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FOREWORD

Many countries around the world continue to pursue research in partitioning and transmutation
(P&T), with the expectation that P&T could be a key technology to reduce the amount of spent fuel
and high-level waste to be disposed of in geological repositories. The OECD Nuclear Energy Agency
(NEA) organises biennial information exchange meetings on actinide and fission product partitioning
and transmutation to provide experts with a forum to present and discuss developments in the field of
P&T. The scope of the information exchange meetings covers all of the major scientific topics related
to P&T.
The earlier meetings have been held in Mito (Japan) in 1990, at Argonne National Laboratory
(USA) in 1992, in Cadarache (France) in 1994, in Mito (Japan) in 1996, in Mol (Belgium) in 1998, in
Madrid (Spain) in 2000, in Jeju (Korea) in 2002 and in Las Vegas (USA) in 2004. They have often
been co-sponsored by the European Commission (EC) and the International Atomic Energy Agency
(IAEA).
The Ninth Information Exchange Meeting was held in Nîmes, France on 25-29 September 2006,
comprising an in-depth discussion on the place of P&T programmes within the development of
advanced nuclear systems and the associated fuel cycle strategies. The meeting was hosted by the
French Commissariat à l’énergie atomique (CEA).
The information exchange meetings on P&T form an integral part of NEA activities in the field of
advanced nuclear fuel cycles. An overview of NEA activities on P&T and relevant publications are
available at www.nea.fr/html/pt/welcome.html.
These proceedings include all papers presented at the Ninth Information Exchange Meeting. The
opinions expressed are those of the authors only, and do not necessarily reflect the views of the NEA,
any national authority or any other international organisation. These proceedings are published on the
responsibility of the Secretary-General of the OECD.
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EXECUTIVE SUMMARY

Since 1990, the OECD Nuclear Energy Agency (NEA) has been organising, in response to
interest from member countries, a series of international information exchange meetings on the various
activities of partitioning and transmutation (P&T), providing experts with a forum to present and
discuss current developments in the field.
Nine information exchange meetings have been organised so far (Mito, Japan in 1990; ANL,
USA in 1992; Cadarache, France in 1994; Mito, Japan in 1996; Mol, Belgium in 1998; Madrid, Spain
in 2000; Jeju, Korea in 2002, Las Vegas, USA in 2004 and Nîmes, France in 2006). This 9th meeting
was hosted by the Commissariat à l’Énergie Atomique (CEA) and was held in co-operation with the
European Commission (EC) and the International Atomic Energy Agency (IAEA).
After the opening session, with welcome addresses from Luis Echávarri, NEA Director-General
and Jacques Bouchard, Advisor to the Chief Executive Officer of CEA, five national P&T programmes
were presented, covering current activities in France, Japan, Republic of Korea, the United States and
the Russian Federation. Ongoing international activities in P&T were then presented by the European
Commission, the IAEA and the NEA. A talk by Professor Massimo Salvatores on “Improved resources
utilisation, waste minimisation and proliferation resistance in a regional context” complemented the
session.
Four plenary technical sessions, covering mainly scientific and technical issues in the field of
P&T, were organised. Invited papers were presented during these sessions. Contributed papers for
each of the four topics were presented during a poster session. The contents of the different sessions
are described below, together with a brief explanation of the content of the invited papers.
Session I: Progress in fuels and targets
This session comprised six invited papers:
x

Tourasse reported on the progress in the area of developing fuels containing minor actinides.
For sodium-cooled fast reactor high burn-up operation, the investigation concerned mainly
fabrication processes avoiding powder handling. For gas-cooled fast reactors, the research is
focusing on tailoring the thermal conductivity of fuel cladding, and improving fuel element
design to reconcile the requirement of high cooling gas temperature and cold fuel elements.

x

Fernandez gave an overview of work at the EC Institute for Transuranium Elements (ITU) on
inert matrix fuels. He reported specifically on the fabrication of these fuels as solid solutions
and composites, and on the characterisation of their thermal and vaporisation properties. The
report also illustrated various ongoing irradiation experiments and collaborative work.

x

Sudreau reported on work at CEA on oxide fuels and targets for transmutation. Simulations
of homogenous transmutation in pressurised water reactors show helium release to be
incompatible with current EPR rods. The choice of material for heterogeneous transmutation
11

is largely determined by matrix swelling behaviour as a function of neutron fluence. Magnesia
shows promisingly good behaviour, as exemplified by the 34% Am transmutation reached in
the Phénix reactor, France. (Zr,Y)O2 matrices are good candidates for both PWR and fast
reactor transmutation.
x

Haas reported on development progress as concerns transmutation targets within the framework
of the EC EFFTRA collaboration. This collaboration has now extended over a 15-year period.
Pellets fabricated from Am-containing spinels exhibit large He swelling at low temperatures
and phase segregation of AmAlO3 at high temperatures. Y-stabilised uranium-free zirconia
fuels containing americium will be the subject of irradiation experiments in Petten, the
Netherlands.

x

Hayes presented the current status of research on metallic fuels for transmutation, comparing
historic (graphite crucible, Am volatilising, plant scalable) to newly-developed (arc-melter,
Am preserving, not scalable) fabrication processes. Irradiation tests show that low density
increased Zr alloys are capable of sustaining higher burn-up and are good candidates for
transmutation. The fabrication of these alloys at engineering scale by an improved old process
with mitigated Am loss is being investigated, as well as the hot cell fabrication from recovered
TRUs.

x

Arai reported on current studies of nitride fuels for minor actinide transmutation in JAEA.
The research on the use of this type of fuel has shifted from fast reactors to accelerator-driven
systems. Carbothermic reduction leads to a (Np, Pu, Am, Cm)N solid solution, subsequently
diluted with ZrN. Under irradiation, such diluent additions do not seem to cause detrimental
effects.

In addition, eight contributed papers were presented during the poster session.
Session II: Progress in partitioning and waste forms
This session comprised eight invited papers:
x

Kimura reported on recent activities on aqueous partitioning at JAEA, integrated in a
homogeneous recycling scheme, contemplating commercialised fast reactors as transmuters.
The NEXT process separates U by crystallisation, co-recovers U-Pu-Np and provides for MA
recovery. The four-group process has been tested leading to the separation of TRUs, Tc and
Pt-group metals and (Cs, Sr). Under the ARTIST concept, improved extractants and adsorbents
are currently investigated for secondary waste reduction and thus for possible cost reduction.

x

Laidler gave an overview of advanced spent fuel processing technologies within the US
Global Nuclear Energy Partnership (GNEP). Two major elements are: the need to avoid Pu
separation and to avoid the need for a second underground repository since Yucca Mountain
will reach its legislated capacity by 2015 and its technical capacity (assuming growth around
3.2%) by 2040. It is envisaged that LWR spent fuel (and MOX spent fuel) will be processed
using aqueous techniques in the UREX+ suite, leading to the separation of lanthanides from
actinides. Fuel from the ABR will be reprocessed both by aqueous and pyrochemical methods.
Results were shown for Tc metal recovery by pyrolysis in wet argon as well as for the recovery
efficiency of UREX+1a at laboratory scale (with total lanthanides in TRU below 0.05%).
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x

Madic reported on the EUROPART project, whose 9 work packages, covering both hydro
and pyrochemical partitioning techniques, have mobilised efforts from 24 partners in the
European Union, in addition to CRIEPI in Japan, ANSTO in Australia and collaborations
with the US DOE and institutes in Russia and Ukraine. Results were highlighted for each of
the work packages.

x

Kormilitsyn gave an overview of the current and future activities in partitioning of fissile and
radiotoxic materials from nuclear fuels in RIAR. This will be included in a new technological
platform, comprising commercial fast reactors and closed fuel cycle, evolving from the
DOVITA approach, started in 1992. Results from collaborative work with CEA for the
fabrication of (UAm)O2 fuel pins for BOR60 were also presented.

x

Glatz illustrated, with numerous results, the activities on partitioning research at ITU, centred
around an institutional programme for hydro and pyro-reprocessing. The activities incorporated
the demonstration of separation schemes on simulated and irradiated materials, the participation
in European Commission projects, such as EUROPART, and a long-standing collaboration
with CRIEPI.

x

Baron reported on progress in partitioning at the CEA ATALANTE facility. The new CBP hot
laboratory has demonstrated DIAMEX-SANEX Np recovery (higher than 99%) and Am+Cm
(higher than 99.9%) lanthanide separation. Future developments will include the adaptation of
these processes for all-actinide grouped extraction with new molecule development (GANEX).
Results were shown on poly-actinide oxalate co-precipitation and Pu-Am co-extraction and
separation from fission products by high temperature salt/metal extraction.

x

Inoue’s overview on pyroprocessing activities in CRIEPI was presented by Yamada. The
objective is to propose an effective scenario and method for spent fuel treatment within a
cycle comprising metal-fuelled fast reactors. Research results from various long-standing
collaborations were shown, both for process development and for metal fuel development and
irradiation. Future work includes the design study and economic analysis of a reprocessing
facility.

x

Raj reported on carbide fuel reprocessing and fast reactor fuel cycle development. The CORAL
lead-shielded alpha-tight pilot plant has allowed for the reprocessing of carbide fuel with
burn-up as high as 100 GWd/t. Its design concept eliminates the need of direct maintenance
and the plant accommodates all reprocessing equipment. The report further included new
directions for reprocessing and a summary of experimental and computational studies on
the thorium fuel cycle, partitioning of high-level waste, pyrochemical reprocessing and
accelerator-driven systems.

In addition, 34 contributed papers were presented during the poster session.
Session III: Spallation targets, dedicated transmutation systems, coolants, physics and nuclear data
This session comprised six invited papers:
x

Knebel reported on the EC EUROTRANS project. This project, devoted to the study of
transmutation of high-level waste in an accelerator-driven system (ADS), comprises five
technical domains and has mobilised efforts in 14 European Union countries. Results were
highlighted for each of the work packages.
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x

Oigawa reported on activities at JAEA related to dedicated accelerator-driven transmutation
systems. The following three possible scenarios are contemplated for such dedicated systems:
LWRs burning UO2 and MOX fuels, a transient scenario from LWRs to fast breeder reactors
(FBRs) and a “symbiotic” scenario with transmutation at both ADS and FBRs. Current work
on ADS was presented and covered the engineering feasibility of the spallation target beam
window, the alleviation of the thermal stresses caused by beam trip frequency reduction.
It also covered a preliminary estimation of cost, taking into account the possible reduction on
the number of waste repository sites. The total cost was estimated to be 1.304 u 1012 Yens.
Oigawa further reported on the current status of the J-PARC transmutation experimental
facility and highlighted the importance of a stepwise approach and of international
collaboration on ADS.

x

AÊt Abderrahim gave a comprehensive review of the status of the MYRRHA project and the
prospects for its realisation. The review summarised the challenging areas, such as the
spallation target, materials (361L and T91 steels), Pb-Bi chemistry, visualisation through the
eutectic, fuel qualification, remote handling and accelerator development, leading to an
international collaboration roadmap for ADS deployment.

x

González gave an overview of the NUDATRA domain of the EUROTRANS project. This
domain is oriented towards the improvement of model and simulation codes, data measurement
and evaluation, uncertainty propagation and sensitivity analysis in conjunction with the
development of a Pb-cooled ADS. Results were highlighted from the four working packages
involving 13 research centres and 9 universities in the EC on sensitivity analysis and
collection of covariance information, measurements at the Gelina accelerator, improvements
in the Talys low-intermediate energy reaction code and He and Be production by high-energy
proton reactions at the NESSI/PISA facility.

x

Latgé reported on the MEGAPIE-TEST collaboration, which brings together, under the aegis
of the EC, laboratories in the OECD Asia-Pacific, North America and European areas to
design, build and operate a liquid Pb-Bi spallation target at the Swiss SINQ facility.
Following a detailed target description, first results were communicated from the successful
steady-state operation under a 1 200 PA proton current, under which a neutron flux increase,
compared to the original SINQ target, of 41% was measured in the thermal region and of 70%
in the cold neutron region.

x

Li gave an overview of transmutation research at Los Alamos National Laboratory centred on
heavy liquid metal technology and the plans for a Material Test Station. The DELTA facility
has been in operation since 2003 and provides stable oxygen level control with a PbO mass
exchanger located in a bypass. Results were reported on effects of oxygen concentration on
heat transfer and wetting, corrosion modelling and benchmarking, and the ICE facility to
study corrosion under 5 MeV proton irradiation. The Material Test Station is planned with
a fuel-independent neutron flux of approximately 1.6 u 1015 neutrons/(cm2 s) of which
1.3 u 1015 neutrons/(cm2 s) refer to energies above 0.1 MeV.

In addition, 31 contributed papers were presented during the poster session.
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Session IV: Transmutation in Generation IV reactors. Implications of P&T for waste
management, in particular for geological disposal.
This session comprised five invited papers:
x

Goldner reviewed the transmutation capabilities of fast and thermal spectrum Generation IV
reactors, all of which could play a role in scenarios with transmutation of LWR spent fuel.
Fast reactors can effectively consume all transuranics and thermal reactors are suited for
limited transmutation with the option to operate them with fertile-free (“inert matrix”) fuels,
followed by recycling in fast reactors or in molten salt reactors operated in a burner mode.
In the US, current policy of not separating Pu leads to the development of recycling of all
transuranics from LWR spent fuel for subsequent use in a fast spectrum reactor.

x

Gudowski gave an overview of the EC project RED-IMPACT dealing with partitioning,
transmutation and waste reduction technologies on nuclear waste for final disposal. The project
involves 23 partners in 11 countries contributing to 6 work packages. It used the 2002 NEA
Report on Accelerator-driven Systems (ADS) and Fast Reactors (FR) in Advanced Nuclear
Fuel Cycles – A Comparative Study as a starting point. The introduction of performance
indicators (technical, economic, societal and related to sustainability) was discussed.

x

Wigeland addressed the issue of design criteria for geological disposal concepts and how
separation techniques can contribute to improved repository utilisation. For the US repository
concept (under unsaturated and oxidising conditions) group separation (t 99.9%) of actinides
and fission products would allow a range of improved repository solutions, such as optimising
space utilisation and peak dose reduction. To delay the need for additional repository space or
for a second repository, issues such as the demonstration of compacted waste forms and the
need to avoid direct disposal of spent fuel by maintaining transuranics in the fuel cycle were
highlighted.

x

Cavedon gave an overview of the NEA study, published in 2006, on the impact of advanced
fuel cycles on waste management policies. The study takes into account scenarios based on
open and closed fuel cycles and how their different steps contribute to the three categories of
waste: high-level (suitable for deep geological disposal), intermediate-level (suitable for
geological disposal) and low-level (suitable for surface or sub-surface storage). Repository
concepts were considered in clay, granite and tuff formations. From this standpoint,
conditioning, geological disposal and P&T emerge as complementary options. The study
concludes that the cost of total electricity generation varies by less than 20% for the estimated
scenarios and that activity, maximum dose and cost are not driving factors for policy making,
in contrast to waste heat load and volume reduction.

x

Taylor addressed the subject of public perception of radioactive waste management options,
using results from recent years’ surveys among EC countries. Public perception that nuclear
waste can be safely managed would contribute to an easier acceptance of nuclear energy.
Perception is directly linked to the degree of public knowledge, so changing the public’s
perception is possible and should be tried in specific cases, such as addressing local concerns
on the siting of new facilities.

In addition, 11 contributed papers were presented during the poster session.
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Summary session
A summary session was held where session co-chairs were invited to present the highlights from
their technical sessions and to form a panel for an open discussion with the IEM attendees.
During the discussion, it was noted that there is presently a broader recognition of the fact that
optimisation of the fuel cycle through partitioning and transmutation also needs to take into account
waste management issues, for all waste streams within the fuel cycle, including their associated costs
and risks. Partitioning and transmutation can be seen as a way of bringing the back end of the fuel
cycle into the present, what is otherwise considered as a potential distant future risk. Thus, energy
sustainability emerges as the major rationale supporting approaches based on partitioning and
transmutation in advanced reactors and accelerator-driven systems.
Building on the idea that partitioning and transmutation is now fully embedded in the nuclear fuel
cycle, the opinion was expressed that new interfaces, such as current developments in fast reactors and
in radioactive waste management need to be properly developed. These new interfaces called for
further discussions on the format of this series of information exchange meetings, a point that was
noted by the NEA Secretariat, who in turn encouraged attendees to submit their ideas via their country
representatives to the concerned NEA committees (Nuclear Science and Nuclear Development
Committees).
The information exchange meeting was closed by Joël Guidez, Chair of the Scientific Advisory
Committee. Technical visits to CEA Marcoule were arranged for the following day.
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OECD/NEA WELCOME

L. Echávarri (Conference Chair)
Director General
OECD Nuclear Energy Agency

It is a great pleasure for me to welcome you to this 9th OECD Nuclear Energy Agency
Information Exchange Meeting on Actinide and Fission Product Partitioning and Transmutation.
The French Commissariat à l’Énergie Atomique is hosting us in this beautiful Mediterranean city
of Nîmes, close to the monumental arena (one does not know what to admire more, whether the
magnificent work of architects and builders of the past or the sustained effort of many generations in
preserving and maintaining it). I would like to say my first words of gratitude to CEA not only for
their kind offer and the efficient organisation of this meeting but also for their reiterated support to
OCDE Nuclear Energy Agency activities in general. Mr. Jacques Bouchard, Mr. Loïck Martin-Deidier
and Mr. Joël Guidez: thanks very much for being here with us today representing such an active partner.
Both the European Commission and the International Atomic Energy Agency have collaborated,
as in previous editions, in the organisation of this meeting. My thanks go especially to their
representatives here today: Mr. Ved Bhatnagar from the Commission and Mr. Alexander Stanculescu
from the IAEA. At the NEA we are very happy to be able to pursue many of our activities with the
direct participation of both international organisations in our committees and working parties.
The success of an international meeting depends very much on the dedication and work of its
Advisory Committee. I would therefore like to thank our International Advisory Committee, represented
here by its Chair, Mr. Joël Guidez, for its work in preparing and selecting the papers for this meeting.
To end this chapter of acknowledgements, I thank all of you who have travelled from member
and non-member countries in order to actually exchange information with your invited and contributed
papers and topics for discussion. These constitute the essential ingredient, not only for the meeting but
for progress in the field. Again, thank you very much, ladies and gentlemen, for your interest in this
meeting and in the activities of the NEA.
The history of partitioning and transmutation at the OECD NEA dates back to 1988, when
following a request from the Japanese government, the Agency started a programme of information
exchange between the few countries active in the field at that time. Many of you will have taken part
in some (and a few in all) of the past eight editions of this meeting and have therefore been witnesses
to the projection on this field of partitioning and transmutation of the changing scenarios brought
about not only by scientific and technical trends and developments but also by world energy markets
and government responses to societal needs. As researchers, I dare say, you enjoy the privileged
situation of being able to gauge the direct impact of your work in the lives of your fellow citizens and
you also bear the associated responsibility of working under the constant call from society to ensure
sustainability in its broadest sense.
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Before you engage in your specific discussions, I would like to bring some general considerations
about the current world energy scene and the role that nuclear is playing and is expected to play in the
not-so-distant future. I am doing so not just to provide you with some recent figures on general
indicators but in the hope to demonstrate to what extent your efficient and dedicated work in the field
of partitioning and transmutation can actually contribute to shape the years to come.
Energy policies are driven by economic, social and environmental factors. This maps nicely into a
triangle, the sustainable development triangle, which I invite you to tour with me for the next few
minutes. Economics, you will not be surprised to hear, remains a cornerstone in this triangle, some
would even say the cornerstone. Competitiveness of various electricity generation options varies from
country to country. For nuclear, capital investments represent 52% of the total cost against 36% for coal
and 14% for gas. However, another cost component, that of fuel, puts nuclear in a more comfortable
position at 17% versus 46% for coal or 79% for gas. I believe economics is sending a message here.
In the first place, about where to direct research and development activities in the nuclear field: indeed,
lower capital investments brought about by new optimised procedures, control systems and materials
will always be welcome. But the message also comes with a cautionary tone: any proposed development
needs to be carefully examined from a cost perspective if it is to be successfully implemented.
With the current LWR deployment and assuming once-through cycle, identified uranium resources
will last for more than 85 years (or 270 years if we add the inferred and other more speculative
prognosticated resources). Fast neutron reactors and closed cycles can drastically change the picture
and multiply by a factor of 30 the duration of the identified resources. What about the geographical
distribution of resources? In 2004, one-half of the world uranium production originated in OECD
member countries (Australia and Canada). You can find further information on this topic of
quantifying uranium resources in the recently appeared 2006 NEA/IAEA Red Book and I am sure that
during this information exchange meeting we shall have the opportunity to learn about your current
efforts to design and optimise scenarios with the various scientific and technological options in-hand
and under development at your laboratories.
Our current world situation presents many challenges and society and governments are actively
seeking response to them. When we speak about nuclear energy, you immediately guessed, society is
rightly addressing us, experts, questions on radioactive waste disposal and proliferation issues. The
impact of partitioning and transmutation in radioactive waste management will be the subject of
discussion during this meeting and has been a recent topic within NEA working groups, which is a
good thermometer, I like to think, about the attention paid to the subject in our member countries.
Nuclear proliferation issues are not addressed directly in the programme of work of the NEA but, in
line with the concern of our member countries, they are deeply rooted in many of the international
co-operation programmes where the NEA has been invited to take up a co-ordinating role.
In order to complete this morning’s tour of the sustainable development triangle, I would need to
reflect for a moment on the purely environmental component of the technologies emerging from
partitioning and transmutation research and development. Greenhouse emissions are an environmental
issue. Much positive can and has been said about nuclear in this context. But environmental concerns
have other facets and, as in the case of economics, the message is to continue to develop technologies
with high levels of inherent safety. I also feel this message is well taken by the partitioning and
transmutation community that has incorporated it as one of its driving principles.
After these few snapshots trying to show how partitioning and transmutation can and need be
integrated in a sustainable development perspective, I would like to express as a representative of the
OECD Nuclear Energy Agency, my satisfaction due to your numerous presence here today as experts
from both member and non-member countries. Thank you very much for travelling to Nîmes for this
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meeting. The continuation of this series of meetings through more than 15 years (some of them
corresponding to difficult periods) I interpret as a good example of our sound record in terms of
working methods and structure for international collaboration. I would also like to do a projection into
the future since it is our ambition to continue to do so in these exciting times.
I am looking forward to your contributions and discussions during the next three days. But before
we enter into this 9th edition of the NEA P&T meetings, I would like to announce the good news that
at NEA we have received the formal proposal from the JAEA to host the 10th edition of the IEM on
P&T in Tokai-mura (Japan) in November 2008. I am sure that in Tokai, as this week here in Nîmes,
we shall enjoy a very successful meeting.
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CEA WELCOME

J. Bouchard (Conference Chair), L. Martin-Deidier, J. Guidez
CEA

On behalf of the French Commissariat à l’Énergie Atomique, a welcome speech was given by
Mr. Jacques Bouchard, Special Advisor to the CEA Chairman and Chief Executive Officer.
Mr. Loic Martin-Deidier welcomed attendees to the CEA Valrhô Marcoule Center. Mr. Joël Guidez,
Director of the Phénix reactor and Chair of the 9-IEMPT Scientific Advisory Committee introduced
the programme of the Information Exchange Meeting.
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P&T PROGRAMMES WITHIN FUEL CYCLE STRATEGIES
Fuel Cycle Strategies and National Programmes on P&T

Chairs: J. Bouchard, D. Hill
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FRENCH FUEL CYCLE STRATEGY AND
PARTITIONING AND TRANSMUTATION PROGRAMME

Philippe Pradel
CEA/Nuclear Energy Direction
F-91191 Gif-sur-Yvette Cedex, France

Abstract
The global energy context pleads in favour of a sustainable development of nuclear energy since the
demand for energy will likely increase, whereas resources will tend to get scarcer and the prospect of
global warming will drive down the consumption of fossil fuel sources.
How we deal with radioactive waste is crucial in this context. The production of nuclear energy in
France has been associated, since its inception, with the optimisation of radioactive waste management,
including the partitioning and the recycling of recoverable energetic materials. The public’s concern
regarding long-term waste management led the French government to prepare and pass the Law of
December 1991, requesting in particular the study for fifteen years of solutions to minimising even
further the quantity and the hazardousness of final waste, via partitioning and transmutation.
At the end of these fifteen years of research, it is considered that partitioning techniques which have
been validated on real solutions are at disposal. Indeed, aqueous process for separation of minor
actinides from the PUREX raffinate has been brought to a point where there is reasonable assurance
that industrial deployment can be successful. A key experiment has been the kilogramme-scale
successful trials in the CEA-Marcoule Atalante facility in 2005 and this result, together with the
results obtained in the frame of the successive European projects, constitutes a considerable step
forward. For transmutation, CEA has conducted programmes proving the feasibility of the elimination
of minor actinides and fission products: fabrication of specific targets and fuels for transmutation tests
in the HFR and Phénix reactors, neutronics and technology studies for critical reactors and ADS
developments. Scenario studies have also allowed assessing the feasibility, at the level of cycle and
fuel facilities, and the efficiency of transmutation in terms of the quantitative reduction of the final
waste inventory depending of the reactor fleet (PWR-FR-ADS).
Important results are now available concerning the possibility of significantly reducing the quantity
and the radiotoxicity of long-lived waste in association with a sustainable development of nuclear
energy. As France has confirmed its long-term approach to nuclear energy, the most effective
implementation of P&T of minor actinides relies on the fast neutron Gen IV systems which are
designed to recycle and manage their own actinides. The perspective to deploy a first series of such
systems around 2040 supports the idea that progress is being made: the long-term waste would only be
made up of fission products, with very low amounts of minor actinides.
In this sense, the new waste management law passed by the French parliament on 28 June 2006,
demands that P&T research continue in strong connection with Gen IV systems and ADS development,
allowing to assess the industrial perspectives of such systems in 2012 and to put into operation a
transmutation demo facility in 2020.
27

Introduction
After a stagnation of the development of nuclear energy, except for Asia (India, Japan, South
Korea, Republic of China and Taiwan), during the past decade and the very next years, several events
let anticipate a renewed interest in nuclear energy.
The first event is the rising awareness of the fast growing world primary energy demand, and the
international recognition that all energy sources are needed to meet the demand, including renewables
and nuclear energy which do not generate greenhouse gases. The second event is the rising awareness
of the risks for the planet global climate change induced by the huge release in the atmosphere of
greenhouse gases resulting from the burning of fossil fuels. The third event consists in National Energy
Policy reviews or laws proposals that comfort the role of nuclear energy as a necessary component of
the energy mix to meet the demand while also meeting energy security and environmental objectives.
In the USA, the recent US Global Nuclear Energy Partnership (GNEP) is a comprehensive strategy to
increase global energy security, encourage clean energy development, reduce the risk of nuclear
proliferation and improve the environment.
In France, an energy review in 2003 preceded an energy bill passed by the parliament in July 2005
which defines the French future energy policy based on diversification of energy sources, increase of
the share of renewable energy sources and use of nuclear energy as major component of the French
mix of energy sources for energy security and limitation of greenhouse gas emissions.
How we deal with radioactive waste is crucial in this context. The public’s concern regarding
long-term waste management led the French government to delay implementation of geological
disposal and to prepare a law, passed on 30 December 1991, requesting in particular the study for
fifteen years of solutions and processes for further minimising the quantity and the hazardousness of
nuclear waste, via partitioning and transmutation. This paper presents the French programme and an
overview of the results obtained by the research conducted in the framework of this law on partitioning
and transmutation between 1991 and 2005. Over these past fifteen years, all of the P&T research has
been conducted by CEA in close collaboration with the CNRS and French universities, and with the
support of partners from industry (EDF, AREVA NP and NC).
The national P&T programme has been defined as a function of relevant priorities assigned in the
framework of each research area, with due account for the fact that the objective was to provide the
French government and parliament by 2006 with sound elements that will allow them to implement a
strategy for the management of long-lived radioactive waste. Those priorities include separation of the
radio elements of the spent fuel, their transmutation and how P&T could be implemented through
scenario studies [1,2].
Results of partitioning studies
The studies cover minor actinides (americium, curium and neptunium) that, except for plutonium,
represent most of the long-term radiotoxic inventory of nuclear waste and certain fission products
having a long-lived isotope, a high relative abundance in the spent fuel as well as chemical properties
that make them potentially mobile: iodine, caesium and technetium
Aqueous partitioning of minor actinides
The reference approaches of the programme on extensive partitioning are based on extraction
during the liquid phase, either by adapting the PUREX process used in the industry to reprocess fuel or
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in developing new PUREX-downstream complementary extraction processes. The scientific feasibility
of these processes (development of extracting molecules and validation of basic designs at lab-scale)
was established in 2001, with values of separation as high as 99.9% for recovered americium and
curium from HLW.
Americium and curium are partitioned by new extracting molecules specifically developed for that
purpose with the DIAMEX-SANEX process, which has been selected at the end of the scientific
feasibility stage; caesium is separated with calixaren-crown molecules, whereas neptunium, iodine and
technetium are extracted by technical adaptations of the existing PUREX process. The study programme
for partitioning processes was continued from 2002 to 2005 in order to reach the demonstration of
the technical feasibility stage (complete process validation, with industrial-scale removal/extraction
equipment at the CEA-Marcoule Atalante facility) with the assessment of the industrial feasibility
(implementation conditions, production of secondary waste, safety conditions, etc.).
Results obtained at laboratory scale had shown that the recovery of 99.9% of americium and curium
in partitioned fluxes in view of separate handling is possible, which was an indication of the scientific
feasibility. Furthermore, in 2005, a key experiment on a few litres of UOX spent fuel high-level solution
was successfully performed at Atalante, so as to confirm the aforementioned results and confirm the
technical feasibility of the DIAMEX-SANEX process. An initial sketch, though incomplete, of what
could be an industrial americium and curium partitioning workshop was drawn up on the basis of the
experimental data available. This preliminary analysis did not indicate any show stopper, but it must
now be added to so as to draw a conclusion on industrial feasibility.
For neptunium, small-scale experiments have shown that the recovery of 99% of the neptunium
contained in spent fuel could be possible through the adaptation of the PUREX process. A larger scale
test on several dozen litres of UOX spent fuel high level solution carried out in Atalante in 2005 has
confirmed this result, with still a higher value of recovery.
Partitioning of fission products
The PUREX process adapted to neptunium partitioning should also be capable of extracting the
solubilised part of technetium during the first stage of spent fuel reprocessing with a recovery rate of
more than 95%. For the insoluble part of technetium, whose abundance depends on the nature of the
fuel and on the fuel burn-up, the search for heat treatment conditions which are compatible with the
PUREX process has remained unfruitful. For iodine, the results of the laboratory-scale experiments
and those of a pilot study show that it is possible to selectively recover more than 99% of the iodine
contained in the spent fuel. The methods put forward are adapted to the processes used industrially to
handle this element during spent fuel reprocessing. The techniques developed to trap the iodine and clean
the iodine filters could be industrialised. Recovery of 99% of the caesium present in the solution of
fission products was successfully undertaken in the laboratory. The experiments’ results are considered
as compatible with development on a larger scale. Caesium recovery would be possible by implementing
a solvent extraction process which would complement the current fuel reprocessing process.
Results on pyrochemical processes
Alternative processes are also being investigated, notably those involving pyrochemistry for the
reprocessing of transmutation targets (hardly soluble in aqueous nitric acid solution) and some
innovative fuels of future reactors. With regard to the recovery of actinides via salt/metal reducing
extraction, it is possible to use molten chlorides and fluorides; nevertheless, the partitioning of actinides
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from lanthanides is more selective in the fluorides, particularly in the LiF-AlF3/AlCu system. This
technique appears to be the most promising for the recovery, in a small number of stages, of 99.9% of
the actinides without extracting the lanthanides. However, there are no industrial examples at present
which implement multi-stage and high temperature salt/metal contactors and, despite recent progress
gained in France and abroad, there are still many issues to be solved as to the potential implementation
of large-scale pyrochemistry in the nuclear field.
Results on transmutation
The purpose of transmutation programmes is to assess the possibility of eliminating long-lived
radioactive waste through critical reactors (present or future) or innovative subcritical hybrid systems.
With regard to critical reactors, programmes have been divided into two major themes:
x

experimental studies on fuels and targets, including in particular an experimental irradiation
programme;

x

studies on reactor cores and transmutation neutronics in existing PWR-type reactors with
evolutions of current management modes, and in future sodium or gas FNR fast-flux reactors.

Experimental irradiation programme of transmutation fuels and targets
The experimental irradiation programme has been based, for a large part, on tests in the fast flux
Phénix reactor which power restart has been effective in late 2003. Flux conditions of Phénix are well
suited to allow the studies of irradiation damages of fuels and targets for transmutation under conditions
representative of fast and partly moderated flux, which are considered to be the most efficient for
transmutation of minor actinides and some long-lived fission products. A first phase of experiments is
currently under irradiation:
x

Ecrix B and H targets, consisting of pellets containing americium oxide dispersed at the scale
of a few microns in an inert magnesia matrix, under fast (B) and partly moderated (H) neutron
flux (Ecrix H was unloaded in 2005);

x

three Metaphix 1, 2 and 3 subassemblies containing experimental pins of metallic UPuZr fuel
containing dispersed minor actinides, within the framework of an agreement with the
Japanese CRIEPI (Metaphix 1 was unloaded in 2004);

x

Anticorp 1 experiment consisting of three pins containing pure metallic 99Tc;

x

Profil R for the measurement of capture sections of fission products, lanthanides and actinides
isotopes under fast neutron flux.

A second phase of experiments began in 2006, which will integrate the knowledge gained with
the results of the experiments just described in Phénix and also performed previously in the thermal
French Siloe reactor and in the European HFR. New microstructures (dispersion of actinide compounds
at the scale of few tenths of microns) and new matrix materials will be tested. The important joint
CEA-DOE-ITU-JAEA Futurix-FTA experiment (oxide, nitride and metallic ADS fuels in the same
irradiation conditions) is also planned beginning in 2007 up to the final shutdown of Phénix in 2009.
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Neutronics of reactor cores for transmutation
The R&D programme which has been undertaken has provided large information on the technical
feasibility of transmutation, according to the various transmutation systems studied in homogeneous
mode or heterogeneous mode, using PWRs or FRs or accelerator-driven system dedicated reactors.
For MAs transmutation in PWRs, MOX UE fuel (plutonium level close to 9% mixed with
enriched uranium) is the most favourable option. Nevertheless, the amounts of helium generated
during the transmutation of americium would lead to limiting the levels of americium and the heights
of the fissile columns, which would have a significant unfavourable impact on the material balances
and the operation of the reactor. Furthermore, the manufacturing of the corresponding fuel would be
particularly more complex than today’s system and would require remote-operated manufacturing.
In fast neutron spectrums, the reactors were considered with critical and subcritical core modes.
The reactors which are dedicated to minor actinide transmutation were studied with a subcritical core
mode, which means that the core could be heavily loaded with minor actinides while guaranteeing the
safety and control of such ADS systems. Contrary to electricity-generating reactors, no powerful ADS
have yet been built, and such systems are in the phase of improved preliminary design. The qualification
procedure on the main basic components of ADS (accelerator, target and subcritical core) has made
good progress over the past years, together with a better understanding of the coupling and control of
the system. Nevertheless, several technological constraints still remain and are to be overcome so as to
be able to judge the viability of powerful ADS. The next step will involve considering, within the next
few years, the possible launch of a European demonstrator construction phase, namely at the end of
the EUROTRANS European project in 2009.
For critical core configurations, the homogeneous and heterogeneous modes were considered. In a
homogeneous mode and in an FR, the technical feasibility of minor actinide (americium and neptunium)
transmutation was demonstrated through Superfact 1 and Metaphix irradiations, performed in Phénix.
For oxide, the in-pile behaviour of the fuel associated with this transmutation method, which can
contain up to 2.5% by mass of minor actinides, is not so different from the one of industrially qualified
standard fuel. Curium transmutation was only tested with the Metaphix experiment as this radionuclide
is very difficult to handle. This transmutation method involves revisiting the whole fuel cycle due to
the presence of curium and, to a lesser extent, americium.
For the heterogeneous mode in FR, the neutron studies led to privileging locally moderated
neutron flux transmutation in the reactor. The T4B experiment, performed in the HFR reactor, has
proven the feasibility of americium transmutation by obtaining a record 72% fission rate. Technical
feasibility of americium transmutation is in the process of being accomplished, thanks to current
experiments in Phénix, such as Ecrix B and H. Moreover, obtaining the authorisation from the safety
authority to carry out irradiation experiments in a fast neutron reactor which is coupled to the electrical
network, such as Phénix, highlights the quality and expertise behind the design and manufacture of the
irradiated fuel and targets. This outcome adds weight to the fact that americium and neptunium
transmutation is technically feasible in sodium-cooled FR.
Scenario studies
In France, some important results have been obtained during the period of the 1991 waste
management law and are actually already in use:

31

x

improved industrial spent fuel processing facilities and processes;

x

significant waste volume reduction (by a factor of 6 for the UP3-La Hague plant);

x

feasibility of disposal.

In order to still progress and to assess through simulation the nuclear reactor’s transmutation
capacities, calculation software programs which reproduce the physical phenomena occurring in the
core are used. These neutron calculation programs rely on three large subsets whose quality determines
the level of uncertainty of the calculations’ results: data libraries, programs or calculation codes and
qualification experiments. Developments and additions have been made to each subset to cater to the
specificities of waste-transmuting reactors. These models and data now make it possible to perform
preliminary calculations, whose results and tendencies are relevant and credible for feasibility studies.
Assessing a waste management solution can only be achieved through an overall view of the cycle
(reactors, reprocessing and fabrication plants). Thus, the scenario studies which consider the cycle’s
hypothetical developments over time are essential for assessing the interest and possibilities of P&T.
The scenario studies provide these overall views of the cycle and waste produced at various
times, from the current situation to balanced situations, which could be reached after several decades if
feasible. The transitional scenarios must therefore also be assessed and so must their feasibility on the
basis of the existing reactor fleet. The CEA uses the calculation COSI code to simulate how the fuel
cycle functions (reactors and cycle facilities), so as to provide, according to time, the development of
fluxes and of nuclear material inventories which are present in the cycle and the characteristics of the
waste produced.
Different major scenario families have been considered. Since plutonium is both a recyclable
energetic material and the main contributor to potential long-term radiotoxicity, all scenario studies
considered must be consistent with the policies contemplated for the long-term management of
plutonium. A first appraisal of the scenarios with current technology reactors (PWRs and FRs) have
indicated that the multi-recycling of plutonium offers a first advantage by reducing the potential
radiotoxicity of ultimate waste by a factor of 3 to 10, compared to once-through cycle, and that P&T
of minor actinides would bring a further advantage reflected by a global reduction factor of the order
of 100, depending on the P&T modes considered.
The fast neutron spectrum favours the transmutation physics. Neptunium transmutation,
homogeneously related to plutonium recycling, does not pose any specific difficulties in terms of
feasibility. However, this operation does not make a significant contribution to waste management.
As indicated earlier, for the recycling of all of the minor actinides in PWRs, the appearance of
californium (due to curium recycling) is prohibitive; associated with curium, it would especially create
significant difficulties during the recycling and manufacturing of the fuel, given the presence of
curium and californium (high thermal release, intense neutron emission). Americium recycling on its
own in PWRs is hardly realistic. Introducing americium into the PWR fuel requires, for reactor
operating safety reasons, additional 235U enrichment and would therefore only make use of a part of
the plutonium’s energy capacity in comparison to the recycling of plutonium on its own. Furthermore,
the americium inventory would not be stabilised by 2100 and would require significant modifications
to the existing cycle plants. For all these reasons, the transmutation of minor actinides is now disregarded
in PWRs.
The scenario studies have shown that the optimal solution for the implementation of P&T is
connected to the deployment of fast neutron spectrum systems like those of the fourth-generation
systems. The introduction of P&T options which use fast neutron spectrum reactor technology,
32

implemented during the 21st century to renew the French current fleet, has been the subject of an
assessment of the fleet’s transitional scenarios from the current situation to balanced situations. Those
scenarios based on fast neutron critical reactor systems mean that the aim to minimise minor actinides
is reached through the full actinide recycling operation which is possible in these systems; these
reactors can reprocess their waste and the minor actinides produced by the current PWR fleet.
A continuous improvement process for waste management will be sustained, using clearly fast
reactors for sustainability; sodium fast reactor is more mature, but gas fast reactor is an alternate track,
with in both cases minor actinides recycling as a progressive approach in the future nuclear cycles of
these reactors. The objectives of these new cycles will be natural resource conservation by using less
uranium, waste minimisation and proliferation resistance. In terms of industrial implementation, new
facilities will be able to process MOX and UOX LWR fuels, with higher throughput and integrated
fuel processing and recycling, such as the COEX (simultaneous co-extraction and co-conversion of
uranium and plutonium) which is under development at CEA, and using advanced separation
technologies. The new French Radwaste Management Act passed in June 2006 asks that, for
transmutation, “studies have to be carried out within the R&D framework of future nuclear energy and
ADS systems – aiming at 2012 for the technical feasibility evaluation (industrial level), and 2020 for
the commissioning of a prototype.”
Conclusion
Important results [3,4] are now available concerning the possibility of significantly reducing the
quantity and the radiotoxicity of long-lived waste in association with a sustainable development of
nuclear energy. This has been recently confirmed by an OECD/NEA review [5] carried out by an
international review team of independent specialists covering all the relevant aspects of chemical
partitioning, transmutation and nuclear materials technology. It is considered that the CEA report [3]
represents a key milestone in the programme of work for which CEA has been responsible about
solutions enabling long-lived radioactive elements present in waste to be partitioned and transmuted.
The main conclusions are that processes for separation of minor actinides (neptunium, americium and
curium) from the PUREX raffinate have been brought to a point where there is reasonable assurance
that industrial deployment would be successful; the research on transmutation fuels and targets
(fabrication, performance testing and subsequent chemical processing) is still considered to be at an
exploratory stage. The review team supports the long-term perspective for the management of minor
actinides in a reactor fleet which contains a number of fast reactors.
As France has confirmed its long-term approach to nuclear energy, the most effective
implementation of P&T of actinides other than plutonium and uranium depends on the fast neutron
Gen IV systems which are designed to recycle and manage their own actinides. The perspective to
deploy a first series of such systems around 2040 supports the idea that progress is being made: the
long-term waste would only be made up of fission products, whose radiotoxicity considerably drops
within a few hundred years. Future work will deal with pre-industrial demonstrations of transmutation.
In conclusion, the international context is favourable to the renaissance of nuclear energy, among
other energy sources, and the Generation IV International Forum has certainly been so far a very active
framework to define the objectives for nuclear systems after 2040 and to prepare the development of
enabling key technologies in international co-operation. Generation IV fast neutron systems are
considered as key components for the renewal of the French generating facilities after 2040, and for
the management of the transuranium elements generated by the current power reactors.
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A new waste management law was passed by the French parliament on 28 June 2006, demanding
that P&T research continue in strong connection with Gen IV systems development and allowing a
detailed cost/benefit analysis by 2012, in order to decide – or not – the industrial implementation of
P&T, if proved of interest with regard to the consequent simplification of the conditions of the
necessary geological disposal.
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Abstract
Important official plans for the nuclear fuel cycle strategy in Japan have been made over the past year.
The Framework for Nuclear Energy Policy says that basic and fundamental research and development
activities on partitioning and transmutation are to be conducted to support the utilisation of nuclear
energy in Japan. Research and development activities on partitioning and transmutation have been
promoted for more than 15 years in Japan. The Japan Atomic Energy Agency (JAEA) and the Central
Research Institute of Electric Power Industry (CRIEPI) are continuing the research and development
on the partitioning and transmutation technologies. The technologies using commercialised fast reactors
(FR) and using the accelerator-driven system (ADS) in the dedicated transmutation cycle of the
double-strata fuel cycle have been developed. Research and development activities on FR are
organised under the Feasibility Study on Commercialised Fast Reactor Cycle Systems.
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Introduction
The government of Japan decided to respect the Framework for Nuclear Energy Policy [1], which
was decided by the Atomic Energy Commission of Japan, on 14 October 14 2005, as a basic principle
for the nuclear energy policy and promote research, development and utilisation of nuclear science and
engineering. The Framework for Nuclear Energy Policy says that basic and fundamental research and
development activities on partitioning and transmutation, which would reduce the burden of disposal
of radioactive waste, are to be conducted to support the utilisation of nuclear energy in Japan.
Research and development activities on partitioning and transmutation have been promoted under
the OMEGA programme for more than 15 years in Japan. The main institutes involved in these
activities were the Japan Atomic Energy Research Institute (JAERI), the Japan Nuclear Cycle
Development Institute (JNC) and the Central Research Institute of Electric Power Industry (CRIEPI).
On 1 October 2005, JAERI and JNC were unified to become the Japan Atomic Energy Agency
(JAEA). JAEA is the only institute in Japan dedicated to comprehensive research and development
in the field of nuclear energy; it has ten research and development centres. Research and development
on partitioning and transmutation technologies is being undertaken mainly at the Tokai and the Oarai
Research and Development Centres. The prototype fast reactor MONJU is in the Tsuruga Centre, and
the experimental fast reactor JOYO is in the Oarai Research and Development Centre.
JAEA and CRIEPI continue the research and development on partitioning and transmutation
technologies. The technologies using commercialised fast reactors (FR) and accelerator-driven systems
(ADS) in the dedicated transmutation cycle of the double-strata fuel cycle have been developed. The
research and development activities on FR are organised under the Feasibility Study on Commercialised
Fast Reactor Cycle Systems.
This paper summarises the fuel cycle strategy in Japan, which is based on the Framework for
Nuclear Energy Policy, and the recent activities on the research and development of the partitioning
and transmutation technologies.
Fuel cycle strategy in Japan
Important official plans for the nuclear fuel cycle strategy in Japan have been made over the past
year. They are the Framework for Nuclear Energy Policy (Oct. 2005) [1], the Science and Technology
Basic Plan (March 2006) [2], the New National Energy Strategy (May 2006) [3], the Nuclear Power
Nation Plan (Aug. 2006) [4], and the R&D Plan for Nuclear Energy (tentative) (Sept. 2006) [5].
Framework for Nuclear Energy Policy
On 11 October 2005, the Atomic Energy Commission of Japan decided upon the Framework for
Nuclear Energy Policy [1]. This is a basic principle for the nuclear energy policy that promotes
research, development and utilisation of nuclear science and engineering. On 14 October 2005, the
government of Japan decided to respect the Framework for Nuclear Energy Policy.
The Framework for Nuclear Energy Policy determines that basic and fundamental research and
development activities on partitioning and transmutation technologies, which would reduce the burden
of disposal of radioactive waste, as shown in Figure 1, are to be conducted to support the utilisation of
nuclear energy in Japan.
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Relative toxicity of radioactive waste

Figure 1. Relative radiotoxicity of high-level radioactive waste [6]
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For the nuclear power generation, it says that it is appropriate to aim at maintaining or increasing
the current level of nuclear power generation, which is 30 to 40% of the total electricity generation,
even after 2030. Advanced models of the LWR are, therefore, to be prepared for the replacement of
existing nuclear power plants. The replacement will start around 2030, as shown in Figure 2.
Figure 2. Short- and medium-term direction of nuclear power generation [6]
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For the fast reactor (FR) cycle technology, the Framework for Nuclear Energy Policy says that
the FR and its fuel cycle technology have the potential of contributing to long-term energy security
and reduction of the effects of potential toxicity of radioactive waste. It is necessary to consistently
promote the research and development toward its commercialisation led by JAEA. The feasibility
study on commercialised FR cycle systems aims to establish the FR cycle technological scheme in
around 2015, and the development of FR cycle aims at its commercial introduction at around 2050.
Science and Technology Basic Plan
Another important plan is the 3rd Science and Technology Basic Plan decided by the government
of Japan on 28 March 2006 [2]. This plan was made for five years from FY2006 to FY2010 based on
the report submitted to the prime minister by the Council for Science and Technology Policy on
28 December 2005. In this plan, FR cycle technology has been selected as one of the key technologies
of national importance. This means that an intensive investment to the FR cycle technology is to be
made in the next five years.
37

Nuclear Power Nation Plan
On 8 August 2006, a committee of the Ministry of Economy, Trade and Industry (METI) reported
the Nuclear Power Nation Plan [4], which is included in the New National Energy Strategy [3]. The
Nuclear Power Nation Plan is a concrete plan based on the Framework for Nuclear Energy Policy. For
the practical application of the FR cycle, it delineates the recommencement of operation of MONJU at
an early date, establishes sodium-handling technology, promotes necessary technological developments
such as the mixed extraction of minor actinides (MA), aims to realise the demonstration reactor and
related cycle facilities by 2025, and outlines the development of the commercial reactor before 2050.
R&D Plan for Nuclear Energy
On 6 September 2006, the R&D Plan for Nuclear Energy was reported to the Council for Science
and Technology after an intensive discussion in the Subdivision on R&D Planning and Evaluation,
Council for Science and Technology, Ministry of Education, Culture, Sports, Science and Technology
(MEXT) [5]. This is also a concrete plan based on the Framework for Nuclear Energy Policy.
The R&D Plan for Nuclear Energy determines that it is important to steadily promote the R&D
on partitioning and transmutation technologies as a basic and fundamental research and development.
For FR cycle technology, it says that the most probable concept is a sodium-cooled FR with advanced
aqueous reprocessing and simplified MOX fabrication, the operation of MONJU is re-started by
around 2008, the optimisation of conceptual designs of commercialised FR and its cycle facilities is
made based on engineering-scale demonstration by 2015, and the development of a demonstration FR
aims at its introduction by around 2025.
R&D activities on P&T in Japan
Two types of partitioning and transmutation schemes are considered in Japan. One is the
homogeneous recycling of MA with commercialised FR, and the other is the double-strata concept
with ADS, as shown in Figure 3.
Figure 3. Schemes for partitioning and transmutation of minor actinides

Double strata concept

Homogeneous recycling

In the homogeneous recycling of MA with commercialised FR, two variations of the concepts are
being studied: one is the combination of MA-MOX fuel with aqueous reprocessing, and the other is
MA-bearing metal fuel with pyrochemical reprocessing. In the double-strata concept with ADS, the
combination of MA-bearing nitride fuel with pyrochemical reprocessing is studied for the MA
transmutation cycle.
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MA-MOX fuel with aqueous reprocessing
Figure 4 shows a flow sheet of the advanced aqueous reprocessing under development, named the
New Extraction Systems for TRU Recovery (NEXT) process. In this process, excess uranium is
removed to reduce process solution, U/Np/Pu are co-recovered, and MA are extracted. An important
point is that this process separates out no pure plutonium.
Figure 4. Flow sheet of the advanced aqueous reprocessing; NEXT process
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The process developments of the U/Pu/Np co-recovery and the MA recovery are being made with
the hot tests and engineering setup. Figure 5 shows centrifugal contactor bank for an U/Pu/Np
co-recovery experiment in a hot cell. The MA recovery is developed by extraction chromatography.
Figure 5. Centrifugal contactor bank for U/Pu/Np co-recovery experiment

For the MA separation, novel extractants of diglycolamides (DGA) and pyridine dicarboxyamides
(PDA) are developed. The molecular structures of DGA and PDA are shown in Figure 6, respectively.
DGA has high solubility in n-dodecane and very high extraction ability for tri- and tetra-valent
actinides from nitric acid solution. PDA can separate tri-valent actinides from tri-varent lanthanides in
nitric acid solution. Since DGA and PDA consist of C, H, O and N, the wastes could be made small.
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Figure 6. Molecular structures of DGA and PDA
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MA-bearing MOX fuel has been developed in terms of fabrication and characterisation. Figure 7
shows 5%Am-MOX fuel pellets fabricated for the JOYO irradiation test in a hot cell with remote
handling. The simplified pelletising method is being developed, and good accuracy of Pu content
adjustment by solution mixing was attained, as was good sintering behaviour of Am/Np/simulated FP
bearing MOX pellets with low O/M ratio.
Figure 7. 5%Am-MOX fuel pellets for JOYO irradiation test

Properties of the fabricated fuels, such as melting point, thermal conductivity and oxygen potential,
were measured. The oxygen potentials of Am-MOX fuel were found to be higher than those of normal
MOX fuel.
MA-bearing metal fuel with pyrochemical reprocessing
The electrometallurgical process has been developed. Figure 8 shows the facility for the integrated
experiment of Li-reduction of oxide fuel, electro-refining and distillation. This process would be
applied to a transition phase from oxide-fuelled LWR to metal-fuelled FR. One continuous operation
of the whole process using UO2 was demonstrated with good mass balance. A test with PuO2 was also
successfully finished. Integrated test with MOX fuel is underway. These tests have been carried out
within the CRIEPI-JAEA collaboration.
The irradiation tests of MA-bearing metal fuel in Phénix, named METAPHIX, have progressed,
which are being performed within the CRIEPI-ITU collaboration. The fuel pins with U-Pu-Zr contained
minor actinides (Np,Am,Cm) and rare earths (RE: Ce,Nd,Y,Gd). They were fabricated in ITU, and
post-irradiation examinations (PIE) and recycling tests with pyro-process are to be done in ITU.
Table 1 shows the whole schedule of the irradiation tests.
Fuel rods were fabricated by arc-melting method. Figure 9 shows appearance of the fuel rods.
Compositions of the fuel rods in wt.% are U-19Pu-10Zr, U-19Pu-10Zr-2MA-2RE, and U-19Pu-10Zr5MA-5RE.
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Figure 8. Facility for the integrated experiment of pyrochemical process

Table 1. Whole schedule of the irradiation tests of MA-bearing metal fuel in Phénix
Burn-up
2.4 at.%
7.0 at.%
11.0 at.%

2003
Irrad.
Irrad.
Irrad.

2004
o
o
o

2005
o
o

2006
Trans.
o
o

2007
PIE
Trans.
o

2008

2009

2010

PIE
Trans.

