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The coupling between an accelerator, a spallation target and a subcritical core has been studied for the first time at SCK•CEN in collaboration with Ion Beam Applications (IBA, Louvain-la-Neuve) in the frame of the ADONIS project (1995-1997). ADONIS was a small irradiation facility, based on the ADS concept, having a dedicated objective to produce radioisotopes for medical purposes and more particularly 99Mo as a fission product from highly enriched 235U (HEU) fissile targets. The ad-hoc scientific advisory committee recommended extending the purpose of the ADONIS machine to become a Material Testing Reactor (MTR) for material and fuel research, to study the feasibility of transmutation of the minor actinides and to demonstrate at a reasonable power scale the principle of the ADS. The project, since 1998 named MYRRHA, has then evolved to a larger installation.

MYRRHA is now conceived as a flexible irradiation facility, able to work as an Accelerator Driven (subcritical mode) and in critical mode. In this way, MYRRHA will allow fuel developments for innovative reactor systems, material developments for GEN IV systems, material developments for fusion reactors, radioisotope production for medical and industrial applications and industrial applications, such as Si-doping.
MYRRHA will also demonstrate the ADS full concept by coupling the three components (accelerator, spallation target and subcritical reactor) at reasonable power level to allow operation feedback, scalable to an industrial demonstrator and allow the study of efficient transmutation of high-level nuclear waste.
Since MYRRHA is based on the heavy liquid metal technology, the eutectic lead-bismuth, it will be able to significantly contribute to the development of Lead Fast Reactor Technology. Since MYRRHA will also be operated in critical mode, MYRRHA can even better play the role of European Technology Pilot Plant in the roadmap for LFR.

1 Introduction
Since its creation in 1952, the Belgian Nuclear Research Centre (SCK•CEN) at Mol has always been heavily involved in the conception, the design, the realisation and the operation of large nuclear infrastructures. The Centre has even played a pioneering role in such type of infrastructures in Europe and worldwide. SCK•CEN has successfully operated these facilities at all times thanks to the high degree of qualification and competence of its personnel and by inserting these facilities in European and international research networks, contributing to the development of crucial aspects of nuclear energy at international level.
One of the flagships of the nuclear infrastructure of SCK•CEN is the BR2 reactor [1], a flexible irradiation facility known as a multipurpose materials testing reactor (MTR). This reactor is in operation since 1962 and has proven to be an excellent research tool, which has produced remarkable results for the international nuclear energy community in various fields such as material research for fission and fusion reactors, fuel research, reactor safety, reactor technology and for the production of radioisotopes for medical and industrial applications. BR2 has been refurbished twice, in the beginning of the eighties and in the mid nineties. The BR2 reactor is now licensed for operating until 2016 but around that period, it will have to be decided whether another refurbishment around 2020 will have to be done or whether BR2 will have to be replaced by another facility. Therefore, the Belgian Nuclear Research Centre at Mol is working since several years at the pre- and conceptual design of MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications), a multi-purpose flexible irradiation facility that can replace BR2 MTR and that is innovative to support future oriented research projects needed to sustain the future of the research centre.
2 Scope of MYRRHA
At international level, there is a clear need to obtain a sustainable solution for the high level long-lived radioactive waste (HLLW) consisting of minor actinides (MA) and long-lived fission products (LLFPs). These MA and LLFP stocks need to be managed in an appropriate way. Reprocessing of used fuel followed by geological disposal or direct geological disposal are today the envisaged solutions depending on national fuel cycle options and waste management policies. The required time scale for geological disposal exceeds the time span of profound historical knowledge and this creates problems of public acceptance. The Partitioning and Transmutation (P&T) concept has been pointed out in numerous studies in the past [2, 3 and 4] and more recently in the frame of the GEN IV initiative as the strategy that can relax the constraints on the geological disposal and that can reduce the monitoring period to technological and manageable time scales. The reduction of the volume and the half-life of HLLW and LLFP's can be achieved conceptually by using a park of fast critical reactors that will simultaneously produce electricity and transmute the actinides, or by a 'double strata' reactor park with a first stratum of reactors dedicated to electricity production using 'clean fuel' containing only U and Pu and systems devoted to transmutation of HLLW and LLFPs. These systems of the second stratum will be based on special fast critical reactors or more probably subcritical fast systems (Accelerator Driven Systems (ADS)) loaded with homogeneous fuels with high MA content.

