are cited is the long life of many of the radioisotopes generated from fission. This concern has led to increased R&D efforts to develop a technology aimed at reducing the amount of long-lived radioactive waste through transmutation in fission reactors or accelerator driven systems (ADS). In recent years, in various countries and at an international level, more and more studies have been carried out on advanced and innovative waste management strategies (i.e. actinide separation and utilization/elimination).
This paper summarizes the major programs worldwide, as well as IAEA’s activities (implemented within the framework of the “Project on Technology Advances in Fast Reactors and Accelerator Driven Systems” [2]) on utilization of plutonium and minor actinides.
2.    Advanced nuclear fuel cycles
Presently, industrial maturity can be claimed for two fuel cycle strategies, i.e. the "Once Through Fuel Cycle" (OTC), and the "Reprocessing Fuel Cycle" (RFC) in which plutonium and very limited uranium quantities are being recycled. Taking Yucca Mountain (63000 t heavy metal capacity) as reference repository, the present worldwide accumulated spent fuel and high level waste inventories would require two repositories. For the USA alone (OTC strategy), assuming a life time extension of the present nuclear reactors to 60 years, and no new reactors, the capacity of Yucca Mountain will be exceeded by ~2050. Given the strong public opposition to the construction of geologic repositories, it is understandable that over the last decade or so, in various countries and at an international level, more and more studies have been carried out on advanced and innovative nuclear fuel cycle backend strategies [including Partitioning and Transmutation (P&T)] aiming at reducing the amount of long-lived radioactive material through utilization and transmutation in fission reactors or ADS.
3.    Status of ADS research and technology development
P&T is a complex technology that implies the availability of advanced reprocessing plants, facilities for fuel fabrication of trans-uranics, and irradiation facilities beyond the presently existing nuclear reactors. In principle, partitioning consists in extending the current reprocessing techniques: in addition to uranium, plutonium and 129I, also minor actinides (neptunium, americium and curium), and, possibly, also some long-lived fission products (99Tc, 93Zr, 135Cs, 107Pd and 79Se) would be extracted from the liquid high level waste.

Transmutation requires fully new fuel fabrication plants and irradiation technologies and their implementation on an industrial scale. New concepts, i.e. dedicated fast reactors, and sub-critical systems (ADS and even fusion/fission hybrids) have been proposed as transmutation devices.

ADS rely on the availability of a hard neutron source produced by the spallation process induced by a high-energy proton beam impinging on a heavy nuclide target. While ADS present an attractive potential [specifically, improvement of the dynamics behavior (and hence safety characteristics), and the enhanced flexibility linked to an improved neutron balance gained from the availability of an external neutron source], various specific economics and technological issues remain to be solved (e.g. capital costs, additional energy consumption, accelerator reliability, various physics and material science issues linked, e.g. to nuclear data, fuel performance, heavy liquid thermal hydraulics, etc). The major ongoing R&D programs in Europe and Asia, aiming at substantiating the potential of ADS and studying their role in innovative reactor and fuel cycle strategies, are summarized below.
3.1.    European Unions