PIE

o

Figure 9. Fuel rods fabricated by arc-melting method

The first irradiation test up to 2.4 at.% burn-up in Phénix was completed and a non-destructive
analysis on the pins at Phénix site was carried out. No failure and no deformation were visually
observed. These pins were transported to ITU for destructive PIE.
MA-bearing nitride fuel with pyrochemical reprocessing
For ADS, design and key technology development are being made. The superconducting linac has
been selected for the ADS, as the first candidate. In addition to the elemental development, a
high-intensity proton accelerator is being constructed within the framework of the J-PARC Project
(Japan Proton Accelerator Research Complex).
Regarding the spallation target, the lead-bismuth eutectic (LBE) technology including the material
corrosion/erosion test, and the design and thermal-hydraulics test for the beam window are under way.
The design study of the subcritical reactor is also under way to propose a feasible plant concept of
800 MWth LBE-cooled ADS, as shown in Figure 10, which can transmute 250 kg of MA annually.
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Figure 10. Conceptual view of 800 MWth LBE-cooled ADS
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MA-bearing nitride fuel for ADS has been developed in terms of fabrication, characterisation and
pyrochemical process. Multi-component actinide nitrides, such as (Np,Pu,Am,Cm)N, were prepared,
and the properties of MA-bearing nitrides were measured. Post-irradiation examinations of U-free
(Pu,Zr)N and PuN+TiN fuel were made, and no detrimental effect by addition of diluent materials of
ZrN and TiN was observed. Figure 11 shows an external view of (Pu,Zr)N pellets before irradiation
and a ceramograph after irradiation. For the pyrochemical process, dissolution behaviour of (Pu,Zr)N
in LiCl-KCl eutectic melt was clarified, and nitride formation of Pu and U from Pu-U-Cd alloy was
successfully made, which was followed by a pellet fabrication with the obtained nitride powder.
Figure 11. (Pu,Zr)N pellets before irradiation (left)
and ceramograph of the pellet after irradiation (right)

Summary
Important official plans for the nuclear fuel cycle strategy in Japan have been made over the past
year. They are the Framework for Nuclear Energy Policy (Oct. 2005), the Science and Technology
Basic Plan (March 2006), the New National Energy Strategy (May 2006), the Nuclear Power Nation
Plan (Aug. 2006), and the R&D Plan for Nuclear Energy (tentative) (Sept. 2006).
The Framework for Nuclear Energy Policy dictates that basic and fundamental research and
development activities on partitioning and transmutation, which would reduce the burden of disposal
of radioactive waste, are to be conducted to support the utilisation of nuclear energy in Japan. For the
development of the FR cycle technology, a demonstration FR aims at its introduction by around 2025
and its commercial introduction before 2050.
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Two types of partitioning and transmutation schemes are considered in Japan. One is the
homogeneous recycling of MA with commercialised FR, and the other is the double-strata concept
with ADS. In the homogeneous recycling of MA with commercialised FR, two variations of the
concepts are being studied: one is the combination of MA-MOX fuel with aqueous reprocessing, and
the other is MA-bearing metal fuel with pyrochemical reprocessing. In the double-strata concept with
ADS, the combination of MA-bearing nitride fuel with pyrochemical reprocessing is studied for the
MA transmutation cycle.
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Abstract
According to the long-term plan for nuclear technology development in Korea, KAERI is conducting
an R&D project on transmutation with the objective of key technology development in the areas of
partitioning based on a pyroprocess and transmutation system. The R&D activities for the partitioning
and transmutation of long-lived radionuclides are introduced in this work. The study on partitioning is
focused on the development of a pyroprocess. The major experimental items of the partitioning include
an electroreduction for a reduction of oxide fuel into metal, an electrorefining for a uranium recovery
from the obtained metal, an electrowinning for an investigation of the thermodynamic behaviour of
actinide mixture on a liquid metal cathode and a molten salt waste treatment such as the removal of
fission products from waste salts. In particular, KAERI is presently developing a new method to, in a
consecutive manner, remove fission products resulting from pyroprocessing units in order to minimise
the amount of waste salt to be disposed of. As for the transmutation system, we have studied, up to
now, an accelerator-driven transmutation system, which is a subcritical reactor connected to a proton
accelerator. Details on the design and the transmutation performance of the ADS system being studied
at KAERI are presented, and an experimental scale facility related to the corrosion loop is introduced.
In addition, a development plan of Gen IV-SFR being recently considered as a burner for transmutation
of long-lived nuclides is discussed in this work.
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Introduction
The nuclear power industry in Korea has grown dramatically since the first commercial nuclear
power plant, Kori #1, started its operation in 1978. Twenty nuclear power plants (16 PWRs and
4 PHWRs) are currently in operation, supplying about 40% of the total electricity demand. As of
December 2005, the accumulated spent fuels amounted to 7 962 t including 4 286 t of CANDU spent
fuel, and they are stored at four reactor sites. The cumulative amount is expected to reach 19 324 t by
2020. Korea has no fixed policy for an overall management of the spent fuel. However, extensive
studies on innovative fuel cycle technologies are being carried out at the Korea Atomic Energy Research
Institute (KAERI) in order to establish an effective solution for the back-end of the fuel cycle based on
a non-proliferation nuclear fuel cycle from the aspect of a long-term nuclear waste management (see
Figure 1). These studies include the DUPIC (Direct Use of PWR Spent Fuel in CANDU Reactors)
programme, the ACP (Advanced Spent Fuel Conditioning Process) programme, a pyrometallurgical
partitioning and transmutation programme, and a high-level waste disposal programme.
Figure 1. A long-term plan for a partitioning and transmutation of long-lived nuclides

The basic premises for the development of fuel cycle technologies are to secure and strengthen
the sustainability, proliferation safety, environmental safety and economic competitiveness of nuclear
energy systems in Korea. KAERI’s approach to the fuel cycle technology developments are shown in
Figure 1. The DUPIC fuel cycle is an intermediate measure to recycle the PWR spent fuel directly into
the CANDU reactors by using the OREOX and fuel refabrication processes. The DUPIC concept
provides the advantages of an elimination of the PWR spent fuel inventories, a saving of the natural
uranium resources for the CANDU fuel, and a reduction of the spent fuel arising from the CANDU
reactors. However, the main efforts on the development of a pyroprocess are being directed to the
electrolytic reduction of oxide fuel, an electrorefining and a waste minimisation, by targeting a
reduction of the volume, heat load and toxicity of the spent fuel and an application to the GEN-IV
reactor systems or the accelerator-driven subcritical reactor system as recycling and transmutation
methods for closing the fuel cycle.
KAERI’s activities on partitioning and transmutation
Figure 2 shows a schematic diagram of the pyroprocess being developed by KAERI.
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Figure 2. A strategy of partitioning and transmutation being to be developed at KAERI

DUPIC
DUPIC fuel cycle technology is to directly fabricate the CANDU fuel from the spent PWR fuel
through a dry thermal/mechanical process without a separation of the stable fission products and
transuranic materials. The basic concept of the DUPIC process is illustrated in Figure 3.
Figure 3. The basic concept of the DUPIC fuel cycle

The existence of residual fission products in the fresh DUPIC fuel is a distinctive feature. Due to
the high radioactivity of the fuel material, all the manufacturing processes should be performed
remotely in a highly shielded facility. Even if the remote fabrication and handling of the DUPIC fuel
causes technical challenges, this is an advantage for enhancing the proliferation resistance by: 1) no
purposeful separation of fissile isotopes and fission products during the dry thermal and mechanical
fabrication processes; 2) difficulties of a physical access and diversion of materials; 3) a self-contained
processing facility. As for the fuel fabrication process, the spent PWR fuel is first disassembled and
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then de-cladded to retrieve the irradiated fuel material. This fuel material is treated by repeated cycles
of an oxidation and a reduction, named the OREOX (Oxidation and REduction of OXide fuel)
process, to make it resinterable. Once the resinterable powder feedstock is prepared, the remaining
fabrication steps are similar to the conventional CANDU fuel fabrication process, i.e. powder
treatment, compaction, sintering, end cap welding and bundle assembly.
Since all the fabrication processes should be performed in a shielded facility, a designated remote
fabrication laboratory, called DFDF (DUPIC Fuel Development Facility), was established in 2000 by
refurbishing an existing hot cell at KAERI. The DUPIC programme was launched in 1991 as an
international collaboration programme jointly with Canada (AECL) and the USA (led by the US
Department of State with the participation of the Los Alamos National Laboratory). DUPIC fuel
development is being carried out in a phased approach. Phase I (1991-1993) was a feasibility study,
which was to conceptually evaluate various DUPIC fabrication processes and determine their
safeguardability. Phase II (1994-2001) was focused on demonstrating that DUPIC fuel can be fabricated
by using the OREOX process on a laboratory scale, and its fuel performance was assessed by using a
research reactor. KAERI and AECL initiated collaboration in the area of the fabrication technology,
reactor physics calculation and mechanical fuel performance assessment, while KAERI developed the
safeguards methods with the participation of the USA and the IAEA. Based on the results of the
Phase I and Phase II studies, verification of the DUPIC fuel performance has been carried out during
Phase III (2002-2007). Phase III includes such activities as an improvement of the DUPIC fuel
element fabrication technology, development of bundle remote fabrication technology, and irradiation
tests of the DUPIC fuel by using a research reactor, etc.
Recently, DUPIC fuel from a spent PWR fuel with a burn-up of 27.3 GWd/tU and 15 years
cooling was irradiated in the HANARO research reactor for the performance evaluation. According to
the results obtained up to now, the performance of the DUPIC fuel is thought to be quite similar to that
of conventional CANDU fuel.
Pyrometallurgical process
Electroreduction of oxide into metal
The Advanced Spent Fuel Conditioning Process (ACP) has been under development at KAERI
since 1997. The main concept is to reduce spent oxide fuel into a metallic form in a high-temperature
molten salt, as an intermediate step for the conditioning of a spent fuel for an eventual disposal and for
a recycling and transmutation of the spent fuel in a GEN-IV fast reactor. It includes several process
steps such as an air voloxidation of the oxide fuel pellets, an electrolytic reduction of the oxide fuel
powder in a LiCl-Li2O molten salt bath, and a smelting of the reduced metal powder.
The first step of the ACP is an air voloxidation of UO2 pellets to produce U3O8 powder. This step
is adopted to increase the reaction rate at the subsequent reduction step by serving as a substantial
surface area for the metal oxides to be reduced and to remove volatile fission products from the spent
fuel. The produced U3O8 powder is introduced into a molten salt bath for a conversion of the spent fuel
oxides to base metals. Early development activities for the reduction process focused on a conventional
Li-reduction process in which a highly reactive lithium metal was used as a reducing agent. However,
since 2001 a new electrolytic reduction technology has evolved as an innovative approach and it has
replaced the Li-reduction process. In the process, the spent oxide fuel serves as a cathode of a cell in
which the metal oxides are reduced to base metals, and the oxygen anions are oxidised at an inert
anode to produce oxygen gas, which is then vented from the cell. The new concept has advantages
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over the Li-reduction process such as a simplicity of the process systems, reduction of the molten salt
waste and an increase of the reduction yield. Over the period 2002-2005, the following results were
obtained from the inactive electrolytic reduction tests of 10 gU/batch to 20 kgU/batch:
x

From the viewpoint of a reduction yield, more than 99% of the uranium oxides could be
reduced to uranium metal powders in the bench scale (10 gU/batch) to laboratory scale
(20 kgU/batch) tests by using a LiCl-Li2O molten salt at 650qC.

x

The alkali and alkali earth oxides were changed chemically to their corresponding chlorides
during the electroreduction and they were consequently removed from the reduced U metal.
Most rare earth elements accompanied the reduced U metal due to their low solubility in a
LiCl molten salt.

x

A uranium metal ingot could be obtained under a reduced pressure of 10–2 torr and at a
temperature of 1 300qC at the smelter.

Recently, laboratory scale mock-up tests have been carried out for the electroreduction using a
20 kgHM/batch scale [1].
The containment/surveillance technology of the ACP facility has also been developed to enhance
the reliability and transparency for the nuclear R&D activities internationally through implementing
IAEA safeguards. A non-destructive nuclear material assay and accounting system, developed through
the performance analysis and a modification of the existing neutron accounting system, have been
devised for a material control and accountancy (MC&A) of the spent fuel to be conditioned. The
laboratory scale demonstration equipment (20 kg HM/batch) is being installed in a hot cell (Advanced
Spent Fuel Conditioning Process Facility, ACPF) as shown in Figure 4. Although the inactive tests
have been successfully demonstrated, the hot experiments in the ACPF are not yet scheduled. However,
the process units installed in the ACPF will be used to verify the ACP on a laboratory scale by using
the inactive material and produce data for designing an engineering scale facility in the coming years.
Figure 4. Overview of the Advanced Conditioning Process Facility (ACPF)
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Pyro-partitioning using electrorefining
Since 1997, KAERI has been conducting an R&D project on a pyro-partitioning for the recovery
of long-lived radionuclides. The study is focused on the development of pyroprocessing based on
an electrorefining of actinides, where all the transuranic metals are separated together as a mixture.
In order to achieve the above objective, the study on a pyro-partitioning is being carried out in three
phases. Phase I (1997-2000) was mainly focused on the concept of a fluoride molten salt reactor
proposed by LANL. Accordingly, the target of the research was to review and to obtain basic
technologies on pyroprocessing such as an electrowinning and a reductive extraction, by using fluoride
molten salt (FLiNaK and FLiBe). However, in Phase II (2001-2003), the concept of the pyroprocessing
was changed from a fluoride-based molten salt reactor into a chloride-based metallic fuel proposed by
ANL, with the purpose of using a metal ingot produced from the ACP process. During Phase II,
the goal of the research was to obtain the key technologies of a pyroprocessing such as a uranium
electrorefining and a cathode process. Electrorefining was performed at the temperature of 500qC by
loading the metal ingot into a molten LiCl-KCl electrolyte for a dissolution and electrotransporting of
the uranium as a cathode product. Then, the uranium deposit containing the salt was treated under a
vacuum at the cathode processor in order to remove the salt from the uranium.
In Phase III (2004-2006), R&D activities such as a scale-up (1 kgU/batch) of the electrorefining
equipment and cathode processing were carried out based on the results of Phase II. This scale-up
electrorefining system was successfully operated through two demonstration tests to obtain a uranium
deposit and a metal ingot. Recently, KAERI began developing a new electrolysis system with a high
throughput of uranium. KAERI’s approach to the high throughput electrorefining is to remove the
scraping process which causes a sticking problem during a harvesting of the uranium deposit. In order
to realise this goal, the conventional steel cathode was replaced with a graphite one as shown in
Figure 5. The graphite cathode exhibited self-scraping behaviour in which the electro-deposited uranium
dendrite falls from the cathode surface by itself without any kind of mechanical operations such as a
scraping or a rotation of the electrode. This self-scraping phenomenon of the graphite cathode was
interpreted by the formation of a uranium graphite intercalation compound [2]. In this self-scraping
mechanism, uranium atoms elongate the graphite’s outermost layer by an intercalation reaction, so the
uranium dendrite deposited falls off spontaneously as the gravitational force exceeds the bonding
strength of the layers. Based on preliminary work, this self-scraping should increase the efficiency of
the electrorefiner due to an elimination of a scraping as well as the stripping steps of the cathode.
Figure 5. Graphite cathode (left) and the received uranium dendrite (right)
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The main activities performed during Phases II and III are as follows:
x

examination of the experimental conditions such as the optimum current density applicable to
an operation, initial uranium concentration, separation factor of the uranium from rare earth,
and a salt distillation behaviour, etc.;

x

the scale-up of the electrorefining system (throughput: 1 kgU/batch) and a test operation;

x

development of a new concept of an electrolysis system with a high throughput of uranium.

Treatment of waste salts
In relation to a treatment of waste salts, KAERI is developing technologies, which can reduce the
disposal load, through recycling the waste salt in a pyroprocessing system [3]. These aim at providing
a new way to minimise the amount of waste salt to be discharged to a repository, while removing the
high decay heat fission products from the waste salts generated during the pyroprocessing procedure.
KAERI is presently performing a study on the removal of the Cs, Sr and rare earth elements arising
from the pyroprocessing units. First, Cs could be removed in the form of an oxide gas from the
voloxidation process at an elevated temperature. Then, Sr could be completely recovered through a
carbonate precipitation by using Li2CO3 chemicals from the waste LiCl salt. Finally, rare earth elements
including Y in the spent LiCl-KCl waste generated during the course of an electrorefining are removed
in the form of an oxide precipitate by using an air oxidation. KAERI is focusing on a total recycling of
the waste salts to the pyroprocessing units after removing these fission products resulting from each
process unit, by not releasing them to a permanent repository. The experimental results showed that
the removal yields of each element were approximately 90% for Cs at around 1 200qC, higher than
99% for Sr at the molar ratio of [Li2CO3/SrCl2=3] and about 99% for the rare earth elements including
Y, respectively. Figure 6 shows an example for a salt recycling for the electrorefiner after removing
the rare earth elements as precipitates from the waste LiCl-KCl eutectic molten salt. Precipitates in the
salt mixture (LiCl-KCl-RE) are produced by a reaction of the rare earth elements with oxygen and
Figure 6. Treatment system for a waste salt minimisation
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then precipitated on the bottom of the waste treatment reactor. After sedimentation of the precipitates,
a phase separation occurs in the salt, leaving a pure salt at the upper part of the reactor. Then, the
cooled-down salt is cut around an interface between the pure salt occupying 75% in vol. and the
precipitated part 25% in vol. Then, the pure salt is directly recycled to the electrorefiner to reuse it and
the precipitated part is transferred to a vacuum distiller to vaporise the LiCl-KCl salt mixed with
precipitates (at temperatures less than 1 000qC and reduced pressure of 0.5 torr). The vaporised salt is
also recycled to the electrorefiner and then a small amount of the oxide powder is vitrified to be
disposed of at a repository. Through this procedure, it is possible that all most of all the salt could be
recycled and hence we minimise the amount of the waste salt to be disposed of. Further R&D is
focused on the establishment of an integral system for realising these waste salt recycles. As with the
separation of the rare earth elements, this method is applicable to the separation of Sr from LiCl salt.
Transmutation
KAERI has been working on transmutation research since 1997. Transmutation research has been
focused on an accelerator-driven system. The ADS system of KAERI is called HYPER (HYbrid
Power Extraction Reactor). HYPER research was initiated as a 10-year nuclear research programme
funded by the Korean government. The ADS research of KAERI consists of three stages. A basic
concept of HYPER was established in the first stage (1997-2000) of development. The basic technology
related to HYPER was investigated during the second stage (2001-2003) while upgrading the design.
The third stage of research started in 2004. The conceptual design of the HYPER core is to be
completed in the third stage (2004-2006).
The conceptual design of the HYPER core was almost finished in the second stage. An upgrade
of the core design and transient study will be done in the third stage. Regarding experimental research,
fuel/FP target and Pb-Bi study have been performed during the second and third stages. U surrogate
fuel was fabricated and tested. KAERI joined the MEGAPIE project in 2001 for Pb-Bi research and
installed a static Pb-Bi corrosion test device in 2003 and started the relevant experiments. A Pb-Bi
corrosion loop was also constructed in early 2006.
Although KAERI has focused on an accelerator-driven system for transmutation research, a
critical fast reactor was also studied recently for a transmutation purpose and a comparison study
between the ADS and the critical system was performed. Based on the results of the comparison study,
KAERI will focus on the critical fast reactor as a transmutation system from 2007. A GEN-IV candidate
sodium-cooled fast reactor (SFR) system called Korea Advanced LIquid MEtal Reactor (KALIMER)
is the main critical fast reactor being developed by KAERI.
HYPER
HYPER is designed to transmute TRU and some fission products such as 129I and 99Tc. HYPER is
a 1 000 MWth system and its keff is 0.98. Figure 1 shows a schematic configuration of HYPER with
186 ductless hexagonal fuel assemblies. The fuel blanket is divided into three TRU enrichment zones
to flatten the radial power distribution. In HYPER, a beam of 1 GeV protons is delivered to the central
region of the core to generate spallation neutrons as shown Figure 7 [4].
A metallic alloy of U-TRU-Zr is utilised as the HYPER fuel, in which pure lead is used as the
bonding material. 129I and 99Tc are put together in the same fission product rod. The required current is
10.6 mA at BOC and 16.4 mA at EOC. The inventory of TRU is 6 510 kg at BOC and 282 kg of TRU
is transmuted per year. In the case of fission products, 129I and 99Tc are transmuted with rates of 7 and
27 kg/yr respectively. The fuel cycle is 180 days. HYPER adopts a scattered fuel reloading system.
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Figure 7. Basic parameters of HYPER

Pb-Bi is used as the coolant and spallation target material. The coolant is not separated from the
target. The inlet temperature of the coolant is 340qC and the average outlet temperature is 490qC. The
maximum cladding temperature turned out to be 570qC. The average coolant speed is about 1.65 m/sec.
The target window material is 9Cr steel such as T91 and 9Cr-2WVTa. The window has a hemispherical
shape. In addition to the basic target design, it was considered to introduce a dual injection tube (DIT)
at the bottom of the target channel. The HYPER target channel flow is about 10% of the core coolant
which requires an increased pumping power. It can also create a thermal stripping problem at the top
of the coolant level due to the temperature difference between the target Pb-Bi and the core coolant
Pb-Bi. DIT was introduced to solve these problems.
KAERI is mainly focused on two areas for the experimental study, which are Pb-Bi and fuel
development. U surrogate metal alloy fuel samples were fabricated and their basic characteristics were
investigated. The reference blanket fuel pin of HYPER consists of the fuel slag of the U-TRU-xZr
(x = 50-60 wt.%) alloy and it is immersed in lead for a thermal bonding with the cladding. The blanket
fuel cladding material is HT-9. As a basic study on the HYPER fuel, we fabricated surrogate U-50, 55,
60 wt.% Zr alloy fuel instead of the actual U-TRU-Zr fuel. Thermal properties of these U metal fuels
were measured and used for studying the characteristics of the TRU metal fuel. We adopted a Pb
bonding and its reaction characteristics were investigated, for a Pb bonding, cladding material (HT-9)
and U surrogate fuel.
HYPER adopts a FP target system including 99Tc and 129I together in one target rod. HT-9 or ZrH2
moderator is located at the centre of the target depending on the position of the target inside the core.
Then CaI2 surrounds the moderator and Tc metal is located between the CaI2 and the cladding. The FP
target of 5 mm in height was fabricated using surrogate materials. 127I was used instead of 129I, and
99
Tc was replaced by Ru. After the fabrication, a compatibility study was performed at 600qC.
KAERI joined the MEGAPIE project in 2001 for the experimental study of Pb-Bi. MEGAPIE is
the one-megawatt proton beam irradiation test of a Pb-Bi target. PSI, CEA, CNRS, FZK, ENEA,
SCKxCEN, KAERI, JAEA, DOE and EU are members of the MEGAPIE project.
The most significant problem in handling Pb-Bi is corrosion. Therefore, KAERI built a static Pb-Bi
corrosion test facility in 2003. It has been used to investigate the corrosion behaviour of structural
materials such as HT-9, T91 and 316L at a high temperature. KAERI completed the construction of a
Pb-Bi corrosion loop named KAERI Pb-alloy Loop I (KPAL-I) in early 2006, as shown in Figure 8.
53

Figure 8. The Pb-Bi static corrosion test facility (left) and corrosion loop KPAL-I (right)

SFR-KALIMER
KALIMER-600 is a pool-type sodium-cooled reactor with a fast spectrum neutron reactor core.
The core is loaded with U-TRU-Zr metal fuels. The reactor design life time is set to 60 years, which is
evaluated to be long enough to provide the role imposed upon it without any degradation of the plant’s
efficiency.
The NSSS of KALIMER-600 consists of three major heat transport systems: primary heat transport
system (PHTS), intermediate heat transport system (IHTS) and steam generation system (SGS). They
are configured in a series and located on a bed seismically isolated from the ground. The seismic
isolation device of the bed effectively reduces the seismic loads on the components and allows for a
structural design with a reduced thickness.
The PHTS of KALIMER-600 is constructed in a large sodium pool. This design feature eliminates
the possibility of a coolant loss by a pipe break and it also provides a large thermal damping of
the system which yields a slower transient, longer grace period during an accident condition, and it
eventually increases the plants’ safety. The IHTS consists of two identical loops, and this feature
contributes to the flexibility of the plant operation and increases the reliability of the decay heat
removal by normal procedures.
Since the safety systems of KALIMER-600 are based on a reliable and passive design concept
such as a metallic fuel and the passive decay heat removal circuit (PDRC) system, they do not require
active components to cope with design basis accidents.
The plant heat balance, shown in Figure 9, is set up for a 100% rated power condition by
considering the structural temperature, general characteristics of the BOP and the systems’ economics.
The net electricity output is 600 MWe and the net plant efficiency amounts to 39.4%.
KAERI is also performing a feasibility study on a 600-MWe sodium-cooled fast spectrum reactor
core that can transmute TRUs produced by two LWRs of the same power and cycle length. The active
core height is 90 cm at a cold state. A decrease in the conversion ratio to increase the transmutation
rate is achieved by reducing the fuel rod outer diameter and the core height, and by using non-fuel
assemblies such as void ducts. Unlike the KALIMER-600 break-even core, this transmutation reactor
core does not have B4C rods and dummy rods, while six ZrH2 rods per assembly, which make the core
spectrum softer, are used to minimise the degradation of the fuel Doppler coefficient resulting from a
reduction of the 238U content.
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Figure 9. KALIMER-600 steady-state heat balance
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The year 2006 is the last year of the Liquid Metal Reactor Design Technology Development Project
for the conceptual design of KALIMER-600. It is envisioned that the SFR technology development in
Korea will enter a new phase from 2007 with participation in Generation IV SFR collaboration.
According to the current draft of the national mid- and long-term nuclear R&D programme, the
objective of the SFR R&D programme is to develop a conceptual design of a SFR consistent with the
Generation IV SFR System Research Plan.
KAERI has been participating in the discussions on the development of the Generation IV SFR
Project Plans and expects to initiate collaborative work later this year.
Conclusion
Since the introduction of the first nuclear power plant in 1978, nuclear energy has become an
essential source for meeting a sustainable electricity supply in Korea. However, an effective disposition
of the accumulating spent fuel has evolved as one of the most pressing issues for the continued growth
of the nuclear energy.
Recently, Korea has been focusing her efforts on the development of a pyroprocess, by targeting a
reduction of the volume, heat load and toxicity of the spent fuel and its application to the GEN-IV
reactor systems through recycling and transmutation methods to close the fuel cycle. The pyroprocess
development plan will be harmonised with the GEN-IV reactor system development schedule.
In particular, KAERI’s P&T research has been performed as the second long-term nuclear power
R&D programme funded by the Korean government since 1997. It will end in 2006 and the third stage
of this programme will start in 2007 and continue until 2016.
During this period, KAERI will develop an engineering scale process to make the pyroprocess
practicable. Also, international collaborative research is gaining more importance than ever for an
effective development of the innovative fuel cycle technologies.
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THE UNITED STATES NATIONAL FUEL CYCLE STRATEGY

Frank Goldner
US Department of Energy
Washington, DC 20585

Abstract
The current state of fuel cycle strategies and national programmes for the United States cannot be
separated from the emerging US Global Nuclear Energy Partnership programme.
As part of President Bush’s Advanced Energy Initiative, Secretary of Energy Samuel W. Bodman
announced on 6 February 2006 a $250 million fiscal year (FY) 2007 request to launch a Global Nuclear
Energy Partnership (GNEP). This new initiative is a comprehensive strategy to enable the expansion
of emission-free nuclear energy world wide by demonstrating and deploying new technologies to
recycle nuclear fuel, minimise waste, and improve our ability to keep nuclear technologies and
materials out of the hands of terrorists.
The Global Nuclear Energy Partnership has four main goals. First, reduce America’s dependence on
foreign sources of fossil fuels and encourage economic growth. Second, recycle nuclear fuel using
new proliferation-resistant technologies to recover more energy and reduce waste. Third, encourage
prosperity growth and clean development around the world. And fourth, utilise the latest technologies
to reduce the risk of nuclear proliferation world wide.
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The GNEP strategy includes seven elements:1
1. building of a new generation of nuclear power plants in the United States;
2. developing and deploying new nuclear recycling technologies;
3. working to effectively manage and eventually store spent nuclear fuel in the United States;
4. designing advanced burner reactors that would produce energy from recycled nuclear fuel;
5. establishing a fuel services programme that would allow developing nations to acquire and
use nuclear energy economically while minimising the risk of nuclear proliferation;
6. developing and constructing small-scale reactors designed for the needs of developing
countries;
7. improving nuclear safeguards to enhance the proliferation resistance and safety of expanded
nuclear power.
Our current consideration to implement GNEP is a two-track technology demonstration programme
(Figure 1).
Figure 1. Dual tracks for GNEP fuel cycle strategy
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See the site www.GNEP.gov for background on the US Global Nuclear Energy Partnership effort, and
www.ne.doe.gov for general information on the DOE Office of Nuclear Energy programmes.
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The GNEP Technology Demonstration Program is based on preparation of a multi-year technology
plan, which is currently being developed in consultation with scientists from DOE’s national labs. This
roadmap for GNEP technology development and demonstration process is focused on technologies
that will:
x

separate the high-energy elements of spent nuclear fuel that can be recycled;

x

develop “fast burner” reactors that can convert these high-energy elements into electricity and
shorter-lived isotopes, dramatically reducing the volume and toxicity of the waste;

x

integrate modern nuclear materials management concepts into each step of the fuel cycle to
increase safeguards confidence;

x

close the nuclear fuel cycle through research and technologies for recycling fuel and fabricating
fuel suitable for recycling.

A parallel effort under consideration is how to involve industry, both national and international,
in partnership with the Technology Demonstration effort. Toward this end we have recently received
expressions of interest from industry on participating in our programme and will use the responses to
evaluate a path forward.
An overview of the fuel cycle system under consideration for the US is given in Figure 2.
Figure 2. Overview of US fuel cycle system

867HFKQRORJ\5HF\FOH )DVW5HDFWRUV

To get an understanding of the potential of implementation of a reprocessing based system for the
United States, the following two figures are presented. Figure 3 roughly indicates the actinide flow
stream and major waste products for a 100 GW(e) PWR system, representative of the current US nuclear
power generation situation. Figure 4 illustrates a situation for a 100 GW(e) system at a future point in
time where the US would have 40% of the electricity generation capacity in liquid metal fast burners
which operate with a conversion ratio (transuranic atoms produced over transuranic atoms consumed
in a year) of 0.5. In this equilibrium situation, due to the nature of actinide consumption in the fast
spectrum reactor, a major reduction of transuranic material reporting to waste is potentially realisable.
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Figure 3. A 100 GW(e) system production of waste in one year
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Figure 4. An equilibrium US situation with 40% advanced burner reactors
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The bottom line is that both figures show that, if realised, the fast spectrum system coupled with
fissile input from reprocessed light water reactor spent fuel can significantly reduce, but not eliminate,
the amount of spent fuel transuranic material reporting to a repository.
One major consideration of the above is the possible time scale to get to the equilibrium situation
shown in Figure 4. It is our assumption that by roughly 2030 we will have qualified transuranic
containing driver fuel in the first advanced burner reactor. If we further assume that at that time we
will have a 2 000-3 000 MTHM LWR re-processing plant in operation, which could produce between
20-30 tonnes of transuranic material per year, and if around 10 tonnes of transuranic fissile material is
needed to effect operation of a 1 000 MW(e) plant, it can be estimated that at the most we can start up
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one or two large plants per year. Therefore, at the earliest, with two new plants a year commencing in
2030, we might get to the 40% advanced burner population situation by about 2050! Another issue
worthy of consideration is how much “burning” is warranted in light of the large fissile inventory
needed per fast reactor start-up? That “burning” (i.e. net actinide consumption) is ultimately needed,
and beneficial for repository considerations, is obvious. But, during a period of desired fast reactor
growth, burning may reduce inventories available to affect the growth. Therefore, scenario studies will
have to be performed to consider an optimal fast reactor growth situation with an ultimate inventory
reduction considered.
The last three figures indicate our considerations as to approach, both domestically and
internationally, to pursue the GNEP strategy in the coming years.
Figure 5. Technology approach under consideration for the US

7HFKQRORJ\$SSURDFK8QGHU&RQVLGHUDWLRQIRU86

 %XLOGRQSURYHQFDSDELOLWLHVRIIXHOF\FOHQDWLRQVLQ
OLHXRIHQJLQHHULQJGHPRV
² 8VHLQWHUQDWLRQDOH[SHULHQFHZLWKH[LVWLQJDQG
SUHYLRXVIDFLOLWLHVWKDWKDYHEHHQFRQVWUXFWHGDQG
RSHUDWHG
² 8VH86WHFKQRORJLFDOEDVHHQKDQFHGE\
LQWHUQDWLRQDOFROODERUDWLYHDSSOLHGUHVHDUFKDQG
WHFKQRORJ\GHYHORSPHQW

 2SHUDWHDGYDQFHGUHF\FOLQJDQGUHDFWRU
SURWRW\SHLQWKH86DVHDUO\DVSRVVLEOH
² (DUO\LQGXVWULDOHPSKDVLVWREXLOGFRPPHUFLDO
SURWRW\SHVRIVHSDUDWLRQVDQGIDVWUHDFWRUIDFLOLWLHV
Figure 6. Domestic considerations under GNEP

'RPHVWLF$FWLRQV
 (QJDJHGRPHVWLFDQGLQWHUQDWLRQDOLQGXVWU\ SRWHQWLDOKRVWLQJVLWHV
² 5HTXHVWIRU([SUHVVLRQV2I,QWHUHVWLVVXHG$XJXVW5HVSRQVHVUHFHLYHG
6HSWHPEHU
 ,QGXVWU\,QIRUPDWLRQ0HHWLQJWRRNSODFH$XJXVW
 &RQVROLGDWHG5HF\FOH7UHDWPHQW)DFLOLW\
 $GYDQFHG%XUQHU5HDFWRU
² (YDOXDWHUHVSRQVHVWRGHWHUPLQHSDWKIRUZDUG

 'HWDLOHG6LWLQJ6WXGLHV
² )LQDQFLDO$VVLVWDQFH)XQGLQJ2SSRUWXQLW\$QQRXQFHPHQWUHOHDVHG$XJXVW
² $SSOLFDWLRQVUHFHLYHG6HSWHPEHUDQGDQWLFLSDWHLVVXLQJDZDUGVODWHULQWKH
\HDU
² $QQRXQFHPHQWLQFOXGHVSRWHQWLDOIRUKRVWLQJFRPPHUFLDOVFDOHRSHUDWLRQV

 1DWLRQDO(QYLURQPHQWDO3URWHFWLRQ$FW 1(3$ SURFHVVWREHFRPSOHWHGGXULQJ
6XPPHU

² &RYHUDJHIRUDOODVSHFWVRI*1(3

 -XQH6HFUHWDULDOGHFLVLRQ

61

Figure 7. International considerations under GNEP
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In summary, it should be obvious that pursuit of fuel cycle strategies and programmes in the US
cannot be separated from the emerging GNEP programme. We look forward to pursuing GNEP as an
international effort which can not only further nuclear power development as a safe, economic,
environmentally friendly, and proliferation resistant resource in the United States, but also furthers the
development world wide.
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OVERVIEW OF EU ACTIVITIES IN PARTITIONING AND TRANSMUTATION
RESEARCH IN THE EURATOM 6th AND 7th FRAMEWORK PROGRAMMES

Ved P. Bhatnagar, Georges Van Goethem
European Commission, BE-1049 Brussels
E-mail: Ved.Bhatnagar@ec.europa.eu

Abstract
European Community research has been organised in Framework Programmes (FP) of durations of
four to five years since 1984. In order to create a better overall framework for research in Europe and
for achieving higher competitiveness and better quality of life, a European Research Area (ERA) was
launched in the year 2000. The 6th EURATOM FP (2002-2006), with a budget of 1.23 billion euros
including nuclear fusion, is geared toward making ERA a reality. A total of 11 projects in P&T in
EURATOM FP6, representing a well-balanced portfolio, are underway with a total budget of ~81 M¼
and EC contribution of ~43.5 M¼. These include a project on road-mapping exercise, PATEROS,
and integrated projects such as EUROPART (partitioning) and EUROTRANS (transmutation) and
integrated infrastructure initiatives such as VELLA (networking of lead loop infrastructures) and
EFNUDAT (networking of EU nuclear data facilities). A proposal for the EURATOM FP7 (2007-2011)
was adopted by the European Commission in April 2005. It has been submitted to the Council and a
final decision is expected to be taken towards the end of 2006. For nuclear fission energy research,
the key issues are identified as: (i) management of long-lived waste including partitioning and
transmutation; (ii) operational safety of reactors and potential and safety aspects of future reactor
systems; (iii) cross-cutting activities such as (a) support for research infrastructures and (b) retaining
competence and know-how. International co-operation is an important element in the EU research
policy.
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Introduction
Promotion of collaborative research and training in nuclear energy in member states of the
European Union (EU) has been at the heart of the EURATOM Treaty (1957) and since its inception,
it has acted as a driving force for the development of nuclear power in the EU. To improve its
competitiveness and long-term sustainable economic growth, the EU has to secure its energy supply,
reduce its dependency on imported energy, diversify its energy sources and develop new technologies
taking into account the environmental challenges that it faces.
European Community research has been organised into Framework Programmes (FP) of four to
five years duration since 1984. The priorities for the European Union’s research and development
activities for the period 2002-2006 are set out in the 6th Framework Programme (FP6) [1]. FP6 focuses
on a limited number of research areas combining technological, industrial, economic and social aspects.
FP5 and its predecessors did contribute effectively to the policy of supporting science and technology
by encouraging co-operation between research players of the member states. Despite this achievement,
no specific European research policy had been seen to emerge. National research programmes were
undertaken to a large extent independently of one another.
One of the objectives of EU is to achieve greater co-operation between member states’ research
strategies and a mutual opening-up of programmes. With the challenges and prospects opened up by
the technologies of the future, there is a need for European research efforts and capacities to be more
thoroughly integrated. With this view in mind, the European Commission launched the so-called
European Research Area (ERA) initiative in January 2000 [2]. The FP6 encompassing the period
2002-2006 is geared toward making the ERA a reality [3].
The EURATOM 6th Framework Programme (FP6) (2002-2006)
The scientific and technical goal of the EURATOM FP6 specific programme “Research and
Training Programme on Nuclear Energy” is to help exploit the full potential of nuclear energy, both in
the short and long term. Its development and exploitation is to be undertaken in a sustainable manner
while combating climate change and reducing the energy dependency of the EU. Research and
development activities in this programme have been subdivided into: (a) fusion energy research;
(b) management of radioactive waste; (c) radiation protection; (d) other activities in the field of
nuclear technologies and safety.
In the area (b), the priority is to find a permanent and safe solution for the management of
long-lived, high-level waste that is acceptable to society. This includes establishing a sound technical
basis for the demonstration of long-lived high-level waste disposal in geological formations. This is to
be supported by studies on P&T and further supplemented by exploring the potential of system concepts
that would, in and of themselves, produce less waste in nuclear energy generation. Combating the
decline of both student numbers and teaching establishments by a better integration of European
education and training in nuclear safety and radiation protection is another important aim.
The EURATOM budget for funding research and training projects in the area of P&T for a
number of Framework Programmes (3rd to the current 6th FP) is given in Figure 1. The importance of
P&T has clearly been recognised over the years, as there has been a significant increase in funding for
P&T over the last several FPs. The total EC budget for shared cost actions in Nuclear Fission and
Radiation Protection Programme for FP6, including P&T, is 209 M¼.
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The detailed work programme of EURATOM FP6 was adopted by the EC in December 2002 [4],
and has been updated regularly. In P&T, the research areas include a fundamental assessment of
the system and safety aspects of the overall concept of P&T and, in particular, of its impact on waste
management and geological disposal. In the area of partitioning, continued R&D of hydrometallurgical
and pyrochemical processes is envisaged with a view toward a demonstration of the most promising
techniques. In the area of transmutation, the development of basic knowledge and technologies for
transmutation and evaluation of their industrial practicability, in particular, of transmutation devices
such as accelerator-driven subcritical systems (ADS) is proposed [5,6].
Three calls for proposals including topics in P&T were made in December 2002, November 2003
and June 2005. In the first two calls, the so-called new instruments (such as Integrated Projects) are
used as a priority. The Integrated Projects (IP) are designed to provide increased impetus to the
Community’s competitiveness and/or to address major societal needs by mobilising a critical mass of
research and technological development resources and competencies. In the third call, in addition, the
Integrated Infrastructure Initiatives (III) instrument was also used to establish a durable networking of
research infrastructures across EU such as heavy liquid metal (lead and lead-bismuth) loops or
accelerators for nuclear data applications.
Figure 1. EURATOM budget for funding of shared cost (~50%) projects between consortia
and EURATOM in partitioning and transmutation from FP3 (1990-1994) to FP6 (2002-2006)
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Avoiding micro-management, increased autonomy is given to the consortia in the direction (both
scientific and financial) of projects that are judged on the global end-results. Specific Targeted Research
Projects (STREP) are sharply focused on research and technological development designed to gain new
knowledge either to improve or develop new products, processes or services or to meet other needs of
society and Community policies. Co-ordination Actions (CA) are used for co-ordination or networking
activities of consortia across EU without carrying out new research and development.
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Research activities on P&T in the EURATOM FP6
The following is a brief outline of the projects in the area of P&T that have been selected for
funding in EURATOM FP6.
PATEROS
The implementation of partitioning and transmutation of a large part of the high-level nuclear
waste in Europe needs the demonstration and feasibility of several installations at an “engineering”
level to achieve the required objective of P&T. The goal of this two-year Co-ordination Action (see
Table 1) is to establish a global P&T roadmap leading up to the industrial scale deployment of the
necessary facilities. It will also establish critical milestones, preferred options and back-ups, according
to time scales and shared objectives at the European level. The number and the size of the installations
of each of the building blocks of the R&D in P&T will depend on the strategy and objectives of
a specific policy of nuclear power development in a given EU member state. However, a common
objective of all strategies using P&T is to reduce the burden of long-term waste management, in terms
of radiotoxicity, volume and heat load of high-level nuclear waste which must be disposed of in final
repositories. Possible strategies can range from using dedicated transmuters in a separate fuel cycle
stratum in a stable or expanding nuclear energy scenario in order to drastically reduce the amount of
nuclear waste to be sent to the repository, down to the scenario of a nuclear phase-out.
Table 1. EURATOM FP6 projects underway indicating their salient features
Budget (M¼)
No. of
Co-ordinator
partners
Total EC
17
P&T European Roadmap
SCKxCEN
1
PATEROS
0.8
0.6
(BE)
Impact study of P&T
KTH
23
3.9
2.0
2 RED-IMPACT
on waste management
(SE)
Partitioning techniques
CEA
26
3
EUROPART
11.2
6.0
and processes
(FR)
All aspects of transmutation
FZK
32
45.0 23.0
4 EUROTRANS
by subcritical ADS
(DE)
Waste transmutation in
20
ANSALDO
5
ELSY
6.9
2.95
lead-cooled critical system
(IT)
Pu and MA management by
NRG
17
6
PUMA
3.7
1.85
thermal gas-cooled system
(NL)
Networking of lead loop
ENEA
12
7
VELLA
3.3
2.3
infrastructures in Europe
(IT)
LWR fuels for deep burning
10
SCKxCEN
8 LWR-DEPUTY
2.4
1.25
of Pu in thermal systems
(BE)
Networking of EU facilities
CNRS
10
9
EFNUDAT
3.0
2.4
for nuclear data measurements
(FR)
UU
15
Networking of nuclear data for
0.8
0.8
10
CANDIDE
EU industrial development
(SE)
Transnational access for
EC-JRC
1
11
NUDAME
0.2
0.2
nuclear data measurements
(IRMM)
Totals
81.0 43.5
183

SN

Acronym

Title
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Start date
& duration
01/09/2006
24 months
01/03/2004
36 months
01/01/2004
42 months
01/04/2005
48 months
01/09/2006
36 months
01/09/2006
36 months
01/10/2006
36 months
01/08/2006
48 months
01/11/2006
48 months
01/01/2007
24 months
01/04/2005
36 months

RED-IMPACT
Partitioning, transmutation and conditioning (P&T/C) and waste reduction technologies are
expected to reduce the burden associated with radioactive waste management and disposal. P&T is
likely to ease the final repository requirements and it will also contribute to the sustainability of
nuclear energy in those countries that pursue this source of energy.
The objectives of the RED-IMPACT project (see Table 1) are: (i) to assess the impact of P&T on
geological disposal and waste management; (ii) to assess economic, environmental and societal
costs/benefits of P&T; (iii) to disseminate results of the study to stakeholders (scientific, general
public and decision makers) and get feedback during the course of the study; (iv) to iterate and refine
the work based on stakeholders’ feedback to achieve full impact of this study on the implementation of
the waste management policy of the European Community.
EUROPART
The main objectives of EUROPART (see Table 1) are: (i) the development of methods for the
separation of individual minor actinides that are contained in aqueous nuclear wastes issuing from the
reprocessing of uranium oxide (UOX) or mixed-oxide (MOX) nuclear spent fuel; (ii) separation of
grouped actinides (An) for recycling, e.g. in an accelerator-driven system following double-strata
advanced fuel cycle concept. Partitioning techniques used are: (i) hydrometallurgy; (ii) pyrometallurgy.
In hydrometallurgy, the partitioning methods are mainly based on the use of solvent extraction methods
or extraction by chromatographic methods which will be applied for: (a) individual separation of the
trivalent Am/Cm/Bk/Cf ions; (b) grouped partitioning of An; (c) reprocessing of innovative nuclear
spent fuels. In pyrometallurgy, the nuclear wastes issuing from the reprocessing of present or future
nuclear spent fuels can be dissolved into molten halide salts at temperatures of several hundreds of
degrees followed by the separation of individual MAs (from U to Cf) or all actinides. The flow sheet of
various processes including the conditioning methods for the wastes to be generated by the partitioning
processes are also being established.
Processes for possible industrialisation of partitioning strategies are also being looked at. Training
and education of the young researchers also constitutes an important part of the work in the project.
EUROTRANS
The objective of the EUROTRANS Integrated Project (see Table 1) is to carry out a preliminary
detailed design of a |100 MW experimental facility (realisation in a short term, say about 10 years)
demonstrating the technical feasibility of transmutation in an accelerator-driven system (XT-ADS) as
well as to accomplish a reference conceptual design (several 100 MW) of a modular generic European
Transmutation Demonstrator (ETD) in the long term.
It is of significant importance to operate an experimental facility which will permit to perform
measurements under conditions representative of a future ADS. Therefore, a lead fast critical facility
connected to a continuous beam accelerator is being envisaged. It is planned to use a modified VENUS
critical facility located at SCKxCEN, Mol (BE) and couple it to a modified GENEPI D-T neutron
generator in continuous mode. This sub-project is termed as the GUINEVERE project (Generator of
Uninterrupted Intense NEutrons at the lead VEnus REactor).
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U-free oxide fuels such as (Pu, MA, Zr)O2 or CERCER (Pu, MA)O2+MgO or CERMET
(Pu, MA)O2+Mo will be developed with a view to their use both in XT-ADS and ETD and are being
qualified in HFR and Phénix reactors. A further assessment of structural materials and heavy-liquid
metal (HLM) (Pb-Bi) technologies for transmutation systems both as a spallation target material and
coolant will be made. Further development of nuclear data evaluated files and models involving
sensitivity analysis and validation of simulation tools will be made.
The outcome of this project is expected to provide a fairly reliable basis for an assessment of the
technical feasibility of transmutation by ADS and a first estimate of the cost of an ADS-based
transmutation system. It is also expected to provide certain important input elements to authorities to
decide whether to embark on the detailed engineering design of an ADS for transmutation and its
eventual construction. Valuable know-how will be gained concerning safety and licensing requirements
of a subcritical facility in Europe due to the commissioning and operation of the GUINEVERE project.
ELSY
The European Lead-cooled System (ELSY) project (see Table 1), aims to demonstrate that it is
possible to design a competitive and safe lead-cooled fast critical reactor using simple engineered
technical features. Safe burning of recycled minor actinides inside the ELSY core will also be studied,
which is in line with GEN-IV objectives.
After the EU’s wealth of experience in the field of sodium and lead-bismuth eutectic (LBE)
technology, the natural development is the use of pure lead as it is less expensive, less corrosive and of
lesser radiological concern than LBE. Lead is chemically inert and has good neutronic characteristics
that are unique among the coolants for a fast reactor. The high lead density is likely to inhibit the core
compaction scenarios. The use of compact in-vessel steam generators and of a simple primary circuit
with possibly all “internals” being removable are among the reactor features for competitive electrical
energy generation and long-term investment protection. A participation of young engineers and
scientists, who would learn from those engineers and scientists that are near to retirement with large
experience in fast reactor design is an important element of this project. Other international GEN-IV
partners outside of Europe are also interested in participating in the design and development of a
common large-scale lead-cooled fast reactor (LFR).
The project intends to address in detail the sustainability, economics, safety and reliability,
proliferation resistance and physical protection aspects of the ELSY critical system.
PUMA
Important issues concerning the use of Pu and MA in gas-cooled reactors are treated in previous
and ongoing projects. Nevertheless, the objective of the Plutonium and Minor Actinide Management
(PUMA) project (see Table 1), is to provide additional key elements for the utilisation and transmutation
of Pu and MA in current and future (high temperature) gas-cooled reactor designs, contributing to the
reduction of Pu and MA stockpiles, and to the development of safe and sustainable reactors for
CO2-free energy generation.
The core physics of Pu/MA fuel cycles for HTRs will be investigated to optimise the CP fuel and
reactor characteristics and to assure nuclear stability of a Pu/MA HTR core. It is also envisaged to
optimise the present Pu CP design and to explore feasibility for MA fuel. New CP designs that are
able to withstand very high burn-ups and are well adapted for disposal after irradiation will also be
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explored. Fuel cycle studies are envisaged to study the symbiosis to LWR, GCFR and ADS, and
to quantify waste streams and radiotoxic inventories. The technical, economic, environmental and
socio-political impact shall also be assessed.
PUMA also aims to contribute to the technological goals of the Generation IV International
Forum. It contributes to developing and maintaining competence as concerns high-temperature reactor
technology in the EU.
VELLA
The Integrated Infrastructure Initiative project (VELLA) (see Table 1) aims to create a virtual
European laboratory for “lead technologies”. Its final goal is the creation of a network of EU
laboratories that operates devices using heavy liquid metal technologies, especially lead alloys. The
initiative is required to achieve researcher’s networking and integration rationalising the exploitation
of existing facilities across the EU, transnational mobility of researchers and the carrying-out of joint
research activities with strong technological bias.
The goals of networking activities (NA) are: (i) the creation of a virtual community of researchers
by means of advanced IT technologies (web sites, focus groups, video conferences, etc.), standard
integrating tools (meetings and workshops); (ii) the definition of common standards and protocols for
the use of facilities; (iii) common interaction with programmes/institutions operating in the field of
HLM. The goals of transnational activities (TA) are: (i) to ensure access to European infrastructures
and knowledge for researchers, universities and firms (especially small ones) so as to increase the
competitiveness of European industry in the sector; (ii) the education of researchers in using
infrastructures of EU member states; (iii) to ensure human capital mobility between laboratories. The
goals of Joint Research Activities (JRA) are: (i) growth of base knowledge on lead technology as a
coolant in nuclear systems (ADS, GEN-IV reactors); (ii) HLMs’ components, instrumentation,
development and system operation, liquid metal thermal-hydraulics, advanced thermo-hydraulic tests
in the field of thermal exchange by natural convection.
It is expected that the “outcome” of the VELLA project in integrating facilities and research
groups, will go well beyond the scheduled duration of the initiative.
LWR-DEPUTY
LWR-DEPUTY (see Table 1) is conceived to fit into a portfolio of experimental research projects
on novel fuels for deep burning of plutonium in existing nuclear power plants (NPPs). It will
investigate to what extent the existing NPPs in Europe can create markedly less nuclear waste by
moving to inert matrix fuels. In LWR-DEPUTY, one enrols the existing LWRs in the advancement for
reducing nuclear waste.
The project is active on two experimental axes as well as a cross-cutting theoretical activity:
(i) “screening” (or test) irradiation of four CERMET fuel pins in a materials test reactor; (ii) in-depth
post-irradiation examination, radiochemical and back-end of the fuel cycle studies of the thoria-based
fuels including code benchmarking, performance and safety assessment; (iii) an assessment of the
efforts needed to introduce novel fuel concepts in existing NPPs.
It is expected that the LWR-DEPUTY project will make a step forward in introducing innovative
fuels dedicated to Pu management and burning in existing light water reactors, and will aid in reducing
the production of minor actinides.
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EFNUDAT
The studies that are being carried out in FP6 and elsewhere for nuclear waste transmutation using
GEN-IV critical (fast) reactors and subcritical accelerator-driven systems (ADS) incorporating spallation
neutron sources demand the underlying nuclear cross-section database. The accurate knowledge of
neutron- and proton-induced nuclear reactions in the fast, intermediate- and high-energy domains
(En = 1 keV to 500 MeV) is of crucial importance for predicting the capabilities of reduction of the
inventory of plutonium, minor actinides and long-lived fission products. In the past, this energy domain
was generally not investigated with high priority because of its minor importance for conventional
light water reactors. An additional challenge is the tightening demand on the accuracy of the data,
especially for assessing criticality safety aspects and designing fuels for very high burn-ups.
During the EURATOM FP5 programmes two projects, HINDAS and n-TOF-NT-ADS, have
produced significant intermediate and high-energy data for transmutation of nuclear waste, both minor
actinides and long-lived fission products. The Integrated Infrastructure Initiative project EFNUDAT
(see Table 1) aims at networking experimental facilities in the EU for nuclear data measurements
providing a platform for better co-operation and to integrate all scientific efforts needed for high-quality
nuclear data measurements in support of: (i) waste transmutation studies; (ii) design studies for
GEN-IV systems producing less waste. The objective is also to provide adequate transnational access
to the available EU infrastructures and to co-ordinate joint research activities in support of other
projects in the area of P&T.
EFNUDAT plans to achieve its aim of integrating all infrastructure-related aspects of nuclear data
measurements by organising: (i) three Networking Activities (NA) to optimise the use of the facilities
for nuclear data measurements and the analysis and dissemination of results; (ii) nine different
Transnational Access Activities (TAA) procuring approximately 4 000 additional beam hours for
external users that will carry out nuclear data measurements; (iii) three Joint Research Activities (JRA)
to raise the performance of the facilities and the efficiency of their use. Particular emphasis will be
given to: (a) initiate networks leading to a stronger partnership in infrastructure management and
exploitation; (b) promote access and coherent use of all participating infrastructures to meet the
scientific and industrial nuclear data requests; (c) merge the complementary nuclear data measurement
capabilities and expertise.
CANDIDE
The ambition of the Co-ordination Action project CANDIDE (see Table 1) is to establish a durable
networking of nuclear data efforts that are important in the context of minimising the high-level waste
stream of nuclear energy. The purpose is to identify the needs for improved nuclear data, assess the
present status of knowledge, and to estimate what accuracy can be reached with state-of-the-art
techniques for the relevant fast critical reactors and subcritical ADS.
The project is focused on nuclear data issues that are critical to the assessment of the safety and
effectiveness of the various proposed waste management strategies, by considering primarily the fuels
and structural parts of the core. To achieve this goal, the CANDIDE project brings together competence
from the entire spectrum of stakeholders ranging from industry to research institutes and academic
research. The basic structure of the project is top-down, i.e. the needs for improved data are identified
primarily by the industry, and these needs are used as a starting point for further actions.
The present project aims at establishing links from the data-producing community to the existing
structure of co-ordinated nuclear data activities in general, including evaluation and validation, and to
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provide links to industry, in particular. The project includes promotion of training and integration by
the development of a European course for young professionals on nuclear data, as well as workshops
for integrating nuclear data research communities.
The purpose of CANDIDE is not to produce new experimental data or evaluations, but to review
the current modes of nuclear data production, assess the present status of our knowledge, estimate
what accuracy can be reached with state-of-the-art numerical simulation techniques, identify the needs
for improved nuclear data, and suggest appropriate actions to be taken to meet those needs.
NUDAME
The EC Joint Research Centre (JRC) at Geel (BE) operates a 150-MeV linear electron accelerator
with a white-spectrum neutron TOF facility (GELINA) and a 7-MV light-ion Van de Graaf (VdG)
facility which is capable of producing highly accurate neutron data over a wide energy range from a
few MeV to about 24 MeV. The goal of the NUDAME (see Table 1) project is to promote transnational
access to these facilities and to stimulate a coherent use of the infrastructures in order to endorse the
neutron data requirements. Over three years a total of 3 000 supplementary data-taking hours will be
offered to new external users.
Within the framework of this project, allocation of access to the facilities is established on an
evaluation by an international Programme Advisory Committee (PAC). Users that are granted access
will obtain financial support for travel and subsistence, beam time at the best-suited experimental
set-up and the necessary technical and logistic support.
The EURATOM 7th Framework Programme (FP7) (2007-2011)
Research and development activities in FP7 comprise two themes: (i) fusion energy; (ii) nuclear
fission and radiation protection. Research and development activities in the latter theme include:
(a) management of radioactive waste; (b) reactor systems; (c) radiation protection and cross-cutting
activities; (d) infrastructures; (e) human resources, mobility and training.
The objective of activities in the management of radioactive waste include: to support the
implementation-oriented research and development activities on all remaining key aspects of deep
geological disposal of spent fuel and long-lived radioactive waste and, as appropriate, to demonstrate
the technologies and safety, and to underpin the development of a common European view on the main
issues related to the management and disposal of waste. Research on partitioning and transmutation
and/or other concepts aimed at reducing the amount and/or hazard of the waste for disposal. In the
cross-cutting activities, infrastructure objectives are to support the availability of, and co-operation
between, research infrastructures such as material test facilities, underground research laboratories and
radiobiology facilities and tissue banks, necessary to maintain high standards of technical achievement,
innovation and safety in the European nuclear sector. The human resources, mobility and training
endeavour to support the retention and further development of scientific competence and human
capacity (for instance through joint training activities) in order to guarantee the availability of suitably
qualified researchers, engineers and employees in the nuclear sector over the longer term.
Moreover, RTD in all technical areas of partitioning and transmutation (P&T) will be supported
in EURATOM FP7, which could be the basis for the development of pilot facilities and demonstration
systems for the most advanced partitioning processes and transmutation systems, involving subcritical
and critical systems, with a view to reducing the volumes and hazard of high-level long-lived radioactive
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waste issuing from treatment of spent nuclear fuel. Research will also explore the potential of concepts
that produce less waste in nuclear energy generation, including the more efficient use of fissile material
in existing reactors.
A call for proposals for the EURATOM FP7 will be made at the end of 2006 with a deadline for
submission of 2 May 2007 [7].
International co-operation
International co-operation is an important element in the EU research policy. Co-operation with
the International Science and Technology Centre (ISTC), Moscow and the Science and Technology
Centre in Ukraine (STCU) is ongoing in the areas of partitioning and transmutation through mutual
participation in the funded projects of EURATOM FPs and those of ISTC and STCU projects.
Co-operation between EURATOM FP6 projects and the US-DOE AFCI programme is also being
fostered similar to the one with JAEA, Japan as well as with KAERI, Korea in the areas of mutual
interests in P&T.
Conclusions
The funding decision of projects for research and training activities in the field of partitioning and
transmutation under the EURATOM 6th Framework Programme is now complete (see Table 1). Some
projects are just starting while others are nearly complete, and the latter have produced very encouraging
results particularly in the area of partitioning and those relating to studies of the impact of P&T on
waste management.
Significant progress has been made in FP6 in establishing the European Research Area in
partitioning and transmutation in the EU and this be further reinforced in FP7. A well-balanced
portfolio of 11 P&T projects in EURATOM FP6 (2002-06) are underway with a total budget of
~81 M¼ and EC contribution of ~43.5 M¼. All major actors of P&T in EU are a part of these projects.
Launching of FP7 (2007-11) is well on its way and is due to start on 1 January 2007. International
co-operation is an important element in the EU research policy. The collaboration between EU-funded
FP6 projects and the ISTC/STCU projects on P&T is progressing satisfactorily.
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IAEA ACTIVITIES IN THE AREA OF PARTITIONING AND TRANSMUTATION