Even when considering the phase out of nuclear energy, the combination of P&T and dedicated burner technologies such as ADS is needed to relax the constraints on the geological disposal and reduce the monitoring period to technological and manageable time scales for existing waste. Hence, since ADS represent a possible major component in the P&T framework, the demonstration of the subcritical dedicated burner concept is needed and this was indicated in the EU vision document [5] and in the strategic research agenda (SRA)[6].

Since 2000, the Generation International Forum (GIF) [7] has selected 6 Generation IV (GEN IV) concepts of which 3 are based on the fast spectrum technologies namely; the sodium fast reactor (SFR), the lead cooled fast reactor (LFR) and the gas cooled fast reactor (GFR). The SNETP community has at present given a higher priority to the SFR technology but indicated also the need for the development of an alternative coolant technology being lead or gas. The technological development of the fuel and materials of these concepts request the availability of a flexible fast spectrum irradiation facility. The vision document and the strategic research agenda (SRA) of the SNETP has also stated that Europe should be in a front-runner position for GEN IV reactor development.
Since MYRRHA is based on the heavy liquid metal technology, the eutectic lead-bismuth, it will be able to significantly contribute to the development of Lead Fast Reactor Technology. Since MYRRHA will also be operated in critical mode, MYRRHA can even better play the role of European Technology Pilot Plant in the roadmap for LFR.

Taking into account these national, European and even worldwide needs in terms of demonstration and irradiation capabilities, SCK•CEN is proposing MYRRHA as a flexible fast spectrum irradiation facility able to operate in sub-critical and critical mode and is positioning MYRRHA within the European Research Area of Experimental Reactors (ERAER). The flexible irradiation capacity within the ERAER is then based on three pillars:

JULES HOROWITZ reactor (JHR), France: a flexible thermal spectrum irradiation facility that will be answering the needs for industrial applications for GEN II & III in terms of structural material and fuel performance improvement as well as some generic GEN IV research. It will also be acting as backup irradiation facility for radioisotopes production.
MYRRHA, Belgium: a flexible fast spectrum irradiation facility, operating as a sub-critical (accelerator driven) system, and as a critical reactor for material and fuel developments for GEN IV and fusion reactors and in a back-up role for radioisotopes production. 
PALLAS, the Netherlands: a dedicated irradiation facility for securing the radioisotopes production for medical applications in Europe and as a complementary facility in support of the industrial needs for technological development for present and future reactors.
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Figure 1: The position of MYRRHA in the ERAER