In the European Union, research and technology development in the area of ADS is part of European Atomic Energy Community’s 6th ( 2002 – 2006) and 7th (2007 – 2011) Framework Programs (FPs) [4,5]. The objective of these activities is to investigate ways and means of reducing the amount and/or the hazard of the nuclear waste. The activities include research and technology development in partitioning and transmutation with the expressed goal of developing pilot facilities. In FP6 (to be continued in FP7), the focal point for ADS research and technology development was the EUROTRANS project (funded with a total of 45 million Euro, of which the EC contributed 23 million). EUROTRANS had two main objectives: firstly, perform preliminary design studies of experimental ADS (XT-ADS) in the thermal power range 50 – 100 MW, and, secondly, perform the conceptual design of a modular European Transmutation Demonstrator (ETD) in the thermal power range of several hundred MW. The mission of the XT-ADS is to demonstrate the feasibility of transmutation with ADS. Both the spallation target material and the coolant are lead-bismuth eutectic. The subcritical core is fuelled with mixed uranium-plutonium oxide, and the accelerator is a 600 MeV / 2.5 mA LINAC. The Belgian SCK•CEN Research Centre at Mol has aligned its R&D activities aiming at the design of the full scale ADS demonstrator MYRRHA with the XT-ADS efforts. All major possible design cliff edges are being (will be in FP7) investigated, the key accelerator components demonstrated, the spallation target thermal hydraulics design completed, and, last but not least, the experimental coupling of a sub-critical core with a neutron source realized. The latter (the GUINEVERE experiment) will also provide an experimental facility allowing physics experiments and technological research under conditions representative for
XT-ADS. GUINEVERE, currently being erected at SCK•CEN Mol, couples a deuteron accelerator functioning in continuous, pulsed, and beam trip modes with a Ti3H target producing 14.1 MeV neutrons, surrounded by a fast sub-critical metallic uranium fuelled core in a lead matrix.
3.2.    Belarus
The Joint Institute for Power and Nuclear Research – SOSNY (JIPNR-SOSNY) of the National Academy of Sciences of Belarus is implementing the experimental program YALINA with the objective of studying the physics of ADS and investigating the feasibility of minor actinides and long-lived fission product transmutation in fast spectrum sub-critical facilities [6]. The research activities pursued by the YALINA group include the development of experimental techniques for monitoring sub-criticality levels, the investigation of spatial kinetics of sub-critical systems driven by external neutron sources, the measurement of transmutation reaction rates, and investigations of maintenance and operation characteristics of sub-critical systems driven by external neutron sources. The YALINA experimental programme contributes, on the one hand side, to the EUROTRANS project, and, on the other, aims at converting the HEU loaded fuel zones of the sub-critical YALINA-BOOSTER configuration to LEU loaded zones without penalizing its functionality [7].
3.3.    India
In addition to the rationale for ADS development mentioned in Section 2, India is pursuing an ADS programme in view of its potential to enhance breeding of fissile material in conjunction with the utilization of thorium fuel in nuclear power systems [8]. The programme includes research in the areas of high power proton accelerator technology, spallation target systems, heavy liquid metal thermal hydraulics, and sub-critical core design. In the field of accelerator technology, the Indian research programme addresses the challenges at both the low (due to high currents) and high (superconducting RF cavities) energy end. R&D related to the spallation target includes thermal hydraulics experiments on a lead-bismuth eutectic loop with proton heating of the beam window simulated by a plasma torch and electron beam. Extensive validation and qualification of Computational Fluid Dynamics codes is being done based on these experiments. This loop is also being used for corrosion testing. The core design studies look at various sub-critical systems in view of thorium fuel utilization. The Indian program includes also an experimental program coupling a deuterium-tritium neutron source with a sub-critical water cooled, natural uranium fuelled reactor.
3.4.    Japan
R&D on ADS is pursued by the Japan Atomic Energy Agency (JAEA) with the objective of transmuting long-lived radioactive nuclides [9]. JAEA proposes an 800 MWth lead-bismuth eutectic cooled ADS. Various activities are conducted to investigate the feasibility of the ADS from the viewpoints of accelerator technology, lead-bismuth technology, and sub-critical core design. Within the framework of the J-PARC (Japan Proton Accelerator Research Complex) project, JAEA is pursuing the TEF (Transmutation Experimental Facility) design studies. Specifically, handling of minor actinides bearing fuel studies were performed, and a remote handling system was designed for both the transportation of the fuel assemblies and for the core storage. Corrosion tests for various structural material candidates were performed in low oxygen concentration condition at 450°C and at 550°C.
4.    IAEA activities
IAEA activities include information exchange and collaborative R&D. In collaboration with the International Centre for Theoretical Physics (ICTP), the IAEA convened an “Advanced Workshop on Model Codes for Spallation Reactions” [10], and the “Workshop on Nuclear Reaction Data for Advanced Reactor Technologies”. IAEA’s Department of Nuclear Energy and Department of Nuclear Sciences and Applications are organizing in collaboration with ICTP the School on “Physics, Technology and Applications of Innovative Fast Neutron Systems” (Trieste, 9 – 20 November 2009). Two major international conferences related to the scope of this paper are organized by the IAEA in 2009: the “Topical Meeting on Nuclear Research Applications and Utilization of Accelerators, AccApp ’09” (in collaboration with the ANS, Vienna,
4 – 8 May 2009); and the conference on “Fast Reactors and Related Fuel Cycles: Challenges and Opportunities (FR09)”, organized by IAEA’s Department of Nuclear Energy in cooperation with various Japanese and international organizations, and hosted by JAEA (Kyoto, 7 – 11 December 2009).

With regard to collaborative R&D, the IAEA has completed the Coordinated Research Project (CRP) on “Studies of Advanced Reactor Technology Options for Effective Incineration of Radioactive Waste” [11], and has an ongoing CRP (2005-2009) on “Analytical and Experimental Benchmark Analyses of Accelerator Driven Systems (ADS)” [12].
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