Alexander Stanculescu
International Atomic Energy Agency (IAEA)
Vienna, Austria

Abstract
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 elimination). Within the framework of the project on Technology Advances in Fast Reactors
and Accelerator-driven Systems (http://www.iaea.org/inis/aws/fnss/), the IAEA initiated a number
of activities concerning utilisation of plutonium and transmutation of long-lived radioactive waste,
accelerator-driven systems, thorium fuel options, innovative nuclear reactors and fuel cycles,
non-conventional nuclear energy systems, and fusion/fission hybrids. The paper will present an
overview of these activities.
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Introduction
Based on an experience of more than 105 reactor-years, nuclear power is a mature technology that
makes a large contribution to the energy supply worldwide. As of 1 April 2006, 443 nuclear power
plants were operating in the world with a total net installed electrical capacity of 370 GW, and
26 nuclear power plants were under construction [1]. In 2004, nuclear power continued to supply 16%
of global electricity generation, a share that has been stable for the last 20 years, indicating that over
this period, world wide, nuclear electricity’s growth rate was the same as that of total electricity [2].
According to the projections published by the Intergovernmental Panel on Climate Change (IPCC),
the median electricity increase till 2050 will be by a factor of almost 5. It is reasonable to assume that
nuclear energy will play a role in meeting this demand growth. However, there are four major challenges
facing the long-term development of nuclear energy as a part of the world’s energy mix: improvement
of economic competitiveness, meeting increasingly stringent safety requirements, adhering to the criteria
of sustainable development, and public acceptability. Meeting the sustainability criteria is the driving
force behind the topic of this paper. More specifically, in this context sustainability has two aspects:
natural resources and waste management. IAEA’s activities in the area of partitioning and transmutation
(P&T) are mostly in response to the latter. While not involving the large quantities of gaseous products
and toxic solid wastes associated with fossil fuels, radioactive waste disposal is today’s dominant public
acceptance issue. In fact, small waste quantities permit a rigorous confinement strategy, and mined
geological disposal is the strategy followed by some countries. Nevertheless, political opposition arguing
that this does not yet constitute a safe disposal technology has largely stalled these efforts. 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 hybrids.
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
elimination). Within the framework of the project on Technology Advances in Fast Reactors and
Accelerator-driven Systems (http://www.iaea.org/inis/aws/fnss/), the IAEA has initiated a number of
activities concerning the utilisation of plutonium and transmutation of long-lived radioactive waste,
accelerator-driven systems, thorium fuel options, innovative nuclear reactors and fuel cycles,
non-conventional nuclear energy systems, and fusion/fission hybrids. The paper will present an
overview of these activities.
IAEA activities
As in all the other fields of advanced nuclear power technology development, the IAEA is relying
in the P&T area on broad, in-depth staff experience and perspective. The framework for all the IAEA
activities concerning P&T is the Technical Working Group on Fast Reactors (TWG-FR). In responding
to strong common R&D needs in the member states, the TWG-FR acts as a catalyst for international
information exchange and collaborative R&D.
Given the common technical ground between plutonium utilisation R&D activities and the
development of technologies for the transmutation and utilisation of long-lived fission products and
actinides, both activities are performed within the framework of a single agency project: Technology
Advances in Fast Reactors and Accelerator-driven Systems [3].
The TWG-FR is a standing working group within the framework of the IAEA. It provides a forum
for exchange of non-commercial scientific and technical information, and a forum for international
co-operation on generic research and development programmes on advances in fast reactors and fast
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spectrum accelerator-driven systems. Its present members are the following 14 IAEA member states:
Belarus, Brazil, China, France, Germany, India, Italy, Japan, Kazakhstan, Republic of Korea, Russian
Federation, Switzerland, United Kingdom, and United States of America, as well as the OECD/NEA,
and the EU (EC). The TWG-FR welcomes Belgium and Sweden as observers. The TWG-FR advises the
Deputy Director General of Nuclear Energy on the status of and recent results achieved in the national
technology development programmes relevant to the TWG-FR’s scope, and recommends activities to the
agency that are beneficial for these national programmes. It furthermore assists in the implementation
of corresponding agency activities, and ensures that through continuous consultations with officially
nominated representatives of member states all the project’s technical activities performed within the
framework of the Nuclear Power Technology Development sub-programme are in line with needs
expressed by member states. The scope of the TWG-FR is broad, covering all technical aspects of fast
reactors and ADS research and development, design, deployment, operation and decommissioning.
It includes, in particular: design and technologies for current and advanced fast reactors and ADS;
economics, performance and safety of fast reactors and ADS; associated advanced fuel cycles and fuel
options for the utilisation and transmutation of actinides and long-lived fission products, including the
utilisation of thorium. Given the TWG-FR’s broad scope, coverage will generally be in an integrative
sense to ensure that all key technology areas are covered. Many specific technologies are addressed in
detail by other projects within the IAEA and in other international organisations. The TWG-FR keeps
abreast of such work, avoiding unproductive overlap, and engages in co-operative activities with other
projects where appropriate. The TWG-FR thus co-ordinates its activities in interfacing areas with other
agency projects, especially those of the International Working Group on Nuclear Fuel Cycle Options,
and the Department of Nuclear Safety, as well as with related activities of other international
organisations (OECD/NEA, and EC).
Recent accomplishments and ongoing activities
Responding to member states’ need for information exchange in the fields covered by the project’s
scope, the IAEA prepared a Technical Report on heavy liquid metal (HLM) thermal-hydraulics [4].
The use of HLM is rapidly diffusing in different research and industrial fields. The detailed knowledge
of the basic thermal-hydraulics phenomena associated with their use is a necessary step for the
development of the numerical codes to be used in R&D, as well as in the engineering design of HLM
components. This is particularly true in the case of high power particle beam targets and in the case of
the cooling of accelerator-driven subcritical cores where the use of Computational Fluid Dynamic
(CFD) design codes is mandatory. The objective of the Technical Report is to assess the shortcomings
of the present CFD codes used for HLM simulation and to propose future research activities, in both
the numerical and experimental area. More specifically, the Technical Report summarises the state of
the art of present CFD codes by: (i) assessing their degree of precision and accuracy; (ii) identifying
open issues in current turbulence models, free surface phenomena, as well as in two-phase flows;
(iii) addressing development needs of adequate physical models for HLM flows; (iv) addressing code
validation issues. Moreover, the Technical Report reviews the current and planned experimental HLM
programmes (description of capabilities of existing and planned HLM facilities and work programmes,
instrumentation and measurement techniques, description of existing and future benchmark
experiments and databases, thermal-hydraulics applications to ongoing projects on spallation targets
and accelerator-driven systems (ADS), and prospects for international collaboration and co-ordination of
the experimental activities), and, last but not least, elaborates the needs for future activities (definition
of numerical and experimental benchmarks, including required databases and international collaboration,
e.g. networking and co-ordination among institutions involved in HLM thermal-hydraulics). Through
its review of present CFD codes, the Technical Report addresses the key issues of CFD code
characterisation, i.e. modelling, material property data, numerical problems and code performance, as
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well as code usability. The main conclusions reached by the Technical Report address the following
areas: turbulence phenomena, two-phase and free-surface flows phenomena, as well as experiments
and measurement techniques.
Another activity addressed the formation and training needs expressed by the member states.
In collaboration with the International Centre for Theoretical Physics (ICTP), the IAEA organised
the Workshop on Technology and Applications of Accelerator-driven Systems, in Trieste, Italy, from
17-28 October 2005. The workshop familiarised the students with the status of R&D activities in the
area of ADS for energy production and transmutation. A review of the ADS designs presently under
consideration was given. Thirty-four students from 19 countries studied the theoretical foundation of
all aspects of ADS design (i.e. high-power accelerator, spallation target and subcritical blanket),
identified the most problematic areas, as well as the limitations of the simulation methods presently
used. The students were familiarised with the modern theoretical models used to predict nuclear reaction
cross-sections. They studied the principles of the evaluation methodology and became acquainted with
the existing data libraries and the data processing and transport calculations. Based on the discussion
of the impact of the present uncertainties on the performance of the ADS, the needs for data and
method development and validation work was identified. The students also studied fuel cycle aspects,
in particular the impact of transmutation on the repository. The workshop consisted of lectures,
computer demonstrations and “hands-on” exercises. The participants were also invited to make short
presentations of their own research activity, and/or of topics of interest that emerged during the
workshop. The next IAEA/ICTP joint workshop, entitled Physics, Technology and Applications of
Accelerator-driven Systems (ADS) will be held in Trieste from 27-31 August 2007.
With regard to collaborative R&D, the IAEA has an ongoing (2002-2006) Co-ordinated Research
Project (CRP) on Studies of Advanced Reactor Technology Options for Effective Incineration of
Radioactive Waste, and has started a new CRP (2005-2009) on Analytical and Experimental Benchmark
Analyses of Accelerator-driven Systems (ADS).
The former CRP was joined by participants from 17 institutions in 13 member states and the EC
(JRC). Its objective is to produce a comparative assessment of the transient behaviour of advanced
transmutation systems, both critical and subcritical. The CRP performs benchmarks on critical liquid
metal, and gas-cooled fast reactor, heavy liquid metal, and gas-cooled ADS, critical and subcritical
molten salt concepts, and fusion-fission hybrid subcritical systems.
The objective of the latter CRP is to improve the understanding of the physics of the coupling of
external neutron sources with subcritical cores. Experimental backing of analytical benchmarks is the
major thrust of this CRP, and the participants will apply integrated calculation schemes to perform
computational and experimental benchmark analyses. ADS constitute the main thrust of the CRP.
However, transmutation concepts based on subcritical cores driven by non-spallation neutron sources
are also considered – in particular as regards the experimental benchmarking activities of the CRP,
since there are experimental demonstration projects using non-spallation targets [e.g. (D,D) or (D,T)
neutron sources, and photon-neutron sources based on electron accelerators]. For ADS, the CRP is
addressing all major physics phenomena of the spallation source and its coupling to the subcritical core.
In the case of detailed ADS calculations, these analyses extend from the simulation of the high-energy
proton beam down to thermal neutron energies in the subcritical core. Currently, 27 institutions in
18 member states and 2 international organisations are actively participating in this CRP. In a first stage
of the CRP, the participants agreed to analyse the following benchmark problems: (i) YALINA-Booster;
(ii) spallation target parametric studies with experimental validation; (iii) spallation source efficiency
and energy dependence; (iv) analytical and numerical benchmarking of methods and codes for
ADS kinetics; (v) ADS concepts; (vi) subcritical experiments; (vii) photonuclear-based transmutation
benchmarks; (viii) ADS performance [5].
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Last but not least, the IAEA has implemented the ADS Research and Development Database.
It provides information about ADS-related R&D programmes, existing and planned experimental
facilities as well as programmes, methods and data development efforts, design studies, and so forth.
While operational on the WWW and open to all users (http://www-adsdb.iaea.org/index.cfm), the
database has to rely on content contributed by the interested community. Data and information can be
provided on-line, and contributions are solicited (the author will gladly provide, upon request, access
privileges as editor to anybody wanting to contribute content).
Conclusions
For nuclear energy to remain a long-term option in the world’s energy mix, nuclear power
technology development must meet sustainability goals with regard to fissile resources and waste
management. The utilisation of breeding to secure long-term fuel supply remains the ultimate goal of
fast neutron spectrum system. Plutonium recycling in fast reactors, as well as incineration/transmutation
of minor actinides and long-lived fission products in various hybrid reactor systems (e.g. ADS) offers
promising waste management options. Several R&D programmes in various member states are actively
pursuing these options, along with the energy production and breeding mission of fast reactor systems.
In line with the statutory objective expressed in Article II (The Agency shall seek to accelerate and
enlarge the contribution of atomic energy to peace, health and prosperity throughout the world. It shall
ensure, insofar as it is able, that assistance provided by it or at its request or under its supervision or
control is not used in such a way as to further any military purpose), the IAEA will continue to assist
the member states’ activities, also in the area of advanced technology development for utilisation and
transmutation of actinides and long-lived fission products, by providing an umbrella for information
exchange and collaborative R&D to pool resources and expertise.
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Abstract
OECD Nuclear Energy Agency (NEA) activities in the field of partitioning and transmutation (P&T)
are introduced by reviewing past and current projects. Since 1989 the NEA has been pursuing
activities relevant to P&T through different working groups dealing with nuclear data evaluation,
physics of P&T systems (critical and subcritical), fuel cycle chemistry, material and fuel science,
safety of P&T related installations, and the impact of advanced fuel cycles in the management of
radioactive waste. In addition, the agency has organised this series of information exchange meetings,
aiming at providing experts with a forum to present and discuss current developments in the field. This
paper is intended as a guide to the different publications stemming from the international collaborative
efforts co-ordinated by the NEA.
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Introduction
Within the NEA, P&T is an example of a horizontal activity, involving several divisions and
committees. Most of the work on P&T has been and is being undertaken under the auspices of the
Nuclear Science Committee (NSC) and the Nuclear Development Committee (NDC). The NSC work
includes specific projects and specialist meetings on particular scientific aspects of P&T by two
working parties: the Working Party on Scientific Issues of the Fuel Cycle (WPFC), which, in 2004,
succeeded the Working Party on Scientific Issues of P&T (WPPT), and the Working Party on Scientific
Issues of Reactor Systems (WPRS). The work of the NDC mainly comprises strategic and assessment
reports by expert groups in the broad field of P&T and its impact on the economics of the nuclear fuel
cycle. The Radioactive Waste Management Committee (RWMC) is also kept informed of the outcome
of the NSC and NDC activities, as the potential application of P&T would impact waste management
systems [1].
An example of P&T being a horizontal activity within the NEA is the organisation of the present
series of information exchange meetings on Actinide and Fission Product Partitioning and Transmutation.
The series was initiated in 1989 following a proposal from the Japanese government to establish an
international information exchange programme on issues related to P&T. Since the first meeting, held
in Mito, Japan, in 1990, the event has been held every two years in various countries. The tenth
meeting will be held in October 2008 in Mito or Tokai-Mura, Japan, hosted by JAEA.
Scientific issues
Accelerator and spallation target technologies for accelerator-driven system (ADS) applications
This activity had been conducted by an expert group on accelerator utilisation and reliability, and
a status report was published in 2005 comprising the contributions from 16 institutes and national
laboratories. The status report discusses the differing options and ongoing research in key technologies
required for nuclear waste transmutation by ADS. In addition, the report describes the two main
accelerator options: linear accelerators and cyclotrons, and discusses the spallation target technology
with details on the materials, target windows, performances, and thermo-hydraulics [2].
Benchmark on beam interruptions in an accelerator-driven system
An expert group on accelerator utilisation and reliability is performing a benchmark on beam
interruptions in ADS. This study comprises three phases on temperature and power variations induced
by beam interruptions of different duration in lead-bismuth-cooled and MOX-fuelled experimental ADS:
x

Phase I: Comparative assessment of different computation methods [3];

x

Phase II: Effect of perturbations on the material properties [4];

x

Phase III: Devoted to the effects of burn-up.

Reports for Phases I and II were published in 2003 and 2004, respectively, and the study on
Phase III is ongoing.
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Physics and safety of transmutation systems
A status report was published at the beginning of 2006. Over 10 institutes and national laboratories
contributed their research results. The report covers the following topics: P&T and the role of ADS,
scenario studies for P&T, such as time-dependent P&T studies, overview of software and applications
to ADS, ADS dynamics and safety, transmutation of long-lived fission products and impact of nuclear
data uncertainties on ADS design parameters [5].
Fuels and materials for transmutation
Based on 16 contributions from various institutes and national laboratories, a status report was
published in 2005. The report describes the current status of fuel and material technologies for
transmutation and suggests technical R&D issues that need to be resolved. The main topics of the
report are: thermo-physical and thermo-chemical data for relevant actinide compounds and alloys, fuel
selection criteria and fuel fabrication, prediction of fuel behaviour, structural materials, such as
cladding and compatibility with molten heavy metals, transmutation of long-lived fission products and
hydrides as moderators [6].
Handbook on lead-bismuth eutectic
An expert group on lead-bismuth eutectic (LBE) technology performed a critical review of existing
literature and data on lead and on LBE, aiming towards developing standards, identifying areas where
further studies are needed, and helping to establish a common methodology for experiments and data
analysis. The results are gathered in a handbook. Eight institutes and national laboratories from seven
member countries contributed to the study. The structure of this handbook is as follows: four chapters
are dedicated to heavy liquid metal properties; the next four chapters cover the materials and testing
issues; and the subsequent two chapters summarise the key aspects of the thermal-hydraulics and
system technologies. In the last three chapters, other issues such as existing test facilities, the safety
guidelines and open issues and perspectives are presented. Version 0 of the handbook is planned for
publication in 2007 and Version 1 for 2009.
Workshops on the Utilisation and Reliability of High Power Proton Accelerators
Since 1998 the NEA has organised workshops on the “Utilisation and Reliability of High Power
Proton Accelerators” to discuss issues of common interest and to present the most recent achievements
in the areas of accelerator reliability; target window and coolant technology; subcritical system design
and ADS simulations; safety and control of ADS; and ADS experiments and test facilities. The fifth
workshop will be held on 6-9 May 2007 in Mol, Belgium, hosted by SCKxCEN 2007.
Strategic issues
Status report on national programmes in partitioning
An expert group on chemical partitioning is analysing national programmes in partitioning.
The objectives are to perform a thorough technical assessment of separation processes as applied in a
broad set of P&T operating scenarios, identifying important research, development and demonstration
issues necessary to bring preferred technologies to a deployable stage, with the aim of recommending
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collaborative international efforts to further technology development. Nine contributions have been
received for both aqueous and pyrochemical partitioning processes. These will constitute the basis for
a publication to appear in 2007.
Fuel cycle transition scenarios
A study of transition scenarios from current fuel cycles to long-term sustainable fuel cycles is
ongoing. A status report is in preparation to be published in the first half of 2007. The report reviews
the timing of key technologies and contains an overview of country-dependent scenarios and a
systematic discussion of key issues.
The expert group is also conducting two benchmark studies. The first benchmark compares the
performance of various codes as applied to the following three different transitions scenarios:
once-through, limited plutonium recycling in light water reactors (LWR), plutonium and minor
actinides recycling in fast reactors (FR). The second benchmark studies a regional European approach,
involving the sharing of facilities and fuel inventories to optimise the use of resources. The reports
stemming from these benchmark activities will be published in the second half of 2007.
Impact of advanced fuel cycles in waste management policies
A NDC expert group, comprising also expertise from the waste management community (the
RWMC Integration Group for the Safety Case) and from the NSC/WPFC expert group on flow sheet
studies, published a report on the impact of advanced fuel cycles on waste management policies in
May 2006. The report analyses a range of advanced nuclear fuel cycle options from the perspective of
their effect on radioactive waste management policies, in particular on repositories for high-level waste
(HLW). The report presents various fuel cycle options, illustrating differences between alternative
technologies. The analysis assesses the fuel cycle as a whole (including all radioactive waste generated
at each step of the cycle) and covers HLW repository performance for the different fuel cycles and the
impact of HLW isotopic composition on repository performance, size and cost [7].
Other activities
International peer review of the French P&T programme
In France, the 1991 Waste Act required inter alia a research and development programme on
partitioning and transmutation, with a milestone for review in 2006. The French authorities requested
the NEA to organise an independent, international peer review of the results of this extensive research
and development programme, based on the CEA Report 2005 on P&T: Les déchets radioactifs à
haute activité et à vie longue – Recherches et résultats, Axe 1 – Séparation et transmutation des
radionucléides à vie longue (CEA/DEN/DDIN/2004-642), with a view to help inform the parliamentary
decision-making process on the way forward for radioactive waste disposal in France. The resulting
NEA report presents the findings of that peer review, which was performed by ten high-level
international experts [8].
The objectives of the peer review include: to assess the soundness of the report in terms of
scientific and technical approach; its methodology; results and strategy; and to formulate detailed
recommendations for improvements, which may help the decision-making process and possibly lead
to an application phase of P&T.
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A total of 15 conclusions and 20 recommendations were contributed by the International Review
Team (IRT). The IRT found that the R&D carried out was of very high quality. Most notably, the IRT
accepted that long-term management of actinides via fast reactors is practically possible. The IRT also
noted that P&T is almost always considered in the CEA Report 2005 on P & T in terms of its impact
on the reduction of radiotoxicity. In this context, the IRT suggested that other criteria, such as reduced
heat loading, reduced waste volume or impact on the fuel cycle cost should also be considered.
In addition, the IRT suggested developing the recycling technology for transmutation fuels and targets
in close relationship with the fuel and target development programme itself and addressing the separation
of Am and Cm. Finally, the IRT found that the difficulty of handling multi-gram quantities of minor
actinides in the fuel cycle should be more fully addressed, and specifically noted that fuel and target
development after 2009 might present additional difficulties due to the closure of the Phénix reactor.
Workshop on the Structural Materials for Innovative Nuclear Systems (SMINS)
Following a proposal from Germany to the NSC, a workshop on structural materials for innovative
nuclear systems will be held on 4-6 June 2007 at Karlsruhe, Germany, hosted by FZK. The workshop
will focus on structural materials for systems such as Generation IV reactors, critical and subcritical
transmutation systems and fusion devices. For these innovative nuclear systems, the workshop will
explore commonalities and differences in terms of laboratory and large facility scale experimental
technology and modelling and simulation in order to identify and develop potential synergies.
Start-up of an Expert Group on “ab initio” Modelling and Simulation (AI-MS)
Following a proposal from the USA to the NSC, an activity is in preparation, which will be
oriented towards the development of modelling and simulation capabilities for advanced nuclear fuels.
A detailed proposal for the mandate and programme of work of the corresponding Expert Group is
currently under discussion.
Concluding remarks
The OECD Nuclear Energy Agency (NEA) carries out numerous and various activities in the
field of partitioning and transmutation, in response to the needs of its member countries. These
activities deal with scientific as well as strategic issues and their large number illustrates that the
reduction of the amount of high-level waste to be finally disposed of in the long term is an important
topic for the NEA membership. In planning its future activities on P&T, the NEA is counting on
continued feedback from its member countries in order to find the appropriate balance between the
many topics and approaches nurturing this field.
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Abstract
Regional centres for the nuclear fuel cycles are “an old and new idea”. We have started to investigate
its potential and possible implementation issues in the context of advanced fuel cycles. In particular,
we have worked out and quantified scenarios wherein countries with different policies with respect to
nuclear energy development try to figure out a common approach in order to minimise wastes and at
the same time to make an optimised use of resources. These objectives can potentially be tackled with
the implementation of shared facilities. The first attempt was an application of the regional approach
to the case of two countries, one committed to the further development of nuclear energy, while
the other plans to phase out nuclear. Successively, a “user/provider” scenario has also been studied.
The results have been found encouraging, and a further application is under way, in support of the
development of a European roadmap towards the implementation of a European strategy for P&T,
within a co-ordination action of the EU 6th Framework Programme.
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Introduction
“Regional approaches” to the fuel cycle have been suggested previously, even before the proposal
of El Baradei [1,2], mostly for non-proliferation reasons [3-5].
Recently McCombie [6], mainly dealing with the especially contentious area of final disposal in
geological repositories, arrives at the conclusion that “the time is ripe to consider again the global
benefits of nuclear fuel cycle centres for both front end and back end activities.”
Some examples of regional studies
We developed and worked out [7] an original regional approach involving two European countries
with the purpose to support the deployment of P&T strategies aiming at waste minimisation. In fact,
to benefit from the recognised potential of these strategies, it is necessary to develop sophisticated
technologies for the fuel cycle and to develop new facilities for fuel reprocessing and fabrication and
innovative reactor systems. It does not seem realistic for most countries to cope with this major
endeavour in isolation.
In Ref. [7], we considered both ADS-based transmutation and critical fast-reactor-based
transmutation. Some of the most significant results are summarised, in order to point out the potential
benefits of a regional approach, and the potential for application to a more general case.
The first scenario considered in Ref. [7] was related to the deployment of a number of ADS
shared by the two countries.
The ADS used the plutonium of Country A and transmuted the minor actinides of the two
countries. The plutonium of Country B is continuously recycled in PWRs.
The main objective of this scenario was to decrease the stock of spent fuel of Country A down
to ~0 at the end of the century, and to stabilise both Pu and MA inventories of Country B.
As an example of the results, Figure 1 shows the comparison of the number and pace of deployment
of the ADS in the regional approach and in the case of ADS deployment by Country A and Country B
in isolation. The results shown in Figure 1 indicate the significant benefits of the regional approach.
The second scenario considered the deployment of fast reactors in Country B. These fast reactors
are deployed with the plutonium of the two countries and recycle all the minor actinides.
The main objective of this scenario is to decrease the stock of spent fuel of Country A down to
0 at the end of the century and to introduce Gen-IV fast reactors in Country B, starting, e.g. in 2035.
As example of the results, Figure 2 shows that: a) the deployment of fast reactors in Country B is
not jeopardised by a shortage of plutonium if the TRU inventory in the spent fuel of Country A is
reprocessed and used. Moreover, Figure 2 shows that the increase in minor actinide content in the fast
reactor fuel, due to the higher minor actinide content in the spent fuel of Country A, has no significant
impact on the feasibility of the fast reactors in Country B.
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Figure 1. Results of scenarios of ADS deployment (from Ref. [7])
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A further application for a “user/supplier” scenario has also been performed. The scenario
involves two types of countries:
x

Countries “A” (e.g. with small grid systems) decide to implement small (~50 MWe) reactors
as transportable “cartridges” (e.g. SMFR, see Ref. [8], with ~30 years lifetime, passive safety,
compact and robust technology and high proliferation resistance). These countries are viewed
as “user” countries.

x

Country B with reprocessing and fuel fabrication capabilities, with its own nuclear power
fleet, acts as a “supplier” country.

The scenario is represented in Figure 3. The objective of the study is to quantify fabrication/
reprocessing/material transport needs, potential constraints, etc. Results are shown in Figure 4. These
results correspond to the following hypothesis:
x

PWR UOX (BU 50 GWd/t, 10y cooling) in Country B.

x

20 SMFRs adapted to Pu+MA fuel, with 30 years of operation in Countries A.

x

After 30 years, the fuels are sent back for reprocessing and used in Country B for Gen-IV
reactors.

Further analysis, e.g. to establish the rate of penetration of the SMFRs, would need specification
of the policy of Country B. For example, if Country B stores irradiated UOX fuel (e.g. as it is the case
of USA), the 3 100 t UOX needed will be available at any time. If Country B makes reprocessing and
makes use of Pu (e.g. France), it should be worked out how and when the UOX could be “diverted”
and made available. The data allow figuring out the size of the reprocessing and fabrication facilities,
according to the SMFRs penetration rate foreseen. The reprocessing as shown in the scheme considers
not separated TRU. Other schemes can be envisaged.
A regional approach for the implementation of P&T in Europe
A more comprehensive study, initiated within a Working Party of the Nuclear Science Committee
of the OECD/NEA, is now foreseen in the frame of a Co-ordination Action of the EU (PATEROS)
which has the objective to draw a roadmap for P&T implementation at a European level. This study
will involve a larger number of countries (Belgium, France, Germany, Spain, Sweden, and Switzerland)
and a wider number of scenarios.
The regional approach should help outline a strategy on how to share facilities and fuel inventories
to optimise the use of resources and investments in an enhanced proliferation-resistant environment.
The scenarios will consider several groups of countries:
x

Group A is in a phase-out (or stagnant) scenario for nuclear energy and has to manage his
spent fuel, and especially the plutonium and the minor actinides.

x

Group B is in a continuation scenario for the nuclear energy and has to optimise its resources
in plutonium for the future deployment of fast reactors or ADS.

x

Group C, after stagnation, envisages a nuclear “renaissance”.

x

Group D, initially with no NPP, decides to go nuclear.
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Figure 3. A “user/supplier” scenario
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Figure 4. Results for the “user/supplier” scenario (see text for details)
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Different scenarios will be studied and are being defined. Examples being examined include:
1) Scenarios which consider the deployment of a group of ADS shared by several countries,
e.g. the ADS will use the minor actinides of Group B and will transmute the TRU of the other
groups. The plutonium of Group B is mono- or continuously recycled in PWRs.
The main objective of these scenarios is to decrease the stock of spent fuel of Countries A and
C down to 0 at the end of the century. The result of the study will be the pace of deployment
and the number of ADS necessary to eliminate the stocks of Group A and to stabilise/decrease
the MA stocks of Group B; fuel cycle facilities needed and time horizon for deployment;
masses and heat load in a repository.
2) Scenarios which consider the deployment of fast reactors in Group B countries. These fast
reactors are deployed with the plutonium of all groups of countries and recycle all the minor
actinides. The main objective of this scenario is to decrease the stock of spent fuel of
Countries A and C down to 0 at the end of the century and to introduce Gen-IV fast reactors
in Group B, starting e.g. in 2035.
The result of the study will be the number and feasibility (e.g. allowable MA content) of fast
reactors to be deployed in Group B which will have the mission both to produce electricity
and to eliminate the stock of spent fuel of Countries A and C at the end of the century. Other
results will be the number and characteristics of the fuel cycle facilities; masses and heat load
in a shared repository.
3) Scenarios where countries of Group C (and/or D) decide, after a certain period of time, to
restart nuclear energy with fast reactors which recycle all their own TRU. Variants can be
envisaged, according to the policy of Group B, e.g. mono-recycling of Pu and successive use
of fast reactors or use of fast reactors at an early date. In these scenarios, one can make the
hypothesis that the spent fuel of the other countries of Group A is used to facilitate the
deployment of fast reactors in Group C.
The result of the scenario study will be the maximum level of electricity production
achievable at equilibrium for Group C. This result will depend on the amount of plutonium
available and on the pace of deployment of the fast reactors. Here again, fuel cycle facilities
characteristics and parameters related to the repository will be obtained.
At present, as indicated above, six countries have made available their spent fuel inventories and
isotopic compositions (at several dates): Belgium, France, Germany, Spain, Sweden and Switzerland.
Detailed scenarios are presently being discussed. Hypotheses on parameters such as energy
demand, cooling times, etc., and on characteristics such as type of fast reactor and ADS, etc., will be
agreed upon shortly.
Preliminary results (mostly obtained with the COSI code [9]) are expected at the end of 2007.
Conclusions
Regional approaches to the nuclear fuel cycles have been proposed in various frameworks.
In the case of Europe, it is interesting to develop such scenarios to investigate opportunities for
enhanced collaboration, in particular in the perspective of advanced fuel cycles.
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First results have been obtained, which confirm the potential interest of regional approaches to the
fuel cycle. More results are expected in the very near future in the frame of a European Concerted
Action for a Roadmap to develop P&T.
However, to make these scenarios more realistic, a number of rather involved institutional
(e.g. shared repository) and practical (e.g. material transports) issues should be tackled and discussed
in depth.
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Abstract
This paper describes the JRC-ITU programme for the development of oxides fuels and targets for the
transmutation of minor actinides. The concepts currently being considered at ITU are either of the
homogeneous type, e.g. (An,Y,Zr)O2, or CERCER or CERMET composites. Such composites include
micro- and macrodispersed (An,Y,Zr)O2 sol-gel beads in MgO and poly-dispersed composites in
metallic matrices. “An” indicates for any mixture of Pu, Np, Am. The processes described here have
been qualified for the fabrication and characterisation of fuels for their irradiation in the Phénix
(FUTURIX) and HFR (HELIOS) reactors. The experience gained during their fabrication and
characterisation is presented.
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Introduction
One of the major challenges for social acceptability of nuclear energy in the forthcoming decades
will be the establishment of nuclear waste management strategies. Partitioning and transmutation
(P&T) is considered as an attractive option to direct geological disposal. Nevertheless, its feasibility to
reduce or to transmute long-lived radioactive nuclear wastes and in particular the reduction of
long-lived minor actinides (MA) in an efficient, safe and economic way has still to be proved.
The development of fuels and targets for transmutation of actinides is one of the most important
issues in the proposed P&T concepts. Different requirements for the fuel and target design can be
defined, depending on the fuel cycle strategy. For example, with multiple recycling and the use of fast
reactors, the high fissile content and the possibility to reprocess the fuel are of key importance. As the
material is reprocessed, the fuel or target could be based on a uranium or thorium matrix. In contrast,
in a once-through transmutation scenario, the stability of the material at high burn-up and as spent
material for geological disposal is crucial. As the extent of transmutation must be as high as possible,
the development of inert matrix fuels (IMF) is a promising approach in this context. Thus, uranium-free
fuels could burn plutonium more efficiently since the source of new Pu through activation of 238U is
eliminated. In addition, some of the proposed materials have specific advantages: e.g. zirconia-based
compounds have a “natural analogue” quality, making them excellent candidates for long “once-through
cycles” followed by direct disposal; CERMET (fissile ceramics embedded in a metal matrix) fuels are
characterised by low temperature operation as a result of their excellent thermal conductivity. The
latter “cold fuels” favour high burn-out rates with the release of fission products being small due to the
low operating temperature and the metal acting as an excellent barrier against gaseous diffusion.
A selection of such materials is being studied at the Institute for Transuranium Elements (ITU) of
the European Commission’s JRC. In the specialised actinide fabrication facilities inert matrix fuels of
the homogeneous type as well as CERCER or CERMET composites are being fabricated for research
purposes. The thermal properties of these materials are extensively characterised by standard analytical
techniques, but they are also studied by the unique high-temperature techniques available at ITU to
determine heat capacity, thermal conductivity, melting point and stability of the samples. These
investigations are needed to predict their performance under irradiation. The actual irradiation tests of
selected materials produced at ITU are being performed in the High Flux Reactor in Petten and in the
Phénix reactor in Marcoule. The EFTTRA-T4 experiment, the first americium target irradiation, has
been completed, including post-irradiation examinations, and currently various other experiments on
transmutation fuels and targets have been started (SMART) or will be started shortly (FUTURIX,
CAMIX-COCHIX, HELIOS).
In this paper, an overview of the ITU studies on inert matrix fuels is presented, including a
detailed description of process development and validation in the Minor Actinide Laboratory, of a
summary of some key properties of the materials and the irradiation programmes.
Fuel fabrication processes
Fabrication of targets for transmutation and incineration of minor actinides requires more stringent
radiation protection measures than currently necessary for the manufacture of conventional UO2 and
MOX fuels. Whereas MOX can be fabricated in glove boxes, the handling of minor actinides requires
extra shielding in the form of lead (for gamma radiation) and water (for neutron radiation), and remote
operation. As a result, process simplification and automation are necessary. In addition, the waste
generated should be minimised. The fabrication procedure should not generate dust, which could collect
on the surfaces of the glove boxes and the equipment therein, so that operator intervention is facilitated
and radiation exposure to the personnel minimised.
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For these reasons, dust-free fabrication has become a major development topic at the ITU where a
hybrid process consisting of a combination of sol-gel [1] and porous bead infiltration techniques [2].
This is followed by blending of the particles and the matrix powder by conventional methods for the
composite fuel type as has been developed for the fabrication on a laboratory scale, but keeping
industrialisation as the long-term goal. A schematic flow chart describing the fabrication of both fuel
types is shown in Figure 1. These advanced processes have been adapted and qualified in the Minor
Actinide Laboratory (MA-Lab) at ITU (see Figure 2). It consists of a chain of seven conventional
glove boxes, shielded by a steel wall containing 50 cm water and 5 cm lead, for which the limiting
masses are 150 g of 241Am or 5 g of 244Cm. Here the fabrication process is restricted to infiltration,
pellet pressing, sintering, metrology, visual inspection, pin filling (maximum length 1 000 mm) and
pin welding. The operation is achieved not only by telemanipulators, but also by extensive use of
robots and remote control. In the case of intervention or repair, the highly active material can be
isolated in shielded storage areas, and conventional glove box practices employed. The processes
developed at ITU not only meet the criteria listed above but also they are flexible and easily adapted to
the requirements and specifications of new fuel and target compositions. At present, the Am content
incorporated by infiltration can be between 5 to 25% in mol.
Fuel characterisation and material properties
In the last years at ITU major efforts have been made not only to develop fabrication process and
the required installations for transmutation fuels but also to set up equipment to determine the physical
and chemical properties of these materials. In addition to the standard characterisations such as weight,
dimensions, geometrical density, open porosity and ceramography investigations, new methods have
been established to determine the americium content in the samples by non-destructive means
(calorimetry) and to determine the thermal properties of the materials.
Figure 1. Homogeneous and heterogeneous fuel fabrication processes at ITU
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Figure 2. Schematic drawing of the Minor Actinide Laboratory at ITU

Quantitative Am content determination by calorimetry
The quantitative determination of the Am content, both in the infiltrated beads prior to pellet
fabrication and in the final pellets, has been accomplished through calorimetric measurements. This
purely non-destructive assay technique is ideally suited for high-accuracy measurements on this kind
of refractory samples, which otherwise would be very difficult to analyse.
The calorimetric measurements are carried out using a heat flow calorimeter (model TAM III,
Thermometric AB). The thermal power measurements cannot be made instantaneously because it
requires a certain period of time for the calorimeter to reach thermal equilibrium after sample loading.
Taking all uncertainty components into account the 241Am content can be determined by calorimetry
with a total uncertainty of about 0.3% (1V) even after a relatively short measurement time of 1-2 h.
For samples containing just one single radioisotope such as 241Am, the Am assay is straightforward
in that the measured thermal power of the sample is directly proportional to the amount of this isotope.
241
Am has a relatively high specific thermal power: PAm = 114.57 ± 0.19 mW/g. Samples containing
10-100 mg of 241Am therefore exhibit a thermal power of about 1-10 mW, which can be measured
with high precision and accuracy. For the Am assay in samples containing both Am and Pu, such as in
the FUTURIX materials, the measured thermal power needs to be corrected for the heat contribution
from Pu according to the relation:
Am g

mW measured
Pu
PAm 
PPu
Am

For the low-burn-up Pu used in the FUTURIX fuels with a 239Pu abundance of 90-91% the
specific power for Pu, PPu, is 2.5 mW/gPu, which is about 45 times smaller than the corresponding
value PAm for 241Am. Therefore, even with a Pu/Am weight ratio of 5, the plutonium contributes only
about 10% to the total sample heat. The Pu/Am weight ratio has been determined from a non-destructive
high-resolution gamma measurement, where isotopic gamma rays from 239Pu and 241Am have been
rationed. The Am content determined by calorimetry is totally in agreement with the values obtained
by less accurate gravimetry in the MA-Lab during the infiltration steps of the production process
(Table 1).
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Table 1. Am content determined by gravimetry and calorimetry

Infiltration
FUTURIX 5 (Pu0.80,Am0.20)O2
FUTURIX 6 (Pu0.23Am0.25Zr0.52)O2

%weight americium
(gravimetry)
st
1
2nd
3rd
12.56
17.33
15.44
27.94
30.69

%Am
(calorimetry)
17.57
30.07

Thermal conductivity
The measurement of the thermal diffusivity, D, of highly J-active samples is performed in a
shielded “laser-flash” device that was designed and constructed at ITU and the heat capacity is
determined by differential scanning calorimetry in a commercial equipment (DSC, Netsch 409). The
thermal conductivity O(T) is then calculated from the independent measurement of the thermal
diffusivity, D(T), the heat capacity, Cp(T), and the density, U(T).
Several samples containing americium have been measured, including homogenous
(Zr0.78Y0.16Am0.06O1.92), CERCER macro- and microdispersed1 (MgO 70%vol. + Zr0.67Y0.13Am0.20O2-x)
and CERMET Mo 86%vol. + (Pu0.80,Am0.20)O2 and Mo 60%vol. + (Pu0.23Am0.25Zr0.52)O2. As an example,
the thermal diffusivity, corrected for the change in sample thickness due to thermal dilatation, is
shown in Figure 3. As preliminary tests showed that the samples are semi-transparent, the measurement
of thermal diffusivity was made after coating the faces of the samples with carbon. Thermal annealing
cycles with increasing maximum temperature were performed, but no effect of recovery of radiation
damage was observed in the thermal diffusivity. Although the CERCER samples have the same
chemical composition, their thermal diffusivity and specific heats are significantly different. The thermal
conductivity of the three fuel types is shown in Figure 4. Compared to oxide fuels, the use of a Mo
matrix strongly increases the thermal conductivity of the target even for a volume fraction of 40% of
inclusions, the thermal conductivity at 1 000 K of the CERMET is about 10 times higher than that of
the oxide fuels. Compared to the CERCER fuels, the operating temperature of CERMET fuels will be
lower. This property allows the insertion of a larger amount of actinide in the target, without
significantly increasing its temperature in-pile.
Vapour pressure and sample stability at high temperature
The vaporisation behaviour of the two CERMET samples has been studied using a Knudsen cell
combined with a mass spectrometer in the range 300 to 2 800 K. The heating rate was 10 K/s, the
vacuum during annealing was 10–7 mbar, the Knudsen cell was in tungsten. All the isotopes of Pu,
Am, Np, Zr, Mo, all their oxides (M, MO, MO2, MO3), and oxygen (O, O2) were measured. The mass
signals obtained of a Mo 60%vol. + (Pu0.23Am0.25Zr0.52)O2 sample are shown in Figures 5 and 6.
From these signals it is possible to determine the partial vapour pressure of all the species
vaporising and detect eutectics, melting, phase transitions, decomposition-reduction of the sample.
This technique is very sensitive, it is for example possible to immediately check the quality of the
sample, i.e. to detect if some oxygen has be present during the sintering process, this would partly
oxidise the Mo [detectable at low temperature (1 600 K) as Mo, MoO, MoO2 and MoO3] which would
boost by liberation of oxygen the vaporisation of the actinide oxides.
1

These samples were fabricated and characterised under a CEA contract.
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Figure 3. Thermal diffusivity of homogenous CERCER and CERMET fuels
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Figure 5. Mass spectrometer signals of detected 237Np 239Pu
and 241Am oxides, 240Pu as not been plotted for clarity
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Irradiation experiments
ITU is actively involved in several irradiation programmes in the High Flux Reactor (HFR) at
Petten and the Phénix reactor in Marcoule. Therefore, fuels and pins for irradiation have been
fabricated and fully characterised. In addition, post-irradiation experiments have been carried out or
will be performed in the ITU hot cell laboratories. Table 2 summarises the main characteristics of the
fuels for the irradiation experiments.
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Table 2. General characteristics of the fuel for irradiation experiments

SMART 1
SMART 2
HELIOS 2
HELIOS 3
HELIOS 4
HELIOS 5
FUTURIX 5
FUTURIX 6

Am compound
(Pu0.009Y0.153Zr0.757)O2-x
(Pu0.241Y0.128Zr0.631)O2-x
(Am0.06,Zr0.78,Y0.16)Ox
(Am0.20,Pu,Zr0.66,Y0.14)Ox
(Am0.20,Zr0.66,Y0.14)Ox
(Pu0.8Am0.2)O2
(Pu0.8Am0.2)O2
(Pu0.23Am0.25Zr0.52)O2

Inert matrix
SS 30%vol.

Mo 72%vol.
Mo 84%vol.
Mo 86%vol.
Mo 60%vol.

Particle size (µm)
Homogeneous
60-80
Homogeneous
Homogeneous
90-130
20-120
20-120
20-120

SMART
This programme studies the fuel irradiation behaviour in an accelerated burning of plutonium in a
fast neutron spectrum. The pin contains uranium-free fuels, in which the Pu (0.9 gcm–3) is incorporated
in an yttrium-stabilised zirconia (YSZ) matrix. One segment of the pin contains homogeneous
(Pu,Y,Zr)O2-x fuel, the second segment a CERMET of (Pu,Y,Zr)O2-x stainless steel. Photos depicting
the visual aspect of both fuels and their microstructure are shown in Figure 7. The pins are now being
irradiated in the HFR and PIE, including reprocessing studies, will be made at ITU.
Figure 7. Visual aspect and ceramographs of SMART-1 (left) and SMART-2 (right)

1 mm
1 mm

FUTURIX
The purpose of the FUTURIX-FTA international irradiation programme is to demonstrate the
feasibility of burning minor actinides in dedicated reactors including critical electricity-generating fast
reactor transmuters or hybrid systems (ADS). Eight pins including metallic, nitride, CERMET and
CERCER forms prepared by the ANL, LANL, ITU and CEA, respectively, will be irradiated in the
Phénix reactor in 2007 for 240 EFPD. This experiment will provide essential data concerning
behaviour under irradiation and will allow qualification and validation of models developed to predict
fuel performance. At ITU, two molybdenum-based CERMET fuels were fabricated. A Pu0.8Am0.2O2+Mo
pellet is shown in Figure 8, where the ceramographs show an even distribution of the actinide ceramic
phase in the Mo matrix.
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Figure 8. Visual aspect and ceramographs of a FUTURIX sample ((Pu0.8Am0.2)O2+Mo

HELIOS
The main objective of the HELIOS irradiation test is to study the in-pile behaviour of U-free fuels
in order to gain knowledge on the role of the microstructure and of the operating temperature on the
gas release and on fuel swelling. The test matrix contains both homogeneous, zirconia-based ceramic
compounds and heterogeneous compounds, based on MgO and molybdenum as inert matrices. The
HELIOS irradiation experiment is planned to begin in 2007 in the HFR and will last for 300 EFFD.
Conclusions
The results obtained have demonstrated the feasibility of fabrication and characterisation of
americium-containing fuels and targets for irradiation experiments. A combination of sol-gel, infiltration
and conventional blending techniques has been deployed for the fabrication of both homogenous and
composite fuel types. The main advantage of this fabrication method is its high flexibility as concerns
the requirements and specifications of these new fuel and target compositions, especially for the
composite fuel type where the particle size and volume fraction of the fissile phase can easily be
selected. In addition, the low dust levels have been achieved and the background radiation in the
facility remains low. The measured thermal properties of the materials confirm the superior conductivity
and thermal stability of the CERMET compared to the CERCER and the homogeneous material. With
this information and the maximum volume fraction that is achievable in the fabrication process, the
actinide loading of the fuel can be optimised. The fuel behaviour under irradiation will be tested in the
ongoing irradiation programmes at Phénix and Marcoule.
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Abstract
Since 15 years, the EFTTRA partners have organised programmes to demonstrate the feasibility of the
transmutation of americium in uranium-free targets. In the related transmutation scenario, the targets
are introduced in a thermal neutron zone of a fast reactor, to maximise the efficiency of transmutation.
Amongst these programmes, those carried out in the HFR reactor in Petten have led to important
conclusions and are still at the core of the research in that field. The analysis of the EFTTRA T4 and
T4bis irradiation experiments, carried out with targets of MgAl2O4+11 wt.% 241Am, showed that the
release/trapping of helium is the key issue for target design, and also demonstrated a lack of technical
benefits of this material, due to a unsatisfactory in-pile behaviour in terms of irradiation damage and
chemical stability.
A new irradiation experiment called HELIOS is currently under fabrication and will be carried out in
HFR. The in-pile behaviour of U-free fuels and targets such as (Am,Zr)O2, (Pu,Am,Zr)O2, CERCER
(MgO) or CERMET (Mo) will be examined. The irradiation temperature will be high enough in some
of the pins to be able to tune the release of a significant fraction of helium produced so that the
material swelling can be minimised as much as reasonably possible. The HELIOS irradiation experiment
is planned to be carried out in the HFR core and shall last 300 full power days starting in 2007.

109

Introduction
In the past years, the programme of the EFTTRA group has been focussed on the study of the
transmutation of minor actinides, specifically Am [1,2]. Pioneering irradiation experiments (T4, T4bis)
on Am transmutation were performed in the High Flux Reactor (HFR) in Petten using targets of Am in
MgAl2O4. The T4 experiment was partially financed via the 5th European Framework Programme (FP5).
The analysis of the T4 and T4bis irradiation experiments, which were carried out with targets of
MgAl2O4+11 wt.% 241Am, showed a significant pellet swelling, which was partly attributed to the
production of helium, characteristic for 241Am transmutation. Moreover, the in-pile behaviour of
MgAl2O4 spinel in terms of irradiation damage and chemical stability did not provide fully satisfactory
results. This behaviour was not only observed in the Am-containing targets (EFTTRA T4, T4bis [3,4]),
but partly also in similar test irradiations of UO2 mixed with spinel (EFTTRA T4ter [4], Thermhet [5])
and in heavy ion implantation experiments [6].
As MgAl2O4 spinel proved to be an unsuitable inert matrix material, the EFTTRA programme has
been re-oriented towards yttria-stabilised zirconium oxide as matrix for transmutation of Am. This
material is now the prime candidate for the so-called once-through transmutation scheme that aims at a
single transmutation cycle in a thermal zone of fast neutron systems with the goal of reaching 90%
burnout (transmutation followed by fission) of the initial actinides. After irradiation, the target can be
disposed off directly.
The second transmutation strategy studied is a multiple recycling of the actinides in fast reactors.
Here the focus is on composite targets, with ceramic or metallic matrices that can be reprocessed.
Two matrices have been selected: MgO for ceramic-ceramic composites (CERCER) and Mo for
ceramic-metal composites (CERMET). In the latter case, the Mo should preferably be depleted in
95
Mo to increase the transmutation rate, and in 98Mo to reduce the production of long-lived 99Tc. The
latter effect is particularly important in fast spectra, whereas the large cross-section for neutron
absorption of 95Mo is unfavourable in a thermal spectrum [7].
Apart from the choice of different matrix materials, the challenge of a large helium production,
leading to porosity formation and swelling, also had to be addressed. This led to the definition of a
new experiment, designed in such a way that helium shall be released from the target during
irradiation. This is one of the aims of the HELIOS experiment currently under fabrication. The other
objective of HELIOS is the study of the in-pile behaviour of U-free fuels and targets such as
(Am,Zr)O2, (Pu,Am,Zr)O2 ,CERCER (MgO) or CERMET (Mo) in order to gain knowledge of the role
of the microstructure and of the temperature on the gas release and on fuel swelling.
The paper provides a summary of the main results obtained from the T4 and T4bis experiments,
and also presents the main design features of the HELIOS project to be carried out in the HFR in the
framework of the EUROTRANS project of the EURATOM 6th Framework Programme (FP6). Finally,
projections will be made on potential future plans to be undertaken within EFTTRA.
EFTTRA T4 and T4bis main results
The aim of the EFTTRA T4 and T4bis experiments was the investigation of the technical
feasibility of the inert-matrix concept for americium transmutation, with the emphasis on the materials
aspects. Due to the selection of the inert matrix (magnesium-aluminate spinel), which is not compatible
with the PUREX process (it is insoluble in nitric acid), and the characteristics of the reactor (the High
Flux Reactor at Petten), the experiment is representative for a once-through scenario in an (epi)thermal
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neutron flux. The full Am experiment consisted of two separate capsules (T4 and T4bis), with the
same fuels (AmOx in MgAl2O4), but two different irradiation times, namely 14 HFR cycles, equivalent
to 358.4 full power days, for T4 and 26 HFR cycles (652.6 full power days) for T4bis. In the latter
irradiation, an additional pin, consisting of 25 wt.% UO2 in MgAl2O4, was irradiated to compare with the
Am-containing pins (EFTTRA T4ter). The pin external temperatures were maintained at about 400°C
for all cycles. Figure 1 shows the power history of T4bis, together with the main actinide decay chain.
Figure 1. Power density in the EFTTRA T4bis irradiation
The two maxima are due to formation and fission of 242mAm and 239Pu, respectively. The EFTTRA T4 irradiation showed a
similar power profile, but it did not reach the second maximum due to the shorter irradiation time.
Inset: Transmutation scheme of 241Am; the large helium production is caused by the D-decay of 242Cm (t1/2 = 163 days).
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After irradiation of the T4bis pin, the 241Am was almost completely converted to fission products
(50%) and to other actinide nuclides (50%). The EFFTRA T4bis irradiation is the first inert matrix
irradiation, where americium was successfully transmuted to such a high extent. However, any
acceptable once-through scenario would require much higher destruction of all actinides by fission
(90% at least), and thus a much longer irradiation time.
Details on the fabrication processes and irradiation data, and of the experimental results have
been published earlier for T4 [3] and T4bis [4]. In Table 1 the main parameters and the results of the
EFFTRA T4 and EFFTRA T4bis experiments are compared. There is a direct relation between the
burn-up, the volumetric swelling and the fractional gas release.
The main results of the T4 and T4bis experiments also indicate that considerable swelling (up to
18% in volume for T4 and 28% for T4bis) of the pellets occurred. The swelling of the pellets was
constrained by the cladding, as the gap between pellet and cladding was closed and the cladding
deformed. As a result, evidence for crack healing during irradiation could be observed. It has been
shown that the swelling of the pellets could be caused by two different processes:
i) the damage of the MgAl2O4 matrix by fission fragments, leading to amorphisation of the spinel;
ii) the gaseous swelling by fission products, and mainly by helium produced by the alpha decay
of 242Cm, one of the isotopes in the transmutation chain of 241Am.
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Table 1. Characteristic parameters and results of the EFTTRA T4 and T4bis irradiations

Irradiation time
Thermal fluence (E < 0.7 eV)
Fast fluence (E > 0.1 MeV)
Actinide depletion*
241
Am depletion*
Power (min/max)
Fuel central temperature
Swelling
Gas release

EFTTRA T4
358.4 fpd
5.8·1025 m–2
16.8·1025 m–2
28%
96%
40/70 W/cm
~ 700qC
18 vol.%
He
19.5%
Xe + Kr
5.2%
Total
17.4%

EFTTRA T4bis
652.55 fpd
9.7·1025 m–2
21.3·1025 m–2
50%
99.8%
40/65 W/cm
~ 700qC
28 vol.%
He
48.1%
Xe + Kr
16.3%
Total
42.2%

* The depletion is defined as (moleactinides(BOI) – moleactinides(EOI))/moleactinides(BOI) u 100%.