Since Europe does no longer have a fast spectrum irradiation facility, there is a clear need for a flexible fast spectrum irradiation facility in support of the development of the different fast reactor systems: SFR, LFR and GFR. MYRRHA will play this role.
3 MYRRHA/FASTEF objectives
MYRRHA with the objectives described in the previous paragraph should therefore target the following applications catalogue:
To demonstrate the ADS full concept by coupling the three components (accelerator, spallation target and subcritical reactor) at reasonable power level to allow operation feedback, scalable to an industrial demonstrator.
To allow the study of efficient transmutation of high-level nuclear waste, in particular minor actinides that would request high fast flux intensity (Φ>0.75MeV = 1015n/cm2s),
To be operated as a flexible fast spectrum irradiation facility allowing for:
· fuel developments for innovative reactor systems, which need irradiation rigs with a representative flux spectrum, a representative irradiation temperature and high total flux levels (Φtot = 5x1014 to 1015n/cm2s); the main target will be fast spectrum GEN IV systems which require fast spectrum conditions;
· material developments for GEN IV systems, which need large irradiation volumes (3000 cm³) with high uniform fast flux level (Φ>1MeV = 1 ~ 5.1014n/cm2s) in various irradiation positions, representative irradiation temperature and representative neutron spectrum conditions; the main target will be fast spectrum GEN IV systems;
· material developments for fusion reactors which need also large irradiation volumes (3000 cm³) with high constant fast flux level (Φ>1MeV = 1 ~ 5.1014n/cm2s), a representative irradiation temperature and a representative ratio appm He/dpa(Fe) = 10;
· radioisotope production for medical and industrial applications by:
· holding a backup role for classical medical radioisotopes,
· focusing on R&D and production of radioisotopes requesting very high thermal flux levels (Φth = 2 to 3.1015n/cm2s) due to double capture reactions;
· industrial applications, such as Si-doping need a thermal flux level depending on the desired irradiation time: for a flux level Φthermal = 1013n/cm2s an irradiation time in the order of days is needed and for a flux level of Φthermal = 1014n/cm2s an irradiation time in the order of hours is needed to obtain the required specifications;
· the demonstration of LBE technology;
To contribute to the demonstration of LFR technology and the critical mode operation of heavy liquid metal cooled reactor as an alternative technology to SFR.
4 Genesis of MYRRHA and its evolution
4.1 The ADONIS-project (1995-1997)
The coupling between an accelerator, a spallation target and a subcritical core has been studied for the first time at SCK•CEN in collaboration with Ion Beam Applications (IBA, Louvain-la-Neuve) in the frame of the ADONIS project (1995-1997). ADONIS was a small irradiation facility, based on the ADS concept, having a dedicated objective to produce radioisotopes for medical purposes and more particularly 99Mo as a fission product from highly enriched 235U (HEU) fissile targets. The proposed design was of limited size with an accelerator of 150 MeV and a core with a power of around 1.5MWth. The subcritical core was made of the 235U targets for production of the 99Mo without other driver fuel. The system was a thermal spectrum machine and therefore water was used as coolant and moderator.
4.2 From ADONIS to MYRRHA (1998-2005)
The ad-hoc scientific advisory committee recommended extending the purpose of the ADONIS machine to become a Material Testing Reactor (MTR) for material and fuel research, to study the feasibility of transmutation of the minor actinides and to demonstrate at a reasonable power scale the principle of the ADS.
This decision was taken around the same time of the last BR2 refurbishment. It was then clear that a next BR2 refurbishment would be compulsory around 2020. Even if such refurbishment remains technically possible, a new machine would be better adapted to the new needs, in particular for GEN IV and fusion research. The project, since 1998 named MYRRHA, has then evolved to a larger installation.
At mid-2002, a first pre-design file of MYRRHA, namely the 'MYRRHA Draft – 1' file [8] with a core nominal power of 30 MWth, was submitted to an International Technical Guidance Committee (ITGC) for reviewing. This international panel consisted of experts from research reactor designers, ADS development, reactor safety authorities and spallation target specialists. No show stopper was identified in the project but some recommendations were made. The design was upgraded and the MYRRHA project team has favoured as much as possible mature or less demanding technologies in terms of research & development. In its 2005 version, MYRRHA consisted of a proton accelerator delivering a 350MeV * 5mA beam to a windowless liquid PbBi spallation target that in turn couples to a PbBi cooled, subcritical fast core of 50MW thermal power. The so-called 'Draft-2' design, published early 2005 [9], is summarized in reference [10], for which also a Business plan [11] has been written.
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Figure 2: MYRRHA draft 2
4.3 From MYRRHA to XT-ADS (2005-2009)
SCK•CEN offered to use the MYRRHA 2005 design file as a starting basis for the XT-ADS (eXperimental facility demonstrating the technical feasibility of Transmutation in an Accelerator Driven System) design in the FP6 EUROTRANS integrated project. This allowed optimizing an existing design towards the needs of XT-ADS and within the limits of the safety requirements instead of starting from a blank page. MYRRHA and XT-ADS differ however on several points such as the accelerator (600MeV beam instead of 350MeV), the temperature level, the plutonium vector in the fuel, the fuel pitch and the simplification of several major components resulting in a lower power density core, an increased core power of 57MW and a neutron flux of 7x1014n/cm³s instead of 1x1015 n/cm³s (>0.75MeV) [12].
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Figure 3: MYRRHA/XT-ADS
4.4 From XT-ADS to FASTEF (2009-2011)
The design of MYRRHA presented in this document is the MYRRHA/XT-ADS concept as designed within IP-EUROTRANS, which is based on the MYRRHA Draft-2 concept [9].
The objectives as described in the previous paragraph do not fully correspond to the objectives for MYRRHA/XT-ADS. Therefore, it is clear that future design work is needed to bring the design of MYRRHA in line with the objectives, applications catalogue as described in previous paragraph.