It was clear also that the (low) fuel temperature achieved during irradiation was a key parameter
that explained the results observed due to the involved diffusion processes. The helium release for the
T4 experiment is about 20%. This means that about 80% of the helium atoms are still present in the
pellets, either in gas bubbles or as atoms or clusters of atoms in the lattice. The xenon release rate
found experimentally is 5%, which is four times lower than for helium. This difference can be
explained by the higher diffusion coefficient of the small helium atoms compared to the much larger
xenon atoms. A similar conclusion can be drawn from the T4bis target, with 48% helium and 16%
fission gases (Xe+Kr) releases.
From comparing T4 and T4bis, it seems that the extent of pellet swelling is proportional to the
burnout of americium. It is also proportional to the initial americium concentration in the pellets, and
thus to the amount of fission gases formed during irradiation. This indicates that the process determining
the swelling has probably been continuous and did not reach a saturation level. This suggests that the
gaseous swelling was probably the predominant process causing the expansion of the pellets, since the
effect of ion damage (i.e. amorphisation of spinel) should have reached a saturation level [6]. This
conclusion is supported for the T4 experiment by the results of ceramographic analyses, which
indicate that the increase of porosity due to gas bubble formation is in the order of 15%, very close to
the extent of swelling. However, the picture is not yet completely consistent. In the T4bis experiment,
the amount of helium retained in the matrix is similar to that in T4, despite the higher burnout. This is
due to the larger release of helium in T4bis. Still, there is a considerable difference in swelling
(28 vol.% compared to 18 vol.%), which implies that not only helium, but probably also the Xe+Kr
gas bubble accumulation are responsible for the large swelling of spinel.
The microstructure of the T4 MgAl2O4 has also been extensively investigated [8]. It was concluded
that the matrix had been amorphous at the end of the irradiation and had re-crystallised during storage.
Ceramographic images of both T4 and T4bis are shown in Figure 2, showing pronounced porosity in
the irradiated targets. Large pores, but also bubbles, formed in the matrix mainly from helium resulting
from alpha-decay during storage, and from the fission gases produced during irradiation. Fission
products were distributed throughout the matrix and five metal precipitates were found in the matrix
often associated with gas bubbles. The original Am-inclusions had transformed into Pu-rich inclusions
which are possibly based on a hibonite phase of the type MgPuAl11O19.
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Figure 2. Optical micrograph showing: a) the as-fabricated sintered inert matrix with
the dispersed 2-3 Pm sized Am-rich inclusions, under the form of AmAlO3 [9] (white spots);
b) the irradiated EFTTRA-T4 material exhibiting a porosity of on average 17%;
c) the irradiated EFTTRA T4bis material, exhibiting a porosity in the
centre of about 25%, but the overall porosity is comparable to that of T4
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b) EOL

50 µm

50 µm

c)

Since the MgAl2O4 matrix shows a pronounced plastic deformation associated with a large
swelling, it should no longer be considered as a micro-dispersed inert matrix candidate for actinide
transmutation. Its unpredictable behaviour is also linked to its poor chemical stability when used in
conjunction with americium and its transmutation products, and its predilection to amorphise under
reactor irradiation conditions. This conclusion was confirmed by the subsequent examinations performed
on T4bis, which showed even larger swelling than the T4 targets.
Finally, the full analysis of the spinel experiments (not only T4 and T4bis, containing Am, but
also several other neutron irradiations with UO2) [10] led to the conclusion that other directions should
be looked at, and it was decided to investigate the Am-zirconia IMF (already studied in the framework
of several Pu-burning research programmes) in the once-through scenario, and composite materials
(with MgO and Mo) for the multiple recycling scenario. This led to the definition of HELIOS.
HELIOS (IP EUROTRANS) experiment
The main objective of the HELIOS irradiation experiment, which is a part of the EUROTRANS
IP (FP6) [11,12], is to study the in-pile behaviour of U-free fuels in order to gain knowledge on the
role of the microstructure and of the fuel temperature on the gas release and on fuel swelling.
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The test matrix of the experiment will contain five pins (see test matrix in Table 2). Two pins will
be made of homogeneous zirconia-based ceramic compounds (Pins 2 and 3); they both will be equipped
with a central fuel thermocouple to determine the evolution of the temperature versus power and to
provide a first-of-a-kind database for thermo-mechanical code benchmarking. Three other pins will be
made of heterogeneous compounds, based on MgO (Pin 1), or Mo (Pins 4 and 5). To promote helium
release from the fuels in an early stage of the irradiation, two different approaches are followed:
x

To provide release paths by creating open porosity in the pellet; Pin 1 is made of a composite
with an MgO matrix containing a network of open porosities.

x

To increase the fuel temperature, which has a direct impact on the gas diffusion and release;
this effect will be analysed by comparing Pins 2 and 3, the latter containing Pu to increases
the fuel power. Pu is also introduced in Pin 5, which is a CERMET fuel similar to one fuel
irradiated in parallel in Phénix within the FUTURIX-FTA experiment [13].
Table 2. HELIOS test matrix

Fuel

Composition

1
2
3
4
5

Zr2Am2O7+MgO
(Zr,Y,Am)O2
(Zr,Y, Pu,Am)O2
(Zr,Y,Am)O2+Mo
(Pu,Am)O2+Mo

Am cont. (100% TD)
(g cm–3)
0.77
0.76
0.76
0.74
0.32

Pu cont. (100% TD)
(g cm–3)
–
–
0.42
–
1.27

Instruments
CT
CT

CT: Central Fuel Thermocouple.

The HELIOS irradiation experiment is planned to be carried out in the HFR core and shall last
300 full power days starting in the first half of 2007. The proposed irradiation position is in a high flux
position of the HFR core which has a thermal flux of about 1*1 018 m–2s–1 and a total neutron flux of
about 6*1 018 m–2s–1. The irradiation duration has been chosen as a compromise such as to ensure that
the central temperature in the (Pu,Am,Zr,Y)O2 pellets of be always higher than that of the
(Am,Zr,Y)O2 pellets in order to be able to investigate, during the post-irradiation examinations, the
influence of the higher irradiation temperature on the helium release. The five fuels are now in the
fabrication stage, at CEA Marcoule (Fuel 1) and ITU-Karlsruhe (Fuels 2 to 4). The shipment of the
pins to Petten is scheduled in early 2007, with an irradiation start during the first semester, for a period
of one year. The post-irradiation examinations should be started by end-2008.
Future plans
Two other new EFTTRA irradiation experiments are under discussion amongst the EFTTRA
partners. HELIOS-bis is a long-term irradiation of a (Zr,Y,Am)O2 pin (with similar fuel specifications
than HELIOS Pin 2) that should reach a burnout (transformation of the original Am and of the
associated Pu and other minor actinides into fission products) larger than 90%. Its aim is the
demonstration of the feasibility of the once-through concept. In addition to the fuel design, the choice
of the cladding material will have to be finalised, as the damage to the cladding in a fast reactor will be
very high. Unfortunately, the HFR irradiation will not provide the full demonstration from the
cladding point of view, due to the epithermal flux spectrum.
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The feasibility of performing an irradiation experiment aiming at the transmutation of 244Cm is
also being investigated. Though the fabrication of such a target is possible in the MA lab facility of
ITU, several practical aspects have to be clarified for such an experiment, i.e. fuel characterisation,
waste, transport, handling and loading of a sample at reactor site.
Conclusion
This paper reported about the status of Am transmutation experiments carried out in HFR in
Petten. It consists of a major part of the work carried out between the EFTTRA group members,
during the last 10 years. The main conclusion reached from the T4 and T4bis is that helium production
during 241Am transmutation needs to be properly taken into account at the fuels/targets design phase,
and that the gas release mechanisms have to be assessed. Moreover, although the transmutation of this
isotope (almost 100% transmuted into fission products for half of it, the rest into mainly Pu) was shown
to be feasible, it could be concluded as well that the selected magnesia-aluminate spinel matrix could
not meet all requirements to be used further as a reference target material, mainly due to its chemical
instability, and to its irradiation damage behaviour. Other routes have been followed, with the use of
homogeneous zirconia (in case of once-through transmutation scenario), or reprocessable composite
materials (with MgO or Mo) for multi-recycle strategies. Those fuel or target types will be experimented
within the HELIOS HFR irradiation carried out under the FP6 EUROTRANS Integrated Project.
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JAEA ACTIVITIES ON NITRIDE FUEL RESEARCH FOR MA TRANSMUTATION
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Abstract
R&D on the transmutation of long-lived minor actinides (MA) by the accelerator-driven system (ADS)
is underway at JAEA. Nitride fuel has several advantages for the dedicated transmutation fuel, which
contains MA elements as a principal component. Present JAEA activities on nitride fuel research for
MA transmutation are summarised in this paper. Recent results and the ongoing study of fabrication
and property measurements of MA-bearing nitrides, pyrochemical process for the treatment of spent
nitride fuel and irradiation behaviour of U-free nitride fuel are presented.
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Introduction
Partitioning and transmutation (P&T) technology has attracted scientific and sociological concern
since it will reduce the long-term radiotoxicity of high-level waste and lessen the burden of geological
disposal. The design study of ADS for transmutation of long-lived MA is underway in JAEA under
the double-strata fuel cycle concept [1]. In this case ADS is operated subcritically using U-free fuel
containing MA elements as a principal component. Nitride fuel has several advantages for the dedicated
transmutation fuel, such as possible formation of mononitride solid solution in the wide range of
actinide combination and composition besides superior thermal and neutronic properties. On the other
hand, spent fuel of ADS is treated by pyrochemical process for recycling MA and Pu, which has
several advantages over conventional aqueous process in case of treating spent fuel with large decay
heat and fast neutron emission. Although 15N highly enriched nitrogen has to be used in nitride fuel for
preventing the formation of long-lived 14C, its cost penalty will not be so high because of a small
throughput of MA transmutation fuel cycle when 15N is recycled in the fuel fabrication process.
This paper summarises recent JAEA activities on nitride fuel research for MA transmutation,
which mainly focuses on the results obtained after the last conference held in Las Vegas [2]. The R&D
activities in JAEA cover nitride fuel fabrication, property measurements, pyrochemical process of
spent fuel, irradiation behaviour of U-free nitride fuel and so on. MA-bearing nitrides have been
prepared by carbothermic reduction of oxides. Thermal and mechanical properties of MA nitrides and
UN-based burn-up simulated nitrides have been measured. As for the pyrochemical process of spent
nitride fuel, anodic and cathodic behaviour in LiCl-KCl molten salt has been investigated through
electrochemical measurement. The subsequent nitride formation behaviour of actinides in cathode
electrodeposits has been also investigated. A U-free nitride fuel pin containing (Pu,Zr)N and PuN+TiN
pellets was irradiated at the Japan Materials Testing Reactor (JMTR) and post-irradiation examinations
(PIEs) have been completed. Further, some 15N related issues have been studied by assuming fuel
cycle scenarios.
Fabrication of MA nitrides
Actinide mononitrides have been prepared by carbothermic reduction of oxide. Mixture of oxide
and graphite is heated in N2 gas stream for reduction of oxide, followed by heating in N2-H2 mixed gas
stream for removal of excess carbon. The main concern focuses on controlling the loss of Am by
evaporation and reducing the oxygen and carbon impurities. The loss of Am could be controlled by
lowering the reduction temperature in N2 gas stream and the impurity contents could be reduced by
adjusting the mixing C/MO2 ratio for carbothermic reduction. Since actinide mononitrides have similar
molecular volume, the formation of mononitride solid solution is probable. In addition to (Np,Pu)N
and (Pu,Cm)N as well as (U,Pu)N, formation of (Pu,Am,Cm)N and (Np,Pu,Am,Cm)N solid solution
was confirmed [3]. The X-ray diffraction pattern shown in Figure 1 indicates that the sample has a
single-phase NaCl-type structure of (Np,Pu,Am,Cm)N. This result experimentally confirmed the
mutual solubility among NpN, PuN, AmN and CmN for the first time.
U-free nitride fuel for ADS contain MA as a principal component and is diluted by inert materials
to adjust the linear power during operation. For the moment ZrN is the candidate for diluent material.
The previous results suggested that UN-ZrN, NpN-ZrN and Pu-ZrN systems be considered miscible,
but the AmN-ZrN system has an immiscible gap due to the relatively large difference in lattice parameter
between AmN and ZrN [4]. Recently (Pu,Am,Cm,Zr)N with a ZrN content of 70 mol% was prepared
by carbothermic reduction. In this case the X-ray diffraction pattern represented two NaCl-type
mononitride phases with different ZrN content.
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Figure 1. X-ray diffraction pattern of (Np,Pu,Am,Cm)N prepared by carbothermic reduction

It was also found that the addition of ZrN contributed to improve the chemical stability of MA
nitride with hygroscopic nature at ambient and elevated temperatures. However, the addition of ZrN is
usually accompanied with an increase of carbon impurity due to the high thermodynamic stability of
ZrC. Other candidates for diluent materials considered at JAEA are TiN and YN. Since TiN does not
dissolve with actinide mononitride, the fuel will be a composite type in the former. In the latter, YN
dissolves with actinide mononitride to form a solid solution, but the addition of YN deteriorates the
hygroscopic nature in contrast with ZrN.
Dense pellets of UN or (U,Pu)N are usually obtained by sintering the green pellets at a temperature
higher than 1 973 K. However, loss of Am by evaporation occurs when Am-bearing pellets are sintered
at such high temperatures. Systematic studies on sintering condition and screening tests of sintering
aid are thus carried out using DyN, ZrN and (Dy,Zr)N pellets. Preliminary results indicated that the
addition of small amount of AlN powder contributed to increase the density of pellets sintered at
1 823 K, at which the evaporation of Am would be almost neglected.
Property measurements
Measurements concerning thermal expansion, thermal diffusivity and specific heat capacities of
MA-bearing nitrides are being carried out. Thermal expansions of NpN and AmN were determined
from the temperature dependence of the lattice parameters measured by high temperature X-ray
diffractometry [5]. Thermal expansions of NpN and AmN are shown in Figure 2, together with those
of UN and PuN reported previously. The thermal expansion of AmN was larger than that of UN and
comparable to PuN, whereas the thermal expansion of NpN almost agreed with that of UN. The
averaged linear thermal expansion coefficients between room temperature and 1 273 K for NpN and
AmN were calculated at 8.6 u 10–6 and 1.1 u 10–5, respectively. Measurements on thermal expansions
of (Np,Am)N and (Pu,Am)N mixed nitrides are under way.
The thermal diffusivity of AmN was measured by the laser flash method from 373 to 1 473 K for
the first time [6]. The thermal conductivity of AmN was then tentatively calculated from the thermal
diffusivity and bulk density of AmN together with specific heat capacity of PuN, as the specific heat
capacity of AmN has not been available for the moment. The evaluated thermal conductivity of AmN
corrected to theoretical density is shown in Figure 3 in comparison with those of UN, NpN, PuN and
UO2. It can be seen that the thermal conductivity of actinide mononitrides decreased as the atomic
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Figure 2. Linear thermal expansion of NpN and AmN compared with UN and PuN reported

Figure 3. Thermal conductivity of AmN compared with UN, NpN, PuN and UO2 reported

number of the actinides increased, although they had a similar temperature dependence that thermal
conductivity gradually increased with temperature. Measurements on thermal diffusivities of (Np,Am)N
and (Pu,Am)N mixed nitrides are under way.
The specific heat capacity of AmN has not been available and that of NpN was only reported at
temperatures lower than 1 000 K. Therefore, the drop calorimeter was installed in the glove box with
high-purity Ar gas atmosphere so as to measure the specific heat capacities of MA-bearing nitrides.
Measurements on specific heat capacities of MA-bearing nitrides have only begun recently.
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In addition to MA-bearing nitrides, thermal and mechanical property measurements on UN-based
burn-up simulated nitrides have been carried out. For instance, the thermal diffusivity of (U,Nd)N
solid solution was measured and the thermal conductivity was determined from thermal diffusivity,
specific heat capacity and bulk density in order to examine the effect of rare earth elements under a
joint research project with Osaka University [7]. It was seen that the thermal conductivity of (U,Nd)N
decreased with Nd contents in the temperature range investigated. On the other hand, the thermal creep
of UN-based burn-up-simulated nitride was measured by a compressive test in Ar-H2 mixed gas stream.
The measurements were carried out in the stress range from 27.5 to 200 MPa in the temperature range
from 1 223 to 1 773 K. The steady-state creep rates of UN and (U,Nd)N are shown in Figure 4. It was
found that the creep rate of (U,Nd)N decreased with increasing Nd content, which might be attributed
to the suppression of the dislocation movement by Nd atoms existing as impurity.
Figure 4. Thermal creep of UN (left) and (U,Nd)N solid solutions (right)
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Pyrochemical process
R&D activities on pyrochemical process of spent nitride fuel in JAEA include anodic dissolution
in LiCl-KCl molten salt, recovery of actinides in liquid Cd cathode by electrorefining and nitride
formation of actinides recovered in liquid Cd cathode.
Anodic dissolution of actinide mononitrides in LiCl-KCl molten salt has been investigated by
electrochemical measurements, where the evolution of nitrogen as N2 gas was confirmed. Equilibrium
potentials measured were analysed by the thermodynamic relationship assuming partial nitrogen pressure
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in the molten salt. Equilibrium potentials of UN, NpN and PuN at 773 K against the Ag/AgCl reference
electrode are shown in Figure 5 with those of U3+/U, Np3+/Np and Pu3+/Pu redox couples [8]. It was
found that the equilibrium potentials of AnN (An=U, Np, Pu) were positively shifted by about 0.7 V in
comparison with the redox potentials of the An3+/An couple, and these potential shifts were somewhat
similar to those of rare earth-elements and their mononitrides. Experiments on the electrochemical
behaviour of AmN are under way.
Figure 5. Equilibrium potentials of the An3+/An couple in LiCl-KCl
molten salt and potential shift by the formation of AnN (An= U, Np and Pu)

Further, anodic dissolution behaviour of (Pu,Zr)N was investigated in order to examine the effect
of ZrN added as a diluent material. In this case (Pu,Zr)N could not be dissolved at the potential applied
to PuN, which was caused by the thermodynamic stabilisation due to the solid solution formation with
ZrN. So the anode potential was positively shifted by about 1 V in the potential-controlled electrolysis
of (Pu,Zr)N. Cyclic voltammograms of (Pu,Zr)N before and after the electrolysis indicated that Pu in
(Pu,Zr)N was electrochemically dissolved in LiCl-KCl-PuCl3 melt as Pu3+ ion. Indeed, the recovery of
Pu in liquid Cd cathode was confirmed by the chemical analysis carried out after the electrolysis.
Recovery of actinides in liquid Cd cathode was demonstrated under joint research with the
Central Research Institute of Electric Power Industry (CRIEPI). Electrorefining of a LiCl-KCl-PuCl3
melt with liquid Cd cathode was performed, revealing that the high content of Pu could be recovered
with a stable cathode potential and Am existing as impurity was almost accompanied with Pu during
electrorefining [9]. The separation factor of rare earth elements against Pu defined as (RE/Pu in the Cd
alloy)/(RE/Pu in the salt) was measured and compared with the value in the equilibrium state [10].
The nitride formation behaviour of Pu and U recovered in liquid Cd cathode was investigated.
The nitridation/distillation combined method developed for PuN formation from Pu-Cd alloy was
applied [11]. At first, Pu-U-Cd alloy with Pu/(Pu+U) = 0.71 containing a small amount of rare earth
elements was heated at 973 K in N2 gas stream. According to the X-ray diffraction pattern shown in
Figure 6, an almost single phase of (Pu,U)N was identified in the product. However, the lattice parameter
of (Pu,U)N phase was a little higher than the value assumed from Vegard’s law between PuN and UN,
assuming that Pu and U in the starting alloy were converted to mononitride and formed a solid solution.
This result was probably caused by the dissolution of rare earth elements in the (Pu,U)N phase. It was
considered that the nitridation/distillation combined method will be applicable to nitride formation of
MA included in the Cd alloy, since MA has similar thermodynamic properties to rare earth elements in
liquid Cd cathode.
Then (Pu,U)N pellets were prepared using the powder obtained by the nitridation/distillation
combined method of the Pu-U-Cd alloy with Pu/(Pu+U) = 0.53. In this case, the product of the
nitridation/distillation combined method was constituted by two phases of PuN and U2N3, which was
contrary to the result of the alloy with Pu/(U+Pu) = 0.71. The powder recovered was pressed into
green pellets without any milling and granulating processes, followed by sintering at 1 973 K in Ar-H2
mixed gas stream. The X-ray diffraction pattern of the sintered pellets represented a single phase of
(Pu,U)N, which means that U2N3 was decomposed to UN and N2 before the formation of (Pu,U)N
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Figure 6. Appearance of Pu-U-Cd alloy used for the nitridation/distillation combined
method (left) and change of the X-ray diffraction patterns during the reaction (right)

solid solution. However, the density of the sintered pellets was low; it did not reach 80% of the
theoretical density. One possible reason for this low density is the formation of open porosity by the
decomposition of U2N3 during sintering.
On the other hand, since there are no higher nitrides for Pu and MA, U-free nitride pellets with
high density may be obtained from the product of the nitridation/distillation combined method without
any powder processes. It will be an advantage for the preparation of nitride fuel from pyrochemical
process, although further study is needed hereafter.
Irradiation tests
Nitride fuel for ADS contains MA elements as a principal component and is diluted by inert
materials in place of U. The irradiation behaviour of such U-free fuel would be different from the
conventional LWR or FBR fuel. One fuel pin containing PuN pellets diluted by ZrN or TiN was
fabricated and irradiated in JMTR. In this case, PuN and ZrN forms a solid solution, whereas PuN is
not dissolved in TiN. So the former is a solid solution fuel of (Pu,Zr)N and the latter is a composite
type fuel of PuN+TiN. Pu content in each pellet was adjusted at 20 wt.%.
The fuel pin was irradiated at JMTR from May 2002 to November 2004 over 11 cycles. The
averaged linear power was about 400 W/cm. The attained burn-up of (Pu,Zr)N and PuN+TiN was
evaluated at 132 000 MWd/t(Pu) and 153 000 MWd/t(Pu), or 14.7 at.%(Pu) and 17.0 at.%(Pu),
respectively. Because of the low linear power compared with the previous irradiation tests of (U,Pu)N
fuel for fast reactors and high thermal conductivity of ZrN and TiN compared with UN, the maximum
temperature of the fuel was estimated at lower than 1 273 K. So the “cold fuel concept” would be
attained in the present irradiation test [12].
PIEs were carried out in the hot cells of the Reactor Fuel Examination Facility (RFEF) of JAEA.
As for non-destructive PIEs, appearance examination, weight and dimension measurements, X-ray
radiography, profilometry and gamma scanning of the pin were carried out. As for destructive ones,
density and porosity measurements, metallography, micro-gamma scanning, alpha- and beta/gamma
autoradiography, X-ray diffraction and EPMA of pellets were carried out besides pin puncture test.
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The swelling of fuel pellets calculated from the decrease of density and the fission gas release
obtained from the pin puncture test were summarised in Table 1 with the irradiation history. Swelling
rates of the fuel pellets were about 0.2% per at.%(Pu) burn-up, which was lower than that of (U,Pu)N
previously irradiated in JMTR or JOYO. Although the fission gas release from each pellet could not
be distinguished, the total fission gas release was 1.6% or 0.1% per at.%(Pu) burn-up, which was also
lower than the previous results for (U,Pu)N. These results reflected the irradiation behaviour based on
the “cold fuel concept”.
Table 1. Irradiation history, swelling and fission gas release data of (Pu,Zr)N and PuN+TiN

Pu content
Linear power
Peak burn-up
Max. fuel temperature (estimation)
Density before irradiation
Density after irradiation
Volume increase rate 'V/V
Fission gas (Xe+Kr) release rate

(Pu,Zr)N
20 wt.%
408 W/cm
14.7 at.%(Pu)
1 273 K
7.22 g/cm3
6.91 g/cm3
3.6%

PuN+TiN
20wt.%
355 W/cm
17.0 at.%(Pu)
1 083 K
5.14 g/cm3
4.92 g/cm3
2.6%
1.6%

Cross-sections of (Pu,Zr)N and PuN+TiN pellets after irradiation are shown in Figure 7. There
remained a diametrical gap between the pellets and cladding tube of austenitic steel. No other FP-bearing
phase was identified by X-ray diffraction analysis and EPMA. Further, radial redistribution of Pu and
fission products was not observed.
Figure 7. Cross-sections of (Pu,Zr)N (left) and PuN+TiN (right) pellets after irradiation

Although the burn-up attained was low and MA elements were not contained in the present
irradiated U-free nitride fuel, no detrimental behaviour has been observed by the addition of ZrN and
TiN. It was suggested that the “cold fuel concept” may be realised in the nitride fuel for ADS when the
linear power is controlled around at 400 W/cm.
Summary
JAEA’s R&D activities on nitride fuel for ADS are summarised in this paper. Solid solutions of
mononitride containing Np, Am and Cm besides Pu were prepared by carbothermic reduction and
characterised by chemical and X-ray diffraction analyses. Sintering studies are being carried out in
order to obtain dense pellets without loss of Am through evaporation.
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Thermal expansion, thermal diffusivity and specific heat capacity measurements on MA-bearing
nitrides are in progress. Thermal conductivity of AmN was determined up to 1 473 K for the first time,
and it was found that AmN had a little lower thermal conductivity than PuN in the temperature range
investigated. Thermal and mechanical property measurements on UN-based burn-up simulated nitrides
are also in progress.
As for pyrochemical process, the dissolution behaviour of (Pu,Zr)N in LiCl-KCl molten salt was
investigated by electrochemical measurements besides UN, NpN, PuN and AmN. Although higher
potential was necessary for anodic dissolution than that for PuN, Pu could be recovered in liquid Cd
cathode through the electrolysis of (Pu,Zr)N. A nitridation/distillation combined method was applied
for nitride formation of Pu and U from Pu-U-Cd alloy containing small amounts of rare earth elements.
Further, (Pu,U)N pellets were fabricated from the nitride powder recovered by the nitridation/distillation
combined method.
The irradiation test of one fuel pin containing (Pu,Zr)N and PuN+TiN pellets was carried out in
JMTR and some basic irradiation behaviour of U-free nitride fuel was obtained from the results of PIE.
For the moment, no detrimental effect on the irradiation behaviour has been observed by the addition
of diluent materials such as ZrN and TiN. Although the burn-up attained was low, the results of PIE
reflected the irradiation behaviour based on the “cold fuel concept”.
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INVESTIGATION OF He-INDUCED SWELLING BEHAVIOUR OF
INERT MATRICES BY 10B: THE BODEX IRRADIATION EXPERIMENT

Marcel den Exter, Frodo Klaassen, Geert-Jan de Haas
Nuclear Research and Consultancy group-NRG, The Netherlands

Abstract
The BODEX experiment, part of the FP6 integrated project EUROTRANS, assesses the behaviour of
inert matrices, envisaged for americium transmutation; magnesium oxide, yttrium-stabilised zirconium
dioxide and 95Mo-depleted molybdenum. More specific: the swelling behaviour due to He formation
will be studied and compared for each matrix material. The work comprises the fabrication of the
targets, doped with 10B for fast He production and doped with 11B as reference material, and
subsequent irradiation and post-irradiation Examination (PIE) in the High Flux Reactor in Petten, The
Netherlands. Though the work is still in progress, some preliminary results of the target production are
presented together with the irradiation proposal.
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Introduction
During transmutation of americium, incorporated in inert matrices, significant amounts of helium
gas are formed by decay of 242Cm. In Figure 1, the transmutation scheme of 241Am is presented.
Figure 1. Transmutation scheme for 241Am
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During transmutation, 0.75 He-atom per initial Am-atom is formed. Relatively long irradiation
times are required for assessing the influence of He formation on the inert matrix. Doping of inert
matrices with 10B and subsequent irradiation provides a much faster means to study the response of the
matrix to the production of helium and its effect on the material properties, such as swelling, helium
gas release mechanisms and porosity formation.
Due to the large cross-section of 10B for thermal neutrons, a large amount of helium can be
produced within a relatively short irradiation time. Other advantages are the possibility to fabricate the
B-doped targets in a non-radiological laboratory and the small amounts of 10B needed to produce
representative amounts of helium, typically 1-2 mmole 10B per cm3 of inert matrix material. The
(chemical) influence of boron on the matrix is therefore considered minimal. The design of the
experiment is such that the B-doped targets will have a temperature during the irradiation, which is
close to the EFTTRA T4 and T4bis experiments on 241Am in spinel [1,2] and to the HELIOS
transmutation experiment on (Am,Pu,Zr,Y)Ox [3,4].
The main difference between helium production by irradiation of boron and helium production by
transmutation of americium is that the transmutation of americium involves fission (E ~ 200 MeV) and
alpha decay (E ~ 6 MeV) whereas irradiation of 10B produces D-particles with typically E ~ 1.5 MeV.
Secondly, 10B produces only helium and lithium, which is chemically different from the diverse
inventory of elements, resulting from 241Am fission.
The BODEX (BOron Doped) EXperiment comprises the fabrication of B-containing pellets and
selection/fabrication of suitable B-containing compounds, irradiation of the B-doped targets and PIE.
Fabrication focuses on important parameters like pellet integrity, density and prevention of undesirable
chemical interaction between the matrix and the B-doping compound. Special attention is paid to the
development of procedures for a successful incorporation of boron in the three candidate matrices. PIE
focuses on visual inspection of the irradiated pellets with respect to dimensional measurements caused
by swelling and the pellet integrity on a macroscopic scale (cracks, deformations). Additionally, the
use of gas puncturing of the capsules will determine the release fraction of helium gas. Ceramography
is used for the investigation of irradiation damage and changes in porosity. In this way PIE will be able
to establish a relationship between the amount of helium produced and the structural and mechanical
properties of the irradiated targets. The study contributes to the selection of the most suitable inert
matrix for transmutation purposes.
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Selection of B-containing and inert matrix materials
The first goal is the selection of B-containing compounds that are chemically compatible with the
inert matrix materials that are foreseen in the irradiation experiment. Fully Y-stabilised zirconia and
magnesium oxide have been investigated for many years now in transmutation studies. Molybdenum
has, as a metal, the advantage of a high thermoconductivity. Unfortunately, natural molybdenum has a
relatively high cross-section for neutrons due to 95Mo (abundancy 15.9 at.%) and can, therefore, not be
considered as “inert” matrix. However, recently, it has been technically shown that molybdenum can
be depleted in 95Mo, solving this problem [5].
In order to fabricate pellets of the matrix materials with sufficient strength, integrity and low
porosity, high calcination temperatures are required of the order of 1 500-1 600qC. Additionally,
sintering during irradiation must be avoided for this would change pellet dimensions and as a
consequence temperatures during irradiation. This means that during fabrication, the pellets must have
been fully sintered. At the required high temperatures for pellet fabrication, the B-containing particle
should preferably not react with the surrounding material, changing the vicinity of the B-containing
particle in terms of formation of new mixed compounds or changes in porosity.
The commercial availability of B-compounds enriched or depleted in 10B is poor, diminishing the
choice of compounds severely. Boron metal, boron oxide and zirconium boride is available: elemental
10
B metal (99.24 at.% 10B), elemental 11B metal (99.65 at.% 11B), 10B2O3 (99.61 at.% 10B) and 11B2O3
(99.62 at.% 11B). ZrB2 is available with a 10B content of 57.15 at.% only. In contrast to other possible
enriched B-compounds, these compounds do not introduce foreign atoms into the matrix materials.
Especially for the fully Y-stabilised zirconia, special attention has been paid to possible
destabilisation of the cubic phase. For example, boron carbide (B4C) reacts in part with yttrium
forming yttrium carbide at high temperatures, depending on the amount present. Consequently, the
zirconia tends to change to a monoclinic phase because a part of the yttrium is consumed. The
difference in unit cell volume of the cubic and monoclinic phase may cause embrittlement of the
pellet. ZrB2 does not show this behaviour because no foreign atoms are introduced reacting with the
yttrium and the extra amount of zirconium added as zirconium boride is very small.
From the selected basic B-compounds, two novel compounds have been synthesised: Mo2B and
magnesium orthoborate (Mg3B2O6). Mo2B serves as the B-compound for Mo and Mg3B2O6 for MgO.
The commercial purchased ZrB2 will introduce boron into the zirconia-matrix. These three compounds
prove, as checked by comparing X-ray diffraction data of a mixture of 5 wt.% B-compound and 95%
of matrix material with re-grinded pellets after heating, to be chemically compatible up to a temperature
of 1 600qC (for MgO/Mg3B2O6 1 300qC). The addition of 5 wt.% in chemical compatibility studies
has been chosen because of detection limits of X-ray diffraction (typically a few wt.%). For the actual
pellets that will be irradiated, the amount of added B-containing compounds is much less (about
1 m/m%, depending on the matrix material).
Mo2B can be formed by mixing stoichiometrically Mo powder with B powder, pressing into
pellets at 400 MPa, heating of the pellet for 24 hours at 1 600qC in argon and subsequent regrinding of
the pellet into a powder. Mg3B2O6 was prepared similarly from MgO and B2O3 with the exception that
both powders were pre-dried in argon at 600qC, pressing of pellets was performed at 235 MPa and
heating was performed at 1 300qC in air for six hours. The heating temperature here is limited to
1 300qC because the magnesiumorthoborate melts at 1 365°C. The chosen compaction pressures have
been based on obtaining crack free green pellets so as to ensure that particles can sinter together
properly to react to the new compound. Both synthesised B-compounds have been checked by X-ray
diffraction and prove to be pure as long as the mentioned heating times are preserved. At shorter
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heating times, traces of the raw materials can be observed from X-ray analysis. In case of magnesium
orthoborate, magnesium metaborate is observed as an intermediate product. For molybdenum,
deviations in stoichiometry (Mo2-xB) are found.
Selection of particle sizes
Currently, the smallest particles from the prepared batches of B-compounds are recovered by
means of aceton sedimentation. In order to create helium in the inert matrix itself rather than in the
B-containing particle, the smallest particles are the most desirable, typically, particles with diameters
below 1 Pm. The possibility to do so, however, depends on the amount of particles that can be
recovered. In Figure 2, an example is given of the particle distribution of the commercial available
zirconium boride, measured with the aid of static light scattering techniques on a suspension of the
powder in 95% ethanol/5% methanol. As can be seen from the figure, only a few per cent (~ 5%) of
the powder consists of particles smaller than 2 Pm. Because of the low yield, the focus is now on
removal of most of the larger particles. For this typical powder, attempts are undertaken to remove
particles with sizes larger than 5 micron.
Figure 2. Particle size distribution of ZrB2 (as-received)
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Compaction/sintering behaviour of B-doped matrices
All three matrices have been doped with their corresponding B compound in an amount that
provides 1.5 mmole/cm3 of boron if no losses take place during calcination. These samples are referred
to as “composite”. In Figure 3, the geometrical density of each composite is presented in terms of the
percentage of the theoretical density (%TD) after heating as a function of the pelletising pressure. The
MgO-composite was calcined for 5 hours in air at 1 300qC because of the melting temperature of the
orthoborate of 1 365qC, the zirconia-composite for 24 hours in argon at 1 600qC and the molybdenum
for 5 hours in argon at 1 600qC.
The theoretical density of the composite is defined as the sum of the theoretical densities of both
separate compounds with respect to their weight contribution. This is true if no mixed compounds
exist at the interphase of both materials. Since X-ray diffraction does only reveal the presence of
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Figure 3. Pelletising pressure versus the final density of the composite
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crystalline phases and small amounts of crystalline phases do not have to be distinguishable, it cannot
be totally excluded that mixed compounds are formed in small amounts. However, this would change
the theoretical density only to a small extent. According to this definition, the theoretical density of
MgO/Mg3B2O6, Mo/Mo2B and (Y,Zr)O2/ZrB2 composite amounts to 3.57, 10.24 and 5.85 g/cm3,
respectively.
It is observed by optical microscopy that the occurrence of micro-cracks and large cracks running
through the entire pellet after calcination increases upon an increase in compaction pressure of the
basic powders to pellets. Below a specific compaction pressure (shown in Figure 3 as vertical lines),
no cracks are observed. For MgO, a maximum pressure of 95 MPa is allowable in order to prevent
formation of cracks. In case of yttria-stabilised zirconia, a maximum of 280 MPa is found while for
molybdenum no limit in compaction pressure has been observed, likely caused by the ductility of the
metal. The molybdenum shows a clear increase in geometrical density when pelletising at higher
pressures while the other composites show almost independent behaviour and start forming cracks at
high pelletising pressures. From this difference, molybdenum seems advantageous because densities
can easily be adapted without losing pellet integrity caused by cracks.
In Figure 4, the development of the geometrical density of the composites as a function of the
sinter temperature is presented. The green pellets have been pressed according to the maximum
pelletising pressure as described in Figure 2. Molybdenum pellets have been pressed at 565 MPa, the
maximum pressure allowable for the used press.
From Figure 4 it can be seen that the maximum density for the MgO composite amounts to 87%
of the theoretical density while for both other composites, the maximum density exceeds 94%. This is
due to the fact that the magnesium orthoborate melts at 1 365qC and consequently, the composite must
be heated at a temperature 300qC lower than for both other composites. The zirconia composite can be
heated at a lower temperature (1 400qC instead of 1 600qC) without decreasing the density while for
the molybdenum, the density will decrease from 94% to about 82% of the theoretical density.
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Figure 4. Calcination temperature of the B-compound/matrix composite versus final density
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Determination of B-content before and after calcination
After sintering of the composite pellets, the actual B-content must be measured to establish if the
required concentration of 1.5 mmole/cm3 is reached. Trace amounts of oxygen and water in the gas
atmosphere during sintering might result in formation of boric acid. At the high heating temperatures,
this compound volatilises, resulting in a decrease of the boron-content of the pellet. Especially near the
rim, the B-concentration may decrease to a higher extent compared to the core of a pellet since oxygen
is penetrating the pellet from the outside inwards. In this case, two options can be pursued: i) adapt the
amount of boron to the amount of boron loss caused by the sinter temperature; ii) lower the actual
sinter temperature to minimise boron loss. The latter option will decrease the final density of the pellet
for the MgO and Mo composite. In contrast, for the zirconia composite a decrease of the sinter
temperature from 1 600qC to 1 400qC does not result in a decrease of the final density (see Figure 4).
Adaptation of the boron content is therefore a better option. To do so, the boron content must be
measured properly.
The magnesium- and molybdenum-based composites can be dissolved in nitric acid for ICP-AES
or ICP-MS analysis. The zirconia-based composite, however, is poorly dissolvable and chances exist
that the zirconium boride is preferentially dissolved from the composite, resulting in incorrect
analysis. Laser-Ablasion-ICPMS provides the means to evaporate material from distinct places from a
pellet for analysis of the boron content. This also provides the opportunity to investigate differences
between centre core and pellet rim because of the small diameter of the laser beam. In Figure 5, an
example is shown for a ZrO2-ZrB2 composite pellet, calcined at 1 600qC, showing six pinholes of
about 100 Pm diameter where the pellet material has been evaporated. The visible straight line is a line
profile. As a reference, the green pellet, pressed from a stoichiometrical mixture of the base materials
is analysed the same way. From the analysis, averaged over three measurements for both rim and core,
it is found that boron loss due to sintering is negligible.
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Figure 5. ZrO2/ZrB2 pellet after LA-ICPMS sampling

Design of the irradiation experiment
The BODEX irradiation will include both on-line pressure and temperature monitoring while
fluence detectors will be used. The added value of monitoring these parameters on a day-to day basis
is a better understanding and explanation of the observed effects and coupling to direct (p,T)
information. Additionally, the irradiation provides bulk-helium-implanted inert matrix samples for
desorption studies. For monitoring of the required parameters, two pressure transducers are used and
two thermocouples per capsule. Additionally, three fluence detectors will be present, one for each
axial height. In Figure 6, a schematic view is presented of the capsules per channel.
Figure 6. Schematic view of each capsule position, the capsule
filling and location of the thermocouples and fluence detectors
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Each capsule contains five pellets. Three pellets are doped with the 10B compound, one pellet is
doped with the 11B compound and one pellet consists of the inert matrix material only. In this way,
neutron damage to the inert matrix and the (small) chemical influence of the presence of boron to the
matrix can be distinguished from the changes to the matrix caused by the presence of helium.
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The size of the final pellets will be 5.0 u 5.0 mm (r 0.05 mm) for each composite type. Separate
dyes are required for each type of material because the volume decrease during the heat treatment due
to sintering/densification differs for each type.
The irradiation facility will be placed in the Pool Side Facility of the High Flux Reactor. The
irradiation temperature for the cold capsules will be around 800qC while the temperature of the warm
capsules will be set to 1 200qC. These temperatures are arranged by using spacers of molybdenum
or tungsten in combination with filler gas in the capsules, e.g. helium for the warmest capsules.
Calculations are currently ongoing to predict the temperatures that can be reached during the
irradiation, depending on the position of the irradiation facility in the Pool Side Facility. It is estimated
that 1 to 2 reactor cycles are needed (4-8 weeks) to generate the required amount of helium.
Post-irradiation examinations (PIE)
The irradiation experiment will be followed by post-irradiation examinations. First, the capsules
and the used fluence detectors will be recovered for further NDT and DT examinations. Then visual
inspection will be carried out and gamma inspection of the capsules. The dimensions, structural changes
and changes in porosity of the pellets will be determined with the aid of ceramography.
Puncturing of the capsules will be carried out for analysis of the gas in the gas plenum. Samples
of each material type will be sent to JRC-ITU for He desorption studies.
After irradiation and gathering of all data, both from the PIE and irradiation history, a detailed
assessment will be carried out with respect to the 10B burn-up, and to the produced amounts of helium.
These data will be used for assessment of the fractional release from the monitored pressures during
irradiation.
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Abstract
Within the EUROTRANS 6th Framework Project the AFTRA sub-project (Domain 3) is responsible
for the development and provision of a database for the dedicated fuels that will be used in the
European Facility for Industrial Transmutation (EFIT). The European R&D for ADS fuels mainly
concentrates on CERCER and CERMET oxide fuel forms. MgO and Mo matrices are under close
investigation for these composite fuels. AFTRA has made a preliminary recommendation that the
CERMET fuel with a Mo matrix be the reference fuel for EFIT, and that the CERCER fuel with an
MgO matrix be a back-up solution. The successful development of these fuels represents the
cornerstone of the ADT transmuter programme. A key issue is the safety behaviour of these innovative
fuels. Thus special efforts are devoted to understand the fuel behaviour under normal operating and
transient conditions. Analysis tools are under development for simulating the key phenomena of these
fuels under the boundary condition of a heavy metal coolant and the dynamics of a subcritical source
driven system. Pre-design studies for a 400 MWth EFIT have been performed within AFTRA to assess
the generic safety performance and identify critical issues. Within EUROTRANS, the DESIGN
sub-project (Domain 1) is responsible for the detailed design of EFIT. Safety analyses for pre-designs
of the EFIT core have been performed and valuable first conclusions have been drawn for various
design parameters.
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Introduction
Accelerator-driven systems (ADS), which combine a subcritical reactor with a high-energy proton
accelerator via a spallation target, are developed with the goal of efficient incineration/transmutation
of minor actinides (MAs). So-called “dedicated” fertile free oxide fuels, in the form of CERCERs
and CERMETs, were first investigated within the EU FUTURE 5th Framework Programme [1]. The
recommendation of the FUTURE project [2], re-stated by AFTRA within IP EUROTRANS [3,4], was
to select the composite CERMET fuel (Pu0.5,Am0.5)O2-x-92Mo (93% enriched) as the primary candidate
for the EFIT design. This CERMET fuel fulfils adopted criteria for fabrication and reprocessing, and
provides the best safety margins based on the analyses performed up to now. Disadvantages include
the cost for enrichment of 92Mo and a lower specific transmutation rate of minor actinides, because of
the higher neutron absorption cross-section. The composite CERCER fuel (Pu0.4,Am0.6)O2-x-MgO has
therefore been recommended as a back-up solution as it is thought to offer a higher consumption rate
of minor actinides, and can be manufactured for a lower unit cost. Many other matrices have been
investigated during the FUTURE studies but discarded because of fabrication, reprocessing,
operational and safety reasons.
To test and assess the behaviour of the chosen CERCER (MgO) and CERMET (92Mo) fuels
within FUTURE, an accelerator-driven transmuter of the 800 MWth power class (ADT-800) has been
developed. This ADT-800 core had relatively high fuel power densities, in the range of ~700 MW/m3
and ~800 MW/m3 for the CERCER and CERMET candidate fuels, respectively. Currently a detailed
design of the EFIT core is being developed by the DESIGN (DM 1) sub-project within EUROTRANS,
in close co-operation with AFTRA (DM 3). Various design variants have been analysed by DM 1.
A key safety-related issue is the reduction of the power density and the achievement of a flat axial and
radial power profile. Both the FUTURE ADT-800 analyses and other investigations [5-7] revealed high
coolant and clad temperatures for various transients in case of high power density cores. The concept
of variable matrix volume fractions, used in the FUTURE ADT design to flatten the power profiles,
has been adopted by DM 1 (DESIGN) of EUROTRANS. For first screening analyses, several design
options have been investigated within AFTRA [8,9]. These include single-zone cores with a high
power density, and low power density three-zone cores. These EFIT CERCER- and CERMET-fuelled
cores are in the 400 MWth ADT class with fuel volumetric powers between 250-550 MW/m3.
For a safety classification AFTRA has provided fuel limits related to the different safety categories
of the defence-in-depth concept. To test the safety classification, the fuels have been subjected to
various transients under EFIT core conditions. A first set of failure limits for the T91 clad have also
been provided by DM 1 (DESIGN) [10]. Analyses within the FUTURE project already revealed the
sensitivity of the accident scenarios depending on the clad failure behaviour [5,6]. In [7] it is shown
that clad failures could lead to the blow-down of fission gases and helium, triggering a core voiding
process. With the high-power conditions and the large positive void worth of the ADT-800 cores, pin
failure propagation is achieved with the potential of a sharp power increase.
The performance of these fuels under transients which lead to high-temperature conditions is of
interest. The investigation of design extension condition behaviour and the identification of any
cliff-edge effects [5] is complex and needs special effort as data are scarce in the high-temperature
domain. The SIMMER-III code [11,12] is used as a main tool for this work and has been adapted for
the conditions of innovative fuels in a heavy liquid metal cooling environment, including multi-phase
flow conditions.
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Fuel-related safety issues
The safety objectives common to all approaches for nuclear plants, including accelerator-driven
transmuters, are that all reasonably practicable measures are taken to prevent accidents in nuclear
installations, and to mitigate their consequences. This is achieved through the application of the
defence-in-depth concept. The demonstration of the adequacy of design with the safety objectives is
structured along three kinds of basic conditions: The Design Basis Conditions (DBC – structured in
four categories), Design Extension Conditions (DEC – limiting events, complex sequences and severe
accidents) and Residual Risk Situations [13]. For innovative reactors such as the ADT cliff-edge
effects should be identified and excluded [14].
For innovative composite ADS fuels the high-temperature region is of importance for safety as
these fuels might destabilise and disintegrate into their constituents, possibly connected with eutectic
formation. New safety issues come into play when compared to more standard fast reactor fuels.
Experimental data become scarce in this region and no transient experiments have been performed up
to now. Both the CERCER MgO and CERMET Mo-based fuels have much lower “melting” points
compared to MOX fuel. “Melting” is highlighted as it refers to real melting, disintegration/evaporation
of one individual component and/or eutectic formation. For (Pu0.2U0.8)O2 MOX the melting temperature
is given as 3 023 K [15]. For composite fuels both the matrix and the actual fuel (TRU) have to be
discriminated. The matrix represents the “continuous phase” and is thus the mechanically stabilising
structure. The disintegration point of the matrix is therefore a key safety criterion.
These new fuels differ significantly from conventional fast reactor MOX fuels, both in their
thermal-physical/-mechanical properties and their behaviour. Experience gained from former MOX
fuels and from related experiments therefore falls short as major differences exist in all aspects
(Table 1).
Table 1. Comparison of fast reactor and EFIT characteristics

Fuel
Coolant
Clad
Leading scenario

LMFR conditions
Homogeneous
Sodium
316 SS, 15Cr-15Ni (Mo-Ti-Si)
ULOF with sodium boiling

EFIT conditions
Composite
Lead
T91
No coolant boiling

For MgO CERCER, Table 2 gives the melting and eutectic points of the current database [16,17].
As can bee seen, the “melting” temperatures are a strong function of the oxidation level, which also
depends on burn-up.
Table 2. Melting and eutectic temperatures relevant to CERCER MgO fuels [16,17]
Melting or eutectic temperature
(lower limits)
2 663 K
2 358 K
2 448 K
2 341 K
2 319 K
2 291 K
1 930 K

Material
PuO2
Pu2O3
AmO2
MgO-PuO2–x system
MgO-AmO2–x (1.62  – x 
MgO-AmO2
MgO-AmO2–x (1.5  – x 
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A concern of MgO is the identified potential for significant vaporisation or destabilisation in the
temperature range around T ~ 2 200 K as described in [2,17], even starting at lower temperatures
under certain conditions. This could lead to a disintegration of the fuel pin under a severe transient or
to an in-pin rearrangement of the TRUs with a subsequent compaction. In the MgO case the matrix
material tends to disintegrate before the TRU “fuel phase”. The matrix “vaporisation” temperature is
thus the leading safety-relevant temperature.
For the Mo CERMET-based fuel the melting temperature of Mo is given as 2 896 K in [2,17].
With AmO2 having a melting point of 2 448 K [2,17], the matrix would be stable beyond the fuel
phase “melting” point. The “leading” phase for melting/disruption is thus the TRU in composite.
There is still an ongoing discussion, based on calculated results [2], to determine if an eutectic point
between AmO2 and Mo exists, which would then be in the range of 2 000 K.* For Mo the boiling
point is at 4 885 K [2], nearly 2 000 K above its melting point.
Due to the limited amount of data available, and as transient tests have not yet been performed,
detailed failure criteria cannot yet be given. Under these circumstances a conservative approach has
been taken, and fuel and clad temperatures have been utilised to start the safety classification.
Respecting the current extent of knowledge, Cat. IV events [18] (see Table 3 hereafter) should not lead
to fuel “melting”. In addition, and in common practice with international procedures [14,19-23], peak
fuel temperatures are used as a reference for classification purposes. This procedure is also in line with
the specific characteristics of the composite fuels; that the individual component which first is
subjected to “melting” is the leading yardstick for categorisation.
1. In a low temperature and slow transient domain the CERCER and CERMET fuels might be
simulated as a single entity. This changes in the high-temperature region. The existence of
two separate components with individual melting, vaporisation and disintegration points has
to be taken into account. The different phases influence each other (e.g. via oxygen potential)
and phenomena such as eutectic formation exist. As the “matrix:TRU” ratio may be as low as
50:50, the stabilising effect of the matrix is of high importance.
2. The relation of Tmax to Taverage depends on the individual pin matrix fraction.
3. The flat temperature profiles lead to the involvement of larger regions in the case of damage,
taking into account the associated uncertainties.
Pressure build-up due to helium formation in the fuel (resulting from alpha-decay), in addition to
fission gases, is of importance. Helium production is a potential source for initiating core-voiding
transients. Helium is further accumulated following the shutdown of the ADT and increases the
pressure in the plena. This has to be taken into account for both outage times and restart operations.
In addition the presence of such pressure sources could lead to both dispersive (fuel dispersal) and
compactive effects (pin fuel compaction or pin-stub motion).
Based on the above findings the fuel limits under the various accident categories have been
specified in Table 3. Due to the existing uncertainties fuel “melting” should only be allowed in the
DEC category. The safety-relevant peak temperature limit is given by the temperature of the individual
component which first achieves “melting”. In light of the above points, testing for “average”
temperatures, as proposed in [24], can not be recommended and is also pragmatically difficult because
of the dependence of Tmax and Taverage on the matrix fraction. For completeness, values for MOX fuel
* Further analyses have shown meanwhile that a eutectic formation should not exist for the CERMET and
Cat. IV temperature limits could therefore be increased to 2 400 K.
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Table 3. Categorisation of fuel limiting temperatures (BOL fuel) [18]

“Melting”
temperature
Category I
Category II
Category III
Category IV

DEC

Matrix
Fuel
No melting/disintegration
No melting/disintegration
No melting/disintegration
Fuel local (partial) melting
for MOX (EFR)
No “melting” for
PDS-XADS and EFIT
Limited up to extended
“melting”

EFR
MOX

PDS-XADS
MOX

2 946 K

3 006 K

2 504 K
–
–
2 946 K

2 946 K

CERCER

CERMET

2 270 K
2 520 K
2 770 K
2 770 K

2 150 K*
2 450 K*
1 750 K*
1 850 K*
1 950 K*
1 950 K*

2 896 K
2 450 K
1 900 K
1 950 K
2 000 K
2 000 K

3 023 K

2 150 K*

2 450 K

* Matrix evaporation limit.

from projects like the EFR [14] and the PDS-XADS [15] are also given. For the EFR local melting is
accepted in Cat. IV, while for the PDS-XADS, as a first consistent design of an ADS, conservatively
no melting has been allowed. The in-pile experiments planned within AFTRA, FUTURIX (Phénix) [25],
will provide information on the irradiation behaviour of CERCER and CERMET fuels. Information on
He release will be provided by the HELIOS [26] and BODEX [27] experiments in the HFR. As this
information will become available only towards the end of the AFTRA project, the current procedures
are recommended for EUROTRANS. Besides the fuel limits, clad limits of EFIT are of major interest.
Clad creep induced fuel pin failures for T91 were given in [10] at expected EFIT plena pressures in the
short time range with around 1 100 K.
Core design
In the framework of the EFIT design the AFTRA sub-project developed various proposals
including both single zone and three-zone cores. The design studies were mainly performed by Serco
Assurance (UK) and SCKxCEN (Belgium). During the design studies typical cores have been
compared and the advantages of multiple-zone cores are demonstrated. Some of the important design
parameters are displayed in Table 4.
In Table 4 the core variants with CERCER and CERMET fuel are displayed, with high power
density single-zone cores and three-zone cores with low power densities. The main safety parameters
of the core, the void worth and the Doppler constants are given. The void worth also provides an
indication of the coolant thermal expansion effect. In case of a pin failure with He gas release, or a
severe Pb-water reaction after a steam generator tube rupture accident, core voiding could take place
and the void reactivity worth itself could play a role. The neutronic calculations have been mainly
performed with the ERANOS code system [28].
Safety analyses for the AFTRA core designs
The dynamic behaviour of an EFIT-type ADT is characterised by the lack of a prompt fuel
feedback effect (Doppler), and significant positive (delayed) reactivity feedback potentials. The coolant
void worth of the MgO fuel type core is approximately 5 000 pcm, and the void worth of the
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Table 4. Main core design data of AFTRA-EFIT designs
Core

Single-zone core

Multiple-zone core (3 zones)

AFTRA-MgO

AFTRA-Mo92

AFTRA-MgO

AFTRA-Mo92

Nom. thermal power (MWth)
Average linear power (W/cm)
Fuel volumetric power (MW/m3)
Target assemblies
Total fuel assemblies

400
131
571
7
162

400
226
568
7
120

Matrix : TRU content

50/50

50/50

Pin diameter (mm)
Outer hexcan width (mm)
Keff
Void worth (pcm)
Doppler constant (pcm)
Axial form factor
Radial form factor

6.45
149.50
0.98246
5869
-6
1.30
1.30

8.50
149.50
0.97890
4393
-50
1.30
1.30

400
65
250
19
324
70/30:60/40:
50/50
6.45
149.50
0.970513
4556
+4
1.26
1.45

400
112
244
19
324
60/40:52/48:
50/50
8.50
149.50
0.969320
3202
-24
1.27
1.55
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Mo-fuelled core is about 3 000 pcm. The clad worth potentials are about 2 000 pcm. These reactivity
values are close to or larger than the assumed subcriticality margin of 3 000 pcm. Based on the
experience with critical fast reactors a safety indicator reflecting the magnitude of the void worth
versus the subcriticality margin has been proposed in [29]. The EFIT cores are compatible with the
value of the safety indicator.
The following sections present some analyses which show the typical dynamic behaviour of the
EFIT ADTs with CERMET and CERCER fuels. The EFIT cores include both high and low power
densities and different power peaking factors. In the present paper mainly unprotected transients are
investigated to determine if the fuel and clad limits are respected. The calculations have been
performed with the SIMMER-III accident code [11,12,30]. Within AFTRA both the SAS4A [31,32]
and SITHER [33] codes are additionally used for safety analyses.
Spurious beam trip (BT) for CERCER and CERMET in high power density core
The effects of beam interruption were investigated (Figure 1). During a BT of roughly 10 seconds
the normalised power was reduced to about 10% of the nominal value. The fuel-temperature drop
during the BT was about 700 K for the CERCER fuel and 600 K in the CERMET case. The reactivity
swing from the fuel temperature change is marginal. For safety reasons it is recommended that any
beam trip longer than 1 sec should lead to an ordinary start-up procedure. This will provide protection
for the target and the core in the case that the coolant pumps would run down and the beam would
come up incidentally. The real safety-relevant issue in EFIT is the fuel behaviour under multiple
loadings from beam-trips and start-up procedures under the conditions of He production. Further
investigations will be necessary that also take into account the findings of the FUTURIX [25],
BODEX [26] and HELIOS [27] experiments.
Overpower transient (UTOP) for CERCER and CERMET in high power density core
An UTOP could result from a seismic event, a coolant-coolant interaction (CCI event) or a
sudden release of a gas or a steam bubble in the core. A steam bubble could result from a CCI event
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Figure 1. Power and reactivity trace of a spurious beam trip in the CERCER single-zone core
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Figure 2. Fuel and clad temperature development under
UTOP conditions in the CERCER single-zone core
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following a steam generator tube rupture. For the MgO core a compaction scenario has been calculated
assuming that the gaps between the hexcans are eliminated. In such a case the reactivity would
increase by about 747 pcm. The UTOP calculation in Figure 2 shows the limited increase of fuel and
clad temperatures for the CERCER single-zone core. Fuel temperatures stay below the Cat. IV limit.
No transient over current (UTOC) can be expected as the beam power in EFIT is not variable. For
completeness, some UTOC calculations have been performed for the high-power density core. For a
100% increase of the beam power in the MgO-fuelled core the fuel temperatures would increase to
1 900 K, and for the 92Mo core to 1 800 K. In both cores the Cat. IV limits would not be reached.
Unprotected loss of flow (ULOF) for CERCER and CERMET in high and low power density cores
A complete and rapid loss of forced coolant circulation caused by a pump coast-down has
been assumed for the ULOF calculations. For all cores analysed the coolant flow decreases with a
flow-halving time of 5 seconds and approaches a stable natural convection value of about 30% after
12 seconds. For the single-zone cores with a relatively high power density, fuel melting is prevented,
but clad temperatures are close to the failure limits. For the low power density cores both fuel and clad
failure limits are respected.
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The ULOF (see Figures 3 and 4) simulations in the high power density MgO core show that the
fuel temperature limits of Cat. IV (1 950 K) and DEC limits are not reached. The maximum clad
temperatures increase up to 1 280 K, thus reaching possible failure limits. Similar calculations have
been performed with an irradiated, degraded MgO matrix with a reduced thermal conductivity. Even
in this case the critical fuel temperatures are not reached.
Figure 3. ULOF power and reactivity trace for EFIT single-zone CERCER core

Figure 4. ULOF temperature development for EFIT single-zone CERCER core

Similar calculations for the 92Mo matrix have been performed. The fuel temperatures reached for
the CERMET fuel are rather low, at 1 600 K, and safety margins are significantly higher than those for
the MgO CERCER fuel. Again, the peak clad temperatures reach 1 200 K. For these calculations local
clad failure due to in-pin gas pressurisation would have been triggered at ~1 300 K [7]. Due to this
criterion no fission gas release or He blow-down takes place in these calculations. With clad failure,
the experience in [5,7] demonstrates the potential for rapid voiding and failure propagation.
For the low power three-zone cores of the EFIT-AFTRA design similar calculations have been
performed. The results are displayed in Figures 5 and 6. The most important result is the demonstration
of the much lower clad temperatures under ULOF conditions. Thus for the more elaborated EFIT
cores the safety behaviour could be significantly improved.
As a result of these calculations it can be deduced that the low power density three-zone cores
behave more favourably under ULOF accident conditions and safety margins are fully respected. For
the CERMET core the results are even more favourable with peak fuel temperatures of ~1 000 K and
clad temperatures at ~ 900 K. Also, coolant temperature levels are significantly lower than in the high
power cores.
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Figure 5. ULOF power and reactivity trace for EFIT three-zone CERCER core
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Figure 6. ULOF temperature development for EFIT three-zone CERCER core
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Up to now no blockage accident calculations have been performed, which usually represent the
most critical path to local pin failure. Further analyses are necessary to investigate the behaviour of
fuel after un-cladding and under possible core disruptive conditions. Based on these first analyses it
can be concluded that the fuel does not seem to reach the limiting conditions for the low power density
EFIT design options. MACROS [34] and TRAFIC [35] calculations are necessary to confirm these
results and gain a better understanding of the fuel behaviour under various boundary conditions.
In general, limitations on the fuel cladding seem to be mostly responsible for reducing the flexibility in
the ADT design and the core power density. Noting that the maximum dose target for EFIT is no more
than 130 dpa, a stabilised austenite clad would yield better high temperature stability during transients,
in conjunction with an acceptable swelling rate. Further, aluminium surface alloying techniques
developed by FZK may provide sufficient corrosion protection for the application of austenitic steels
in lead and lead-alloys to become feasible [36]. Therefore, an austenitic clad back-up option for the
design of EFIT should be seriously considered.
Conclusions
Within the EUROTRANS 6th Framework Programme the AFTRA sub-project (DM 3) is
responsible for the development and provision of a database for the dedicated fuels to be used in the
European Facility for Industrial Transmutation (EFIT). The AFTRA domain of IP EUROTRANS has
recommended the composite CERMET fuel (Pu0.5,Am0.5)O2-x-92Mo as the primary candidate for the
design of EFIT, mainly because of its improved safety margins. The composite CERCER fuel
(Pu0.4,Am0.6)O2-x-MgO offers a better consumption rate of minor actinides and has been recommended
as a back-up solution. Within the DESIGN Domain of EUROTRANS (Domain 1) the MgO CERCER
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option was taken as the primary choice as it offered the best minor actinide burning performance. The
first safety analyses for the EFIT-type cores have been performed in the AFTRA Domain (DM 3) for
both the CERCER and CERMET fuels. Limiting temperatures for the different accident categories
have been developed for the assessment of the safety behaviour of the fuel. The main issue is the
conservative approach adopted to reject any “fuel melting/disruption” in the design basis categories,
and the comparison with the peak temperature values. EFIT core designs, developed within AFTRA,
with single- and multiple-zoning, and with high and low power densities, have been investigated. The
calculation of some typical transients shows the general higher safety margins for the CERMET fuel.
For the high power density EFIT the fuel safety margins are met both for the CERCER and CERMET
cores, while the clad limits are violated. For the low power density three-zone EFIT cores (CERCER
and CERMET), both the fuel and clad limits are respected under the transient conditions analysed. The
clad performance has a strong impact on the flexibility and safety of the ADT design. With the given
maximum dose target for EFIT and the prospect of aluminium surface alloying, an austenitic clad
back-up option for the EFIT design should therefore be seriously considered.
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RECENT ACTIVITIES ON AQUEOUS PARTITIONING AT JAEA

Takaumi Kimura, Jun Komaki, Yasuji Morita
Japan Atomic Energy Agency, Japan

Abstract
The Japan Atomic Energy Agency (JAEA) has been conducting research and development (R&D) on
partitioning and transmutation (P&T) technologies using commercialised fast reactors (FR) or
accelerator-driven system (ADS) in the transmutation cycle. Various partitioning technologies have
been investigated in the R&D activities for aqueous partitioning of radioactive nuclides, especially
actinides. This paper overviews some of the activities on the partitioning at JAEA.
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Introduction
The Japan Atomic Energy Agency (JAEA) was created through the unification of the Japan
Atomic Energy Research Institute (JAERI) and the Japan Nuclear Cycle Development Institute (JNC)
on 1 October 2005. The major part of research and development (R&D) activities for partitioning and
transmutation (P&T) investigated in JAERI and JNC is continuing in JAEA.
JAEA is engaging in R&D on P&T technologies using commercialised fast reactors (FR) and the
accelerator-driven system (ADS) in the dedicated transmutation process of the double-strata fuel
cycle. Various partitioning technologies have been investigated in the R&D activities for aqueous
partitioning of actinides and fission products on the basis of the different concepts.
This paper overviews some of the recent activities on aqueous partitioning at JAEA.
Activities on the advanced aqueous reprocessing system
JAEA has been investigating several advanced fuel recycling systems in a feasibility study on
commercialised fast reactor system, which aims for ensuring safety, economical competitiveness,
efficient utilisation of resources, proliferation resistance and decreasing environmental impact.
The advanced aqueous reprocessing system, designated as the New Extraction System for TRU
Recovery (NEXT) process basically consists of partial recovery of U by a crystallisation of uranium
nitrate hexahydrate from dissolver solution, U-Pu-Np co-recovery by a solvent extraction with single
cycle flow sheet using TBP (elimination of partitioning and purification section from the conventional
PUREX process), and Am and Cm recovery with extraction chromatography.
Recent progress concerning the NEXT process is summarised below.
Crystallisation of U [1,2]
As shown in Figure 1, the crystallisation process is the first treatment for the spent fuel dissolver
solution in the NEXT process. The selective crystallisation of U in the spent fuel dissolver solution is
theoretically possible due to the temperature dependence of the solubility of uranyl nitrate hexahydrate
(UNH) crystal into HNO3. More than 70% of U in the solution can be recovered prior to the following
solvent extraction process, and this process can reduce the solution and solvent.
One of the main obstacles to the ideal crystallisation is the co-crystallisation of Pu and FPs with
U, which leads to a low decontamination factor (DF). Our crystallisation experiment using a dissolver
solution of FBR MOX fuel shows that the crystallisation behaviour of Pu depends on the valence of
Pu in the dissolver solution; Pu(VI) is co-crystallised with U whereas Pu(IV) remains in the dissolver
solution. The adjustment of the Pu valence to Pu(IV), therefore, is an important management for
preventing the co-crystallisation of Pu with U.
Recent R&D studies suggest that some fission products have the possibility to make double
nitrate with Pu(IV), which can be crystallised under certain crystallisation condition.
Elucidation of such a mechanism of some FPs and development of the purification process for
UNH crystal contaminated with FPs is in progress.
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Figure 1. Schematic flow of the NEXT process
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The solvent extraction with single cycle flow sheet using TBP is applied to the dissolver solution
(mother solution) from the crystallisation process to recover (extract and strip) U, Pu and Np
simultaneously (see Figure 2).
Figure 2. Flow sheet of the U-Pu-Np co-extraction process
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In the extraction section, it is especially important for U-Np-Pu co-extraction to control the
valence of Np and extract Np effectively. The formation of UNH crystal in the crystallisation process
brings comparatively higher nitric acid concentration in the mother solution (feed solution) than the
conventional PUREX process. This is quite effective in the oxidation of Np to extractable Np(VI) and
in the extraction of that.
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Uranium, Np and Pu loaded into the solvent are co-stripped in the stripping section by diluted
nitric acid solution without any reductants. It should be required for preventing the leakage of these
elements to the used solvent and decreasing the liquid volume (waste volume) in the process to control
the temperature carefully and optimise the flow rate ratio in the stripping section.
Taking account of these characteristics of the process, we have carried out several counter-current
experiments using the dissolver solution of FBR MOX fuel as the feed solution. These experiments
have shown that complete co-recovery of U-Np-Pu with sufficient DF can be achieved under the
appropriate conditions.
Recovery of Am and Cm [5,6]
In the last decade, we have developed a solvent extraction process called Solvent Extraction for
Trivalent f-elements Intra-group Separation in CMPO-complexant System (SETFICS) for the recovery
of Am and Cm, which utilise CMPO for MA+Ln extraction and DTPA for MA/Ln separation.
Although MA elements were successfully recovered by the SETFICS process, several drawbacks such
as the low efficiency have to be overcome to draw the commercially available flow sheet.
The extraction chromatography technique using silica-based extraction resin in which various
extractants can be embedded and immobilised was proposed as an alternative process to the SETFICS.
The extraction chromatography is superior to the SETFICS in the respect of the amount of the wastes
and economical load. Separation experiments using CMPO embedded resin have shown excellent
ability of the extraction chromatography, and various extractants have been developed and proposed
for the MA/Ln separation process.
The leading tasks of the extraction chromatography are completion of the flow sheet, design study,
manufacturing and operation of the engineering-scale apparatus and safety managements considering
heat and gas generations. R&D studies for those subjects have already started.
Activities on the four-group partitioning process [7,8]
As partitioning part of the P&T technology based on the double-strata fuel cycle concept, the
four-group partitioning process has been established in the last decade. In this concept, HLW
exhausted from reprocessing plant is partitioned into four groups: TRU, Sr-Cs, Tc-platinum group
(PGM) and the other elements.
TRU is transmuted in ADS. Sr-Cs is contained in calcined waste forms and to be disposed in a
compact manner after certain period of cooling and/or utilisation as a heat source. Tc-PGM can be
utilised as catalysts or will be disposed. The other elements can be disposed as glass waste forms
which no longer have intense heat sources or strong long-term radiological toxicity.
To demonstrate the feasibility of the process, process tests using real liquid waste were conducted
for the pre-treatment step, the extraction step by diisodecylphosphoric acid (DIDPA) for TRU
separation, the precipitation step through denitration for Tc and PGM separation, and the adsorption
step with inorganic ion exchangers for Sr and Cs separation. It was shown that targeted performance
was achievable and no major problem arose during the process operation.
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Activities on development of innovative extractants and adsorbents [9]
Although the main steps of the four-group partitioning process have nearly been accomplished, it
is also necessary to improve the partitioning process from the viewpoints of economy and the
reduction of secondary wastes.
A new concept, Amide-based Radio-resources Treatment with Interim Storage of Transuranics
(ARTIST), was proposed, where the object of the process was not the HLW but the spent fuel. The
extractants branched-alkyl monoamide (BAMA) and N,N,Nc,Nc-tetraoctyl-diglycolamide (TODGA)
are used for uranium separation and all TRU separation, respectively. One of the advantages of the
process is to use phosphorus-free compounds consisting of carbon, hydrogen, oxygen and nitrogen
(CHON principle) to reduce the waste from the process. Basic experimental data for these extractants
have been accumulated so far. Basic study is also under way to separate Am and Cm from rare earths
and to separate Sr-Cs from the liquid solution.
The R&D effort on partitioning is presently concentrated on development and improvement of
innovative extractants and adsorbents as the elemental technologies. Molecular modelling, quantum
chemistry, radiation chemistry and structural studies on extractants and f-element complexes have also
been investigated for the R&D of new extracting molecules for separation of actinides and long-lived
fission products.
Selective extraction of U [10]
N,N-dialkylamides have some advantages, e.g. their complete incinerability (CHON principle)
and high stability for hydrolysis and radiolysis. Furthermore, N,N-dialkylamides are beneficial to
control its reaction nature, i.e. extractability and selectivity by modifying its alkyl groups attached to
carbonyl carbon and/or amidic nitrogen atoms. For exclusive separation of uranium, which is the major
element of spent nuclear fuel, we have designed and synthesised some of BAMA to discriminate
actinide(VI) ion from the other valence state ions, especially actinide(IV) ion. The BAMA extractants
having bulky alkyl group attached to carbonyl carbon have large steric hindrance on the co-ordination
with actinide ions, which gives higher distribution coefficient of U(VI) than that of Pu(IV).
It was found that using N,N-di-(2-ethyl)hexyl-2,2-dimethylpropanamide (D2EHDMPA), N,N-di(2-ethyl)hexyl-2-methylpropanamide (D2EHMPA) and N,N-di-(2-ethyl)hexyl-(2-ethyl)hexanamide
(D2EH2EHA) as the BAMA extractants can separate U(VI) effectively from Pu(IV) in 3 M nitric acid
solution, with large separation factors. Fission products (Sr, Zr, Ru, Rh, Pd, Ba, Nd, Mo, Ce and Tc)
and minor actinides (Am and Cm) were not extracted under the same experimental conditions. From
extraction behaviour of Np, D2EHDMPA can extract and separate U(VI) from Np(VI) without
reduction of Np(VI) to Np(V) or Np(IV).
Total recovery of TRU [11]
During the course of the studies on the modification of a bidentate malonamide, we proposed
TODGA for the recovery of long-lived actinide ions. TODGA has several advantages, i.e. high
distribution coefficients for actinide(III) and actinide(IV) ions from concentrated nitric acid to
n-dodecane, high stability in aliphatic diluents, CHON compounds and easy synthesis. Moreover, the
lipophilic and hydrophilic properties of diglycolamide (DGA) compounds can be changed by
modifying its alkyl groups attached to amidic nitrogen atoms.
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The extraction of various metal ions by TODGA from nitric acid to n-dodecane was studied. The
distribution coefficients measured show that Ca(II) (ionic radius, 100 pm), trivalent and tetravalent
ions with ionic radii of 87-113 pm and 83-94 pm are highly extractable by TODGA.
In order to evaluate the extraction capacity in extraction solvent using DGA compounds, we
measured the limit of metal concentration (LOC) for Ca(II), Nd(III) and Zr(IV) but their LOC values
were lower than the stoichiometric values. DGA compounds with longer alkyl groups, i.e. N,N,Nc,Nctetradecyl-diglycolamide (TDDGA) and N,N,Nc,N’-tetradodecyl-diglycolamide (TDdDGA), and the
modifier of solvent, N,N-dihexyl-octanamide (DHOA), were examined to improve the LOC value.
LOC increased with the length of alkyl chain attached to nitrogen-atoms of DGA and with DHOA
concentration.
Separation of MA and rare earths [12,13]
Separating trivalent actinides [An(III)] from rare earths, or lanthanides [Ln(III)], has been one of
the most challenging issues because of their similarity of chemical properties. One promising approach
for separating An(III) from Ln(III) is to use soft-donor ligand based on its preferable co-ordination to
softer An(III). Nitrogen-containing heterocycle-based multidentate ligands have been presently attracted
by their combustibility.
We reported that some separation systems using N,N,Nc,Nc-tetrakis(2-methylpyridyl)ethylenediamine (TPEN) have high separation factors of An(III)/Ln(III), SF(An/Ln). Furthermore, we
designed two ligand systems which are expected to efficiently separate An(III) from Ln(III). The one
is “oligo-pyridine” ligand containing multiple pyridines and the other is “chirality-controlled” ligand
containing chiral centres in the ligand. We synthesised more than thirty ligands and established the
ability on the separation of An(III) from Ln(III), with SF(Am/Eu) > 10 for twelve ligands.
We are developing new ligands which have sufficiently high stability for hydrolysis and radiolysis,
high lipophilicity, and sufficient extractability and selectivity in nitric acid. As an example, on the
basis of the results on the extraction of An(III) and Ln(III) by N,Nc-dimethyl-N,Nc-diphenylpyridine2,6-dicarboxyamide (DMDPhPDA) which extracts An(III) more selectively than Ln(III) from HNO3
solution, we are investigating some pyridine dicarboxyamide (PDA) compounds by modifying its
alkyl groups attached to amidic nitrogen atoms.
Separation of Sr-Cs [14,15]
On the basis of four-group partitioning process development, the study of a column-adsorptive
separation of Sr-Cs is ongoing, as a simple and economical technology. The development of selective
adsorbents, which can adsorb Sr and/or Cs under high nitric acid concentration, is quite important in
this study.
It was found that novel tantalum-based inorganic adsorbents, sodium-tantalum-silicon and
sodium-tantalum-titanium mixed oxides prepared by hydro-thermal synthesis, are highly Cs-selective
against proton and stable in a nitric acid solution.
It is also anticipated that novel selective adsorbents can be prepared by impregnating selective
extractants onto supporting materials. Thus, we started to develop innovative adsorbents, using a
porous silica-based material (composite with macro reticular type polymer) as a non-conventional
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support (lower content of organics compared to conventional polymer supports), crown-ether for Sr
(di-t-butylcyclohexano-18-crown-6, for example) and calix-crown for Cs separation (1,3-[(2,4-diethylheptylethoxy)oxy]-2,4-crown-6-calix[4]arene, for example) as selective extractants.
Conclusion
JAEA considers that the NEXT process is the most suitable technology for partitioning of the FR
fuel, however, JAEA also proposes alternative partitioning technologies that are expected to be the
options for the NEXT process, considering reduction of the risks for development and future
improvement of performance.
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FOR THE UNITED STATES GNEP PROGRAMME
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Abstract
Spent fuel processing technologies for future advanced nuclear fuel cycles are being developed under
the scope of the Global Nuclear Energy Partnership (GNEP). This effort seeks to make available for
future deployment a fissile material recycling system that does not involve the separation of pure
plutonium from spent fuel. In the nuclear system proposed by the United States under the GNEP
initiative, light water reactor spent fuel is treated by means of a solvent extraction process that
involves a group extraction of transuranic elements. The recovered transuranics are recycled as fuel
material for advanced burner reactors, which can lead in the long term to fast reactors with conversion
ratios greater than unity, helping to assure the sustainability of nuclear power systems. Both aqueous
and pyrochemical methods are being considered for fast reactor spent fuel processing in the current US
development programme.
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Introduction
The Global Nuclear Energy Partnership (GNEP), introduced by the US President in March 2006,
is a multi-faceted initiative that seeks to enable the expansion of peaceful nuclear power and its
economic and environmental benefits to all countries of the world. Those countries without substantial
nuclear fuel cycle infrastructures are offered these benefits in return for a renunciation of uranium
enrichment and spent fuel reprocessing, to limit the threat of the proliferation of nuclear weapons. This
is to be achieved through a system of fuel leasing and take-back of spent fuel by the supplier nations,
those with existing fuel cycle infrastructures.
The US GNEP effort is based upon a long-standing policy that eschews the use of separated
plutonium in the civil nuclear fuel cycle. This has mandated the development of a spent fuel processing
system involving the extraction from spent fuel of plutonium with other transuranic elements and,
in some cases, with uranium. This is aimed at the generation of product streams that have limited
attractiveness for use as weapons materials. Further, because the availability of geologic repository
capacity for disposal of high-level waste is expected to be at a premium in an era of several-fold
increases in world nuclear generating capacity, the processing system must be designed to minimise
the impacts of spent fuel generation on existing or future repositories. In the US in particular, the
objective is to preclude the need for a second geologic repository beyond the Yucca Mountain repository
for the balance of the 21st century. The US strategy for deployment of advanced spent fuel processing
systems is strongly dependent on the growth in nuclear generating capacity that will ultimately be
realised and on the mix of advanced light water reactors and fast reactors that will evolve. Structuring
of the development programme has proceeded with this consideration in mind, with the current
reference system being a single-tier system in which transuranics from light water reactor spent fuel
are recovered and recycled to fast reactors to reduce the heat load, waste volume and waste radiotoxicity
imposed on the Yucca Mountain repository.
Light water reactor spent fuel processing
The 103 operating commercial nuclear power plants in the US currently generate about 2 000 metric
tonnes of spent fuel annually. The inventory of spent fuel accumulated over years of operation now
amounts to about 52 000 tonnes, and the inventory is projected to exceed the legislated capacity of
the Yucca Mountain repository (63 000 tonnes of commercial spent fuel) by 2015. With the current
projected opening of the repository by 2017, it is clear that it will be over-subscribed at its start. Under
plausible nuclear growth scenarios, as shown in Figure 1, even the technical capacity (currently about
125 000 tonnes) would be greatly exceeded by the end of the century. This situation has given impetus
to the development of advanced LWR spent fuel processing technologies for deployment as soon as
reasonably achievable, to avoid being overwhelmed by unconstrained growth of the spent fuel
inventory. Interim storage will relieve the situation, but only temporarily.
The reference strategy for the US GNEP programme is a single-tier system, shown in Figure 2.
Light water reactor spent fuel is to be processed by means of a group transuranic separation method,
with the recovered transuranics to be used as fuel for fast spectrum (“burner”) reactors. The fast
reactors will operate on a closed fuel cycle; depending on the fuel type chosen for these reactors, the
fast reactor spent fuel may be processed by different means. If the fuel is a sodium-bonded metallic
U-TRU-Zr alloy, it is likely to be more amenable to pyrochemical processing. If an oxide fuel, it could
be processed by either aqueous or pyrochemical means. The choice of processing method for LWR
spent fuel has been made: an aqueous solvent extraction-based method will be used, for a number of
reasons. The amount of fuel to be processed annually must be at least equal to the generation rate,
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Figure 1. Range of projections for accumulation of commercial
LWR spent fuel inventory in the absence of spent fuel processing

Commercial Spent Fuel Inventory, metric tons

EIA – Energy Information Agency of the US Department of Energy, MIT – Massachusetts Institute of Technology
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Figure 2. The U.S. GNEP fuel cycle, with a single-tier system for
recycling transuranics recovered from LWR spent fuel. As shown, there is
also the possibility of thermal recycle of recovered plutonium and neptunium.
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requiring the use of a mature technology that is capable of economic operation at large scale.
Furthermore, because the fuel cycle strategy (i.e. single-tier or double-tier) has not been decided, the
process must be sufficiently flexible to yield an actinide product that can be used for thermal reactor
recycle or fast reactor recycle.
Accordingly, the US programme has been developing a suite of processes known collectively as
UREX+. These processes, as illustrated in Figure 3, have been designed to meet a number of GNEP
targets. The first step is the extraction of uranium. Because the reprocessed uranium may have little
immediate value for thermal recycle due to it high 236U content, it may be necessary to store the
uranium for future use in fast reactors, either as a fuel or blanket material. By recovering the uranium
at a high level of purification, it can be stored indefinitely in an unshielded facility. Another important
element of the UREX+ processes is the extraction of certain fission products that represent either (1) a
long-term radiation dose issue or (2) the imposition of a large decay heat load on the repository.
Therefore, the processes are designed for the recovery of 99Tc, 129I, 14C (as a carbonate) and the noble
gases Xe and Kr. The fission products caesium and strontium (and their decay daughters yttrium and
barium) contribute significantly to the short-term heat load, and they are to be recovered and stored
separately until they have decayed sufficiently for permanent disposal. As seen in Figure 3, the UREX+
processes may be classed according to mission. The UREX+1 and UREX+1a processes involve a group
extraction of transuranic elements and are intended for single-tier (fast reactor recycle) application.
The UREX+2, +3 and +4 variants involve a separation of plutonium together with neptunium. This
makes it possible to utilise these elements in either a thermal recycle of fast recycle system and, more
importantly, to avoid the complications associated with fabrication of recycle fuel containing
americium and curium. The minor actinides americium and curium are recovered separately. They can
be irradiated as transmutation targets, or the curium can be separated for decay storage.
Figure 3. The suite of UREX+ processes
FP – fission products, Ln – lanthanide fission products only

Process

Prod #1 Prod #2 Prod #3 Prod #4

Prod #5

Prod #6

FP

UREX+1

U

Tc

Cs/Sr TRU+Ln

UREX+1a

U

Tc

Cs/Sr

UREX+2

U

Tc

Cs/Sr

Pu+Np Am+Cm+Ln

UREX+3

U

Tc

Cs/Sr

Pu+Np

Am+Cm

All FP

UREX+4

U

Tc

Cs/Sr

Pu+Np

Am

Cm

TRU

Prod #7

All FP
FP

All FP

Notes: (1) in all cases, iodine is removed as an off-gas from the dissolution process.
(2) processes are designed for the generation of no liquid high-level wastes

The current reference process for the US programme is the UREX+1a process, shown
schematically in Figure 4. The solvent extraction segments of this process have been demonstrated
successfully with LWR spent fuel as the feed material. Table 1 shows the results of the most recent
test of the process. The recovery efficiencies achieved were well in excess of GNEP goals. Uranium
was recovered at a high level of purification, with the transuranic content less than 100 nano Curies
per gram of uranium; this allows the uranium to be stored in an unshielded facility, and even to be
disposed of as a low-level waste. The recovery of soluble technetium was at an acceptable level, but
could be improved with minor process modifications.
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Figure 4. Schematic illustration of the UREX+1a process

Table 1. Initial results of the July 2006 hot demonstration of the UREX+1a process
The feed material was a mixture of low-burn-up (33 GWd/t) and high-burn-up (74 GWd/t) LWR spent fuel.
The high-burn-up fuel was included in order to increase the concentration of curium to detectable levels.
The recovery efficiencies shown as (greater than) reflect the detection limits of the analytical processes used.

Element

Recovery Eff.

Uranium

99.9992%

Remarks
Non-TRU (<100 nCi/g)
Soluble Tc

Technetium

98.3%

Cesium

>99.2%

Strontium

>99.9%

Plutonium

>99.99%

Neptunium

>99.99%

Americium

>99.99%

Curium

>99.999%
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Total lanthanide content
of transuranics <0.05%
(DF>2,000)

Figure 5 illustrates the projected repository benefits of transuranic and short-lived fission product
removal. Shown in this figure, on the z-axis, is the increase in Yucca Mountain repository capacity
obtained with various degrees of removal of the important radionuclides. It is seen that the removal of
99.9% of the transuranic elements and 99.9% of the caesium and strontium results in a substantial
increase in effective repository capacity, nearly a factor of 200 times greater than for the direct
disposal of spent fuel. At these levels, the Yucca Mountain repository would suffice by itself for at
least a century, even with significant growth in nuclear generating capacity.
Figure 5. Calculated effect of heat-generating radionuclide removal on the effective
capacity of the Yucca Mountain repository. The equivalent amount of spent fuel that can
be accommodated is as much as 225 times as much as for the case of direct disposal.
Assumptions
Burnup: 50 GWd/MT
Separation: 25 years
Emplacement: 25 years
Closure: 100 years

225.0

175.0

Limited by 96 ºC
Mid-Drift Temp.
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Limited by 200 ºC Drift Wall
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91.0

Limited by 200 ºC Drift
Wall Temp. at Closure

54.0
44.0
10.5
1.0
0.001

10.3

1.0

0.01
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in Waste

10.0
4.4

1.0
0.1

5.5

1.0
0.1
1

1

5.7
0.01

0.001
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Reference: R. A. Wigeland et al., Nuclear Technology, 154 (April 2006), pp 95-106.

Fast reactor spent fuel processing
As discussed above, the choice of processing method for fast reactor spent fuel depends on the
fuel type chosen. Sodium-bonded metallic fuel is well-suited to pyrochemical processing, according to
the process shown schematically in Figure 6. In this process, the chopped spent fuel is anodically
dissolved in a molten salt bath and most of the uranium is extracted by a simple electrorefining process.
The remaining uranium and transuranics are then recovered by an electrolysis process. A characteristic
feature of electrochemical processing is an incomplete decontamination of the actinide product from
the lanthanide fission products. It remains to be determined what level of decontamination is required;
a relatively large concentration of lanthanides can be tolerated from a neutronics standpoint in a fast
reactor, but it is not yet clear to what extent these fission products might play in fuel-cladding chemical
interactions at the high burn-up levels planned for the fast reactor fuel. If necessary, an aqueous polishing
step could be added to reduce the lanthanide content of the recycle fuel material.
Fast reactor oxide fuel can be processed by either pyrochemical or aqueous means. There may be
an advantage in this case to aqueous processing, particularly when there is a large aqueous plant in
existence for the purpose of LWR spent fuel processing. Because that plant would be a single centralised
facility, however, it poses the issue of spent fuel shipment from the fast reactor site to the processing
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Figure 6. Schematic illustration of the pyrochemical process
for treatment of sodium-bonded metallic fast reactor fuel
ABR – advanced burner reactor, a fast spectrum reactor
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plant. A pyroprocessing plant, on the other hand, is a batch processing system and appropriate for
collocation of a small-capacity plant with a cluster of a few fast reactors (1-2 GWe). It could handle
the transfer of fast reactor spent fuel within the site confines. The pyroprocess for fast reactor oxide
fuel involves a head-end step for reduction of the oxide to metal, to facilitate the subsequent
electrorefining step. The development of the oxide reduction process segment is not complete;
it represents a particular technical challenge, both in the choice of durable process materials and in the
extent of reduction that can be achieved at large scale. An alternative process for this purpose is the
method for direct electrochemical processing of oxide fuel, developed at the Research Institute for
Atomic Reactors, Dimitrovgrad, Russia. The pyrochemical technologies required for the GNEP
system are under active development, and are expected to be ready for technology selection well in
advance of the point at which fast reactor recycle fuel is ready for processing.
Conclusions
The resumption of processing of commercial spent fuel in the United States may begin within the
next two decades, in realisation of the need for closure of the nuclear fuel cycle for the purposes of
more effective geologic repository utilisation and, perhaps more importantly, to facilitate the growth
of nuclear power in the US and world wide. It is a basic premise of the Global Nuclear Energy
Partnership that efficient and responsible closure of the nuclear fuel cycle will permit the extension of
the benefits of nuclear power to all countries of the world. The spent fuel processing technologies
being developed under the auspices of the US programme are designed to enable the deployment
of acceptable recycling methods without increasing the risk of nuclear weapons proliferation.
Development of these technologies is proceeding successfully and is expected to gain momentum over
the next few years.
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Abstract
The radiotoxicity of the vitrified nuclear wastes issuing from the reprocessing of nuclear spent fuels is
mainly due to the presence of minor actinides (MAs = Np, Am and Cm) in these wastes. To simplify
the definition of a deep underground repository, the elimination of MAs from the wastes followed by
their destruction by transmutation is a positive strategy (P&T strategy). The European Integrated
Project (IP) EUROPART concerns the definition of partitioning methods for the elimination of
MAs from the wastes. Two chemical domains were selected for the research: i) hydrometallurgy,
ii) pyrometallurgy. The research work is organised into 9 Work Packages (WP): 5 for hydrometallurgy
and 4 for pyrometallurgy. The partnership involved in the research comprises 23 partners from
10 European countries, 1 the EC-JRC-ITU, 1 partner from Japan and 1 partner from Australia. This
paper will present: i) the WPs, ii) some recent results related to the WPs, iii) the partnership and the
organisation of the IP.
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Introduction
Today, after the reprocessing of spent nuclear fuels using the PUREX process, the high active
raffinates which contain the nuclear wastes, i.e. fission products and minor actinides (MAs), are then
treated in order to incorporate the nuclear wastes into a solid glass matrix. In the future the glass wastes
will be deposited into underground repositories. The definition of these underground repositories is
complicated due to the fact that the most important radiotoxicity is related to the presence of MAs in
the glass waste and this radiotoxicity is significant even after more than 104 years, as shown in Figure 1.
Thus, the elimination of these MAs from the nuclear glass wastes will greatly simplify the definition
of underground repositories. After partitioning, the MAs can be transmuted into stable or short-lived
fission products, using for example the future accelerator-driven system (ADS) facility. The research in
the P&T domain is an important programme in Europe and in several nuclear countries in the world [1].
In Europe, in the previous Framework Programmes (FP) within EURATOM, several Integrated
Projects (IP) were related to the definition of MA partitioning processes. For example, in FP5, three
separate projects for An partitioning were organised [2]:
x

two in hydrometallurgy, i.e. PARTNEW [3] and CALIXPART;

x

one in pyrometallurgy, PYROREP.
Figure 1. Radiotoxic inventory of an UOX spent fuel (45 GWd/t)

In PARTNEW, several processes were tested, using malonamide extractants (DIAMEX process)
and N- or S-bearing extractants for the selective actinide extraction (SANEX processes). In
CALIXPART, numerous extracting agents were tested, mostly belonging to the family of calixarene
molecules, where several complexing arms for trivalent MAs are grafted onto the calixarene cyclic
structure. The PYROREP programme was located at the origin of the renewal of European research in
pyrometallurgy for nuclear wastes.
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In EUROPART, two principal targets have been chosen for actinide partitioning:
i) The aqueous high active raffinate(s) (HARs) or concentrate(s) (HACs) issuing from the
reprocessing of spent nuclear fuels (UOX or MOX) by the PUREX process. It is considered
that an improved PUREX process will be able to co-extract neptunium together with uranium
and plutonium. Therefore, the aim for MA partitioning is the extraction of the americium(III)
and curium(III). For high burn-up fuels, berkelium(III) and californium(III) will also be
partitioned.
ii) The irradiated fuels or targets after transmutation for example within the ADS facility(ies).
These irradiated fuels or targets will contain several An elements, including: U, Np, Pu, Am,
Cm, Bk and Cf, which are to be partitioned all together.
The partners who participated within the FP5 programmes PARTNEW, CALIXPART and
PYROREP are also participating in EUROPART. This paper will concern EUROPART and will deal
with the following three main areas:
i) the structures of the Work Packages (WPs) of both hydrometallurgy and pyrometallurgy
domains;
ii) some recent results obtained within these WPs;
iii) the partnership and the organisation.
Research programme and recent results
Research programme and Work Package organisation
Each WP is divided into different tasks, which are presented below.
Hydrometallurgy
The definition of actinide partitioning process is the subject of the WPs 1 to 4. The respective
targets for WP1 and WP2 are the high active raffinate (HAR) and high active concentrate (HAC)
issuing from the reprocessing of nuclear spent fuels (UOX or MOX) by the PUREX process. The
research to be done in WP1 and WP2 is in continuity with the work which was done during the
PARTNEW (WP1) and CALIXPART (WP2) projects of the previous European FP5. The targets for
WP3 and WP4 are the irradiated fuels or targets of the planned ADS actinide transmutation facilities.
The work to be done in WP3 and WP4 is also in continuity with the research which was done in
PARTNEW (WP3) and CALIXPART (WP4). In WP3 and WP4 the aim is to partition all the
actinides, including An = U, Np, Pu, Am, Cm and if present Bk and Cf. After An partitioning it will be
necessary to prepare compounds for fabrication of new fuels for An transmutation. This is the research
to be done within the WP5.
WP1, WP2, WP3 and WP4
For WP1, WP2, WP3 and WP4, the work is organised with the same types of tasks, listed in the
table below:
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Task 1
Task 2
Task 3
Task 4
Task 5
Task 6
Task 7
Task 8
Task 9

Molecular modelling of complexation and extraction.
Synthesis and characterisation of ligands.
Study of their extracting properties (thermodynamics, kinetics).
Determination of the structures of the ligands and their metallic complexes at molecular and
supramolecular levels.
Study of the stability of the ligands vs. radiolysis and hydrolysis.
Scaling-up of the synthesis for the ligand(s) selected for process development.
Design of process flow sheet(s).
Realisation of cold test(s) of the processes.
Preliminary hot test(s) of the processes.

WP5
The aims and the tasks for WP5 include determining methods for the co-conversion of separated
actinides issuing from the partitioning processes for fuel preparation. The nature of the solids to be
prepared for fuel preparation is: i) oxides; ii) nitrides; iii) carbides. The co-conversion methods to be
studied are: i) crystallisation; ii) precipitation; iii) sol-gel. For each type of solid to be prepared and
each method of preparation, the following tasks will be studied within WP5:
Task 1 Determination of the performances of the co-conversion method, including: the kinetics of
the reactions, the yields of co-conversion as functions of the operating conditions, such as
the composition of the aqueous solution(s), the concentration of the reagent added, the
temperature, etc.
Task 2 Chemical, physical and structural characterisations of the compounds formed after
separation from the aqueous solution(s).
Task 3 Study of the conversion method(s) of the solid(s) formed from the solution(s) into the final
compounds (oxide, nitride, carbide).
Task 4 Chemical, physical and structural characterisations of the final compounds (oxide, nitride,
carbide) prepared, with an estimation of their suitability to prepare fuel(s).

Pyrometallurgy
The work done in this domain has been organised into four WPs: i) WP6 is related to basic
research; ii) WP7 concerns An partitioning process development; iii) WP8 is related to the conditioning
of salts wastes; iv) WP9 concerns the study of systems for future pyrochemical partitioning processes.
The aims and tasks of each WP for pyrometallurgy are presented below.
WP6
The knowledge of thermodynamical data of actinides (U to Cf) and some fission products (FPs)
in molten salts and in liquid metals is the key point for the development of pyrochemical processes,
such as partitioning of actinides from HARs or HACs issued from UOX and MOX fuel reprocessing
by the PUREX process and for treatment of spent fuels from advanced dedicated fuel cycles, including
transmutation targets from ADS concepts. The molten salt (MS) media studied are: i) chlorides;
ii) fluorides. The research done within WP6 comprises the following tasks:
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Task 1 Completion of the determination of basic properties of An (from U to Cf if possible) and
FPs within these MS media, taking into account the experimental procedures.
Task 2 Compilation, comparison and analysis of thermodynamical data.

WP7
Process development is a key issue for the development of pyropartitioning processes, such as
partitioning of actinides from HARs or HACs issued from UOX and MOX fuel reprocessing by the
PUREX process and for treatment of spent fuels from advanced dedicated fuel cycles, including
transmutation targets from ADS concepts. The molten salt media studied are: i) chlorides; ii) fluorides.
The research done within WP7 comprises the following tasks:
Task 1 Process development for the partitioning of actinides from HARs or HACs issued from
UOX and MOX fuel reprocessing by the PUREX process based on several separation
concepts, e.g. electrolysis, precipitation, liquid-liquid extraction with metallic solvents, with
the aim to demonstrate the feasibility of high An recovery yields (99.9%) with sufficient
decontamination factors vs. fission products.
Task 2 Process development for the treatment of spent fuels from advanced dedicated fuel cycles
based on several separation concepts, e.g. electrolysis, precipitation, liquid-liquid extraction
with metallic solvents, with the aim to demonstrate feasibility of high An recovery yields
(99.9%) with sufficient decontamination factors vs. fission products.
Task 3 Modelling of the processes and design of experimental devices (including their modelling)
for process implementation.

WP8
WP8 addresses the study of the conditioning of the wastes to be generated by the implementation
of the pyrochemical processes to be developed. The wastes studied are the spent salts (chlorides and
fluorides). The work within WP8 includes the following tasks:
Task 1 Selection of solid matrix(ces) for wastes conditioning.
Task 2 Determination of the chemical and physical properties of the selected matrix(ces).
Task 3 Determination of the resistance vs. aqueous leaching of the molten salt wastes conditioned
within the selected matrix(ces).
Task 4 Study of conversion method(s) of the chloride salt wastes into oxides for subsequent
conditioning of the radioactive wastes within a glass matrix.

WP9
WP9 addresses system studies. For some pyrochemical processes selected, system studies are
performed. These studies within WP9 include the following tasks:
Task 1 Identification of all the steps involved for each process.
Task 2 Calculation of the fluxes of all the media involved within the process(es), including the
fluxes of wastes. These fluxes could be normalised vs. a produced quantity of electricity
(TWhe).
Task 3 Design of flow sheet diagrams for the processes.
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Recent results
In this paper we will only illustrate some recent results obtained within the different WPs.
Hydrometallurgy
WP1
Computer modelling of extractants and of their complexes with actinides(III) [An(III)] and
lanthanides(III) [Ln(III)] has been carried out. For example, Figure 2 presents the calculated structure
of a 1/2 complex formed between a Ln(III) ion an a bis-pyridine-bis-1,2,4-triazine (BTBP) ligand.
3+
Dynamic modelling was also carried out. Figure 3 shows the final structure of Eu(BTP)3 + 24 free
BTP molecules into a mixture of 95/5 vol.% (chloroform/water). The Eu(III) complex is located at the
interface between the two liquids.
Figure 2. Model of a bis-complex between a lanthanide
ion and a bis-pyridine-bis-1,2,4-triazine (BTBP) ligand

3+

Figure 3. Dynamic simulation of Eu(BTP)3 + 24 free BTP
molecules into a mixture of 95/5 vol.%(chloroform/water)

The study of structure of the metal complexes with extractants and of the supramolecular
organisation of the extracted complexes into the organic phases is also an important topic. In the case
of the extraction of An(III) and Ln(III) with malonamides, it is important to study the supramolecular
organisation of the organic phases. The most useful methods for studying this point are Small Angle
Neutron or X-ray Scattering (SANS, SAXS). For example, in the case of water extraction by the
malonamide DMDBTDMA in solution in the diluent TPH, it has been shown that two supramolecular
structures may be formed such as micelles and pseudo-lamellar phases (see Figure 4).
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Figure 4. Correlation between extraction of water and structure of the organic phase

The points represent the maximum of
water solubilisation in the organic phase
(limit for third phase apparition). Three
domains are present.

For trivalent MA partitioning, the most difficult problem consists in the An(III)/Ln(III) separation.
It should be noted that in the HARs and HACs, the molar ratio Ln(III)/An(III) is often larger than 30,
because the Ln represent about one-third of the total FPs. The new ligand CyMe4BTBP, the formula of
which is shown in Figure 5, is very effective for An(III)/Ln(III) separation as shown in Figure 6.
Figure 5. 2,6-bis-(5,5,8,8-tetramethyl-5,6,7,8-tetrahydro-benzo[1,2,4]triazin-3-yl)-[2,2c]bipyridine

CyMe4-BTBP
Figure 6. Comparison of distribution ratios of Ln(III) and An(III)
for an aqueous equilibrium nitric acid concentration of 0.88 M
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The malonamide DMDOHEMA acts as a phase transfer reagent for the CyMe4BTBP extractant
and significantly enhances the extraction kinetics of An(III) and Ln(III). Some typical extraction kinetics
are shown in Figure 7. The CyMe4BTBP extractant has been selected for the design of a SANEX
process [An(III)/Ln(III) separation] to be carried out with real hot solutions.
Figure 7. Kinetics of extraction of Am(III) and Eu(III)
by CyMe4-BTBP from a surrogate SANEX-MOX feed
Organic solution: [CyMe4-BTBP]ini = 0.01 mol/L in the “n-octanol/[DMDOHEMA] = 0.25 mol/Ls
mixture, pre-equilibrated with molar nitric acid. Vorg = Vaq = 700 PL. Temperature = (25 ± 0.5)°C.
Aqueous solution: 152Eu(III) and 241Am(III) trace level in a surrogate
SANEX-MOX feed: [HNO3] = 1 mol/L + [Ln(III)] tot = 8.8 m mol/L.
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Cold tests of the DIAMEX process (with the malonamide DMDOHEMA), using the hollow fibre
module (HFM) micro-plant, were performed at INE-FZK and will be undertaken with hot HAR at the
ITU. The flow sheet of the process is presented on Figure 8.
Figure 8. The hollow fibre module (HFM) micro-plant
established during the DIAMEX extraction experiment
DMDOHEMA
in TPH

Spent solvent

Extraction
HFM
Raffinate

FP scrub
HFM
Feed - HAR

Acid scrub
HFM
FP scrub

Acid scrub

Stripping
HFM
Product

Strip sol’n

WP2 and WP4
The scientists involved in WP2 and WP4 consider that common studies can be done in both WPs.
Some results are thus presented jointly. Numerous types of extracting agents, belonging to different
families, i.e. calixarenes, cosans, podants, have been prepared. Figure 9 presents the scheme for the
synthesis of CMPO-calix[4]arenes.
Other molecules such as cosan-CMPO were prepared (Figure 10), and calixarene-cosans were
also synthesised, as the molecule shown in Figure 11.
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Figure 9. Synthesis scheme for the preparation of CMPO-calix[4]arenes
i) R-Br, K2CO3, CH3CN; ii) MeI, NaH, DMF; iii) HNO3, CH2Cl2; iv) Raney-Ni, H2, toluene; v) 8, NEt3(cat), CHCl3
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Synthesis is based on two step procedure
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Figure 11. New cosan-calix[4]rene
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After their synthesis, the extractant properties were tested. For the extractants prepared, see
Figure 12, and for their extraction data vs. Am(III) and Eu(III) see Table 1.
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Figure 12. Poly-malonamide extractants from UAM
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Table 1. Results obtained for the extraction of Am/Eu from nitric acid
solutions, with UAM077, UAM-079 and UAM-090 ligands in n-octanol
HNO3
(M)
3
4
5

Ligand
1.5·10 M UAM-079
DAm
DEu
0.012
0.010
0.017
0.016
0.015
0.014

–2

–2

10 M UAM-077
DAm
DEu
0.017
0.015
0.018
0.018
0.016
0.018

10–2 M UAM-090
DAm
DEu
0.12
0.45
–
–
–
–

WP3
The examples chosen to be presented here concern: i) the use of solid extractant (SEX) to perform
An partitioning; ii) the hot experiment for U/Pu partitioning using a modified PUREX process. Several
SEX incorporating extracting ligands, such as malonamides, TODGA, cosans and calixarenes into
polyacrylonitrile (PAN) polymer beads were prepared. After preparation, these SEX can be used for
An chromatographic separations. Distribution coefficients of Am(III) and Eu(III) between aqueous
nitric acid solutions and a DMDOHEMA-PAN are presented in Figure 13. Successful chromatographic
partitioning experiments from a synthetic HAR, using a TODGA solid extractant was achieved, as
shown in Figure 14.
Figure 13. Dependence of weight distribution ratios Dg of Eu and Am
on DMDOHEMA–PAN(HNO3) solid extractant on nitric acid concentration
in absence of any carrier or in the presence of 10–5 M Eu carrier
0.1 M NaNO3 + HNO3, V/m = 250 mL/g, 20 hrs contact time
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Figure 14. Chromatographic separation of a synthetic HAR by a TODGA column
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Hot tests of a modified PUREX process for Pu/U separation were also done. The principle of the
separation of Pu/U is based on the use of a Pu(IV) complexing agent: acetohydroxamic acid (AHA).
The process flow sheet tested with real solutions is presented in Figure 15. The results obtained were
very successful. The decontamination factors (DF) were: DF(U/Pu) = 1.45.106, DF(Pu/U) = 360.
Figure 15. Schematic of flow sheet for the third U/Pu split trial
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WP5
Several methods were studied for the co-conversion of actinides into oxide compounds: i) sol-gel;
ii) co-precipitation. Until now, most of the work has been done with An surrogates. Figure 16 presents
the beads which were prepared by sol-gel with a mixture of Zr(IV) + Y(III) + Ce(III). Co-precipitation
experiments were also performed, i.e. hydroxides of Th(IV) and Ce(IV,III) were co-precipitated.
Figure 17 presents the kinetics of this co-precipitation.
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Figure 16. Zr/Y/Ce gel beads, Tbath = 80°C, dried at Tamb

Figure 17. Co-precipitation of ThO2-50% CeO2 powder.
Evolution of the pH and element concentration during precipitation.
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Pyrometallurgy
WP6
The determination of the basic properties of An and FPs into: i) molten salts, i.e. chloride and
fluoride mixtures; ii) the metallic solvent(s), is required for the future definition of pyrochemical An
partitioning processes, which can be based on electrodeposition, liquid-liquid extraction (with a metallic
solvent), or oxide precipitation. Electrochemical methods were used for the study of the basic properties
of An and FPs. For example, Figure 18 presents the cyclic voltammogram of Np chloride in LiCl-KCl
eutectic on a W electrode.
Among the low melting point metals, such as Al, Bi, Zn and Cd, Al was the most promising for
the liquid-liquid reductive extraction An partitioning process. Some doubts remained concerning the
potentialities of Ga. Therefore, the activity coefficient of Pu into Ga solvent was determined. The
obtained values confirm that Al is actually the best one. In parallel, relevant activity coefficient data of
the literature were compiled in a database.
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Figure 18. Cyclic voltammogram for Np in LiCl-KCl
Left – full scale, right – study of the Np(III)/Np(0) couple
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WP7
Within WP7 three main promising core processes are presently under study: i) electrorefining on
solid aluminium cathode in molten chloride; ii) liquid-liquid reductive extraction in molten fluoride/
liquid aluminium; iii) an electrochemical process in molten fluoride. A successful An partitioning
process by electrorefining into LiCl-KCl eutectic using Al cathode was performed. It was shown to be
possible to charge more than 3.6 g of An (U to Am) in 4.5 g of Al with a convenient decontamination
factor (Figure 19).
Figure 19. Experimental set-up used in the electrorefining experiments and aluminium cathode

With the liquid-liquid reductive extraction, separation factors over 1 000 are obtained between An
and Ln. A two-stage process will be efficient to recover more than 99.9% of the An (Figure 20). The
electrolysis in fluoride media is less developed and the feasibility of the separation is still to be
demonstrated. In any case, promising results were obtained with regard to U/Ln separation.
To develop new processes, dedicated experimental facilities are needed and process modelling
has to be increased. Over the past two years, The PYREL II facility was built at ENEA and a built-in
electrolyser in an inert glove box was developed at NRI (Figure 21). Process modelling is under study
on liquid-liquid reductive extraction and electrorefining in chloride media.
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Figure 20. Mass distribution coefficients (DM = Xmetal/Xsalt) of actinides and lanthanides
with Al/Cu and separation factors with Am (DAm/DM). Pictures: salt before and after extraction
(blue colour mainly due to Pu and brownish colour mainly due to remaining Sm and Eu).
M
Pu
Am
Ce
Sm
Eu
La

DM
197 ± 30
144 ± 20
0.142 ± 0.01
0.062 ± 0.006
<0.013
<0.06

SFAm/M
0.73 ± 0.21
1
1 014 ± 213
2 323 ± 488
>11 000
>2 400

Figure 21. Built-in electrolyser for fluoride media at
NRI (left) and PYREL II electrolyser facility at ENEA (right)

WP8
The wastes produced during future An pyrochemical processes will be conditioned into solid
matrix. For chloride salts, the solid matrix sodalite has been selected by numerous partners. Figure 22
presents, for example, the XRD pattern of a sodalite doped with numerous alkali ions.
Figure 22. XRD of Cs, Rb, Li, K –doped sodalite sample synthesised
at 700°C for 48 h by reaction between salt and nepheline
S – sodalite, N – nepheline, KLiAlSiO4 – potassium lithium aluminium silicate
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WP9
System study for future An pyrochemical processes is very important. Figure 23 presents a
scheme related to the pyrochemical treatment of ADS fuel.
Figure 23. System for the pyrochemical treatment of ADS spent fuel
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CuCl2

General information
Partnership
A total of 26 partners are participating in the EUROPART programme. These partners are from
universities and research organisations which are principally concerned with nuclear research. The list
of the partners with the name of the corresponding scientist is given below:
CEA, DEN-VRH (Marcoule), France (Prof. Charles Madic)
Nexia Solutions, Sellafield, United Kingdom (Dr. Robert G. Lewin)
Chalmers University, Göteborg, Sweden (Prof. Christian Ekberg)
CIEMAT, Madrid, Spain (Dr. Gabriel Pina)
University CTU, Prague, Czech Republic (Prof. Jan John)
ECPM-CNRS, Strasbourg, France (Dr. Françoise Arnaud)
EDF, R&D Division, Moret-sur-Loing, France (Dr. Eric Walle)
ENEA, Casaccia, Rome, Italy (Dr. Giorgio De Angelis)
ISR, FZ-Jülich, Germany (Dr. Giuseppe Modolo)
ICMAB, Barcelona, Spain (Prof. Francesc Teixidor)
IIC, R z, Czech Republic (Dr. Bohumir Gruner)
INE, FZ-Karlsruhe, Germany (Dr. Andreas Geist)
EC-JRC-ITU, Karlsruhe, Germany (Dr. Rikard Malmbeck)
Johannes Gutenberg University, Mainz (Prof. Volker Böhmer)
Katchem, R z, Czech Republic (Dr. Bohuslav Casensky)
NRI, R z, Czech Republic (Dr. Jan Uhlir)
Polimi, Milano, Italy (Dr. Mario Mariani)
UAM University, Madrid, Spain (Prof. Pilar Prados)
Liège University, Liège, Belgium (Prof. Jean-François Desreux)
Louis Pasteur University, Strasbourg, France (Prof. Georges Wipff)
Parma University, Parma, Italy (Prof. Rocco Ungaro)
University of Reading, Reading, United Kingdom (Dr. Michael J. Hudson)
University of Twente, Twente, The Netherlands (Prof. Willem Verboom)
ICHTJ University, Warsaw, Poland (Prof. Jerzy Narbutt)
CRIEPI, Tokyo, Japan (Dr. Tadashi Inoue)
ANSTO, Australia (Dr. Michael La Robina)

Organisation of EUROPART
The Governing Council exists to protect the interests of the partners, with participation of the
responsible scientist of each partner. The President of the Governing Council is Dr. Michael J. Hudson,
from the University of Reading (UK). The technical work within EUROPART is organised into nine
Work Packages (WPs), with five for the domain of hydrometallurgy and four for pyrometallurgy.
WP5 provides a link with EUROTRANS. Each WP has a principal scientist. The list of the WP
leaders is as follows:
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WP1: Dr. Clément Hill, CEA-Marcoule, France
WP2: Dr. Françoise Arnaud, ECPM, CNRS, Strasbourg, France
WP3: Dr. Amparo G. Espartero, CIEMAT, Madrid, Spain
WP4: Prof. Jean-François Desreux, Liège University, Belgium
WP5: Dr. Giuseppe Modolo, ISR, FZ-Jülich, Germany
WP6: Dr. Rikard Malmbeck, EC-JRC-ITU, Karlsruhe, Germany
WP7: Dr. Stéphane Bourg, CEA-Marcoule, France
WP8: Dr. Giorgio De Angelis, Casaccia, Rome, Italy
WP9: Dr. Jan Uhlir, NRI, R z, Czech Republic
An executive board exists, which advises the co-ordinator, and is composed of all the WP leaders:
Mr. Noël Ouvrier, Scientific Secretary of EUROPART (CEA-Marcoule, France), Prof. Charles Madic
(CEA-Saclay, France), Co-ordinator of EUROPART, and Dr. Michael J. Hudson (Chairman of the
Governing Council).
Other information
Collaboration is organised with:
x

Foreign organisations: i) DOE: ANL, Chicago, USA, (Dr. Mark A. Williamson), concerning
the separation of Am from Cm, ii) ISTC and STCU programmes: KRI, St. Petersburg, Russia,
(Dr. Igor Smirnov), Kiev University, Kiev, Ukraine, (Prof. Vitaly Kalchenko), related to the
study of the basic extracting and complexing properties of calixarene-based ligands synthesised
at Kiev and first tested at St. Petersburg.

x

European projects: i) ACTINET: some EUROPART members participated in this excellent
network. Moreover, the co-ordinator of EUROPART became a member of the Scientific
Committee of ACTINET, ii) EUROTRANS: contacts with the co-ordinator and with the
leader of the domain of fuel preparation of EUROTRANS. They participate in the biannual
meetings of EUROPART where they present for talks related to EUROTRANS.