First of all, since the objective of MYRRHA is to operate both in a sub-critical mode and a critical mode, an analysis will be performed to establish to which extent the design of MYRRHA/XT-ADS (which only considers sub-critical mode operation) needs to be modified to respond to the objective to operate also in critical mode. In this respect, it is clear that reactor control and scram systems have to be included in the design. A primary reactor shutdown system based on shutdown rods and a secondary shutdown system based on another type of system need to be incorporated to guarantee not only redundancy but also diversification. Control rods need to be foreseen as well. Also, an analysis will have to be performed to determine which further design changes might be induced by removing the spallation loop, especially with regard to the operation of MYRRHA in critical mode as a flexible fast spectrum irradiation facility. Working in critical mode will significantly modify the safety characteristics of the facility and the impact of the safety feedback on the design needs to be implemented. 

A second major topic for the update of the MYRRHA design is to obtain the targets set in the applications catalogue. The MYRRHA/XT-ADS concept is able to reach the different targets in terms of irradiation conditions listed in the applications catalogue except for the targeted fast flux level above E = 0,75MeV of 1015n/cm2s. In MYRRHA/XT-ADS, this flux level reaches Φ>0.75MeV = 0,7x1015n/cm2s. To increase this flux level, it is obvious that the total power and power density will have to be increased. Therefore, already a preliminary study [13] was performed to investigate what would be the most optimal design changes to reach this target of Φ>0.75MeV = 1015n/cm2s given the different design constraints. Preliminary conclusions of this study resulted in preserving the existing design choices of MYRRHA/XT-ADS except for:
An increase of the power from 57MWth to 85MWth;
an increase of the power density by decreasing the number of fuel assemblies from 72 to 64 for the equilibrium core;
an increase of the allowable temperature increment over the core from 100°C to 130°C, resulting in a decrease of the inlet temperature from 300°C to 270°C (the outlet temperature remains at 400°C);
an increase of the beam current from 2.2mA to 3.0mA for ADS operation (during normal operation);
an increase of the Pu content from 33% in a depleted uranium matrix to 35% in a natural uranium matrix.

The study pointed out that the implications of these modifications can be accommodated by the design, but a detailed confirmation is still needed.

These aspects for the upgrade of the MYRRHA design will together with a progress towards an advanced engineering design level for all components make up the work for the Central Design Team (CDT) within the accepted FP7 project CDT [14].

Table 1: MYRRHA design evolution
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5 Project schedule and budget
At the end of the EUROTRANS project, in which MYRRHA is serving as the basis, in March 2010, the conceptual design of the machine and of its different components will be available.
During the period 2009-2013, the following tasks will be accomplished in parallel:
the detailed engineering design, including 2009-2011, part of this design work will be performed through the FP7-project, Central Design Team (CDT) for MYRRHA;
drafting of the technical specifications of the different lots, the publication of the call for tenders, the comparison of the technical and financial proposals from the contractors and finally the awarding of the manufacturing contracts (2012-2013);
development and testing of key innovative components (for the accelerator and for the reactor);
licensing and permitting activities, namely the writing of a Preliminary Safety Assessment Report (PSAR), the Environment Impact Assessment (EIA) report and the Preliminary Dismantling Plan (PDP). The objective being to obtain the permit for construction at the end of 2013.
The construction period of the components and the civil engineering work is to be accomplished in a three-year period (2014-2016) followed by a one year assembling together of the different components in 2017. The commissioning at progressive levels of power will accomplished in two year period (2018-2019) with the final objective to be in full power operation in 2020.
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Figure 4: Project schedule