Conclusion
The studies carried out within EUROPART have lead to significant progress for the separation of
actinides and lanthanides particularly by hydrometallurgical means. In the domains of hydrometallurgy
and pyrometallurgy, combined academic and industrial research has been fruitful for both fundamental
research and process development. In the last year of the programme increasing efforts will be related
to process developments and there will be more hot tests. Much more work needs to be carried out and
it is hoped that the studies here will lead to another project within European FP7. The combined
facilities within Europe are essential for continued development of P&T. The results obtained within
EUROPART will consolidate the European P&T strategy.
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Abstract
This paper summarises the activity of pyroprocessing and metal fuel development over the past several
years at CRIEPI. Process developments of electrorefining, reductive extraction to recover actinides in
salt and electrochemical reduction are described along with technological developments by use of
engineering scale model. The domestic and international irradiation programmes for U-Pu-Zr and
U-Pu-Zr-MA-RE metal fuels are also described with development of metal fuel fabrication. The results
support the technical feasibility of metal fuel/pyroprocessing fuel cycle, and affirmative evaluation
was obtained for fuel cycle technology in the framework of the Feasibility Study of FBR Fuel Cycle
carried out by JAEA, electric power companies, CRIEPI and other organisations.
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Introduction
The metal fuel fast reactor combined with pyroreprocessing has a high potential for future nuclear
system. The metal fuel could support a flexible use of fissile material economy due to the possibility
of wide breeding ratio achievable 1.0 to 1.3. Fast spectrum favours to burn minor actinides produced
in LWR fuels, UO2 and MOX. The pyroreprocessing technology with metal electrorefining is well
contrived for metal fuel reprocessing with foreseen potential, such that no additional process is needed
to separate minor actinides and low decontaminated products contributes to a high resistance for
proliferation. Systematic study has been carried out in the framework of IFR programme before
1994 [1], and CRIEPI has been continuously involved in the development of pyroreprocessing
technology since 1985 by participating in the IFR programme, and after the end of programme as well.
CRIEPI’s activity has been focusing not only on the aspect of metal fuel cycle but also on P&T of
long-lived radioactive nuclides [2], which includes a process to convert nitrate solution to chloride
form [3]. The pyroprocessing of oxide fuels to introduce pyroreprocessing with electrorefining has
been investigated by use of electrochemical reduction subsequent to lithium reduction technology [4].
This paper provides an overview of our programme that contains metal fuel reprocessing, oxide
reduction and metal fuel fabrication and irradiation. The partitioning and transmutation programme in
the framework of the Japanese OMEGA programme has already published the process development
achieved with the simulated materials [5]. Verification of the process through the use of genuine
material of high-level liquid waste produced by the spent fuel treatment is now under investigation, on
which will be reported in somewhere. Collaborations with other organisations play an effective role to
establish the process and to develop an engineering scale of installation in this programme.
Concept of nuclear fuel cycle system with metal electrorefining
Metal electrorefining with dual cathodes, one for uranium deposition and the other for collecting
actinides into liquid cadmium, is an essential device for the separation of uranium and transuranium
elements. Figure 1 represents the process flow of pyroreprocessing. The electrorefining and cathode
processing for salt/cadmium distillation are the key devices for the reproduction of a fissile material
for fabricating metal fuel. Reductive extraction is another essential process to harvest actinides from
salt, in which fission products and actinides are accumulated during electrorefining operation, which
contributes to waste volume reduction and minimisation of TRU losses to waste for disposal. The
electrochemical reduction has a high potential to introduce conventional oxide fuels into the metal fuel
cycle. The pyroreprocessing described here has several obvious advantages. It can treat short-cooled
fuels or high TRU content fuels like MOX without degradation of liquid media due to radiation and
acid, because molten salt and liquid metal are used instead of organic material and nitric acid. Milder
controls on criticality restriction should be allowed due to the absence of an aqueous phase. The closer
electrochemical potentials of actinide, U, Np, Am, probably Cm [6] in chloride salt/liquid cadmium
does not allow an easy separation of plutonium with high purity to make weapons-grade material.
Pyroreprocessing for metal fuels
The thermodynamic properties in LiCl-KCl/Cd and LiCl-KCl/Bi systems have been reported
on for a better understanding of electrorefining and reductive extraction at an early stage of the
programme [6-8]. Based on the thermodynamic simulation for separation, a small-scale electrorefining
equipment has been built in JAEA in order to examine plutonium recovery into cadmium cathode as
CRIEPI-JAEA joint study. Figure 2 shows a schematic presentation of the electrorefiner and the outlook
of obtained cathode cadmium separated from salt. A micro-photo of the cross-section is indicated in
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Figure 1. CRIEPI’s pyrochemical process for the recycle of actinides
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this figure as well. A high current density of 125 mA/cm2 is achieved, whose value is an expected
target from a design study of the electrorefiner [9]. The cadmium include ca. 11 wt.% of uranium and
plutonium, which exceeds a solubility limit of cadmium. An excess amount of heavy metal forms
intermetallic compound identified as (U,Pu)Cd11 and (U,Pu)Cd6. The composition of heavy metals in
cadmium against current passed suggested that americium, which is contained in the plutonium used,
is collected proportionally with plutonium and uranium collection. The results agree well with the
thermodynamic simulation of the electrorefining process.
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Figure 3 shows an Ar atmosphere glove box installed in CPF of JAEA. A series of verifications of
pyroprocessing using plutonium fuels are carried out as a CRIEPI-JAEA joint study. Oxide fuels are
reduced by the lithium reductant or electrochemically. The metal is electrorefined with solid cathode
and liquid Cd cathode. The cathode products are served for distillation of cadmium and salt to obtain
U or U-Pu alloy. The alloy is to be casted with zirconium by injection to form fuel slug, and finally
re-oxidised for storage. The obtained mass balance is enough to demonstrate the feasibility of a series
of experiments [10]. Process parameters will be optimised to maximise recovery ratio of the process
after several series of experiments.
Figure 3. Ar glove box for series verification of pyrochemical reprocessing of plutonium fuel

Test of each elemental technology by use of real materials such as high-level liquid waste and
irradiated fuel is essential for verification of the process. Figure 4 shows an Ar hot cell equipped with
pyrochemical apparatus installed for the joint study with Institute of Transuranium Elements (JRC-ITU).
In the near future, a separation of TRU from real HLLW is scheduled and irradiated material is used to
separate actinides by electrorefining. Prior to these hot operations, experiments with unirradiated fuels
were carried out. The behaviour of anodic dissolution of U-Pu-Zr fuels in LiCl-KCl molten salt are
clarified for the first time [11], and a dissolution model is proposed [12]. Recovery and separation of
MA on liquid Cd cathode is also clarified using U-Pu-Np-Am-Cm-RE-Zr fuel. Separation of actinides
from lanthanides agreed well with thermodynamic properties. These results will be compared with
those of the fuel irradiated at the Phénix reactor.
Figure 4. Ar hot cell dedicated for pyroprocess development
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The development of an engineering model of process equipment is one of the attractive aspects of
this study. Figure 5 is an engineering scale high-throughput electrorefiner, in which two pairs of anode
baskets are allocated in a stainless steel vessel, whose inner wall is operated as a cathode to collect
uranium metal. Deposited uranium crystal on the wall is periodically scraped off for recovery at the
basket hung on the vessel. After the improvements of engineering parameters such as anode/cathode
clearance, shape of scraper, timing of scraping, etc., a collection efficiency of more than 40 gU/h/litre
was achieved. Figure 6 shows the engineering scale model of molten salt/liquid cadmium counter current
reductive extractor. Recovery of actinides from salt after electrorefining is essential to minimise TRU
waste. It has already been demonstrated to recover more than 99% of Np, Pu and Am in multi-stage
extraction on a small scale [5]. The objective of the engineering scale model is to demonstrate the
applicability of counter current extraction using molten LiCl-KCl salt and liquid cadmium at 500qC.
The salt and cadmium supplied from each reservoir tank are contacted at the reactor, and separately
flow down to their own acceptor tank. The separation study was carried out with Ce, Gd and Y as
substitutes of U and Pu or MA, and other lanthanides. The flow rate was ca. 3 litres for both salt and
cadmium within one to three hours. The concentration of each solute was found to reach a steady state
immediately. More than 97% of Ce and Gd substituted for actinides was recovered in a cadmium
phase in single stage at the low flow rate condition [13]. The extractor is extended to a three-stage
counter current operation in order to achieve a high recovery rate with high decontamination factor.
Figure 5. High-throughput electrorefiner

Figure 6. Counter current reductive extractor
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Oxide fuel treatment by electrochemical reduction
Electrochemical reduction is an effective measure to obtain metals from oxides without any
production of reagent waste [14]. Figure 7 shows the proposed process to treat oxide spent fuel. Prior
to the electrochemical reduction, electrowinning of UO2 from granulated spent oxides is carried out in
LiCl or LiCl-KCl salt for remarkable volume reduction of oxides to be reduced. Alkali and alkaline
earth and halogenous elements can be dissolved in a salt. Not only CRIEPI but also scientists in the
Research Institute of Atomic Reactors (RIAR) have accumulated a lot of experience to foresee the
technological feasibility of oxide electrowinning [15].
Figure 7. CRIEPI’s oxide fuel treatment process

The oxides remaining in an anode basket are transferred to a cathode in order to electrochemically
reduce to metals in a LiCl or CaCl2 bath by producing oxygen or CO2 at an anode. Once converted
into metals, the electrorefining is applied to recover actinides, as previously described. Unirradiated
MOX fuel has supplied to examine a reduction efficiency and its morphology change [14], and almost
100% of reduction was achieved, as shown in Figure 8. The development of an engineering scale
installation is at the stage at which a technological model has been devised. The oxide granulated was
loaded by ca. 100 g in the cathode basket of two pairs with holes covered meshed stainless steel. In the
centre of each basket, interface plate charged together with basket was allocated. Figure 8 shows the
basket with oxide and the metal product.
Irradiation of metal fuel
Enough data has not been accumulated on the irradiation behaviour of U-Pu-Zr metal fuel.
Though more than thousands pins of U-Zr or U-Fissium were irradiated in EBR-II and FFTF, only
several hundreds pins with U-Pu-Zr had been irradiated, mostly in EBR-II. So as to verify commercial
application, irradiation experiences with wider irradiation conditions are necessary. For future fuel
cycle, fuels with minor actinides are potential candidate to manage high-level wastes.
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Figure 8. Before and after electrochemical reduction: (top) MOX fuel, (bottom) UO2



CRIEPI is promoting two irradiation programmes under domestic or international collaboration.
One is the Phénix irradiation programme for U-Pu-Zr with minor actinides, the so-called METAPHIX
programme. Three different composition of metal fuel pins were prepared. U-19Pu-10Zr with 2%MA
and 2%RE, with 5%MA and 5%RE, and without MA and RE were fabricated, where MA means Np,
Am and Cm, and RE denotes Ce, Nd, Y and Gd. Compositions of MA and RE are determined based
on the spent LWR fuel composition calculated by the ORIGEN-II code. The MA metals were obtained
through chemical reduction of each oxide with a metal reductant such as Nd or Th, followed by
vaporisation/deposition treatment. Figure 9 shows the configuration of the metal alloys in the fuel pin.
Three pins with different compositions are loaded in the same irradiation capsule. Three capsules were
charged in Phénix to achieve three different burn-ups. Irradiation began in early 2004 at the Phénix
fast reactor under collaboration with the CEA. Two capsules with three fuel pins were discharged
in August 2004 and in July 2006, the first achieving 2.4 at.% burn-up and the latter ca. 6 at.% burn-up.
Non-destructive analyses such as dilatometry and failure detection were carried out for lower burn-up
fuel pins in CEA-Marcoule. No visual change and no failure were observed except a small swelling of
cladding at the region where MA fuel is contained. The first three pins were transported to JRC-ITU
for destructive analyses to measure fission gas release, metallography, MA transmutation rate and
element analysis along the radial and axial directions. Recovery of actinides by electrorefining will
be tested with the irradiated fuels. Subsequently, pins with intermediate and high burn-ups will be
transported to serve for the same study.
Figure 9. Metal fuel pin configuration for Phénix irradiation
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Another metal fuel irradiation programme has started as a joint study with JAEA. U-Pu metal has
been prepared by electrochemical reduction of MOX green pellets fabricated from the mechanical
mixture of UO2 and PuO2 at an equal composition. By casting uranium and zirconium metal with U-Pu
metal, the fuel composition was adjusted to U-10 wt.%Pu-10 wt.%Zr. Based on the experience with
engineering scale U-Zr injection casting furnace [16], a single pin injection casting apparatus for
U-Pu-Zr fuel was developed and installed in the Ar glove box. An alloy injected into a quartz tube for
trial casting is shown in Figure 10. The composition, homogeneity and impurities of the alloy are
under analyses employing appropriate means. Ten alloy fuel pins will be fabricated over the next year,
and irradiated at the JOYO fast reactor as of 2008.
Figure 10. U-Pu-Zr test piece fabricated for JOYO irradiation

Conclusion
This paper summarises the activity of pyroprocessing and metal fuel development over the past
several years at CRIEPI. Elemental technology of electrorefining, reductive extraction to recover
actinides in salt, electrochemical reduction and fuel fabrication have been verified to apply to the
reprocessing of spent metal and oxide fuels from points of process development and engineering scale
application. Based on these achievements, flow sheet and design study were carried out for evaluation
of fast breeder reactor cycle system in the framework of the Feasibility Study of FBR Fuel Cycle [17]
carried out by JAEA, electric power companies and CRIEPI. The future programme is focused on
process verification using irradiated materials, the development of an engineering scale model and
metal fuel irradiation at the Phénix and JOYO fast reactors. The development of a safeguard concept
including a nuclear material accounting system is another key component in the next stage.
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Abstract
The extractant, N,N,N`,N´-tetraoctyl diglycolamide (TODGA) has been evaluated for the separation of
actinides(III) and lanthanides(III) from a high-active raffinate (HAR). The effect of the oxalic acid
concentration on the extraction of actinides(III), lanthanides(III) and important fission products
(e.g. Mo, Pd, Sr, Zr, Ru, etc.) from synthetic HAR has been studied with 0.2 mol/L TODGA in TPH.
With a mixture of TODGA and TBP the amount of oxalic acid can be reduced to less than 0.3 mol/L
for effective complexation of Zr, whereas distribution ratios of actinides(III) and lanthanides(III) are
still high for the separation from HAR. Furthermore the maximum loading of Nd can be significantly
increased by adding TBP to the extractant. However, the extraction of oxalic acid and nitric acid also
increases through addition of TBP, which can lead to problems during stripping of loaded extractant.
Extraction studies after radiolysis and hydrolysis reveal that TODGA+TBP+TPH is a sufficiently
stable extraction system suited for further process development studies.
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Introduction
A lot of research is being done to discover efficient methods to separate the trivalent actinides
from the PUREX waste stream and several processes have been developed in recent years. In the
framework of European projects (NEWPART, PARTNEW and now EUROPART) a combination of
DIAMEX and SANEX processes have been developed [1-3]. In this scheme trivalent actinides An(III)
are co-separated together with the lanthanides Ln(III) in the DIAMEX process and the subsequent
group separation of An(III)/Ln(III) is carried out in the SANEX process. Our studies showed that
An(III) and Ln(III) could be co-separated from high-active raffinates (HAR) using a new powerful
extractant, the diglycolamide TODGA, recently discovered by Sasaki, et al. [4]. The tridentate neutral
ligand presents higher affinity to An and Ln than the diamide of the French DIAMEX process. So, it
appears useful to assess the interest of this new type of ligand in the frame of An(III) partitioning from
HAR of the PUREX process. The batch extraction studies show that the extraction force of TODGA is
so strong that many fission products are co-extracted with An(III) between 3.0 and 4.0 mol/L HNO3;
the TODGA concentration must therefore be limited to 0.2 mol/L to be used in an extraction process [5].
TODGA’s extracting properties have been examined with different modifiers and complexants in
order to control and optimise the separation properties. The extraction of HNO3, oxalic acid and the
lanthanide(III) loading was studied to determine the limits of the third phase formation. Furthermore,
the stability of TODGA versus hydrolysis by nitric acid and the radiation stability have been studied.
In the present study the results of the batch extraction results are presented which serve for the
development of a continuous counter flow sheet to be tested soon in the centrifugal battery of the
Jülich research centre.
TODGA batch studies with synthetic HAR
Recently we were able to show that TODGA is a very interesting extractant for An(III) and
Ln(III) partitioning from HARs and possibly also from high-active concentrates (HAC). We developed
a TODGA process with 0.2 mol/L TODGA in TPH (aliphatic solvent used in the La Hague
reprocessing plant) and performed two successful tests in centrifugal extractors [5]. In order to
decrease the distribution ratios of Zr and suppress third phase formation, however, 0.4 mol/L of oxalic
acid had to be added to the HAR. At this high oxalic acid concentration, a slow precipitation of the
An(III) and Ln(III) oxalates in the HAR after a few days was observed. Subsequently, the influence of
the H2C2O4 concentration was therefore studied in more detail. A synthetic PUREX HAR with the
composition shown in Table 1 was used for extraction experiments. This solution was spiked with
152
Eu, 241Am, 244Cm and 252Cf immediately prior to extraction. Oxalic acid and N-(2-hydroxyethyl)
ethylenediaminetriacetic acid (HEDTA) (for Pd complexation) were also added.
Table 2 shows the results of extractions with different H2C2O4 concentrations (0.15-0.4 mol/L) in
HAR. Surprisingly, we did not observe any third phase formation even at low oxalic acid concentrations
< 0.3 mol/L. It can be seen that the DAn(III)+Ln(III) increase with rising H2C2O4 concentration, those of
zirconium decrease as expected and DMo increases slightly. For the other elements no significant
influence is observed. Of the fission products only Sr (DSr between 1 and 2) is co-extracted. An
important result of this test series with a view to process development is that a H2C2O4 concentration
of 0.3 mol/L should be sufficient to avoid the co-extraction of Zr.
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Table 1. Composition of the synthetic HAR with an acidity of 3.2 mol/L HNO3
Element
Ag
Al
Ba
Cd
Ce
Cr
Cu
Cs
Y
Eu
Fe
Gd
La
Mo
Te

mg/L
12.6
2
264
17
518
91
19
556
102
33
1 900
35
218
672
481

Element
Na
Nd
Ni
Pd
Rb
Pr
Rh
Ru
Sb
Se
Sm
Sn
Sr
Zr

mg/L
2 034
718
47
123
65
219
80
388
4.4
9
146
11
167
1 165

Table 2. Extraction of An(III) and HAR elements by TODGA in
TPH from synthetic HAR with variable oxalic acid concentration

Element
152

Eu
Am
244
Cm
252
Cf
La
Ce
Eu, Gd, Nd,
Pr, Sm
Y
Mo
Pd
Sr
Zr
Ru
Ag
Cd
Ba, Cr, Cs
Cu, Fe, Na
Ni Rb, Rh
Sb Se Sn
Te
241

0.15

0.2

261
291
397
2 167
32.0
98

244
704
1 608
14 512
30.9
108

[H2C2O4] mol/L
0.25
0.3
Distribution ratios D
229
536
1 110
1 955
2 026
3 706
8 852
11 439
44.4
42.6
170
164

> 200

> 200

> 200

> 200

> 200

> 200

9 719
0.081
0.164
1.05
0.681
0.171
0.624
0.0385

22 515
0.071
0.091
0.84
0.259
0.215
0.282
0.0358

24 562
0.087
0.048
1.54
0.102
0.204
0.117
0.0500

26 978
0.113
0.055
1.58
0.097
0.186
0.108
0.0521

21 195
0.121
0.046
1.75
0.056
0.161
0.066
0.0592

27 270
0.141
0.038
1.90
0.042
0.177
0.056
0.0623

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

< 0.01

0.35

0.4

470
1 745
3 929
9 215
42.5
164

512
1 705
3 429
14 814
50.5
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Organic phase: 0.2 mol/L TODGA in TPH (not pre-equilibrated with nitric acid).
Aqueous phase: Synthetic solution of HAR containing variable H2C2O4 + 0.05 mol/L HEDTA, composition of
Table 1, traces of 241Am, 244Cm, 252Cf and 152Eu.
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Mixtures of TODGA with different extractants, such as amides or TBP, were also studied. As is
known, amides and TBP are also suited for the extraction of tetra- and hexavalent actinides, and these
extractants are also used as modifiers. Our investigations show that the TODGA/TBP system seems to
be very interesting for actinide separation, because a low H2C2O4 concentration of 0.15 mol/L in HAR
(similar to the DIAMEX process) is obviously sufficient here for process development (Table 3).
Table 3 shows the influence of oxalic acid concentration in HAR for the extraction with 0.2 mol/L
TODGA + variable TBP in TPH. If the TBP concentration in the extractant is reduced to 0.25 mol/L,
the Zr and Sr values slightly rise.
Table 3. Extraction of An(III) and HAR elements
by TODGA and TBP from synthetic HAR solution

[H2C2O4]
[TBP]
[HEDTA]

0.05
0.50
0.05

0.05
0.25
0.05

Am, Cm, Cf
Ln(III)
Mo
Pd
Ru
Sr
Zr
Rest FP

> 200
> 200
0.06
0.30
0.23
0.40
5.86
< 0.03

> 200
> 200
0.08
0.36
0.22
0.59
5.76
< 0.03

Concentrations in mol/L
0.10
0.15
0.15
0.25
0.50
0.25
0.05
0.05
0.05
Distribution ratios D
> 200
> 200
> 200
> 200
> 200
> 200
> 200
> 200
0.05
0.06
0.04
0.05
0.16
0.18
0.07
0.07
0.22
0.19
0.25
0.20
0.54
0.73
0.44
0.77
0.82
1.07
0.18
0.19
< 0.03
< 0.03
< 0.03
< 0.03
0.10
0.50
0.05

0.20
0.50
0.05

0.20
0.25
0.05

> 200
> 200
0.04
0.03
0.25
0.42
0.06
< 0.03

> 200
> 200
0.05
0.04
0.21
0.64
0.09
< 0.03

Organic phase: 0.2 mol/L TODGA + variable TBP (0.25/0.5 mol/L) in TPH (not pre-equilibrated with nitric acid).
Aqueous phase: Synthetic solution of HAR containing variable concentration of H2C2O4 + 0.05 mol/L HEDTA,
composition of Table 1, traces of 241Am, 244Cm, 252Cf and 152Eu.

Figure 1 shows the results of the extraction of Eu(III) and of the actinides Am(III), Cm(III),
Cf(III), Th(IV) and U(VI) from HNO3 using 0.2 mol/L TODGA + 0.5 mol/L TBP in TPH. It can be
seen that in the HNO3 range from 0.1 to 3 mol/L the trivalent actinides and Th(IV) have similar D
values. Hexavalent uranium, in contrast, is less extracted by up to two orders of magnitude. Further
investigations show, if the TBP concentration is reduced to 0.25 mol/L, only the U(VI) distribution
ratios decrease (factor of 3 at 3 mol/L HNO3).
Figure 1. The extraction of Eu(III) and actinides with TODGA/TBP mixtures
Organic phase: 0.2 mol/L TODGA + 0.5 mol/L TBP in TPH (not pre-equilibrated with nitric acid).
Aqueous phase: Variable HNO3, tracer amounts of 241Am, 244Cm, 152Eu and 252Cf and 0.01 mol/L Thnatand Unat.
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The distribution data of some important fission products are shown in Figure 2. It can be seen that
the Zr distribution ratios also rise with 0.2 mol/L TODGA + 0.5 mol/L TBP with increasing HNO3
concentration. However, the addition of 0.2 mol/L oxalic acid significantly reduces the D value of Zr.
Figure 2. The extraction of some important fission products with TODGA/TBP mixtures
Organic phase: 0.2 mol/L TODGA + 0.5 mol/L TBP in TPH (not pre-equilibrated with nitric acid).
Aqueous phase: Variable HNO3, containing 0.01 mol/L of the element.
In case of Zr the influence of 0.2 mol/L oxalic acid was additionally studied.
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Effect of diluent and TBP on Nd(III) loading
We studied the neodymium loading in 0.1 mol/L TODGA and 0.1 mol/L TODGA + 0.5 mol/L
TBP in TPH. Considering the set of curves as a function of HNO3 concentration, the Nd loadings drop
steeply upon exceeding a certain initial Nd concentration. We also observed here the formation of a
third phase. The maximum organic Nd concentration before the formation of the third phase is also
defined as the limiting organic concentration (LOC). Comparison with literature data (e.g. 0.0081 mol/L
Nd at 3 mol/L HNO [6]), in which n-dodecane was used as solvent, shows that with TPH as solvent
higher Nd loadings (0.011 mol/L Nd) can be achieved. The addition of TBP shows that the extraction
of Nd is almost quantitative up to initially 0.02 mol/L Nd, after which the extraction slightly decreases.
If a 1:3 Nd-TODGA stoichiometry of the Nd(III)-TODGA complex in the organic phase is assumed,
the maximum Nd concentration in the organic phase should be 0.033 mol/L. The results show,
however, that with TBP the measured values are not so far away from those assumed. Of greater
importance is that no third phase was observed under these conditions.
Oxalic acid and nitric acid extraction
Since oxalic acid is also extracted in the TODGA process, and this can lead to problems during
stripping (oxalate precipitation at low HNO3), the oxalic acid distribution ratios were also systematically
determined as a function of the HNO3 concentration. It can be seen in Figure 4 that in the presence of
0.5 mol/L TBP in the solvent clearly higher oxalic acid (blue lines in Figure 4) and nitric acid
distribution ratios are obtained. The Doxalic acid decreases with increasing HNO3 concentration. At 1 mol/L
HNO3 the D-values are significantly influenced by the initial oxalic acid concentration and reach
values between 0.1 and 0.16. Without TBP in the solvent, the oxalic acid extraction (red lines in
Figure 4) is very low and a maximum D-value of 0.013 at 1 mol/L HNO3 was obtained. With increasing
HNO3 the extraction of H2C2O4 decrease further. The results also show that the extraction of HNO3 is
not influenced by the initial oxalic acid concentration.
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Figure 3. The loading of TODGA with neodymium(III)
at different nitric acid concentrations and the effect of TBP
Organic phase: 0.1 mol/L TODGA (+ 0.5 mol/L TBP) in TPH.
Aqueous phase: 2, 3, mol/L HNO3 with variable Nd concentrations, 22°C.
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Figure 4. The extraction of oxalic acid and nitric acid as a function of the
HNO3 and H2C2O4 concentration. The influence of TBP in the solvent.
Organic phase: 0.2 mol/L TODGA or (0.2 mol/L TODGA + 0. 5 mol/L TBP) in TPH (not pre-equilibrated with nitric acid).
Aqueous phase: Variable HNO3 (1, 2, 3 mol/L) and variable H2C2O4 (0.1, 0.2, 0.3 and 0.4mol/L).
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Stability of TODGA
Our previous extraction studies (batch and counter-current tests) have shown that TODGA is a
promising extractant for actinide separation from HARs. However, for process development the
necessary hydrolytic and radiolytic stability of the extractant still has to be demonstrated. We therefore
performed irradiation and hydrolysis experiments in order to identify the influence of the extraction of
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actinides and fission products. The irradiation experiments were performed in the cooling pond of our
DIDO research reactor. The maximum cumulative gamma dose during the whole irradiation time
amounted to about 1 MGy at a dose of 1.9 kGy/h. The following samples were irradiated: 0.2 mol/L
TODGA in TPH, 0.2 mol/L TODGA in TPH in contact with 3 mol/L HNO3, 0.2 mol/L TODGA +
0.5 mol/L TBP in TPH and 0.2 mol/L TODGA + 0.5 mol/L TBP in TPH in contact with 3 mol/L HNO3.
Figure 5 shows the distribution ratios of Am(III) as a function of the total dose. All the samples
behave similarly up to an adsorbed dose of 0.6 MGy. The distribution ratios hardly differed from those
of the unirradiated samples. Since under extraction conditions at 3 mol/L HNO3 very high Am
distribution ratios of > 200 were measured the D values are also affected by a rather large error. This
also explains the scatter of the results. With increasing dose, a weak decline in DAm is registered above
0.6 MGy. It can also be seen that the irradiated samples are apparently more strongly degraded in
contact with HNO3.
Figure 5. Extraction of Am(III) by irradiated solvent as a function of absorbed dose
Organic phase: 0.2 mol/L TODGA (+ 0.5 mol/L TBP) in TPH (irradiated at with different doses).
Aqueous phase: 3 mol/L HNO3 , traces of 241Am.
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Sugo, et al. [7] also performed quantitative and qualitative studies on the radiolytic degradation of
TODGA. However, they did not perform any extraction experiments, but rather determined the
stability of TODGA with the aid of GC (quantitatively) and qualitatively with GC-MS, NMR and
FT-IR. In their radiolysis studies they found that the degradation of TODGA is strongly dependent on
both the initial concentration and also on the solvent. The higher the concentration of TODGA in the
solution, the higher the resistance to radiolysis. The authors observed a significant degradation in
n-dodecane as the solvent, whereas higher stability was found in benzene. The addition of an amide
(DOHA) also suppressed degradation. In our studies, TPH was used as the solvent, which apparently
also increased TODGA stability. Sugo, et al. also investigated the hydrolysis of 0.1 mol/L TODGA in
n-dodecane in the presence of 3 mol/L HNO3 at room temperature over a period of four weeks. Their
quantitative analysis did not reveal any appreciable degradation and no formation of degradation
products was observed. Our extraction experiments with a long-time contact of 60 days with 3 molar
HNO3 (each day 30 minutes vigorously mixing and settling) confirm the high hydrolysis resistance of
TODGA.
Figure 6 shows the Am and Eu distribution ratios as a function of hydrolysis time. The D values
of Am and Eu do not change after 60 days of contact. The extractant mixture of 0.5 mol/L TODGA
and 0.5 mol/L TBP has a similarly high stability. We also performed extraction experiments with a
simulated HAR (see Table 1) in order to determine, in particular, the influence of hydrolysis or any
degradation products that may have been formed on the extraction of fission products. Figure 7 shows
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Figure 6. Extraction of Am(III) and Eu(III) as a function of hydrolysis time
Organic phase: 0.2 mol/L TODGA + 0.5 mol/L TBP in TPH (hydrolysed with 3 mol/L nitric acid).
Aqueous phase: 3 mol/L HNO3 or synthetic HAR, traces of 241Am and 152Eu.
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Figure 7. Extraction of important fission products from HAR as a function of hydrolysis time
Organic phase: 0.2 mol/L TODGA + 0.5 mol/L TBP in TPH (hydrolysed with 3 mol/L nitric acid).
Aqueous phase: Synthetic HAR + 0.2 mol/L oxalic acid + 0.05 mol/L HEDTA.
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the distribution ratios of the most important fission products as a function of the hydrolysis time. The
results do not show any significant changes in comparison to a fresh extractant in this case either.
Further irradiation experiments at higher doses (up to 3 MGy) are planned for the future. These
experiments are focused on the determination of the degradation process by analytical methods
(GC-MS, NMR and FT-IR).
Conclusions
A mixture of TODGA and TBP dissolved in an industrial solvent (TPH) has been proposed for
the effective co-separation of actinides(III) and lanthanides(III) from a PUREX raffinate. The addition
of TBP increases the loading capacity of the extractant and thus suppress the third phase formation.
As in the French DIAMEX process the extraction of zirconium and palladium can be avoided by
adding the complexants oxalic acid (for Zr) and HEDTA (for Pd). The radiation and hydrolysis stability
were also measured and the results confirm the high stability of the extractant mixture.
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Abstract
In the continuation of PYROREP (FP5), the pyrochemical domain of EUROPART (FP6) involves
today seven European participants and two international partners in order to assess treatment processes
which could be used in a broad variety of fuel cycles (MSR spent fuel, metallic, oxide, carbide or
nitride fuels from any reactors). Indeed, a pyrochemical process is not sensitive to radiolysis, and
obviously to temperature effects, and could afford to treat fuels after a short cooling period, even at
high concentrations.
Within EUROPART, the chemistry of actinides and of some fission products was studied in depth in
either chloride or fluoride molten salts. Laboratory-scale demonstration experiments were used in
order to assess electrolytic processes in molten chlorides and liquid-liquid reductive extraction in
molten fluoride/liquid aluminium. An electrolysis process is also under development in molten
fluoride. To complete the studies, the development of devices and the modelling of processes are taken
into consideration. In order to be fitted for acceptance, a process has to produce minimal quantities of
wastes, compatible with storage constraints. Therefore, decontamination techniques, as well as
materials suitable for disposal, have to be developed. Fission products precipitation by carbonate and
phosphate, and filtration on zeolites were studied. Some original confinement matrices such as sodalite
or pollucite were also studied. Integration studies have been carried out in order to evaluate and to
compare some selected process flow sheets and possibly to redirect R&D programmes.

1

European Integrated Project EUROPART (6th FP, F16W-CT-2003-508854).
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Introduction
In the 50-60s, the development of the molten salt reactor (MSR) and breeder reactor concepts led
to the development of the associated pyrochemistry in order to treat spent fuels. In the 70s, the
selection of the pressurised water reactor concept, associated to the Purex process, was a break point in
this development. At the end of the 80s, there was a renewal of high-temperature chemistry, first for
specific applications either in USA or in Russia, and second in Japan and Europe. Some experimental
spent fuels or some Gen. IV reactor fuels might not be compatible with current hydrometallurgical
processes. Therefore pyrochemical processes could provide alternative strategies for their treatment.
Prior to the year 2000, European scientists involved in the treatment of nuclear wastes, have
studied together in European projects in order to increase the level of knowledge in pyrochemistry
with respect to process development and specific waste treatment and confinement. In the continuation
of PYROREP (FP5), the pyrochemical domain of EUROPART (FP6) involves seven European
participants (CEA, CIEMAT, EDF, ENEA, ITU, NEXIA Solutions, NRI) and two international partners
(CRIEPI, ANSTO) in order to assess treatment processes which could be used in a broad variety of
fuel cycles (MSR spent fuel, metallic, oxide, carbide or nitride fuels from any reactors). Indeed,
pyrochemical processes are not sensitive to radiolysis, and obviously to temperature effects, and could
afford to treat fuels after a short cooling period, even at high concentrations. They are suitable for
treatment of highly refractory materials and the wide temperature range amplifies the differences in
thermodynamic stability that control the separation factors among compounds. Conversely, the process
media are highly aggressive to process equipment. The high reactant melting points result in a risk of
fouling of transfer systems and damage to process reactors in the event of an accidental temperature
drop. Some of these processes are also difficult to develop for continuous operation, and moreover,
technological and process waste require suitable treatment.
A pyrochemical process actually includes several basic steps: separation of the fuel from the
cladding material; dissolution of the material in a molten salt (except in the case of the electrorefining
where no dissolution step is necessary); chemical or electrochemical reduction of oxide to metal,
separation of the desired elements by electrowinning, transfer to an immiscible liquid metal phase or
selective precipitation. These processes include not only a core of process but also numerous ancillary
operations: head-end steps, conversion of final products to ensure compatibility with subsequent
utilisation, decontamination of process waste for recycling salt and metal fluxes and conditioning of
waste materials in accordance with their chemical and radiological properties but also decontamination
of technological waste and of all process off-gases.
Among this broad panel of potential field of studies, some prioritisation and selection were
necessarily done to build PYROREP and now EUROPART. First, the maximum of effort was put on
the core of process assessment. The chemistry of actinides and of some fission products was studied in
depth in chloride molten salts and, for some of them, in fluoride molten salts (thermodynamic properties
but also oxide dissolution and behaviour of oxichloride species). Laboratory-scale demonstration
experiments were used in order to assess electrolytic processes in molten chloride and liquid-liquid
reductive extraction in molten fluoride/liquid aluminium. An electrolysis process is also under
development in molten fluoride. To complete the studies, the development of devices and the modelling
of processes are taken into consideration. Second, decontamination techniques, as well as materials
suitable for disposal, were developed. Fission product precipitation by carbonate and phosphate, and
filtration on zeolites were studied to produce salts suitable for recycling. Some original confinement
matrices such as sodalite or pollucite were also studied for conditioning waste materials. Finally,
integration studies have been carried out in order to evaluate and to compare some selected process
flow sheets and possibly to redirect R&D programmes.
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Main results in pyrochemistry
The work within the pyro domain of EUROPART was divided into four parts dedicated
respectively to basic studies, process development, waste management and system studies.
Basic studies
Various thermodynamical properties of actinides and fission products in molten salts have been
described in the literature for more than 50 years. Electrochemical techniques were used to study
uranium and some lanthanides, mainly in molten chloride salts. Often, discrepancies were observed
between all these results. During PYROREP, and now in EUROPART, the objective was to clearly
establish relevant and assessed data for each element of interest in molten chloride or fluoride salt and
in liquid metals. The studies were extended to Pu, Am, noble metals, alkaline or alkaline-earth elements.
Electrochemical devices
Thanks to transient electrochemical methods (cyclic voltammetry, square wave voltammetry) it is
possible to determine apparent standard potentials, the number of exchanged electrons and then some
thermodynamic properties. If this is quite easy to do in classical media (aqueous or organic), the
challenge clearly exists in pyrochemistry. First it needs specific high temperature electrochemical
cells, suitable electrode materials, reference electrodes and very pure chemicals. It was then necessary
to develop specific devices and purification techniques, especially to remove oxides species in molten
salts. All the skills were shared between the partners to homogenise, if possible, the individual method.
Table 1. Apparent standards potentials, free Gibbs energies of formation and
activity coefficients of AnClx and FPs in the molten LiCl-KCl eutectic at 773 K

U (CIEMAT)
U (ITU)
Np (ITU)
Np (CIEMAT)
Pu (ITU)
Am (ITU)
Ce (UVA)
Ce (CIEMAT)
La (UVA)
Nd (UVA)
Pr (UVA)
Y (UVA)
Sm (CIEMAT)
Eu (CIEMAT)
Gd (CIEMAT)
Mo(CIEMAT)

UCl3
UCl3
UCl4
NpCl3
NpCl4
NpCl3
PuCl3
AmCl3
AmCl2
CeCl3
CeCl3
LaCl3
NdCl3
PrCl3
YCl3
SmCl3/SmCl2
EuCl3/EuCl2
GdCl3/Gd
MoCl3

E°*, V vs. Cl2/Cl–
-2.5109
-2.509
-1.428
-2.682
-0.724
-2.64
-2.7699
-2.6756
-2.8927
-3.054
-3.044
-3.095
-3.079
-3.060
-3.082
-2.00
-0.800
-2.9993
-1.03
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'GfMClx , kJ mol–1
-726.91
-726.20
-137.80
-776.44
-69.87
-764.28
-801.9
-816.6
-558.3
-850.109
-863.49
-896.003
-891.371
-885.87
-892.239
-193.340
-77.200
-868.29
-298.185

103 u Jq
4.8
1.39
14.8
0.079
8.45
6.79
5.0
5.1
56
5.05
6.19
6.64
0.38
5.53
0.0032
0.358
2.178
0.150
1.57

Refs.
[1]
[2]

[3]
[4]
[5]
[6]
[4,7]
[4]
[4]
[4,5]
[8]

[8]

Chloride media
The electrochemical behaviour of U, Pu and Am for actinides and La, Ce, Pr, Y and Nd for
lanthanides in LiCl-KCl was studied within PYROREP. Within EUROPART, U was studied again
(to clearly assess reference values), and the work was extended to Np and Th for actinides and Gd,
Sm, Eu for lanthanides. Mo and Ru were also studied. For each MClx species, the apparent standard
potential of the redox couple, the diffusion coefficient, the activity coefficient, the free energy of
formation as well as the free enthalpy and the free entropy of formation were determined. Some data
are summarised in Table 1.
Fluoride media
Studies in molten fluoride are much less developed. Even if a lot of experiments were done in
various molten salts (LiF-NaF, LiF-NaF-KF, LiF-CaF2), no thermodynamic data were really determined
with accuracy, particularly because of the difficulty of using a reliable reference electrode. Moreover,
the reproducibility of cyclic voltammograms is not often very good. But it was more or less possible to
obtain relative data and then to compare the behaviour of some actinides and lanthanides. It seems
quite clear today that it is not possible to deposit metal lanthanides in sodium-containing salts. It could
then be difficult to decontaminate sodium-containing salt before recycling.
After U and Nd, plutonium behaviour was studied by CEA in LiF-CaF2. A two-step mechanism
was identified but as there was no reference electrode it was not possible to determine any potential.
NRI studied the electrochemical behaviour of Th, U, Nd, Eu, Gd (Table 2). Their conclusions on the
separation feasibility of these elements are sometimes not in agreement with results obtained at CEA
(i.e. U-Nd potential difference: NRI 150 mV, CEA 700 mV). In the future FP7 programme, this field
must be reinforced in order to really develop an electrochemical core of process in fluoride media.
Table 2. Peak potentials for the reduction of some of An and FPs in the molten fluoride
Melt
Reaction
Melt decomposition
Uranium reduction
Thorium reduction
Neodymium reduction
Gadolinium reduction
Europium reduction
Strontium reduction
Zirconium reduction

Mechanism
One-step
Two-step
Two -step
Two -step
Two -step
Two -step
Not observed
Complicated

FLINAK
E [V] vs. Ni/Ni2+
-2.05
–
-1.20
-1.75
-0.70
-2.00
-1.00
< -2.05
-1.01
< -2.05
-0.75
-1.95
–
From -1.40

LiF-CaF2
Mechanism
E [V] vs. Ni/Ni2+
One-step
-2.30
–
Two-step
-1.40
-1.85
N/A
N/A
N/A
One-step
-2.00
–
One-step
-2.10
–
One-step
< -2.30 –
N/A
N/A
N/A
N/A
N/A
N/A

Liquid metals
For actinide-lanthanide separation, either by liquid-liquid reductive extraction or by the method of
electrodeposition on a liquid metallic cathode, the separation factor SFAn/Ln is mainly controlled, for
the metallic phase, by the ratio of activity coefficients of actinides and lanthanides in the metal. In order
to select the best low melting point metallic solvent for an actinide/lanthanide separation, activity
coefficients of An and Ln were accounted for in the literature and a specific method was developed to
acquire new ones. Experiments on Ce and Pu in Ga were carried out at CEA and EDF, assessing that,
in the temperature range used, aluminium is better than Ga, Bi, Zn for the An/Ln separation.
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Process development
Among the various initial core of process, selective precipitation was definitively abandoned. It was
only maintained for spent salt decontamination. To date, the most promising processes are based on
electrorefining on solid aluminium cathode in molten chloride salt and on liquid-liquid reductive
extraction in molten fluoride salt/liquid metal [9].
Electrorefining on solid aluminium cathode in LiCl-KCl
Demonstration of pyrochemical reprocessing of metallic alloy fuel (U60Pu20Zr10Am2Nd3.5Y0.5
Ce0.5Gd0.5) has been carried out at ITU by electrorefining onto solid Al electrodes in LiCl-KCl at
460°C. In total, more than 20 experiments were carried out involving approximately 25 g of metallic
alloy. Analysis of the deposits have confirmed that an excellent grouped separation of actinides from
lanthanides (An/Ln mass ratio in the deposit = 2 400) has been obtained. In addition a Am/Ln mass
ratio as high as 40 was reached when the cathodic potential was kept above -1.25 V at 460°C. These
results were confirmed in conditions simulating high accumulation of Ln in the salt (corresponding to
a long time of electrorefining). Despite a low concentration of Am compared to Ln in the salt phase
(Gd/Am mass ratio in the salt = 10), the electrolysis lead to deposits containing 99.9 wt.% of actinides
and a An/Ln mass ratio of about 30.
The maximum An loading of Al cathodes has been investigated in constant current electrorefining
experiments in which the cathodic potential was maintained at a level suitable for separation of An from
Ln, i.e. more positive than -1.25 V vs. reference electrode (Ag/AgCl 1 wt.%). In the electrorefining,
the anodic reaction was the dissolution of the metallic alloy and the cathodic reaction the reduction of
An (mainly U) onto Al (Table 3). With the build-up of a layer of AnAl at the cathode surface, the
applied current had to be gradually reduced in order to stay within the cathode potential limit. After
roughly 3 000qC had been passed, (35 wt.% An in Al) the cathode was melted for the first time in
order to homogenise its composition and thus to create fresh Al rich surfaces for further alloying. This
had a positive effect on the electrorefining and higher current densities could again be used. At the
end, approximately 4 500qC had been passed, representing the reduction of 3.72 g of actinides in
4.17 g of Al. It yields a composition of 47 wt.% of actinides in the alloy and a total loading (weight An/
weight Al) of 80%.
Table 3. Example of results obtained during an electrorefining run
Element
U
Pu
Am
Nd
Gd
Ce
Y
Zr

%wt. in the salt
Before run
After run
0.25
0.3
0.65
0.5
0.24
0.23
0.59
0.61
0.069
0.073
0.078
0.085
0.074
0.075
0.056
0.096
mAn/(mAn+mLn), %
mAm/mLn, %
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Deposit
mg
223
203
9.95
0.183
0.018
0.024
0.015
0

wt.%
51.1
46.5
2.28
0.0419
0.00412
0.00552
0.00344
0
99.9
41.5

Fuel
wt.%
60
20
2
3.5
0.5
0.5
0.5
10
94.3
0.4

Liquid-liquid reductive extraction in LiF-AlF3/liquid aluminium
An experimental device and a protocol have been developed to study the distribution of actinides
and lanthanides in molten fluoride/liquid metal medium. The results obtained with plutonium,
americium, cerium and samarium in the (LiF-AlF3)/(Al-Cu) medium revealed the potential of the
system for separating the actinides from the lanthanides. With a salt composition corresponding to the
basic eutectic (LiF-AlF3, 85-15 mol%), up to 99% of Pu and Am could be recovered in a single stage,
with cerium and samarium separation factors exceeding 250. The effect of the AlF3 concentration in
the salt has been investigated. The distribution coefficients logically diminish as the initial AlF3
concentration rises. A thermodynamic model of extraction versus fluoroacidity has been developed on
the basis of the experimental results for cerium and samarium. The model clearly reveals the difference
in solvation between divalent and trivalent lanthanides in fluoride media.
The results obtained element by element were confirmed by demonstrative experiments in more
realistic conditions. Two runs have been done at 830°C with LiF-AlF3 (85-15 mol%) as salt phase: one
with the Al-Cu alloy (78-22 mol%) as metallic phase, the other with pure Al. The objective of the
second test was to check that the absence of Cu did not penalise the extraction, both in terms of
performances and in terms of implementation of the process. For each test, the initial concentrations in
the salt were the following (wt.%): PuF3 (11), AmF3 (0.2), CeF3 (2.5), SmF3 (0.5), EuF3 (0.5) and LaF3
(0.5). 17 g of salt and metal have been contacted. The results show that the distribution ratios of Pu
and Am are close, high and of the same order of magnitude as those previously measured at low
concentration without lanthanides (Table 4). In the test without copper, the distribution coefficient of
Cm (trace concentration in Am starting material) was measured for the first time; it is very close to
those of other actinides (U, Np, Pu, Am). The distribution coefficients of the lanthanides are low and
allow high separation factors with actinides. The results obtained with Al-Cu and Al are close. In the
Al test, a satisfactory settling of the metal was noticed, which confirms the possibility to dispense with
Cu in terms of implementation of the extraction. These tests assess the chemical feasibility of the
An/Ln group separation by liquid-liquid extraction in molten fluoride with liquid aluminium.
Table 4. Mass distribution coefficients of actinides and lanthanides – separation factors with Am

M
Pu
Am
Ce
Sm
Eu
La

Al-Cu (78-22 mol%)
DM
SAm/M
197 ± 30
0.73 ± 0.21
144 ± 20
1
0.142 ± 0.01
1 014 ± 213
0.062 ± 0.006
2 323 ± 488
<0.013
>11 000
<0.06
>2 400

M
Pu
Am
Cm
Ce
Sm
Eu
La

Al
DM
273 ± 126
213 ± 30
185 ± 31
0.162 ± 0.02
0.044 ± 0.004
<0.03
0.03

SAm/M
0.78 ± 0.47
1
1.15 ± 0.35
1 315 ± 289
4 954 ± 1 139
>7 100
7 100

Other activities in process development
A core of process based on electrolysis in molten fluoride is also underway. It was first necessary
to build electrolyser in an inert glove box, which took much more time than initially planned. Process
modelling is also an important task of the job, but here too, the building of a large-scale electrolyser for
studies in molten chloride was very long. All these works will be done during the future FP7 project.
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Waste management
Decontamination of spent salt for recycling
Carbonate or phosphate precipitations and zeolite ion-exchange are considered for salt clean-up.
Both processes involve the selective removal of fission product from a molten salt to allow the salt to
be recycled or disposed of as low-level waste. Therefore, the volume of high-level waste is minimised,
and fission products are generated in a convenient form for immobilisation in a disposal matrix.
Several efforts have been addressed for the study of the carbonate precipitation of lanthanides as
oxides or oxychlorides by CIEMAT. Chlorides of other fission products, such as transition metals and
refractory metals (e.g. Zr, Cr, Ru and Mo), have also been investigated. Attempts to obtain oxides of
alkaline and alkaline earth metals, such as Ba and Sr, have also been performed but it was not possible
to precipitate these elements as oxides, individually or together, in LiCl-KCl molten salt.
Phosphate precipitation experiments showed that a minimum of 70% conversion of LnCl3 to
LnPO4 was possible even under sub-stoichiometric conditions. The precipitate settles from the molten
salt, producing a distinct layer at the base of the crucible. However, there is still ~70% entrained salt
within this layer, which requires removing prior to immobilisation of the phosphate. Experiments using
simple filtration technology are planned as a proof-of-principle to improve the salt-phosphate separation.
However, the formation of a precipitate was not observed with solutions of SrCl2 and BaCl2.
NEXIA Solutions performed zeolite ion-exchange experiments with Nd, La, Sr and Rb in LiCl-KCl.
They show significant build-up of these species within the zeolite on the timescale of 1-2 hours. The
ability of zeolites to act as an immobilisation medium for salts was also tested by occlusion experiments.
They show a decrease of Sr, Nd and La concentrations in the eutectic salt. Nd and La have the slowest
equilibration time, but the strongest affinity for ion-exchange into the zeolite. A fairly rapid clean-up
of Sr is observed, but the partitioning of Rb is weak, although there is evidence of a trend which
describes reduction in the amount of Rb in the salt. Ion exchange of fission product has been
demonstrated in column geometry by allowing molten salt to percolate through the zeolite under
gravity (Table 5). The concentration of La and Sr within the zeolite is relatively low, but improved
performance is possible by optimising the salt flow-rate, temperature and particle size/shape. Surface
salt makes a significant contribution to the overall volume of waste produced by the exchange process,
but it should be possible to reduce this by washing or a high pressure forcing flow of argon.
Table 5. Wt.% of LaCl3 and SrCl2 in salt from Zeolite Column Experiment

SrCl2 wt.%
LaCl3 wt.%

Salt feed
2.80
2.60

Salt from crucible
2.28
1.38

Salt from top of plug
0.74
0.75

Salt from bottom of plug
0.86
1.15

Salt waste conditioning
Particular attention has been devoted to the synthesis and characterisation of sodalite to incorporate
chloride salt waste by CEA and ENEA. Two different synthesis methods have been studied: the
former, which starts from nepheline, the latter, starting from kaolinite or metakaolinite. Pollucite has
also been evaluated by ENEA as optimum matrix for containment of caesium.
A preliminary study on the preparation of sodalite Na8(Al6Si6O24)Cl2 at atmospheric pressure
using hydrothermal-microwave-assisted-synthesis technique has been carried out. The crystalline, fine
powders of sodalite, are produced in a short time due to the effective microwave coupling of slurries
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containing natural material precursors (kaolinite or metakaolinite). In particular, using kaolinite no
intermediate zeolite is detected. On the contrary, using metakaolinite the formation of an intermediate
zeolite A, which turns into sodalite, occurs. The good thermal stability of these sodalites together with
water insolubility, are essential properties for confinement of nuclear waste-based halide salts.
The nepheline route was used to try to synthesise LiCl-KCl-containing sodalite by initiating a
reaction between nepheline, LiCl and KCl in stoichiometric conditions (Na6K0.8Li1.2Al6Si6O24Cl2) for
48 h at 700°C. The reaction product was a powder which consisted exclusively of sodalite. The
possibility of loading fission products in the sodalite structure was also evaluated. Sodalite was
synthesised from nepheline and lithium, potassium, barium and strontium chlorides under the same
conditions. The resulting powder appeared to consist mainly of sodalite. The sodalite capability to
contain caesium and rubidium was tested as well. The synthesis of Cs- and Rb-doped sodalite was
attempted using the nepheline route. XRD characterisations show the crystallisation of some sodalite
(probably due to the reaction between nepheline and LiCl and KCl), caesium chloride, and rubidium
and potassium chloride. This demonstrates that Cs and Rb do not enter into the sodalite structure
(Figure 1).
Figure 1. XRD of Cs, Rb, Li, K–doped sodalite sample synthesised with salt and nepheline

A hydrothermal synthesis of pollucite has been made starting from kaolinite, as a source of
aluminium and silicon, and CsCl. Concentration of reagents, reaction times and yield values have been
optimised. In particular, the best conditions for the synthesis at low temperature (88°C) are obtained
by employing the following composition of reagents 1M NaOH, 1M CsCl, 0.11M kaolinite. The main
conclusions of this work are that: 1) pollucite is an excellent matrix for containment of caesium; 2) its
hydrothermal synthesis does not present any significant problems and the product obtained can withstand
pellettisation; 3) synthetic pollucite is resistant to high temperature (Tmax 1 250°C), and stable under
critical thermal conditions; 4) the leachability is very low, even for calcinated samples.
System studies
To date, the development of pyrochemical separation technologies suitable for advanced
reprocessing of spent fuel is still mainly at the basic laboratory level. Therefore, the definition of
general fuel cycle scenarios defining the role and position of individual pyrochemical partitioning
technologies is necessary, particularly for the further aiming of present-day experimental research.
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Within EUROPART, two basic P&T concepts corresponding to two scenarios are under studies
by individual partners. These studies are supplemented by approaches done at ENEA concerning the
pyrochemical reprocessing of spent fuel from the US Integral Fast Reactor. The first scenario is the
Double-strata scenario with ADS in the second stratum. This concept, evaluated by CEA, considers
the exclusive use of current and advanced hydrometallurgical technologies in the first stratum and the
use of pyrochemical technologies for the advanced reprocessing of ADS spent fuel in second stratum.
The second concept, evaluated by NRI considers the use of Molten Salt Transmutation Reactor (MSTR)
as the final transmuter. Due to fundamental difference between the fuel type of ADS (solid fuel) and
MSTR (liquid fuel), the basic conditions of MSTR spent fuel processing and reprocessing are different.
The use of pyrochemical technologies within the MSTR fuel cycle is considered as for the fresh TRU
fuel processing as for the MSTR spent fuel reprocessing.
Figure 2. Example of flow sheets for the
different selected systems, at different maturity levels
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Pyrochemical reprocessing of IFR spent fuel

In addition to the assessment of individual specific conditions for some chemical processes
constituted by the specific characters of individual fuel types, there are still several separation
processes which can be used for various fuel types. Appropriateness of individual processes for the
relevant reprocessing step should then be compared on the basis of a unified evaluation methodology.
This unified methodology should cover mainly a qualitative assessment of global technological
implementation, assessment of the needed size of the main active part of individual process,
qualitative assessment of global safety problems and process waste flow assessment. For the possible
mutual comparison, the linkage to a normalised size or output is inevitable. Criteria (proposed by CEA
and approved by other partners) were preliminary chosen for future mutual comparison of each
individual process.
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Design of flow sheets, complemented by calculation of main mass fluxes, represents a fundamental
criterion for mutual comparison. Flow sheets also represent one of the main outputs of process system
studies and purveys the decisive information for process feasibility studies and for final process
design. Therefore, flow sheets corresponding to each chosen scenarios were synthesised (Figure 2.).
Definitions of scenarios and methodology are the first step in the general system study approach
to technological process. As the basic individual scenarios were defined, the further work can be
focused on the more detailed studies of individual concepts including the preliminary technical and
economical assessment of selected pyrochemical processes. A further important result of the system
study should be the recommendation of successive R&D activities for future industrialisation of
pyrochemical separation technologies. This area will be developed within the next FP7 project.
Conclusion
At less than one year before the end of the EUROPART project, significant progress was made,
mainly in the field of the basic studies. Actually, the knowledge of behaviour of actinides and FPs is
essential before developing any process. Reliable thermodynamic data are now described for the main
An and FPs in molten chloride. Two cores of process were satisfactorily developed: the electrorefining
on solid aluminium cathode in molten chloride and the liquid-liquid reductive extraction in molten
fluoride-liquid aluminium. If these results are very promising, a key step remains to be studied for each
of them: the back extraction of actinides from aluminium. An alternative could be a process based on
electrolysis in fluoride media. To date, no demonstration has been made of its achievability. In the
future, an effort must be put on this task.
To be realistic, the whole process must produce the lowest achievable amount of waste, and when
a waste is produced, it must be in a convenient form for storage or disposal. Real progress was made in
the decontamination of molten chloride, either by phosphate precipitation or zeolite filtration. If some
specific matrices for salt confinement were identified (sodalite, pollucite), a lot of work is still to be
done in this field. In the future the effort will be reinforced, with a special attention to fluoride waste.
System studies were not easy to develop because of a lack of experimental results. To date, ideas
are much clearer and the studies could become a powerful tool to orient FP7 R&D programmes.
The programme of the next FP7 project will be built on these considerations.
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Abstract
One of the options envisaged nowadays concerning spent nuclear fuel management is the separation
of actinides and fission products by pyrometallurgical processes in molten salt media either by
electrochemical techniques or salt-metal extraction. Salt arising from the electrochemical processes
contains alkaline, alkaline-earth and rare earth fission products, along with residual actinides. The
removal of the fission products has been investigated by phosphate and carbonate precipitation in
molten eutectic LiCl-KCl. This treatment would allow the chloride melt to be recycled to the main
separation step. The recycling of the molten salt minimises the volume of the high-level waste
generated and produces a waste form containing the fission products that is compatible with the actual
vitrification processes, to immobilise them in a final disposal matrix. Several experiments have been
performed in order to determine the optimal experimental conditions and to assess the ability to clean
up the salt.
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Introduction
Over the last few years, the pyrochemical processes that use alkaline and alkaline-earth salts,
chlorides and fluorides, and metals are being studied since they are considered potential candidates for
the treatment of the spent nuclear fuels of advanced reactors. For these future reactor systems an
important criterion that must be taken into account is the minimisation of waste output and its
radiotoxicity. The most radiotoxic contribution comes from the actinides (Pu, Np, Am, Cm), therefore,
their recycling is mandatory. R&D programmes that study the selective grouped recovery of actinides
(An), from the rest of fission products (FP), by electrorefining and/or reductive extraction in both
chloride and fluoride media are ongoing. In order to be acceptable, the process has to produce minimal
quantities of wastes compatible with storage constraints.
In these processes, the final wastes (An traces and FP) are in the form of chlorides dissolved in
the salt, LiCl-KCl, which has to be confined in a suitable form for final storage. The high mobility
of chloride ions and its incompatibility with the actual glass composition used nowadays for high-level
waste conditioning makes the study of new matrices necessary. A first option considered could be to
retain these chlorides into zeolites, and their posterior transformation in a ceramic matrix. This would
imply to develop and qualify a new confinement material. As all the salt has to be incorporated into
the matrix, the final waste volume is very big. Another option consists of the partial or total recycling
of the salt into the process, by transforming the FP and An traces chlorides into oxide or phosphate
forms, which would later be incorporated into a glass matrix.
In this work the results obtained in the precipitation study of some FP (Sr, Ba and lanthanides) in
the molten eutectic LiCl-KCl in order to assess the feasibility of converting the chlorides into oxides
or phosphates are presented.
Experimental
The molten salt media was the LiCl-KCl (59-41% mol) eutectic; LiCl (Aldrich 99.5%) and KCl
(Merck 99.5%). Before the precipitation experiments the LiCl-KCl undergoes pre-treatment consisting
of the dehydration of the salt at 200qC for several hours (8-10 h) before melting, up to 450qC under
Ar(g) atmosphere. The melt was further purified in order to remove the O2– ion content by HCl(g)
bubbling followed by Ar(g) sparging, according to the treatment described by Laitinen [1]. The
unreacted HCl off-gas was neutralised by a set of washing flasks placed at the exit of the cell
containing a 5M NaOH solution.
A crucible containing the salt mixture was placed in a quartz cell, then hermetically closed and
finally introduced in a tubular furnace. The temperature inside the molten salt was measured with a
K-type (chromel-alumel) thermocouple (r 2qC) sheathed in an Al2O3 tube immersed in the salt.
Solutions of Sr and Ba chlorides were prepared from SrCl2 (99.99%, Aldrich) and BaCl26H2O
(99.9%, Merck). Lanthanide solutions were prepared from anhydrous (La, Ce, Nd, Gd, Sm, Y) Cl3
(99.99-99.999% Aldrich) and dehydrated PrCl36H2O (99.99%, Aldrich). As precipitating agents
Na2CO3 (99.95%, Aldrich), Li2CO3 (99.9%, Merck) and K2CO3 (98%, Aldrich), and K3PO4 and
Li3PO4 (PA, Aldrich) were used.
Precipitation experiments were performed adding given amounts of solid precipitating precursors
(as powder) to the solution containing the different cations, solution stirring was carried out bubbling
Ar(g). Samples of the clear salt solution were taken for concentration analysis.
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Concentration analysis was performed by ICP-MS. Salt samples were previously dissolved into
HNO3 solutions (1% vol.). The quenched bath containing the insoluble products was dissolved in
distilled water; the solid precipitate was then filtered and dried in a stove at 80qC, before being
characterised by X-ray diffraction.
Results and discussions
Strontium and barium precipitation
Phosphates
According to the thermodynamic calculations [2], precipitation reaction is more favourable when
K3PO4 is used as phosphate precursor; therefore, experiments were performed with this reagent. SrCl2
3–
and BaCl2 concentrations used in the experiments were 1.5 10–2 mol kg–1. Molar ratio PO4 :(Sr2++Ba2+)
used varied from 1:1 to 6.2:1, in additions of K3PO4 corresponding to mole ratios of 0.5. Samples of
the solution were taken each 1.5 hours, after settling, and Sr and Ba concentration was determined.
At the end of the experiments the white solid observed at the bottom of the crucible was analysed by
XRD. Diffractograms indicate that it consisted of Li3PO4, indicating that neither Ba nor Sr have
precipitate. The concentration analysis corroborates this result. Similar results have been obtained by
Volkovich, et al. [3,4]. The observed Li3PO4 presence in the melt is attributed to the low solubility of
this compound in LiCl-KCl melt [5].
Carbonates
Several precipitation experiments were performed with the three carbonate precursors. With
2–
Na2CO3 mole ratios of CO3 :(Sr2++Ba2+) from 1 to 5, 10 and 27 were used. In none of the experiments
was a solid precipitate observed, indicating that the Sr and Ba cations do not form any insoluble
compound in these melts, in these experimental conditions. Concentration analysis of the salt solution
corroborates the fact that these two elements remain in solution.
Better results were obtained with the use of Li2CO3, although the experiments performed using
2–
mole ratios CO3 :(Sr2++Ba2+) from 1 to 5, 10, 15 and 21.5 did not show any precipitate, results also
2–
confirmed by the concentration analysis. However, experiments using mole ratios of CO3 :(Sr2++Ba2+)
of 27 shows a white solid at the bottom of the crucible. The analysis of Sr and Ba concentration in the
salt indicates a slow decrease of the concentration as the precipitation progress. Precipitation yields
achieved are around 6% for Sr and 14% for Ba, see Figure 1.
The characterisation of this white solid, after dissolution of the quenched molten bath in distilled
water, by X-ray diffraction indicates that the solid consisted of a solid solution of Sr and Ba carbonate
with the formula: Sr0.5Ba0.5CO3 and Li3CO3. The presence of Li3CO3 is attributed to the unreacted
carbonate precursor.
Another set of experiments was performed using K2CO3 reactant. In this case, mole ratios of
2–
CO3 :(Sr2++Ba2+) around 11 were enough to obtain a white precipitate. However, according to the
analysis of the cation concentration in solution, for ratios slightly higher than 5 a decrease on the
concentration in solution was observed. The highest precipitation yields achieved were approximately
of 13.5-14% for Sr and 16-17% for Ba.
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Figure 1. Variation of the Sr(II) and Ba(II) concentration
during precipitation with Li2CO3 in LiCl-KCl at 450qC
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With the aim of checking if an increase of the precursor amount added would drive to a complete
precipitation of these two FP, experiments with a big excess of carbonate, mole ratio of 30 added in
twice, were performed. However, results indicate that the increase of K2CO3 addition does not
significantly improve the precipitation yield and that this excess leads to the production of a sort of
carbonate slag in the upper part of the bath that hinders the agitation of the molten salt.
Figure 2 shows the diffractograms of the solid precipitate obtained; it consisted of a mixture of a
solid solution of Sr and Ba carbonate with the formula: Sr0.5Ba0.5CO3 and Li3CO3, as was observed
previously in the precipitation test performed with Li2CO3. The presence of Li3CO3 is thought to be
due to an exchange of K for Li of the molten.
Figure 2. Diffractogram of the solid obtained by precipitation of a
solution containing SrCl2 and BaCl2 in LiCl-KCl by precipitation with
K2CO3 at 450qC. Lines in gray correspond to the Sr0.5Ba0.5CO3 compound.
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Lanthanides
Carbonates
Precipitation of lanthanide trichloride experiments in the LiCl-KCl at 450qC were performed in
two ways. The first type of experiments consisted of potentiometric titrations; very small amounts of
2–
carbonate, mole ratio CO3 /Ln3+ of a0.1, were added to a solution containing the individual LnCl3, and
the evolution of the reaction as a function of the free oxide ion (O2–) concentration in the melt was
recorded using a O2– selective electrode. This electrode consisted of a membrane of zirconia stabilised
with yttria, (ZrO2-8% Y2O3, Interbil S.A.) containing a constant concentration of O2– ions (0.1 mol kg–1),
introduced as Li2CO3, and AgCl (0.75 mol kg–1 in LiCl-KCl). An internal reference AgCl/Cl is
established by introducing an Ag wire (1 mm). This electrode has a Nernstian behaviour in this melt,
according to Eq. (1) [6]:
E

E$ 

2.3RT
2F

log>O 2  @

(1)

This expression allows to transform the measured potential values into pO2– values (-log [O2–]), and
using the appropriate mass balance expressions, the corresponding solubility products can be calculated.
E.m.f. between this selective electrode and the AgCl (0.75 mol kg–1)/Cl reference electrode during the
precipitation reaction was measured. The plot of the potential versus the mole ratio [O2–]added/[Ln3+]initial
allows to determine the type of O-Ln compounds formed and its solubility product, as indicated
previously. For all the lanthanides tested (La, Ce, Sm and Nd), a potential jump (equivalent point) has
been observed for [O2–]added/[Ln3+]initial ratios equal to one, that indicates the formation of oxychloride
compounds, LnOCl, being the precipitation quantitative [7,8].
The presence of chloride ions in the compounds make them incompatible with the actual
vitrification process for oxides. Based on a previous work done by ANL, Bourgès, et al. [9] have
proposed a pyro-oxidation process for actinide recovery; this process consists of the use of an excess
of carbonate in order to produce oxides instead of oxychlorides. Based on these works, we have started
working on this subject, although the results presented here are only preliminary.
Preliminary tests were performed using solutions containing individual lanthanides; for this
2–
purpose, Nd was selected. The mole ratio CO3 :Nd3+ used was 3:1; in one of the experiments the
carbonate was added progressively and in the second case it was added in once and was let to react for
24 hours, with Ar(g) stirring.
Figure 3 shows the pO2– evolution as the precipitation reaction progress, in which it is observed
2–
an equivalent point corresponding to a mole ratio of [CO3 ]/[Nd3+] = 1 corresponding to the formation
of the neodymium oxychloride, NdOCl. The formation of this compound was corroborated by the
XRD analysis performed of the solid precipitate obtained.
In the experiment performed adding the corresponding amount of Li3CO3 in once, the obtained
difractogramme of the solid precipitate consisted of a mixture of NdOCl, as main compound a97%,
and Nd2O3, as minor compound a3%. This result suggests the possibility of obtaining oxides instead of
oxychlorides using an excess of carbonate. It is possible that the reaction time used was not enough to
produce the complete oxide conversion.
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Figure 3. Titration curve of a NdCl3 solution in
LiCl-KCl (2.45 10–2 mol kg–1) by carbonate additions
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Further tests using a mixture of LnCl3 were carried out, the elements selected were La, Nd and Pr.
2–
Initial concentrations used were a8.5 10–2 mol kg–1, and the mole ratios [CO3 ]/[¦Ln3+] were 1.05, 3
and 5. In Table 1 displays the first results obtained in these tests, and the semi-quantitative analysis of
the formed compounds are also indicated in the table in wt.%.
Table 1. Experimental conditions and results of
solutions of Ln mixtures precipitated by carbonate
Test
no.

Molar ratio
3+
[CO2–
3 ]/[¦Ln ]

Additions
(no.)

Residence
time (hours)

1

1

1

18

2

3

Precipitation yield (%)
La
Nd
Pr

6.3

9.5

XRD analysis (awt.%)

8.3

PrOCl (100%)

1

22

98.9

99.2

98.8

PrOCl (80%), Pr2O3 (20%)

18.9
59.9

14.7
57.9

15.5.8
57.5

PrOCl (36%), Pr2O3 (16%),
Li2CO3 (48%)

77.3

65.9

64.9

LaOCl (22%), Pr2O3 (11%)
Nd2O3 (12%), Li2CO3 (48%),
K2CO3 (7%)

3

5

2 (of 2.5)

21
24

4*

5

1

21

Although these results are very preliminary, they show that in excess of carbonate it is possible to
obtain oxides or mixtures of oxides and oxychlorides. The reactions seem to be quite slow, a possible
explanation being the carbonate dissociation according to:
CO32   O 2   CO2 g n

(2)

In excess of carbonate, the evolution of CO2(g) from the molten salt is difficult, this makes that
the equilibrium reaction is shifted to the left.
Diffractograms corresponding to experiments 1 to 3 do not show the presence of all the Ln
contained in the solution. This is attributed to the similar atomic size of these Ln, which in turns leads
to similar cell parameters of the structures formed and, therefore, to similar position reflections. This
fact, joined to the crystalinity differences of the samples, makes that in some cases position reflections
corresponding to the different Ln are overlapped.
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A drawback observed in these preliminary tests was the fact that the final volume of solid
obtained was quite high, probably due to the high excess of unreacted carbonate remaining in the melt.
Therefore, further research on items such as the determination of the optimal excess amount required
to form the oxides, reaction times, oxide conversion yields, final waste volume, etc., is planned to be
carried out.
Phosphates
Another option tested for the removal of the lanthanides contained in the molten salt was their
precipitation as phosphates. The phosphate precursors tested were K3PO4 and dehydrated Na3PO4,
introduced as powder. The precipitation procedure was similar to that used for the carbonate
precipitation.
Preliminary tests were performed using solutions containing concentrations of La, Nd, Gd, Y, Sm
3–
and Pr chlorides of 5.0 10–3 mol kg–1 in LiCl-KCl at 450qC. Mole ratios PO4 :¦Ln varied from 1:1 to
4:1. After each addition, corresponding to a mole ratio of 1, Ar(g) was bubbled in the solution for 1.5 h,
then, samples of the clear solution were taken to perform the concentration analysis; total residence
time was 22 h. Concentration analysis indicates almost complete lanthanides precipitation, with yields
varying from 99.4-99.6%. The quenched bath was dissolved in distilled water and the solid was
filtered and dried, before being analysed by XRD. Diffractograms indicate that the solid consisted of
monoclinic Nd phosphate, NdPO4, and Li3PO4 as main compounds, also traces of monoclinic PrPO4
were identified. The presence of Li3PO4 has also been observed by other authors in excess of
phosphate precursor [5].
A second test was performed containing the same LnCl3 but their individual concentration was
3–
increased up to 1.0 10–2 mol kg–1. Mole ratios PO4 :¦Ln varied in this case from 1:1 to 6:1. After 22 h,
precipitation yields varied between 67% and 80%. The insoluble product analysed by XRD consisted
of NdPO4, and Li3PO4 as main compounds, and PrPO4 as minor compounds. As it happened in the
case of the carbonate precipitation, due to the similarities among these Ln, the position reflections
corresponding to the different LnPO4 are overlapped.
Further experiments using melts containing La, Nd and Pr at concentrations of 8.0 10–2 mol kg–1
were performed using mole ratios of K3PO4:Ln of 1:3.05 and 1:1.02 respectively (see Figure 4). In this
case the corresponding amount of phosphate was added at the beginning of the experiment, and
samples were taken with time.
The main results drawn from these experiments are that stoichiometric amounts of phosphates are
enough to achieve a quantitative precipitation of the lanthanides and that reaction completion can be
achieved in a short time, less than 4 hours. The analysis of the insoluble products indicates that the
main compound is the monoclinic PrPO4 in both cases. In the experiments performed in excess of
phosphate Li3PO4 was also observed.
In order to preserve the eutectic LiCl-KCl (59-41 mol.%) composition, instead of using singles
phosphates, a mixture of Li-K phosphates with the same mole composition as the eutectic, was used.
Compositions of the initial solutions were similar to the previous one, that is, concentrations of La, Nd
and Pr of 8.0 10–2 mol kg–1. Another objective of these experiments was to have information about the
reaction rate. According to Volkovich [5], the Li3PO4 is only slightly soluble in LiCl-KCl, so the
reaction could potentially be fairly slow and require 3-4 hours to go to completion. However,
precipitation of LnPO4 will drive to solubilisation of Li phosphate.
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Figure 4. Plot of LnCl3 concentration in a LiCl-KCl melt as a function of time during phosphate
precipitation experiments performed at mole ratios of 3.05 and 1.02. Temperature 450qC.
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Experiments were performed using small excess of the (Li-K)3PO4 mixture (2.0-2.1% excess).
Residence time for the first experiment was 20 hours, samples were taken initially at intervals of about
1.5 hours, then it was let overnight, and again sampling every 1.5 hours. Data of concentration
evolution vs. time plotted in Figure 5 indicates that the reaction goes to completion in about 1 hour,
regardless of the lanthanide considered. The XRD performed on the insoluble product consisted of
PrPO4, the presence of Li3PO4 was not observed.
In the second experiment, which lasted 4 hours, samples were taken each 10-15 min. during the
first hour, and each 30 min. during the second hour. The data in Figure 6 indicates that, despite of the
dispersion on data that can be affected by the sampling and analytical error, almost quantitative
precipitation occurs in about 1 hour. These results are in very good agreement with those obtained by
Harrison [10].
Figure 5. Plot of LnCl3 concentration in a LiCl-KCl melt as a
function of time with small excess of Li3PO4-K3PO4 (mole ratio a1.45)
100
La
Pr
Nd

% LnCl 3 in solution

90

80
11
10
9
8
7
6
5
4
3
2
1
0
0

2

4

6

8

10

12

time /h

226

14

16

18

20

22

Figure 6. Plot of LnCl3 concentration in a LiCl-KCl melt as a
function of time with small excess of Li3PO4-K3PO4 (mole ratio a1.45)
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Conclusions
Sr(II) and Ba(II) cations dissolved in the molten LiCl-KCl can not be completely removed by
precipitation with alkaline carbonates, but only partially. Precipitation yields achieved, in the
experimental conditions used in the present work, are around a 17% for Ba and 14% for Sr, being the
compounds formed a solid solution of Ba and Sr carbonate. These cations can not be removed either as
insoluble phosphates or carbonates in this molten media. Therefore, the use of the precipitation
technique is not suitable for the removal of alkaline or alkaline-earth fission products.
Based on the results obtained to date for lanthanides, the use of carbonates as precipitating agents
leads to the precipitation of the corresponding oxychlorides, LnOCl; the presence of chloride ions
makes these products incompatible with the actual glass matrix for final storage. The available results
about the use of excess of carbonate, in order to produce oxides instead of oxychlorides, show only an
uncompleted oxide conversion. Moreover, the final waste volume is considerably higher than the
volume obtained with phosphates. Even though, some more work to study the feasibility to obtain the
complete oxide conversion route is planned to be continued.
Complete removal of lanthanides from LiCl-KCl as single phosphates form has been demonstrated.
Quantitative precipitation can be achieved using stoichiometric amounts of phosphates, being the
reaction rate quite fast, about one hour. The use of phosphates in the salt decontamination treatment
process seems to be good option to be taken into account for the lanthanide FP. However, the removal
of alkaline and alkaline-earth FP problem is not solved by this process, therefore, their removal in the
head-end step of the process should to be considered.
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Abstract
Electrorefining in molten LiCl-KCl using solid aluminium cathodes is considered as a promising
pyrochemical method for reprocessing metallic nuclear fuel, represented by U-Zr and U-Pu-Zr alloys
in this study. Actinide-aluminium (An-Al) alloys are produced on the cathode during the process,
forming a dense deposit. The maximum loading of the electrode with the actinides as a function of the
deposition conditions was investigated as were the selectivity and efficiency of the process. The
electrodes were characterised by SEM-EDX analysis and J-spectroscopy.
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Introduction
Various pyrochemical separation processes are being investigated worldwide with an aim to
facilitate advanced reprocessing of spent nuclear fuel. They represent a promising alternative to the
much more developed aqueous processes to recover the actinides from the spent fuel. The main
advantage of pyrochemical methods is the possibility of a grouped separation of all actinides. This is
especially important for the advanced reactor systems under development e.g. in the framework of the
Generation IV international forum [1], where a closed fuel cycle is considered for all proposed reactor
types. In addition, the usage of radiolysis-resistant inorganic compounds allows shorter cooling times
of the fuel before entering the separation process and consequently a faster recycling.
Electrorefining is the most developed pyrochemical separation process. Its application within the
Integral Fast Reactor (IFR) concept [2], originally developed by Argonne National Laboratory (US), is
well known. Within this process, metallic fuel from the sodium-cooled reactor is reprocessed by
electrolysis in a molten salt electrolyte and uranium is recovered from the bulk of fission products onto
a solid cathode. However, the reprocessing of fuels from the advanced reactor systems requires not
only the recovery of major actinides (An: U, Pu), but also recovery of the so-called minor actinides
(MA: Np, Am, Cm). This has been shown in recent investigations from CRIEPI and CEA in which the
recovery of MA is carried out by electrorefining using a liquid Cd cathode [3,4] or by reductive
extraction into liquid Al [5].
Aluminium is a very promising material that enables a highly efficient separation of the actinides
from the lanthanides [6]. In previous experiments carried out in ITU, constant current electrolyses were
applied in order to characterise the alloys formed by electrodeposition of U3+ onto Al rod electrodes [7].
The capability of solid aluminium electrodes to form stable An-Al surface alloys and impart selectivity
to the electrorefining process for An-Ln separation has been shown using aluminium foam as the
cathode [8]. In addition, an aluminium electrode has been used to study the maximum amount of
actinides that can be collected on a single electrode by constant current electrolysis [9]. CV studies and
calculations of the apparent standard potentials of selected actinides and lanthanides made in these
papers clearly prove the feasibility of An-Ln separation using an Al electrode.
In this paper, the maximum loading of solid aluminium electrodes by U and Pu is further developed
using Al plates of different dimensions and applying different experimental techniques (potential and
current controlled electrolysis). The experiment was carried out with U-Zr and U-Pu-Zr alloys in
conditions closer to the working conditions of a reprocessing process. Concentration up to 10 wt.% of
actinides in the bath was used and gadolinium as representative of the lanthanides was introduced in
the bath at a concentration of 1.6 wt.% to verify the deposition selectivity. The electrode deposits were
characterised by SEM-EDX analysis and J-spectroscopy, which showed the very high capacity of
aluminium to retain the actinides, forming solid and dense deposits.
Experimental
All experiments and storage and handling of chemicals were carried out in a glove box under a
purified Ar atmosphere (<1 ppm of water and oxygen). The glove box was equipped with a well-type
oven in which the experimental set-up could be moved vertically by means of a lifting system. The
electrodes were positioned through a water-cooled flange, which supported the crucible used in the
electrochemical cell. Cyclic voltammetry measurements were carried out using a three-electrode set-up
and a PAR 273 potentiostat with EG&G M270 electrochemical software. The working electrode was
prepared using a metallic wire (d = 1 mm) and inserted approximately 5 mm into the bath, while a Mo
wire bent into the shape of a spiral served as the auxiliary electrode. The reference electrode was an
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Ag/LiCl-KCl-AgCl (1 wt.%) prepared in a Pyrex glass tube. During the electrorefining experiments,
the working electrode was replaced by an aluminium plate and a tantalum basket containing the An-Zr
alloy replaced the auxiliary electrode. The active part of the cathode surface area could be determined
after each experiment by measuring the immersion depth of the electrode. Both anodic and cathodic
potentials were simultaneously monitored during the electrolysis using the above-mentioned Ag/AgCl
reference electrode. A specially prepared combination of two multimeters with a laboratory power
supply served both for control of the process and for data acquisition. The scheme of the experimental
set-up used during electrorefining experiments and a picture of the anodic basket, cathode and crucible
are shown in Figure 1.
Figure 1. Picture of anodic basket, cathode and crucible before
start of the experiment and scheme of experimental set-up

Ag/AgCl ref.
electrode
Solid Al
cathode

Thermocouple

UPuZr
anode

Al2O3
crucible

LiCl-KCl –
AnCl3 –
GdCl3 melt

Bi pool

Two individually treated baths were used during the experiment, both prepared in the same
manner. The first electrolytic bath containing only U3+ ions dissolved in the LiCl-KCl eutectic mixture
(Aldrich 99.99%) was prepared by oxidising U-Zr metallic alloy (ITU stock material, 80-20 wt.%
respectively) introduced in a molten Bi pool in the bottom of the crucible by adding BiCl3 to the salt
phase. The redox reaction (1) obtained is described below:
U0Bi-phase + Bi3+salt-phase  U3+salt-phase + Bi0

(1)

The crucible was then cooled down and broken to remove the Bi pool. The recovered salt phase
containing 2.33 wt.% of U was used as a new bath for the electrorefining experiments.
The second bath consisting of U3+, Pu3+ and Gd3+ ions dissolved in LiCl-KCl eutectic mixture
(Aldrich 99.99%) was prepared by oxidising of U-Pu-Zr metallic alloy (ITU stock material, respective
wt.% 71-19-10) introduced into the melt in a tantalum basket by adding BiCl3. Reduced Bi metal was
collected in a Bi pool at the bottom of the used Al2O3 crucible. GdCl3 (Aldrich 99.99%) was used as
received from the producer without any additional treatment. The bath was analysed as 3.85 wt.% of
U, 1.53 wt.% of Pu and 1.61 wt.% of Gd for the beginning of the experiment. The actinide content was
increased, by further oxidation, during the experiment up to 6.03 wt.% of U and 4.48 wt.% of Pu,
i.e. in total more than 10 wt.% of actinides. The oxidation reaction of both alloys was followed by
cyclic voltammetry measurements (CV) on inert tungsten electrode. This technique was also used for
characterisation of the bath in between the electrorefining experiments. A typical voltammogram of
the bath containing U3+, Pu3+, Gd3+ and Zr4+ ions is shown in Figure 2.
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Figure 2. A typical voltammogram of the bath containing U3+, Pu3+, Gd3+ and Zr4+ ions, measured
on a W working electrode, 460°C, 100 mV/s (recorded during the run of the experiment)
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Electrolysis experiments
Electrorefining of U-Zr alloy
In the first part of the experiment, the maximum loading of solid Al plates was investigated using
constant current electrolysis for the bath containing only U3+ ions. The thin rectangular Al cathodes
(25 mm u 10 mm) were made from a 1-mm thick Al plate with an Al wire lead connected to a Mo
wire in a thin Al2O3 sheath. Constant current electrolyses were carried out using the oxidation of U-Zr
metal loaded in a Ta anode basket as the anodic reaction. The cathodic reaction is the reduction of U
and thus the formation of UAl alloy at the cathode. In total, five experiments were carried out (see
Table 1). The first three runs U1-3 were realised at a temperature of 470qC using currents of 50, 100
and 150 mA, while the last two runs U4-5 were realised at a temperature of 550qC with currents of
100 and 150 mA. The electrorefining was stopped when the cathodic potential shifted to more
negative potentials, typically -1.50 V, which corresponds to the deposition of pure metallic U and
saturation of the electrode at given conditions. After the experiment, the Al cathodes were weighed,
the active surface measured, mounted, cut and polished for SEM analysis. Salt samples were regularly
taken during the electrolyses and analysed by ICP-MS.
The amount of U in the Al cathode was estimated by a weight per cent ratio, calculated according
to the following Eq. (2):
U wt .% in Al

mU
mU

faradic

faradic

 m Al cathode

(2)

The faradic yield was assumed to be 100%, i.e. the charge passed during the experiment was directly
converted to a mass of U collected on the cathode. The assumption was checked by weighing the
deposit obtained in the run U1. The electrode was thoroughly washed in methanol after electrolysis in
order to remove all adhered salt. The obtained mass of the deposit represented 99.3% of the value
calculated from Faraday’s law. The other electrodes obtained in this experiment were not washed in
order to preserve the complete deposit for surface analysis by SEM-EDX.
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Table 1. U loading of Al electrodes for the U-Zr electrorefining experiments
Temp.
50 mA
100 mA
150 mA
Current
Run U1, 65 wt.% Run U2, 69 wt.% Run U3,current too high
470qC
Run U5, 30 wt.%
Run U4, 65 wt.%
550qC
Figure 3 shows a typical evolution of cathodic and anodic potentials during the electrorefining
under conditions allowing a relatively high loading of the electrode (Run U1, 65 wt..% of U, 470°C,
50 mA). The initial cathodic potential, -1.10 V, corresponds to the direct formation of UAl alloy on
the Al cathode by the reduction of U3+. The anodic potential, -1.30 V, corresponds to the anodic
dissolution U from U-Zr alloy. During the experiment it remained almost constant, indicating that the
predominant anodic reaction is the oxidation of U. With increasing passed charge, the cathodic
potential moved in the negative direction. This shows that with the build-up of a UAl surface alloy
layer, the cathodic reaction, i.e. the alloying of U with Al on the surface, is becoming more difficult.
The probable reason is that U and Al must diffuse through an increasingly thicker alloy layer. After a
charge of roughly 640 C had been passed, a sharp drop of the cathodic potential was observed. At this
point the cathodic reaction shifts from UAl formation to formation of U metal (-1.5 V) onto the Al
cathode and it is no longer possible to electrorefine U under conditions suitable for a separation of An
from Ln.
Figure 3. Cathodic and anodic potentials during the electrorefining
of U on solid Al plate at 470°C and constant current 50 mA
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Increasing the current to 100 mA in run U2 did not cause any qualitative changes of the process
and saturation was reached after ca. 1 100qC, which corresponds to 69 wt.% U in Al. On the other
hand, during the run U3, in which a current of 150 mA at 470 C was applied, the cathodic potential
dropped immediately to formation of metallic U on the cathode (-1.5 V) and no UAl alloy could be
prepared. The experiments involving currents 100 and 150 mA were repeated at a higher temperature,
550°C. Using 100 mA, saturation was reached after 860qC during run U4, which corresponds to very
similar loading of the electrode (65 wt.% U) as during the previous runs. Also the evolution of
potentials followed the same pattern as in the previous experiments. For run U5, the usage of a higher
temperature allowed formation of UAl alloy even when a current of 150 mA was applied. However,
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the characteristic cathodic potential drop was observed after already 230qC was passed, which
corresponds only to 30 wt.% of U in the Al cathode. Cross-sections of two selected Al cathodes run
U2: 100 mA at 470°C (left) and run U5: 150 mA at 550°C (right), are shown in Figure 4. In two of the
analysed samples, the UAl alloy layer had separated from the pure Al phase, as shown in Figure 4
(right). This probably occurred during sample cutting, although it is probably a sign of poor adhesion
between the layers. Comparing the two runs it is seen that the higher loading of run U2 (69 wt.%)
compared to run U5 (30 wt.%) results in a thicker alloy deposit and a thinner residual pure Al phase.
EDX analysis of the Al layer confirmed a pure Al phase and analysis of the alloy layer confirmed the
presence of U and Al in the ratio U:Al = 1:2.5, as shown on the evaluation of both experimental parts
(see Figure 8 below).
Figure 4. Cross-sections of Al plate cathodes prepared during UZr electrorefining experiment
100 mA, T = 470qC

150 mA, T = 550qC

Loading 69 wt.%

Loading 30 wt.%

Electrorefining of U-Pu-Zr alloy
For the second part of the experiment, the new bath containing U3+, Pu3+ and Gd3+ ions was
prepared. Two techniques were used to examine the maximum possible loading of the solid Al
electrodes: Current-controlled electrolysis limited by cut-off potentials was used during runs 3-7. The
maximum possible current was applied by stepwise increase, while keeping both cathodic and anodic
potentials within the cut-off potentials. The cathodic cut-off potential was chosen as -1.25 V to prevent
reduction of gadolinium and -1.00 V was set as the anode cut-off potential to avoid oxidation of Zr
from U-Pu-Zr alloy. For the runs 8E1-3, a potentiostatic mode was used; electrolysis was carried out at
a cathode potential of -1.25 V. The electrolysis was terminated either if the current was too low or if
the expected loading of the cathode was reached. All cathodes were made either from 0.5-mm or 2.0-mm
thick aluminium plate and the dimensions of the immersed part varied from 5 u 20 to 40 u 20 mm.
Vacuum distillation was used for removal of the salt adhered on the electrode surface. The combination
of J-spectroscopy and calorimetric measurements was used as a non-destructive determination of the
U/Pu ratio and Pu content of the deposit. Thereafter, the Al electrode was weighed, cut and selected
parts were mounted and polished for SEM-EDX analysis. Salt samples were regularly taken during
electrolysis and analysed by ICP-MS.
In total, seven electrorefining runs were carried out, of which four were fully analysed (two from
current-controlled runs and two from potentiostatic runs). In addition, one run was carried out without
applying an anodic cut-off potential to evaluate the influence of oxidation and co-deposition of Zr on
the quality of the deposit (run 4). The main results of all the evaluated runs are shown in Table 2.
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Table 2. Runs carried out during U-Pu-Zr electrorefining experiment
Run

Technique

3
4+5
7
8E1
8E3

CC + L
CC
CC + L
CP
CP

Cathode
Thickness Surface
[mm]
[cm2]
0.5
9.3
2.0
10.2
0.5
8.3
0.5
3.6
2.0
1.5

Charge
[C]
1 423
1 429
1 527
766
773

Calculated
deposit weight
[g]
1.17
1.18
1.26
0.63
0.64

Analysed
deposit weight
[g]
0.91
n/a
0.90
0.50
0.63

Current
efficiency
[%]
78.9
n/a
71.4
79.4
98.4

CC (+L) = Constant current electrolysis (applying cut-off potentials).
CP = Constant potential electrolysis.

The typical evolution of cathodic and anodic potentials during the current-control electrolysis
applying both cut-off potentials is shown in Figure 5. According to the applied cut-off potentials, the
anodic reaction was oxidation of U and Pu from the alloy (potentials varied in a range between -1.30
and -1.00 V), while oxidation of Zr was allowed only during the run 4+5, when the anodic potential
reached a maximal value of -0.70 V. Reduction of uranium and plutonium forming a U-Pu-Al alloy
occurred at the cathode during all runs (potentials varied in a range between -1.05 and -1.25 V). With
increasing passed charge, the cathodic potential generally moved in the negative direction. This shows
that with the build up of the U-Pu-Al surface alloy layer, the cathodic reaction is increasingly difficult.
Probably the progressive build-up of the surface U-Pu-Al alloy layer means reduced elements (U, Pu
but also Al) have to diffuse further to continue formation of the alloy.
Figure 5. Typical evolution of cathodic and anodic potentials during the current
control electrorefining of U-Pu-Zr alloy applying both cut-off potentials (run 7)
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The record of anodic potential development and current for a typical potentiostatic electrolysis
(run 8E1) is presented in Figure 6. The current gradually decreases as the formation of the U-Pu-Al
alloy becomes more difficult at the given potential, which is caused by the above-mentioned build-up
of the surface alloy. Anodic potential is moving in a negative direction as a consequence of the
decreased current, enabling oxidation only of the more electronegative elements.
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Figure 6. Typical evaluation of anodic potential and current during the
potential controlled (-1.25 V) electrorefining of U-Pu-Zr alloy (run 8E1)
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The deposit weights are given in Table 3. Very high loadings were achieved, especially using
potentiostatic electrolysis. In all cases, except run 4+5, dense and solid deposits composed of U-Pu-Al
alloy were obtained with reasonable current efficiencies. U and Pu weight ratio in Al were determined
from analysed values and they are in a very good correlation with the values calculated for the U-Zr
electrorefining. On the other hand, it has been shown that zirconium oxidation during the electrolysis
and its related co-deposition has a significantly negative influence on quality of the deposit, as
discussed below during SEM-EDX analysis evaluation. Selectivity of the process was proved in all
cases by chemical analysis of the salt samples, when Gd concentration in the melt remained at a
constant value and also no Gd was detected during the SEM-EDX analyses.
Table 3. Evaluation of results achieved during U-Pu-Zr electrorefining experiment
Run
3
7
8E1
8E3

Mass Al [g]
0.61
0.54
0.23
0.27

Mass U [mg]
826.0
852.0
431.0
579.0

Mass Pu [mg]
81.8
47.1
67.7
51.0

Ratio U/Pu
10.1
18.1
6.4
11.4

An wt.%
59.9
62.5
68.5
70.0

Ratio Al:An
1 : 1.49
1 : 1.67
1 : 2.17
1 : 2.33

Two electrodes (run 3 and run 4-5) were characterised by SEM-EDX analysis after electrolysis.
The aim was to evaluate the thickness, the structure and the composition of the An-Al alloys formed
on the aluminium electrodes. The thickness of the deposit obtained on electrode from run 3 is quite
homogeneous (see Figure 7). Practically all aluminium has reacted and the thickness of the electrode is
1.2 mm, compared to only 0.5-mm thick plate at the beginning. The aluminium plate appears almost
fully loaded and confirms the data obtained from electrolysis. An analysis of the deposit was performed
using EDX. Composition profiles were determined for U, Pu, Al, Cl and Gd, from the middle of the
electrode to the surface. The molar ratio Al/(U+Pu) is plotted in Figure 8, together with the results
obtained from analysis of electrodes prepared during the U-Zr electrorefining. The average ratio was
determined to be 3.01, thus the deposit is most probably composed of a (U,Pu)Al3 alloy. The
measurements of the molar ratio U/Pu are quite scattered, with a U/Pu ratio comprised between 4 and
10. The average value for 21 analyses is U/Pu = 7.0, which is a bit lower than the average U/Pu ratio
determined by J-spectroscopy (U/Pu = 10.1). According to SEM-EDX analysis, the composition of the
U-Pu-Al alloy formed by electrorefining on the Al plate is Pu0.12U0.88Al3.
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In contrast to the electrode from run 3, the deposit formed on the electrode from run 4-5 is not
dense and it contains a lot of salt (see Figure 7, right). EDX analyses showed a high Cl content in the
deposit and indicated the presence of many salt-filled pores. In the analyses indicating alloy deposits,
the average Al/(Pu+U) ratio was 3.8 and Zr concentrations up to 40 at.% were also measured. It seems
that a high Zr content in the melt and its co-deposition with actinides hamper the formation of a dense
and homogeneous alloy.
Figure 7. SEM micrographs of the cross-sections of
electrode from run 3 (left) and from run 4+5 (right)
Run 4+5

Run 3

Figure 8. SEM-EDX determination of the molar ratio Al/U and Al/(U+Pu) vs. the distance
from the electrode surface for electrodes from U-Zr (left) and U-Pu-Zr (right) electrorefining
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Conclusion
The utilisation of solid aluminium electrodes for the reprocessing of spent nuclear fuel by
electrorefining in molten chlorides seems to be very advantageous. Reduced actinides form a solid and
dense alloy with aluminium and a very high capacity of the electrode to selectively retain actinides has
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been proven. During potentiostatic electrolysis, the maximum achieved loading was 2.33 g of An into
1 g of Al. For current-controlled electrolysis a very high An loading of the aluminium was also
demonstrated. For co-deposition of U and Pu, the average loading was 1.58 g An and an even higher
value of 2.28 g was reached for single U deposition.
Diffusion and transport of U, Pu and Al in the formed An-Al alloy layer seems to be the most
important factor of the process. Application of higher temperature facilitates the transport of the
actinides and Al, which enables electrorefining using a higher current and thereby higher deposition
rates. However, if the deposition rate is too high, a depletion of Al occurs at the surface and the
actinides will deposit as pure metals and not form the desired An-Al alloy. For example, only uranium
metal was deposited on an Al electrode at a current of 150 mA and a temperature of 470°C, whilst
U-Al alloy formation was observed using the same current at a temperature of 550°C. However, at this
high current only a low aluminium loading was achieved.
Selective deposition of actinides on solid aluminium electrode was proven both by ICP-MS
analysis of the bath and SEM-EDX analysis of the deposit. It was also proved that it is possible to
reach almost full loading of the electrode using potentiostatic electrolysis, by forming an An-Al3 alloy.
On the other hand, the presence of zirconium ions in the bath and related zirconium co-deposition has
significant negative effects and results in a porous deposit. Although it is possible to avoid Zr dissolution
from U-Pu-Zr alloy during electrorefining using a cut-off potential in laboratory conditions. However,
in a real process some Zr is likely to be dissolved together with the actinides. Further studies on this
issue will be necessary to optimise the process.
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Abstract
The present work is focused on the electrochemical study of neptunium, and in particular of the
Np(III)/Np(0) redox system, in the molten LiCl-KCl eutectic. Np solutions have been prepared from
NpO2 dissolution into LiCl-KCl by carbochlorination (Cl2(g)+C(s)) at 550qC. Electrochemical
measurements performed from these solutions showed that a mixture of Np(III), Np(IV) species and
Np(V) soluble oxychloride was obtained. In order to avoid the presence of Np oxygenated species in
the melt, oxidation of metal neptunium from an Al-Cu-Np alloy has been conducted. The study of the
Np(III)/Np(0) reduction mechanism has been performed by several electrochemical techniques. Basic
thermodynamic and kinetic properties of Np in LiCl-KCl were determined such as the Np(III)/Np(0)
apparent standard redox potential, the standard free energy, enthalpy and entropy change of the NpCl3
formation, the activity coefficient and the diffusion coefficient of Np(III) ions in this molten bath.
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Introduction
Investigation in molten salt technology is presently linked to the development of pyrochemical
processes for irradiated nuclear fuel management. The objective of these processes is the separation of
plutonium and minor actinides (Np, Am, Cm) from the fission products (FPs) for their subsequent
transmutation into short-lived radionuclides. These very long-lived and radiotoxic nuclides would
be destroyed in fast and/or dedicated reactors leading to a significant reduction of the long-term
radiotoxicity of wastes [1,2].
Pyrochemical processes present several potential advantages versus aqueous reprocessing such as
the high radiation stability of the salt solvent and metallic phases used, and their inherent proliferation
resistance. As advanced nuclear fuels proposed to perform transmutation will reach very high burn-ups
and will contain significant amounts of minor actinides, pyrometallurgical technology appears as an
attractive alternative to reprocess the irradiated fuel [3].
In the pyrometallurgical reprocess under consideration, where molten salts and metals are used as
solvents, the separation of actinides from the bulk of FPs is usually carried out either by reductive
extraction or by electrolytic methods. Special attention is devoted to actinides and lanthanide fission
products because of their similar chemical properties, which makes separation between them very
difficult, and the neutronic poison effect of the lanthanide elements. Different types of salt and metallic
phases are under investigation in order to improve the separation efficiency between these groups of
elements [4]. Hence, to design a pyrochemical separation scheme, the assessment of accurate basic
thermodynamic and kinetic data of actinides as well as those of lanthanides is essential.
The present work is focused on the electrochemical behaviour of Np in the molten LiCl-KCl
eutectic. Several authors have studied the Np(III)/Np redox system with NpCl3 as starting material [5-8].
The material used here, however, is NpO2. Different methods for the preparation of neptunium
chloride solutions in LiCl-KCl have been investigated. Particular attention is paid to obtain a solution
free of oxygenated species; hence, the removal of stable Np soluble oxychlorides was a major concern.
Experimental
The molten electrolyte used in the experiments was the LiCl-KCl eutectic mixture (59-41 mol%).
In order to remove the oxygen and water content, LiCl was melted (620qC) under vacuum and then
purified by HCl(g) bubbling for 60 minutes. KCl was heated at 300qC under vacuum to dehydrate it.
The LiCl-KCl mixture was introduced either in a glassy carbon (GC) crucible or in a boron nitride
(BN) crucible. This was placed into a safeguard quartz crucible, then into the quartz cell, which was
maintained under inert argon atmosphere (H2O < 0.6 ppm, O2 < 0.1 ppm). LiCl-KCl was again purified
by HCl(g) treatment at 500qC for one hour.
In order to prepare Np chloride solutions in LiCl-KCl two methods have been tested: the
dissolution of NpO2 in LiCl-KCl and conversion into its chloride form by carbochlorination
(Cl2(g)+C(s)) at 550qC; the oxidation of metal Np from an Al-Cu-Np alloy by CuCl2.
Carbochlorination
For this method, 0.545g of NpO2 were mixed with 40 g of previously purified LiCl-KCl and
placed in a GC crucible. A carbochlorination test was performed at 550°C by bubbling Cl2 gas into the
NpO2-LiCl-KCl mixture, through a porous graphite tube sheathed in a quartz tube. In order to increase
the active reaction surface between Cl2(g), salt and graphite, three rods of graphite (I = 3 mm) were
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also introduced in the melt. The chlorine reagent was passed through the cell for one hour (the first
40 min. bubbling through the melt) in order to fully replace the argon atmosphere by a Cl2(g) one. The
reaction cell was then closed and maintained under Cl2(g) atmosphere for at least 24 hours. The Cl2(g)
atmosphere was renewed depending on the evolution of the dissolution reaction, which was followed
by sampling the melt at regular intervals of time.
Np oxidation
An Al-Cu-Np ingot (14.223 g) containing 2.54 wt.% of Np was used as the starting material.
The alloy was obtained by reductive extraction performed at 800qC between a liquid Al-Cu alloy
(78-22 mol%) and the LiF-AlF3 melt containing NpO2 [9]. According to the binary Al-Cu phase
diagram the 78-22 mol% alloy melts at 570°C [10]; the working temperature for the oxidation process
was thus 600qC. The Al-Cu-Np ingot was contacted with previously purified LiCl-KCl eutectic and
the mixture was heated up to 600qC. CuCl2 was added to the molten salt bath and used as oxidant. The
metallic alloy was oxidised according to the reaction:
3
3
CuCl 2  Np o Cu  NpCl 3
2
2

(1)

Evolution of the oxidation reaction was followed by cyclic voltammetry and by taking samples
from the melt.
Samples taken from the molten bath were dissolved and diluted in 1M HNO3. Np concentration
was determined by alpha counting and alpha spectrometry techniques. The results were confirmed by
ICP-MS analysis. For the electrochemical study, the Np concentration range tested was from 2 10–2 to
4 10–2 mol kg–1. Thereafter, we will refer to “LiCl-KCl-Np solution” as neptunium dissolved in
LiCl-KCl without any specification of the existing oxidation states.
For the electrochemical study, tungsten wires (I = 1 mm) were used both as working and counter
electrodes. The active electrode surface area was determined after each experiment by measuring the
immersion depth of the electrode in the melt. The reference electrode was made of a 1 mm diameter
silver wire dipped into a closed-end Pyrex tube containing a 0.75 mol kg–1 silver chloride solution in
LiCl-KCl eutectic [11,12]. Potential values versus AgCl/Ag reference system were converted into
potentials vs. Cl2(g)/Cl– [13].
Results and discussion
Np solution preparation
Dissolution of NpO2 by carbochlorination
A dissolution of 98% of the initial NpO2 was reached in 72 hours. Figure 1(a) shows a typical
cyclic voltammogram of the Np solution obtained after carbochlorination at 550qC. A cathodic peak IC
at a potential of a -1.8 V vs. AgCl/Ag and its corresponding anodic peak IA (Ep a -1.6 V vs. AgCl/Ag)
were attributed to the reduction of Np(III) ions into metal Np and to the re-oxidation of Np(0) into
Np(III), respectively. The shape of the anodic peak is characteristic of the dissolution of an insoluble
phase deposited on the electrode during the forward scan (stripping peak) [14]. The potential value
of the cathodic peak is consistent with the reported values in the literature [6,15]. Square-wave
voltammetry technique (SWV) [16,17] confirmed the number of electrons exchanged for this system
to be equal to 3.
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Figure 1. (a) Electroactivity domain of a LiCl-KCl-Np solution (0.040 mol kg–1)
at 550qC, Wcathode (0.20 cm2), v = 0.2 V s–1; (b) Cyclic voltammogram of a
LiCl-KCl-Np solution (0.013 mol kg–1) at 600qC, Wcathode (0.26cm2), v = 0.1 V s–1
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At more anodic potentials a multiple redox system was observed between +0.2 and +0.7 V vs.
AgCl/Ag, which corresponds to -0.82 and -0.32 V vs. Cl2(g)/Cl–.
Many neptunium species have been observed in the LiCl-KCl eutectic. Gruen, et al. [18] and
Lysy, et al. [19] identified the III, IV, V and VI oxidation states of Np in this melt by spectroscopic
2–
3–
techniques. Np(IV) and Np(III) species were found to be present as NpCl6 and NpCl6 complex ions
+
2+
while in oxide ions containing conditions NpO2 (V) and NpO2 (VI) soluble oxychlorides are formed.
2+
Lysy, et al. [19] and Martinot, et al. [20] showed that NpO2 (VI) is not stable under Ar atmosphere,
being reduced by chloride ions of the solvent to lower Np oxidation state species.
+

As our solution has been prepared by carbochlorination of NpO2, NpO2 (V) soluble oxychloride
+
can be expected. Martinot [20] reported a potential value of the system NpO2 (V)/Np(IV) in LiCl-KCl
of -0.12 V vs. Cl2(g)/Cl– at 400°C. According to thermodynamical values for pure compounds [21,22],
the Np(IV)/Np(III) redox system is expected around -0.27 V vs. Cl2(g)/Cl– at 550°C. Thus, these two
redox systems could be situated in the same range of potential. Moreover, the number of electrons
exchanged calculated from SWV measurements was found to be 1. This could correspond to either the
+
NpO2 (V)/Np(IV) system or the Np(IV)/Np(III) system.
These data led us to attribute the multiple signal observed between +0.2 and +0.7 V vs. AgCl/Ag
+
to the presence of the two systems NpO2 (V)/Np(IV) and Np(IV)/Np(III).
Abandon potential of the bath was always about +0.24 V vs. AgCl/Ag [Figure 1(a)]. By “abandon
potential”, we mean here the relaxed working electrode potential without applying any current or
potential. Taking into account the (III), (IV) and (V) soluble species of Np, it can be considered as an
equilibrium potential. Its value being in the potential range of the multiple redox system, it shows that
the melt is not fully at the (III) valence state.
Several signals were observed at cathodic potentials of about -2.2 and -2.4 V vs. AgCl/Ag that
have not been clearly identified. There being no evidence of Np-Li alloy formation [23], they are
probably due to oxygenated species in the melt.
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The second route to prepare a neptunium solution consisted in oxidising Np metal from an
Al-Cu-Np alloy to the salt phase. The objective of this was to avoid the presence of O2– ions in the
melt and also to obtain a Np(III) solution.
Oxidation of metal Np
Actinide solutions in LiCl-KCl have already been prepared by oxidation of the metallic form
dissolved in Cd [15] or Bi [24] metallic solvents. In this work, CuCl2 was used to oxidise Np from a
liquid Np-Al-Cu alloy at 600°C. Considering pure compound data, CuCl2 would oxidise Np metal to
Np(III). The potential of the Np(III)salt/Np(Al) system was estimated from the experimental Np(III)salt/Np
potential value from Krueger, et al. [6] (-2.63 V vs. Cl2(g)(1atm)/Cl– at 600°C in LiCl-KCl). The
activity coefficient of Np metal dissolved in metal Al was estimated from the activity coefficient of Pu
and U in liquid Al (-7.1 and -4.7, respectively, with pure solid as reference state) [25]. This led to an
estimation of -2.3 V vs. Cl2(g)/Cl– for the Np(III)/Np(Al) potential that is shifted towards more positive
values because of the lowered activity of Np in Al.
A large excess of CuCl2 was needed to oxidise 35% of Np in the alloy. Evolution of the oxidation
reaction was followed by cyclic voltammetry and by taking samples from the melt. Figure 1(b) shows
a cyclic voltammogram evidencing both Np(III)/Np(0) (1a, 1c) and Np(IV)/Np(III) (2a, 2c) redox
systems. The abandon potential, being largely negative (| -0.2 V vs. AgCl/Ag), confirms that a Np(III)
solution in LiCl-KCl was obtained. The observed Np(IV)/Np(III) redox system is due to the oxidation
of Np(III) species in the anodic sweep.
Electrochemical study of the Np(III)/Np(0) redox system
The study of the reduction reaction Np(III)/Np(0) has been performed on an inert W electrode
through the application of different electrochemical techniques at several temperatures (450-600qC).
For the electrochemical study description hereafter, Np solutions correspond to those obtained by
dissolution of NpO2 by carbochlorination (Cl2(g)+C(s)) in LiCl-KCl at 550qC. Results were then
compared to the solution obtained by oxidation of Np from an Al-Cu-Np alloy.
Np(III)/Np(0) has been considered as an independent system, because the potential difference
between this redox system and the more anodic ones is sufficiently large [see Figure1(a)]. Therefore, it
has been assumed that concentration of Np(III) species at the electrode surface is equal to total Np
concentration in the bath, [Np(III)]elect = [Np]total.
Np(III)/Np(0) reaction mechanism study
Cyclic voltammograms for the Np(III)/Np(0) reaction were registered at several scan rates and
temperatures as it is shown in Figure 2(a). The analysis of the peaks of the voltammetric curves
showed that at low scan rates (up to 0.1 V s–1) the cathodic peak potential is independent of the scan
rate. At higher scan rates (> 0.2 V s–1) the potential shifts towards more negative values. This result
indicates that the Np(III)/Np(0) reduction reaction deviates from the reversibility at high scan rates [14].
The cathodic current density (I) varies linearly with the square root of the potential scan rate (v1/2) in
the region between 0.05 and 0.5 V s–1. This trend shows that the overall reaction is controlled by
diffusion [14].
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Figure 2. (a) CVs of Np(III)/Np system at several scan rates;
(b) CV for the Np(III)/Np system (0.2 V s–1) and its corresponding
convoluted curve. Wcathode (0.38 cm2). T = 550qC. [Np] = 2.46 10–2 mol kg–1.
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An alternative approach to the interpretation of the reduction mechanism is the semi-integral
analysis of the cyclic voltammograms according to the convolution principle [26,27]. Typical
semi-integrals for the voltammetric curves [see Figure 2(b)] show a plateau, in the region of the cathodic
potential, defined by a limiting current, m*, which indicates that the rate of the electrode process is
limited by the mass transfer. In addition, it is observed that the direct and reverse scans of the convoluted
curve are not identical and a hysteresis occurs between them. These characteristics, in agreement with
the results from cyclic voltammetry at high scan rates, support the fact that the reduction of Np(III)
ions on a W electrode deviates from the reversibility [14].
From the reversibility study it can be concluded that the Np(III)/Np(0) reduction reaction is a
mass transfer controlled process in which, Np(III) ions are reduced to metal Np in a single step with
the exchange of three electrons. Results obtained from both Np solutions by carbochlorination and Np
oxidation lead to a similar conclusion.
Diffusion coefficient of Np(III) in LiCl-KCl
Diffusion coefficient of Np(III) in the molten LiCl-KCl eutectic was determined by two different
techniques, chronopotentiometry (CP) and the semi-integral analysis of the cyclic voltammetric curves,
by applying the appropriate equations.
Chronopotentiometry measurements performed by applying different cathodic current densities
(5.8-7.0 10–2 A cm–2) indicate that the Np(III)/Np(0) system obeys Sand’s law, at all concentrations
and temperatures tested, which is given by the following expression [14]:
IW 1 2

0.5S1 2 nFD 1 2 C 0

(2)

where I is the current density applied (A cm–2), C0 the bulk concentration (mol cm–3) and D the
diffusion coefficient (cm2 s–1). The plot of I as a function of W–1/2 gives a linear dependence that allows
to calculate the diffusion coefficient of Np(III) species in the molten LiCl-KCl eutectic. The values
obtained by means of chronopotentiometry are summarised in Table 1.
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Table 1. Diffusion coefficient of Np(III) in LiCl-KCl at several
temperatures. Activation energy for the Np(III) diffusion process.
T (qC)

CP
450
1.49
500
2.05
550
2.77
Ea/kJ mol–1

Diffusion coefficient, 105 DNp(III) (cm2 s–1)
Convolution
Mean exp. value
Shirai [5]
1.50
1.50
1.73
2.55
2.30
2.48
3.18
2.90
3.48
-33.93

Martinot [28]
0.71
1.08
1.44

The diffusion coefficient of Np(III) has also been determined from the semi-integral analysis of
the cyclic voltammograms considering the limiting current (m*) of the convoluted curve [Figure 2(b)].
The following equation, valid whatever the reversibility of the system [14,26], has been applied:
nFSC 0 D 1 2

m*

(3)

where m* is the limiting current (A s1/2) and S is the active electrode surface (cm2). Diffusion
coefficients obtained in this work are in good agreement with those by Shirai, et al. [5]. Present values
are, however, about twice as large as those obtained by Martinot [28]. Table 1 shows a comparison
between present diffusion coefficients and those found in the literature.
It has been verified that the diffusion coefficient follows the Arrhenius law [14] that shows the
diffusion coefficient dependency with the temperature. The plot of log D against the inverse of the
temperature gives a linear variation from which the activation energy for the diffusion process (Ea) is
determined. The value obtained is included in Table 1.
Apparent standard potential of the redox system Np(III)/Np(0)
The apparent standard potential of the redox couple Np(III)/Np(0) has been calculated from the
electromotive force measurements of the galvanic cell Np(0)/NpCl3, LiCl-KCl __ LiCl-KCl, AgCl/Ag,
which is given by:
c 0 III
e.m. f . E Np

c 0 III
where E Np

Np 0

Np



2.3RT
3F

logX NpCl3  E Ag

I Ag

(4)

is the apparent standard redox potential (V), which includes the activity coefficient

of Np(III) [29], and XMClx is the mole fraction of Np(III).
c 0 III
The apparent standard potential E Np