MYRRHA as a flexible fast spectrum irradiation facility able to operate in subcritical and critical modes is intended to be started around 2020 at full power. In the design and licensing of MYRRHA both modes of operation are foreseen from the beginning. A minimum of two years preparatory period is considered for the progressive commissioning of the facility which will include both operation modes. 
To obtain an answer on the viability of the ADS concept in an international context as soon as possible and thereby to allow evaluating the realism of subcritical burners in a double strata fuel cycle approach, it was opted to start in MYRRHA with the demonstration of ADS and hence the full power coupling with an accelerator. The MYRRHA facility is thus projected to be initially operated as an ADS in sub-critical mode for the demonstration of the full power ADS operation and the efficient transmutation of minor actinides (with available fuels). During this period, MYRRHA will also be used as a flexible fast spectrum irradiation facility with the applications catalogue as described in previous paragraph. It is also envisaged to deflect a small part (about 5 % of the nominal beam) for nuclear physics applications at the proton accelerator. 
Up till now, all flexible irradiation facilities have been operated very efficiently in critical mode. Working efficiently and reliable in sub-critical mode introduces heavy constraints on the accelerator. Since working in critical mode is not conditioned by this fact, it might be advantageous to work in critical mode. The facility will then be converted into a critical fast spectrum irradiation facility based on heavy liquid metal coolant technology by separating the accelerator from the reactor, by removing the spallation source and adding fuel assemblies to reach criticality. The entire accelerator facility can then be used for nuclear physics applications by the user-club of Belgian and other universities. 
In the central positions, which hosted the spallation source, an in-pile section with a maximum high flux can be inserted. MYRRHA will from then on be operated as a flexible fast spectrum irradiation facility with the applications catalogue as described in the previous paragraph, except for the demonstration of the ADS concept. Further demonstration of efficient demonstration of minor actinides can be pursued in the critical MYRRHA and new minor actinide fuels can be tested and qualified.

Since MYRRHA is based on the heavy liquid metal technology, the eutectic lead-bismuth, it will be able to significantly contribute to the development of Lead Fast Reactor Technology. Since MYRRHA will also be operated in critical mode, MYRRHA can even better play the role of European Technology Pilot Plant in the roadmap for LFR.

Presently nearly all major research facilities built worldwide are from the very beginning conceived as open users’ facilities. Even the existing facilities that were built as national infrastructures are moving towards open-users organisations. This means that the research facility proposed is of interest for the international research community and is unique or having characteristics making it very attractive to a large number of researchers and users.
This leads to a formation of an owner consortium group that develops and later on operates the facility.

[image: ]
Figure 5: Investment budget (in €2009)

Apart from the traditional sources of funding, e.g. the contribution of the owner consortium group members during the investment phase of the project and the endowment for the operation phase, SCK•CEN management, as the promoter of the project, intends to call on the recent financing facility jointly developed by the European Commission (EC) and the European Investment Bank (EIB) in support of higher risk financing of Research Infrastructures such as the MYRRHA infrastructure.
6 Conclusion
Europe, aims to become the most competitive and dynamic knowledge-driven economy, as decided in Lisbon in March 2000, by encouraging and promoting research and innovation. In addition, Europe is also facing the challenges of its long term sustainable development by use of non-CO2 emitting energy technologies that can play a significant role in guaranteeing the energy independence of Europe.
SCK•CEN is proposing to replace its ageing flagship, the Material Testing Reactor, BR2 by a new flexible irradiation facility MYRRHA. In view of its innovative character and its field of application MYRRHA contributes to the realisation of EU’s goal towards a sustainable future.
MYRRHA is conceived as a flexible fast spectrum irradiation facility able to work in sub-critical and critical mode. MYRRHA is foreseen to be in full operation by 2020 and it will be operated in the first years as an Accelerator Driven Systems to demonstrate the ADS technology and the efficient demonstration of Minor Actinides in subcritical mode. Afterwards it is intended to decouple the accelerator from the reactor and run MYRRHA as a critical flexible fast spectrum irradiation critical facility by removing the spallation loop. As a fast spectrum irradiation facility, it will address fuel research for innovative reactor systems, material research for GEN IV systems and for fusion reactors, radioisotope production for medical and industrial applications, such as Si-doping. Since MYRRHA is based on the heavy liquid metal technology, the eutectic lead-bismuth, it will be able to significantly contribute to the development of Lead Fast Reactor Technology. Since MYRRHA will also be operated in critical mode, MYRRHA can even better play the role of European Technology Pilot Plant in the roadmap for LFR.
This project is intended to be organised as an international open user facility to be constructed by an owner consortium made of European and even larger, research centres and European member states representative agencies or international bodies such as the European Commission.
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ERAER = European Research Area for Experimental Reactors
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