Np 0

has been determined measuring the equilibrium

potential between a metal Np electrode, electrodeposited in situ, and a LiCl-KCl-Np solution at a fixed
concentration. Two different concentrations have been tested: 1.38 10–3 m.f. of Np in LiCl-KCl, for the
solution obtained by NpO2 dissolution, and 7.45 10–4 m.f. of Np for the solution from the Al-Cu-Np
alloy oxidation with CuCl2. The apparent standard potential values obtained from both Np solutions
are compared in Table 2. It is observed that there is almost no difference between them (a10 mV). The
presence of Np(IV) species and stable soluble Np(V) oxychloride versus Np(III) in the solution
obtained from NpO2 carbochlorination is not sufficient to significantly affect the Np(III)/Np(0)
apparent standard potential.
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Table 2. Apparent standard potential of the redox system Np(III)/Np(0) in
LiCl-KCl at several temperatures (concentration in molar fraction scale)
E cNp0 III

T (qC)
450
500
550
600

Np 0

vs. Cl2(g) (Cl–/V)

NpO2 dissolution (carbochlorination)
XNp(III) = 1.38 10–3
-2.68
-2.64
-2.60

Al-Cu-Np alloy oxidation
XNp(III) = 7.45 10–4
-2.65
-2.60
-2.55

Experimental data in this work have been compared with values obtained in the literature. The
present results are in good agreement with those obtained by Masset [30], Krueger, et al. [6], Roy,
et al. [15] and Shirai, et al. [5], but differ from Martinot’s values [8].
Thermodynamic properties
The standard free energy change of NpCl3 formation in the eutectic LiCl-KCl has been calculated
from the apparent standard potential value by means of the relation:
c0 3
'G NpCl

c0 3
nF'E NpCl

(5)

Values obtained are summarised in Table 3. An examination of the temperature dependence of
c 0 3 allows determining the enthalpy and entropy changes for the NpCl3 formation in
the 'G NpCl
LiCl-KCl. The plot of 'Gc0 as a function of the temperature shows a linear dependence; from the least
square fit of the experimental data, enthalpy and entropy changes can be determined according to the
Gibbs-Helmholtz equation [14]. Taking into account the apparent standard potential values obtained
by using different starting materials, the relationship between the standard free energy change and the
temperature, in the range 450-600qC, has been drawn as:
c0 3
'G NpCl

961.79  0.2548 T kJ mol 1

(6)

The activity coefficient of solvation of Np(III) in LiCl-KCl has been calculated by comparing the
electrochemical standard free energy change, 'Gc0, with the standard free energy of formation of
NpCl3 for pure compounds in the solid state, 'G* [21], according to the equation [29]:
2.3RT log J NpCl3

*
c0
'Gpure
compounds  'G electroche
m

(7)

Results obtained (Table 3) indicate a non-ideal solution behaviour, which agrees with the presence
of complex ions in solution such as [NpCl6]3– [15,31]. Activity coefficient variation with temperature
indicates that the complexation strength by the solvent decreases with the increase of temperature.
Conclusions
This first focus of this work has been the preparation of neptunium solutions and their
characterisation. Special attention has been paid to the formation of Np oxychlorides in the melt, they
are very stable species that could reduce the faradic efficiency of the Np(III)/Np(0) reduction process.
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Table 3. Apparent standard free Gibbs energy change for the NpCl3 formation (kJ mol–1)
and activity coefficient of Np(III) in the LiCl-KCl molten eutectic at several temperatures
T (qC)
450
500
550
600

c0
'G exp

*
'G pure
comp

775.86
764.28
752.70
738.23

743.19
732.23
721.33
710.35

JNp(III)
0.0043
0.0068
0.0102
0.0214

Carbochlorination has been proven as a suitable method to dissolve NpO2 in the molten LiCl-KCl
eutectic. However, a mixture of Np(III), Np(IV) species and Np(V) soluble oxychloride is obtained.
Also, it has been demonstrated that the oxidation of metal Np from an Al-Cu-Np alloy by CuCl2 gives
a stable Np(III) solution in LiCl-KCl.
From the electrochemical study of the reduction reaction Np(III)/Np(0), different basic
thermodynamic and kinetic properties have been determined in the molten LiCl-KCl. The apparent
standard potential of the redox system Np(III)/Np(0) is -2.68 V vs. Cl2(g)/Cl– at 450qC. Standard Gibbs
energy, enthalpy and entropy of formation changes of NpCl3 in LiCl-KCl as well as the activity
coefficient and the diffusion coefficient of Np(III) in this melt have been obtained.
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ADVANCED HEAD-END ALTERNATIVES FOR THE PROCESSING OF US SPENT FUEL
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Oak Ridge National Laboratory
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E-mail: delculgd@ornl.gov

Abstract
The head-end is one of the costlier and probably less-developed components of a reprocessing plant.
The overall objective of the advanced head-end is to replace the traditional chop-and-leach approach
to control and minimise emissions, allowing for the upfront removal and optimised trapping of key
fission products and the recovery of major constituents such as cladding for potential reuse. The basic
features of the proposed advanced head-end are sufficiently mature for deployment and will most
probably be required to achieve the expected regulatory rules for very low emissions (e.g. 3H, I and
Kr) and waste minimisation. Most advanced features need further development and can be sequentially
implemented with no significant capital and operating costs given that would utilise most of the same
equipment and facilities.
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A responsible and sustainable deployment of nuclear energy should be based on a life cycle that
maximises the use and reuse of the resources and minimises the amount of wastes, particularly those
requiring geological disposition. The conventional reprocessing separating Pu for recycle as mixed-oxide
(MOX) fuel addresses only a very small fraction of the spent fuel, and for only one additional cycle,
leaving behind about 99 wt.% of the spent fuel plus secondary wastes for geological disposal.
The statutory capacity of the geological repository planned for Yucca Mountain (63 000 tonnes of
commercial spent fuel) will be reached around the year 2009. Disposal of the fuel generated after that
time will require an expansion of the capacity at Yucca Mountain (possibly 2 or 5 times) or the
construction of a second repository. Any significant growth in nuclear energy production will require
the construction of many geological repositories. About 55 000 tonnes of spent light water reactor
(LWR) fuel are currently in storage at US reactors alone. Moreover, about 2 300 tonnes of spent fuel is
added every year, requiring ever-expanding temporary storage.
Advanced processing of spent fuel should address the entirety of the spent fuel problem. The
goals are: (1) to recover and recycle more than 95 wt.% of the spent fuel, including all actinides and
metallic waste, leaving behind a much smaller amount of wastes for geological disposal; (2) to separate
the major heat sources, volatile species and long-lived fission products, allowing for more efficient
management of the wastes; (3) to minimise emissions and legacy wastes.
This approach includes recycling all actinides for transmutation while minimising losses of
transuranics (TRU) during separation and fuel fabrication. As shown in Figure 1, U, at about 66 wt.%,
is the largest mass by far. Commercial interest exists for U recycling for re-enrichment or reuse in
heavy water reactors (HWRs). Recycling of Pu as LWR-MOX is standard practice, and several new
options may become practical – including advanced MOX that includes Np, fuel for the very flexible
HWRs, and fuel for advanced reactors such as particle-fuel reactors and fast reactors.
Figure 1. Average weight composition of wastes from pressurised water
reactors and boiling water reactors accumulated from 1968 to 2002
Hardware 5.4%

TRU 0.7%

Zircalloy 25.1%

Other 3.1%
Fission
Products 2.4%

U 66.4%

Minimising wastes should include the recycling of Zr from cladding (the second largest mass) for
controlled reuse, because commercial interest exists in the recycle of other constituents such as Xe and
noble metals. The process of minimising emissions should include trapping volatiles such as 3H,
85
Kr and 14C for decay storage and the disposal of long-lived isotopes such as 99Tc and 129I using
high-integrity waste forms. Optimising the use of geological disposal should also include the
management of the major heat-generating fission products (mostly Cs and Sr).
Additionally, to mitigate proliferation concerns, extra features should be implemented, such as
better tracking of in-process fissile material (e.g. Np mixed with Pu) and close coupling of fuel
reprocessing and fuel fabrication, where the only input to the plant is spent fuel and reagents while the
only outputs are refabricated nuclear fuel and wastes for final disposal.
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The head-end is one of the costlier and probably less-developed components of a reprocessing
plant. The overall objective of the advanced head-end is to replace the traditional chop-and-leach
approach with a more efficient and cost-effective alternative that will benefit the overall process.
Several options and alternatives are being considered. The most immediate option, shown in Figure 2,
includes a voloxidation step that would allow for the separation of cleaner cladding from fuel meat and
the trapping of volatile fission products, mainly tritium and probably iodine by ozonation. The product,
a fine powder, can be fed into a compact and continuous dissolver. A photograph of a pilot-scale
voloxidiser developed at Oak Ridge National Laboratory (ORNL) is shown in Figure 3.
Figure 2. Initial advanced head-end scheme
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Figure 3. Pilot-scale voloxidiser developed at ORNL during the late 1970s and early 1980s

The separated cladding is contaminated with entrained fission products, fuel-meat residues and
activation products. A private consortium [Chemical Vapour Metal Refining Inc. (CVMR), Allegheny
Technologies Incorporated (ATI), and BWXT] is interested in cladding recycling. Figure 4 shows a
schematic for the process. The CVMR process can allow the direct recovery from spent cladding to a
tube or tube precursor for new fuel rods, where the non-Zr residues will be recycled to the reprocessing
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plant. The activation product 93Zr cannot be separated; however, it is not a significant radiological
problem because of its very long half-life (1.53 M years) and very weak beta emission (only 90 keV).
As indicated by ATI, standard Zr metal working already requires confinement; therefore, no
significant facility changes will be required.
Figure 4. Schematic of Zircalloy cladding purification and recovery
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Standard air oxidation of UO2 pellets generates a fine U3O8 powder. Lower-temperature
ozonation allows the transformation of U3O8 into an even-finer UO3 that will thermally decompose
back to U3O8, allowing for an oxidative cycle that can break apart fuel particles and allow for the
enhanced release of volatile fission products. The dissolution of fine UO3 powder, instead of UO2
pellets, will also greatly speed up dissolution, allowing for larger throughputs while minimising the
consumption of nitric acid. The UO3 process will minimise the formation of NOx gases, thereby
simplifying the acid recovery and wet off-gas systems.
Other alternatives being explored that will require more development include the up-front
separation of some key fission products (Tc, Cs and Mo), minor actinides (Am and Cm), and rare
earths. Cold and hot tests showed that complete removal of 14C, I, Kr/Xe, noble metals (Tc, Ru and
Rh), Mo, Cs, Se and Te is possible.
Laboratory tests showed that chemical decladding by activated chlorination can be practical at
very high throughputs. Related cold surrogate tests have shown that chlorination (Cl2 or HCl) of the
fine oxide powder generated by voloxidation, followed by washing, could remove Am and Cm, rare
earths, Cs and Sr, while leaving behind the insoluble U, Np, Pu and Zr oxides. The remaining solid
residue will require only minimal treatment, such as removal of some of the U, to allow for the
recycling of the material as nuclear fuel.
In summary, the basic features of the proposed advanced head-end, such as the voloxidation step,
are sufficiently mature for deployment. Because of the expected regulatory rules for very low emissions
(e.g. 3H, I and Kr) and waste minimisation, such basic features will most probably be required. Some
of the other options, such as the removal of semivolatiles, require further development. However, they
could be sequentially implemented with no significant extra costs as most of the equipment will be
already in place. Detailed cost analysis will be required to determine the optimum scheme. However,
when the global cradle-to-grave costs are considered, the advanced head-end has the potential for
providing significant cost savings because it eliminates the future costs of legacy wastes.
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Abstract
Extensive reprocessing process for all actinide recycle system has been proposed. This reprocessing
system is based on the chromatographic technique using tertiary pyridine resin. Radiochemical
separation experiments using mixed-oxide fuel highly irradiated by the JOYO fast reactor were carried
out. The recover of plutonium, the separation of minor actinide from fission products including
lanthanides, and the separation of americium and curium were achieved. The recovery or removal of
platinum group elements and technetium was also investigated, and the removal of these elements
before the main reprocessing process has been proposed.
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Introduction
Various types of nuclear reprocessing method have been proposed [1]. Among them, almost all
the modern reprocessing plants employ the PUREX method. In spite of the successful implementation
of PUREX reprocessing, the mutual separation of fission products is beyond the scope of current
PUREX plants. Recently, a lot of new methods have been proposed. However, the group separation of
trivalent actinides and lanthanides and the mutual separation of minor actinides remain unsolved
problems. The partitioning of trivalent actinides and lanthanides and the mutual separation of minor
actinides are, especially, critical issues as concerns the creation of an innovative process for actinide
burning and transmutation. The difficulty of separation of their elements is due to the fact that
lanthanides and minor actinides have the same valence in solution and similar ion radii. We have
proposed the separation method based on chromatography using tertiary pyridine resin. Using this
separation method, the complete separation of trivalent actinides and lanthanides [2] and the separation
of americium and curium [3,4] can be achieved. The hydrochloric acid system is used as a solvent in
the separation of trivalent actinides and lanthanides, whereas the nitric acid system is used as a solvent
in separation of americium and curium.
In this paper, the separations of trivalent actinides and lanthanides, and of americium and curium
were introduced, and the proposal of a new reprocessing process for all actinide recycling and the
experimental study using the mixed-oxide fuel irradiated by the JOYO fast reactor so as to confirm the
feasibility of this proposal is described.
Tertiary pyridine resin
The resin used in the proposed separation and reprocessing system is tertiary pyridine resin. The
chemical structure of tertiary pyridine resin is shown in Figure 1. This resin has been confirmed to
have the high radiation resistance in comparison to amine-type resin because the nitrogen is located in
six-membered ring [5]. Tertiary pyridine has two functions; one is a function of the weakly basic anion
exchanger, and the other is a function of the soft donor ligand. We use the two types of resins. One is
the non-support-type resin. Another is the resin supported by high porous silica beads. Both resins
have been made with highly porous structure. By using the silica beads support, as no mechanical
distortion occurs, the pressure loss in chromatography operation is considerably suppressed. The high
porous structure enables ions to easily diffuse into the resin.
Figure 1. Chemical structure of tertiary pyridine resin
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Separation of trivalent actinides from lanthanides and separation of americium from curium
Chromatography experiments
A mixture of trivalent actinides and lanthanides was dissolved into the methanolic hydrochloric
acid solution or the desired methanolic nitric acid solution. A 0.5 cm3 portion of this solution was fed
into a 10-cm bed-height column packed with 8 cm3 of tertiary pyridine resin embedded in silica beads.
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The elution experiment was carried out using the methnolic hydrochloric acid solution or methanolic
nitric acid solution at room temperature at a flow rate of 100 cm3/h. The effluent from the bottom of
the column was collected in fractions of 2~5 cm3. The identification of nuclear species and the
evaluation of their relative concentrations in fractions were conducted by using an D-ray spectroscopy
and a J-ray spectroscopy.G
Results of chromatography in hydrochloric acid system
The elution chromatography using a column packed with tertiary pyridine resin of 10-cm resin
height was carried out with the methanolic hydrochloric acid solution. The volume ratio of methanol
and concentrated hydrochloric acid was 3:7 [2]. This separation experiment was operated at ambient
temperature. The chromatogram is shown in Figure 2. It can be seen that trivalent actinides and
lanthanides can be completely separated by the proposed system. The alcohol effect on the adsorption
and separation of actinides and lanthanides was also investigated [6]. It is confirmed that the amounts
of adsorption of trivalent actinides and the separation factor between actinides and lanthanide increase
with the methanol addition, while the resolution has maximum because the band width increases with
methanol addition, which mean the adsorption and desorption reaction rate between the actinide or
lanthanide ions and pyridine resin decreases with methanol addition. Maximum resolution is achieved
in the case of 30 vol.% methanol addition. The almost complete separation of actinides and lanthanides
can be achieved only by using the concentrated hydrochloric acid without alcohol. The type of alcohol
affects the adsorption and the separation. The addition of ethanol provides the largest distribution
coefficient of actinides and the separation factor between actinides and lanthanides among the alkyl
alcohol. In addition, the mutual separation of americium and curium is not sufficient, and a condition
of sufficient separation of americium and curium in the hydrochloric acid system has not been found.
The temperature effect on separation is investigated employing the chromatographic technique of
lanthanide [7]. The distribution coefficient and the resolution are hardly varied with changing
temperature, or to stretch a point, they have the decrease tendency. It was concluded that operation at
ambient temperature is adequate for the separation of actinides from lanthanides.
Figure 2. Separation of trivalent actinides (Am, Cm) and lanthanides by
chromatography using tertiary pyridine resin with methanolic hydrochloric acid solution
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Results of chromatography in nitric acid system
Elution chromatography with the methanolic nitric acid solution was carried out. The volume
ratio of methanol and concentrated nitric acid was 3:7. This chromatographic experiment was also
operated at ambient temperature. The chromatogram of americium and curium is shown in Figure 3.
It can be seen that the adsorption behaviour of trivalent actinides and lanthanides in this case is
completely different from the case of hydrochloric acid system, i.e. the trivalent actinide is eluted
between lanthanides, while, in case of the hydrochloric acid system, the trivalent actinide is eluted after
the lanthanides are completely eluted. The distribution coefficients calculated from these chromatograms
are shown in Figure 4. In the case of hydrochloric acid, distribution coefficients of lanthanides follow
their ionic radii, but trivalent actinides are largely out of line with the lanthanides. In the case of the
nitric acid system, however, the distribution coefficients of all elements including the trivalent actinides,
are following their radii. It is guessed that the adsorption behaviour of trivalent actinides and lanthanides
on tertiary pyridine resin in the nitric acid system is due to the ion exchange following the charge
density of the ions, while the adsorption in the hydrochloric acid system is due to the ligand bond
between ion and pyridine base following HSAB low. The americium and curium can be completely
separated by increasing the mixing ratio of alcohol [3,4]. The distribution coefficients exponentially
increase with an increase in the methanol ratio and the increase in the methanol ratio raises both the
separation factor and the resolution. In addition, the nitric concentration affects the adsorption of
americium and curium but scarcely affects the separation factor and resolutions. The maximum
adsorptions of americium and curium are obtained at nitric acid concentration of about 10 mol/dm3.
These tendencies of adsorption behaviours are similar to the adsorption behaviours of rare earth
elements on the tertiary pyridine resin [8]. According to the nitric concentration effect and the
methanol addition effect, the adjustment of the methanol addition ratio is suitable for the control of the
separation, and the adjustment of the nitric acid concentration is suitable for the control of the
adsorption on the resin. It is preferable that the concentration of nitric acid be low from the practical
point of view. We attempted to separate americium from curium with high resolution. The mixed
solvent of methanol and 1 mol/dm3 of HNO3, which the ratio of methanol was 80 vol.%, was adopted
for separation of americium and curium. The chromatogram is shown in Figure 5. It is confirmed that
americium is almost completely separated from curium. The calculated separation factor and the
resolution are 2.52±0.02 and 1.44±0.11, respectively.
Figure 3. Chromatogram of trivalent actinides and lanthanides in methanolic nitric acid solution
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Figure 4. Distribution coefficient calculated by chromatograms of Figures 2 and 3
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Figure 5. Mutual separation of Am and Cm by chromatography with tertiary pyridine resin
Mixture of 1M HNO3 and MeOH, ratio of 1:4, was used as mobile phase
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Conclusion
The complete group separation of trivalent actinides and lanthanides can be achieved by
chromatography using the tertiary pyridine resin in the hydrochloric acid solution system. The nitric
acid solution system, however, is appropriate for the mutual separation of americium and curium.
Extensive reprocessing process for all actinide recycling
System proposal
Uranium and plutonium are well-known to the strongly adsorbed on the anion exchanger in
higher concentration of hydrochloric acid. As mentioned earlier, the tertiary pyridine resin has a
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function of anion exchanger, we confirm the adsorption of uranium and plutonium on tertiary pyridine
resin. We investigated the adsorption behaviour of many elements on tertiary pyridine resin in
hydrochloric acid solution by batch experiments. The distribution coefficients in hydrochloric acid
drawn in the periodic table are shown in Figure 6. It can be seen that the platinum group elements are
strongly adsorbed on resin in lower concentration of hydrochloric acid system. These distribution
coefficients are high in comparison with general anion exchange resin such as quaternary ammonium
resin. So, we propose the reprocessing process for all actinide recycling with recovery of useful
elements such as platinum group elements (PGM) based on chromatography using tertiary pyridine
resin. The schematic diagram of the proposal process is shown in Figure 7. This process consists of
three subprocesses: Step I – Prefiltration process for removal and recovery of PGM, etc., Step II – Main
process for recovery of uranium and plutonium and for separation of MA(III) from other FPs
including lanthanides, caesium, strontium, and so on, Step III – Am and Cm separation process.
Figure 6. Distribution coefficients in hydrochloric acid drawn in periodic table

Figure 7. Proposed reprocessing process with separation and recovery trivalent actinides
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Experimental
1. Materials
The MOX fuel irradiated by the JOYO fast reactor was used as samples. The plutonium adding
ratio in this MOX fuel is 20%. The irradiated MOX fuel is high burn-up of 143.8 GWd/t. A detailed
description is found in Ref. [9].
2. Experimental procedure
STEP I: The irradiated MOX sample dissolved in 0.5M HCl was fed to 10 cm column packed
with non-support type pyridine resin. The actinides, lanthanides, caesium, etc. are eluted by 0.5M HCl
solution of 4 column volumes (CV). After this elution, the column was eluted by 4 CV deionised
water. Finally, the column was washed by 1M NaOH solution of 3 CV.
STEP II: The eluted sample by 0.5M HCl in Step I is fed into the 10 cm column packed with
silica support type pyridine resin. The feed solution was changed from diluted HCl to concentrated
HCl before feeding. The MA(III) was separated from FP including lanthanides by running concentrated
HCl through the column. The residual elements, U, Pu, etc. were eluted by diluted HCl.
STEP III: MA(III) solution is fed into the column with silica support type pyridine resin in
changing the solution from HCl to mixture of 8M HNO3 and MeOH which ratio is 1:4. Americium
and curium were separated by chromatography of HNO3 and MeOH mixture.
Results and discussion
In Step I, MA(III), lanthanides, and caesium 137 were observed in eluate, but PGM were not
observed, while 106Ru of PGM was observed in resin washed by alkaline solution. The chromatogram
of Step II is shown in Figure 8. We can see the separation of MA(III) from FPs including lanthanides,
and the recovery of Pu. U cannot be observed because the only J- and D-ray spectrometries used as
nuclide analytical method, however we expected that U was recovered with Pu because of the
distribution coefficient of U in hydrochloric acid solution. The chromatogram of Step III is shown in
Figure 9. The almost complete separation of Am and Cm can be confirmed. We evaluated the value
related separation of MA(III), i.e. recovery rate of Am, decontamination factor of Am for lanthanides,
purity of Am for lanthanides, decontamination factor of Cm for Am, and purity of Cm for Am are
>95%. DF(Am/Eu) > 1.0 u 105, Eu/Am < 0.3 ppm, DF(Cm/Am) > 2.2 u 103, Am/Cm = 7.5 u 103 ppm,
respectively.
Figure 8. Result of Step II (main process); Pu recovery and MA(III) separation
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Figure 9. Result of Step III; separation of Am and Cm
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Conclusion
We propose a novel reprocessing process for all actinide recycling based on tertiary pyridine
resin. This proposed process consists of removal of platinum group elements, recovery of nuclear fuel
elements such as U and Pu, separation of trivalent actinides, Am and Cm, from fission products
including lanthanides, and separation of Am and Cm. We demonstrated this process using MOX fuel
irradiated by “JOYO”, and confirmed recovery of all actinides, the separation of trivalent actinide
from lanthanides, and the separation of americium and curium.
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Abstract
Two hollow fibre module (HFM) micro-plants were built to perform continuous liquid-liquid
extraction tests with very small feed volumes, using miniature HFM as phase contactors. The first was
used to run spiked DIAMEX tests (i.e. co-extraction of Am(III), Cm(III) and lanthanides from
PUREX raffinate). The second micro-plant will soon be installed in a hot cell at the Institute for
Transuranium Elements, to run a hot DIAMEX test. It is currently being cold tested.
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Introduction
The DIAMEX process selectively extracts Am(III), Cm(III) and lanthanides from PUREX raffinate.
N,N’-dimethyl-N,N’-dioctyl-2-(2-hexyloxy-ethyl)malonamide (DMDOHEMA) [1] in kerosene is used
as extractant. The product solution from the DIAMEX process can be used as feed solution to the
SANEX process, to separate Am(III) and Cm(III) from the lanthanides.
Previously, hot DIAMEX tests in centrifugal contactors were performed at the Institute for
Transuranium Elements (ITU) [2-4]. At Institut für Nukleare Entsorgung (INE), the use of hollow
fibre modules (HFM) as alternative phase contactors has been tested [5,6]. Using several coupled
miniature HFM [6] for extraction, scrubbing and stripping sections, two versions of a HFM micro-plant
were built at INE, and were tested with cold and spiked DIAMEX tests. Due to the plants’ small
dimensions, a complete test can be performed with less than 50 mL of feed phases. One of these
micro-plants (referred to as HFM micro-plant #1) is installed at INE, where spiked tests are being run.
A first successful DIAMEX test has been made [7], but the decontamination factors were not very
high, so several modifications to the flow sheet were tested. The other plant (HFM micro-plant #2)
will be installed in a hot cell at ITU, to carry out hot tests. It is currently being cold-tested at ITU.
Results from the DIAMEX tests are presented.
The flow sheets were planned using computer code calculations. Equilibrium data for the
extraction of Am(III), Cm(III), lanthanides, and nitric acid had to be determined, to be used in the flow
sheet calculations.
Experimental
Equilibrium data
Organic phase was a solution of 0.50/0.75/1.0 M DMDOHEMA (Panchim, France; previously
purified over Alumina B) in TPH (a kerosene-type diluent from Prochrom, France). Aqueous phases
were 241Am + 244Cm + 152Eu (1 000 Bq/mL each) + lanthanides at 10 mg/L each in nitric acid of varied
concentration. Experiments were made in duplicate. 0.5 mL of each organic and aqueous phases were
contacted at 294 K (21°C) on an orbital shaker for 45 min. and centrifuged. It was ascertained by
preliminary tests that this time was by far sufficient to attain equilibrium. Following centrifugation,
phases were separated and taken for analysis. 241Am and 152Eu were determined on a gamma counter in
both organic and aqueous samples. 244Cm was determined by alpha spectrometry. Lanthanides were
determined by ICP-MS. Organic samples were previously stripped into dilute nitric acid, with an
appropriate A/O ratio. Initial and equilibrium nitric acid concentrations were determined by duplicate
potentiometric titration with 0.1 M NaOH using a Metrohm Titroprocessor. Organic samples were
stripped into water, with an appropriate A/O ratio, which was titrated as described above.
HFM experiments
The flow sheets developed for the DIAMEX tests are similar to those developed for centrifugal
contactor tests [3]. They were developed using computer code calculations [5] predicting Am(III),
Cm(III), lanthanides and nitric acid effluent concentrations. The calculations use equilibrium data
and diffusivities [8-11] of the Am(III), Cm(III), Ln(III), HNO3/DMDOHEMA, TPH system and a
hydrodynamic description of the HFM used. As mass transfer is controlled by diffusion [1,12], the rate
of the chemical complexation reaction did not need to be considered.
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The miniature HFM were coupled according to Figure 1. They consisted of 90 fibres each, with
active lengths given in Table 1. For details on the HFM set-up and procedure, see [6,7]. Feed phase
was a simulated inactive PUREX raffinate, containing oxalic acid and HEDTA. The composition is
given in Table 2. Compositions of the fission product scrub solutions and acid scrub solutions are
given in Table 1. Stripping solution was 0.1 M nitric acid. Organic phase was 0.75 M DMDOHEMA
in TPH. Its kinematic viscosity was determined to be 6.1·10–6 mm2/s (293 K) using an Ubbelohde
viscosimeter. DMDOHEMA was previously purified over Alumina B.
Figure 1. Set-up for the DIAMEX tests performed in the HFM micro-plant
DMDOHEMA
in kerosene

spent
solvent
extraction
HFM

raffinate

HAR simulate

FP/acid scrubbing
HFM

FP scrub sol’n

stripping
HFM

acid scrub sol’n

product

strip sol’n

Table 1. Experimental conditions (modules lengths, acidities, flow rates)
for the DIAMEX tests performed in HFM micro-plants
Tests 1S-4S, spiked tests made in HFM micro-plant #1.
Tests 1C-4C, cold tests made in micro-plant #2 (to be used for future hot tests).
EX = extraction HFM, SC1 = fission products scrub HFM, SC2 = acid scrub HFM, BX = back extraction HFM.
#
1S
[7]

2S

3S

Modules
EX = 20 cm
SC1 = 20 cm
SC2 = 10 cm
BX = 20 cm
cf. 1S

Organic
0.75 M
DMDOHEMA in
TPH 0.70 mL/h
0.75 M
DMDOHEMA in
TPH 0.60 mL/h

1C

EX = 20 cm
SC1 = 15 cm
SC2 = 10 cm
BX = 20 cm
EX = 20 cm
SC1 = 15 cm
SC2 = 10 cm
BX = 30 cm
cf. 1S

cf. 2S

2C

cf. 3S

cf. 2S

3C

cf. 3S

cf. 2S

4C

cf. 3S

cf. 2S

4S

cf. 2S

cf. 2S

Feed
3.7 M HNO3
0.2 M oxalic,
0.02 M HEDTA
0.80 mL/h
4.0 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.65 mL/h
4.1 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.61 mL/h
4.1 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.60 mL/h
3.4 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.66 mL/h
4.0 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.60 mL/h
3.7 M HNO3
0.55 mL/h
4.1 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.60 mL/h
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FP scrub
3 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.40 mL/h
2.9 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.35 mL/h
2.9 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.31 mL/h
2.9 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.30 mL/h
2.8 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.35 mL/h
2.7 M HNO3
0.2 M oxalic
0.02 M HEDTA
0.30 mL/h
2.9 M HNO3
0.28 mL/h
3.0 M HNO3
0.1 M oxalic
0.01 M HEDTA
0.33 mL/h

Acid scrub
1.0 M HNO3
0.40 mL/h

Strip
0.1 M HNO3
0.80 mL/h

1.0 M HNO3
0.35 mL/h

0.1 M HNO3
0.65 mL/h

2.0 M HNO3
0.31 mL/h

0.1 M HNO3
0.62 mL/h

2.0 M HNO3
0.30 mL/h

0.1 M HNO3
0.62 mL/h

0.9 M HNO3
0.34 mL/h

0.1 M HNO3
0.65 mL/h

2.0 M HNO3
0.30 mL/h

0.1 M HNO3
0.64 mL/h

1.9 M HNO3
0.28 mL/h
2.1 M HNO3
0.32 mL/h

0.1 M HNO3
0.55 mL/h
0.1 M HNO3
0.60 mL/h

Table 2. Composition of the simulated HAR feed solutions for the DIAMEX tests
(Am(III) and Cm(III) not in all tests). Concentrations are mg/L unless stated otherwise.
Rb
20
Sn
2.4
Eu
15

Sr
31
Sb
8.8
Gd
29

Y
19
Te
47
Tb
3.1

Zr
121
Cs
373
Dy
6.4

Mo
Ru
Rh
Pd
Ag
Cd
211
113
41
191
7.7
16
Ba
La
Ce
Pr
Nd
Sm
161
102
185
83
292
83
241
244
Am
Cm
HNO3 Oxalic acid HEDTA
20 MBq/L 4 MBq/L
See Table 1

Starting from the results of test 1S [7], some flow sheet modifications were tested with the
following spiked tests in HFM micro-plant #1. Test 2S was run with lower flow rates. Tests 3S and 4S
used a higher nitric acid concentration for the acid scrub solution, as computer code calculations
indicated that this would reduce the time required to achieve steady state. Furthermore, a combined
FP/acid scrub HFM was used for the first time in tests 3S and 4S, as shown in Figure 1. This was also
expected to have a positive effect on operating time, as it made redundant several fittings and
connections. A longer back-extraction module was used in test 4S.
After HFM micro-plant #2 (see Figure 2) was built, several cold DIAMEX tests were run, to test
both its operability and some additional flow sheet modifications. Test 1C was a reproduction of test
2S; 2C corresponded to 3S. Test 3C was similar to 2C, however without oxalic acid and HEDTA in
the feed and fission products scrub solution. Test 4C used half the concentrations of oxalic acid and
HEDTA in the fission products scrub solution.
Figure 2. HFM micro-plant #2, to be used for future hot tests
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Results and discussion
Equilibrium data
Equilibrium data are required for mass transfer calculations. The extraction of actinides(III) and
lanthanides(III) from nitrate solutions into DMDOHEMA is usually described by Eq. (1) [13]:
M 3aq  3NO 3aq  2L org

(1)

M NO 3 3 2L org

However, the extraction from nitric acid is not as simple, as mixed complexes such as
M(NO3)3·(HNO3)m·nL are present at higher acidity [14]. Furthermore, co-extraction of nitric acid
needs to be taken into account, proceeding via the formation of several complexes such as HNO32L,
HNO3L, (HNO3)2L, (HNO3)3L [15,16].
Since no equilibrium data for the extraction of Am(III), Cm(III) and lanthanides(III) into 0.75 M
DMDOHEMA in TPH are available in the literature, and a simple equilibrium description to be used
in the computer code is desirable, our own measurements were made. The acidity range to be covered
is 0.1-3 M (even if the feed acidity was > 3 M, it was diluted by the aqueous effluent from the
scrubbing sections, see Figure 1).
For this range of concentrations, nitric acid extraction could accurately be described taking into
account only the formation of the 1:1 complex, HNO3L, using a concentration-based, conditional
equilibrium constant, K Hc :
K H’

>HNO3  L@
>H  @ >NO3 @ >L @

0.18  0.14  >L @  0.5

(2)

As shown in Figure 3 (left), nitric acid extraction is thus accurately described for initial nitric acid
concentrations up to 3 M, regardless of the malonamide concentration.
Figure 3. Equilibrium distribution data for the system
Am(III), HNO3 – 0.75 M DMDOHEMA, TPH
Left, equilibrium organic nitric acid concentration as a function of initial aqueous nitric acid concentration.
Right, Am(III) distribution ratios as a function of initial aqueous nitric acid concentration.
Symbols, experiments. Lines, calculated.
102
1M
DMDOHEMA
0.75 M DMDOHEMA
0.5 M DMDOHEMA

1M
DMDOHEMA
0.75 M DMDOHEMA
0.5 M DMDOHEMA

101
100

10-1
10-1
10-2

10-2

10-3
10-3
10-1

100

101

[HNO3]aq,ini [M]

10-1

100
[HNO3]aq,ini [M]
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10-4
101

DAm

[HNO3]org,eq [M]

10

0

For a simple equilibrium model describing Am(III) extraction, two different “equilibria” were
taken into account for different sections of the DIAMEX process. For [HNO3]aq < 0.5 M, as prevailing
in the stripping section, a non-stoichiometric equilibrium was used to calculate Am(III) distribution:
K RX

>" Am NO3

2.3

 4 L" @

>Am @ >NO3 @  >L @4
3

 2.3

(3)

0.8

For 0.7 M < [HNO3]aq  M, as present in the extraction and scrubbing sections, the following
c ,
non-stoichiometric equilibrium was used, with a concentration-dependent equilibrium constant K EX
and a concentration-dependent nitrate “stoichiometry”, m:
c
K EX

>" Am NO3

m

 2 L" @

(4)

>Am 3 @  >NO @  >L@2
 m
3

c = 0.7 + 2 ([DMDOHEMA] – 0.5) and m = 5 – 2 ([DMDOHEMA] – 0.5).
where K EX

Of course, these equations do not have thermodynamic relevance. Nevertheless, they are able to
calculate Am(III) distribution ratios as a function of initial nitric acid concentration for the range of
relevant concentrations, see Figure 3 (right). Only for a malonamide concentration of 1 M (not
relevant for this work), Am(III) distribution ratio is underestimated beyond 2 M nitric acid.
Separation factors for Cm(III) and lanthanides(III) over Am(III) are given in Table 3. The light
lanthanides are better extracted than the heavier ones. With the exception of Y(III), separation factors
are practically independent of nitric acid concentration.
Table 3. Extraction of Am(III), Cm(III) and lanthanides(III) into DMDOHEMA in TPH.
Am(III)/M(III) separation factors for varied initial aqueous nitric acid concentration.
Organic phase, 0.75 M DMDOHEMA in TPH.
Aqueous phase, 241Am (1 000 Bq/mL) 244Cm (1000 Bq/mL) + 152Eu (1 600 Bq/mL) + Ln (10 mg/L each) in nitric acid. A/O = 1.

SFAm(III)/M(III)
M(III)
Cm
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy

0.1
1.79
18.5
1.35
1.22
1.00
1.34
1.58
1.98
3.24
3.56
6.01

[HNO3]aq,ini [M]
0.3
1.0
1.96
1.76
16.3
13.3
1.43
1.30
1.13
1.07
0.99
1.09
1.29
1.27
1.57
1.64
1.94
2.06
3.08
3.14
3.37
3.41
5.39
4.97

3.0
1.74
7.35
1.33
1.08
1.36
1.28
1.70
2.15
3.07
4.18
3.80

DIAMEX process tests
The DIAMEX process is supposed to achieve high raffinate decontamination factors for
actinides(III), and to produce a product solution containing only actinides(III) and lanthanides(III).
Although lanthanides(III) are co-extracted in a DIAMEX process, their decontamination factors are
not important as they will be separated in the successive SANEX process anyway. Thus, we only
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report the relative concentrations of Am(III) and Cm(III) and of some important fission products found
in the effluent solutions. Ce(III) and Sm(III) are included as in the cold tests they are useful surrogates
for Am(III) and Cm(III), due to their similar extractabilities (cf. Table 3).
Spiked tests
Table 4 contains the major results from the spiked DIAMEX tests performed in the HFM microplant #1. The results from test 1S are reported in detail in [7] and are listed here for comparison. The
changes from test 1S to test 2S (lower flow rates, slightly higher feed acidity) resulted in better
raffinate decontamination (DFAm(III) increased from 1 000 to 2 000, DFSm(III) [surrogate for Cm(III)]
increased from 26 to 63). No further significant differences were observed.
Table 4. Results from spiked DIAMEX tests performed in HFM micro-plant #1. Relative effluent
concentrations, nitric acid concentrations and mass balances, as determined from last sampling.
Calculated values in italics

1S [7]
TEST #
2S
Relative concentrations in raffinate
Am
1·10–3 (2.2·10–3)
5·10–4 (5.3·10–4)
Cm
n/a
n/a
Ce
2·10–3 (3.7·10–3)
7·10–4 (6.8·10–4)
Sm
0.038 (0.040)
0.016 (0.018)
Relative concentrations in product
Zr
3·10–5
nd
Mo
3·10–3
2·10–3
Ru
0.01
0.01
Pd
3·10–5
2·10–5
Relative concentrations in spent organic phase
Am
0.016 (0.022)
0.017 (0.012)
Cm
n/a
n/a
Ce
0.022 (0.022)
0.021 (0.012)
Sm
0.017 (0.022)
0.014 (0.012)
Ru
0.09
0.04
Pd
0.01
3·10–3
Nitric acid concentrations
Raffinate nm (2.78)
2.90 (2.91)
Product
0.25 (0.24)
0.25 (0.24)
Mass balances
Am
90%
78%
Cm
n/a
n/a
Ce
106%
84%
Sm
96%
72%
FP
101-112%
100-108%

3S

4S

6·10–5 (5.3·10–5)
3·10–3 (4.0·10–3)
1·10–4 (1.1·10–4)
3·10–3 (4.0·10–3)

5·10–5 (3.8·10–5)
1.2·10–3 (3.0·10–3)
6·10–5 (8.5·10–5)
9·10–4 (3.0·10–3)

6·10–5
3·10–3
0.015
6·10–5

2·10–5
5·10–3
0.02
1·10–4

0.017 (0.012)
0.014 (0.012)
0.026 (0.012)
0.016 (0.012)
0.05
3·10–3

1.3·10–3 (1.5·10–3)
1.1·10–3 (1.5·10–3)
1.7·10–3 (1.5·10–3)
1.5·10–3 (1.5·10–3)
0.06
3·10–3

3.15 (3.09)
0.46 (0.43)

3.15 (3.10)
0.47 (0.44)

74%
66%
91%
75%
97-112%

78%
74%
94%
81%
97-106%

nm = not measured, FP = non-lanthanide fission products.

The changes from test 2S to test 3S (higher acidity of acid scrubbing solution, combined fission
products/acid scrubbing module) had the following effects: DFAm(III) increased to 17 000, DFCm(III)
increased to 330; the product solution’s nitric acid concentration increased from 0.25 M to 0.46 M.
Furthermore, these changes indeed had a positive effect on the transient behaviour (not shown): while
slightly increasing lanthanides concentrations could be observed in the product solution throughout the
complete operating time of tests 1S and 2S, no such trend could be observed in tests 3S and 4S after
approximately 24 h, i.e. steady state was achieved.
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Finally, the longer stripping module used in test 4S made for more complete stripping of
actinides(III) and lanthanides(III), with only 0.1-0.2% remaining in the spent organic phase. A slight
increase in the concentrations of molybdenum, ruthenium and palladium may be noticed in the product
solution, due to more effective stripping in the longer module. Additionally, DFAm(III) increased to
20 000, DFCm(III) increased to 830, which was due to the slightly lower flow rates.
Throughout the four tests, the mass balances regarding actinides(III) and lanthanides(III) were
significantly below 100%, with the exception of Ce(III) in test 1S. A possible reason is precipitation of
oxalates, as the reduction of oxalate concentration had a positive effect (see cold tests below).
The agreement between calculated and experimental data regarding actinides(III), lanthanides(III)
and nitric acid was very good. The calculations accurately responded to flow sheet changes.
Cold tests
The main results from the cold DIAMEX tests performed in HFM micro-plant #2 are compiled in
Table 5. Test 1C was a reproduction of test 2S. However, due to the lower feed acidity (3.4 vs. 4.0 M),
lower raffinate decontamination factors were achieved. The mass balances were also lower, which
may be due to several additional valves and connectors present in HFM micro-plant #2, slowing down
the transient behaviour; thus steady state may not have been achieved within the operating time.
Table 5. Results from cold DIAMEX tests performed in HFM micro-plant #2. Relative effluent
concentrations, nitric acid concentrations, and mass balances, as determined from last sampling.
Calculated values in italics

TEST #
1C
2C
Relative concentrations in raffinate
Ce
4.4·10–3 (5.1·10–3)
1·10–4 (7.9·10–5)
Sm
0.07 (0.063)
1·10–3 (4.0·10–3)
Relative concentrations in product
Zr
5·10–4
1·10–4
Mo
< dl
2·10–3
Ru
< dl
0.05
Pd
< dl
2·10–3
Relative concentrations in spent organic phase
Ce
nm
0.015 (0.012)
Sm
nm
8·10–3 (0.012)
Ru
nm
0.02
Pd
nm
0.01
Nitric acid concentrations
Raffinate nm (2.55)
3.4* (3.03)
Product
nm (0.22)
0.48* (0.42)
Mass balances
Ce
40%**
95%
Sm
30%**
78%
FP
93-102%**
91-104%

3C

4C

3·10–4 (1.0·10–4)
7·10–3 (4.6·10–3)

1·10–3 (7.0·10–5)
9·10–3 (3.6·10–3)

0.29
0.59
0.03
0.06

2·10–3
0.02
8·10–3
5·10–3

nm
nm
nm
nm

0.011 (0.012)
8·10–3 (0.012)
0.03
0.08

2.9 (2.85)
0.52 (0.46)

3.4* (3.13)
0.64* (0.46)

98%**
98%**
95-105%**

102%
100%
85-106%

nm = not measured, < dl = below detection limit, FP = non-lanthanide fission products.
*
Total acidity, including oxalic acid and HEDTA.
**
Organic phase not taken into account.

Test 2C was a reproduction of test 3S. As expected, no significant differences could be observed.
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Test 3C was similar to 2C but without oxalic acid and HEDTA in the feed and fission products
scrub solutions. This variation was tested as it was suspected that the low mass balances of all
previous tests may be due to precipitation caused by the aqueous complexants (presumably oxalic
acid). Indeed, lanthanide(III) mass balances were 97-105% with test 3C. Of course, Zr, Mo and Pd
(which would otherwise have been complexed by oxalic acid and HEDTA) were extracted; the relative
raffinate concentrations were 10–3 (Zr), 0.15 (Mo), 0.07 (Pd). Thus, very high concentrations of these
elements were found in the product solution.
In test 4C, a fission products scrub solution with reduced concentrations of oxalic acid and
HEDTA was used. Otherwise the test was similar to tests 2C and 3S. Unfortunately, the raffinate
decontamination factors were lower than expected. This was probably due to some air bubbles being
trapped in the extraction HFM. On the other hand, good lanthanide(III) mass balances were achieved
in this test, as well (97-110%). Somewhat higher concentrations of Zr, Mo and Pd were found in the
product solution, due to the reduced oxalic acid and HEDTA concentrations in the fission products
scrub solution.
Conclusion
Four cold and four spiked DIAMEX tests were run in two versions of the HFM micro-plant.
Decontamination factors of 20 000 [Am(III)] and 830 [Cm(III)] could be achieved. Am(III) and
Cm(III) stripping efficiency was up to 99.87%. Experimental results from the two micro-plants were
in good agreement, as was the agreement with computer-code flow sheet calculations. The issue of
low mass balances encountered in some tests could be resolved by decreasing the concentration of
oxalic acid and HEDTA in the scrub solution. A fifth cold test in which only the oxalic acid
concentration in the fission products scrub solution was reduced has meanwhile been performed but
not yet analysed. This test is expected to combine good decontamination factors, a pure product
solution and good mass balances. It is planned to install the second micro-plant in a hot cell soon, and
to run a hot DIAMEX test, using an actual PUREX raffinate as feed solution.
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PYROMETALLURGICAL REPROCESSING: DEVELOPMENT OF
TRANSPORT TECHNOLOGY AND PYROPROCESS EQUIPMENTS
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Abstract
Development of the engineering technology basis of pyrometallurgical reprocessing is a key issue for
industrialisation. For development of the transport technologies of molten salt and liquid cadmium at
around 773 K, a salt transport test rig and a metal transport test rig were newly installed in an Ar glove
box. Function of the salt transport test rig was confirmed with LiCl-KCl molten salt, and the transport
behaviour of molten salt was found to follow that of water. The molten salt/liquid metal contactor for
Ln/An separation was newly designed and installed. The test with a single-stage contactor was successful
with simulated elements, and a three-stage contactor is now under development. A large-scale
electrorefiner with a function to transport molten salt and liquid cadmium were newly designed, and to
be installed for demonstration test with simulated materials.
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Introduction
Dry (i.e. non-aqueous) processing technologies are currently being focused on in many countries
for closing the actinide fuel cycle because of their favourable economic potential [1] and an intrinsic
proliferation-resistant feature due to the inherent difficulty of extracting weapons-grade plutonium [2].
Pyrometallurgical processing technology is one of the most attractive dry processing technologies,
because it has an inseparability property of Pu from other actinides in all steps of the process [3,4].
This property enables to enhance intrinsic proliferation resistance in addition to recovery of long-lived
transuranium elements for transmutation in the fast reactor without addition of further treatment.
Feasibility of pyrometallurgical reprocessing has almost been convinced through many laboratory
scale experiments in CRIEPI [5-7] and other organisations [8-10]. It is now important to develop an
engineering technology basis for the industrialisation of the process equipments. In this study,
development of the transport technologies for high temperature molten salt and liquid metal are being
carried out with a molten salt loop and a liquid metal loop. Based on these technologies, scaled-up
pyroprocess equipments with practical processing rates are also under development. The molten salt/
liquid metal contactor for Ln/An separation was newly designed and installed in another Ar glove box.
The test with a single-stage contactor was succeeded with simulated elements, and a three-stage
contactor is now under development. A large-scale electrorefiner with a function to transport molten
salt and liquid cadmium were newly designed, and are to be installed for a demonstration test with
simulated materials. These results will be used for more precise evaluation of the industrialisation
potential of pyrometallurgical reprocessing.
Transport technologies for molten salt and liquid metal
As one of the most important engineering technologies for the industrialisation of pyroprocess
equipments, there is currently a focus on the development of transportation of the materials between
process equipments. For example, the electrorefiner was developed to improve the throughput by
increasing the current to dissolve spent fuels and to recover actinides on the cathodes [10]. However,
the throughput of the process depends not only on the current but also on the time to move the
products, the electrodes, the molten salt electrolyte, etc. Transportation of the molten salt electrolyte
and the liquid metal are the key technologies for rationalising the design of the pyroprocess system.
As for the electrorefiner with Cd pool, molten salt and liquid Cd should be replaced periodically
because the separated FPs will be built-up in both media. Liquid transportation will help to replace
those spent media with new ones. As for TRU extraction from spent molten salt, counter current
contact of molten salt with liquid Cd gives the most efficient extraction while keeping enough
separation factors.
In order to develop the engineering technology basis such as transport technologies and scale-up
technologies, a new experimental apparatus called PYRO-STATION (Pyroprocess Scaled-up Test
Apparatus for Industrialisation) has been installed at the CRIEPI-Komae site. As shown in Figure 1,
the apparatus consists of a large Ar glove box (2 mW u 7 mL u 4 mH) and Ar purification unit for
keeping the atmosphere at less than 10 ppm of O2 and H2O. A salt transport test rig and a metal
transport test rig are installed in the glove box, and are under operation. A scaled-up electrorefiner will
be installed in the heating well of 800 mm diameter.
The salt transport test rig consists of two tanks, a lower tank of 29 L and a higher tank of 26 L,
connected to each other with 1/2’ piping. A centrifugal pump was employed in the lower tank to
transport molten salt into the higher tank [11]. The molten salt is then transported back to the lower
tank by gravity. As shown in Figure 2, the whole apparatus was covered with the heat insulator to hold
the temperature from 673 K to 873 K. In order to avoid degradation of molten salt due to handling and
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Figure 1. Glove box floor design and photo of PYRO-STATION

Figure 2. Salt transport test rig

maintenance, the entire apparatus was installed in the Ar glove box. Prior to the test with salt transport
rig, gravity flow of molten salt in 1/2’ piping was tested in different angles of inclination and at
different temperatures. The flow of LiCl-KCl eutectic molten salt was visually observed as shown in
Figure 3, and the flow rate was derived from the weight change of the molten salt. In general, the
behaviours followed well with the result obtained with water [12]. The flow rate with centrifugal
pump was also measured with different pump head and different salt temperature. As expected from
the kinematic viscosity shown in Table 1 [13], the flow dynamic of the LiCl-KCl molten salt in the
operation temperature range was similar to that of water in room temperature [14].
The metal transport test rig consists of three tanks, as shown in Figure 4. Liquid Cd is to be
transported from the lowest tank to the highest tank by a centrifugal pump. The transport from highest
tank to the middle tank is carried out through vapour transport. The condensed Cd in the middle tank
is to be transported into the lowest tank by gravity. The experiments on this rig have just started. As a
preliminary experiment, transport from the lowest tank to the highest tank was successful with pure
liquid Cd of 773 K.
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Figure 3. Flow test of LiCl-Kcl molten salt

Table 1. Physical properties of molten salt and liquid Cd [13]

Material
LiCl-KCl eutectic
Liquid Cd
Water

Melt.
temp.
(K)
625.15
594.15
273.15

Temp.
(K)
773
773
300

Surface
tension
(10–3N/m)
125.9
600.0
072.25

Viscosity
(10–3Pa*s)

Density
(kg/m3)

2.250
1.840
0.854

1.620
7.820
0.997

Kinematic
viscosity
(10–3m2/s)
1.390
0.235
0.857

Figure 4. Metal transport test rig

Molten salt/liquid metal contactor for Ln/An separation
The requirement in molten salt/liquid metal extraction step is to recover >99% of actinides and
<20% of rare earth FPs in multi-stage condition. As the separation factors obtained for the equilibrium
experiments with minor actinides were high enough [15], the demonstration of the separation with the
actual test apparatus is of primary concern. The concept of this counter current contactor is simple in
construction and easy control in operation compared with a centrifugal type extractor [16]. As shown
in Figure 5, the test apparatus consists of six tanks connected to each other with 1/2’ tubing. The
specifications of the tanks are as follows [17]:
1) Supply tanks (salt, Cd): 5 litres of salt or Cd can be reserved, flow rate can be changed in
10-100 ml/min using float system.
2) Extractor (single stage): 250 ml of each salt and Cd, salt and Cd can be sampled with SS tube.
3) Recovery tanks: 5 litres of salt or Cd can be reserved.
4) Back-extractor: 10 litres of salt and Cd can be reserved.
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Figure 5. Molten salt/liquid metal contactor

All these parts can be heated with spiral heaters as shown in Figure 6. In an actual test operation,
the parts are all covered with the heat insulator to hold the temperature of the apparatus at around
773 K.
Figure 6. Test apparatus without heat insulator

The separation experiments were carried out with Ce, Gd, Y as substitutes of U, Pu(MA), REs,
respectively. The flow rates of the experiments were about 3 litres of both salt and Cd in 1-3 hrs. The
concentration of each solute was found to reach steady state immediately. As expected, effective
extraction was achieved at high agitation speed and low flow rate. In the case of the low flow rate
experiment, more than 97% of Ce and Gd (substituted for actinides) were recovered in one stage.
279

In the case of relatively low recovery yield, the separation factor was the same as that obtained in the
equilibrium condition [18]. The apparatus has been modified to add two more extractors for testing
actual multi-staged counter current extraction. Further experiments are now under way using the
three-stage extractor.
Scaled-up electrorefiner development
CRIEPI has been developing an electrorefining with using actinide elements and simulated
materials. The typical electrorefiner for plutonium experiments consists of one anode basket and one
cathode placed in the cylindrical molten salt bath of about 10 cm diameter. The cathodes are designed
for either a solid cathode or a liquid Cd cathode, and have been tested for the recovery of U or
Pu-MA-U [6,7]. On the other hand, a larger-scale electrorefiner of about 25 cm diameter has been
tested with uranium [19]. According to these experimental results, key design parameters such as the
current densities for anode and cathodes, the stirring conditions, materials, etc. can be determined.
With adding the transport technologies to these results, design of the scaled-up electrorefiner has just
started. Figure7 shows the preliminary design of the electrorefiner within the heating well of 800 mm
diameter [20]. After an internal design review, the electrorefiner will be installed in PYRO-STATION
for the test with simulated spent metal fuels.
Figure 7. Preliminary design of engineering scale electrorefiner

Conclusions
The development of an engineering technology basis for pyrometallurgical reprocessing is
summarised. Transport technologies for molten salt and liquid cadmium are under development. The
process equipments such as the molten salt/liquid metal contactor and the electrorefiner are under
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development. The preliminary results with a single-stage counter current contactor was successful.
A three-stage contactor and 800 mm diameter electrorefiner will be installed for testing with simulated
elements. The results will be used for a more precise evaluation of the industrialisation potential of
pyrometallurgical reprocessing.
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Abstract
In Korea, the studies on partitioning have been focused on the development of a pyroprocessing based
on an electrorefining of actinides as it is a kind of proliferation-resistive technology, wherein all the
transuranic metals are separated together as a mixture. Electrorefining is a key pyroprocessing
technology and is generally composed of two recovery steps – deposit of uranium onto a solid cathode
and the recovery of actinide elements by a liquid cadmium cathode. The liquid cadmium cathode has
some disadvantages such as a cadmium volatilisation and a complicated structure. The solid cathode
could replace a liquid cadmium cathode if the detachment problem of the cathode deposit is solved.
In this study, a solid cathode surrounded by a perforated ceramic container was employed and tested
during the electrorefining experiments. Several anode materials including metal oxide were compared
by the potential-current relation and their behaviour during the uranium deposition experiments. It was
found that the solid cathode used in this study could be a potential candidate for replacing a liquid
cadmium cathode.
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Introduction
The long-lived elements must be separated from a spent nuclear fuel to be able to destroy them in
a transmutation process [1-3]. The long-lived actinides could be extracted and fabricated into fuel for
use in advanced reactors. In addition, the extraction of actinides from a spent fuel will significantly
reduce the radioactivity of the spent fuel and the volume of the spent fuel to be buried in a repository.
In Korea, the studies on partitioning have been focused on the development of a pyroprocessing based
on an electrorefining of actinides as it is a type of proliferation-resistive technology, wherein all the
transuranic metals are separated together as a mixture. Pyroprocessing has been developed for the
separation of the long-lived elements due to its advantages of compactness, nuclear proliferation
resistance and reduction of secondary waste generation.
Electrorefining is a key step in pyroprocessing. The electrorefining process is generally composed
of two recovery steps – deposit of uranium onto a solid cathode and then the recovery of the remaining
uranium and TRU elements simultaneously by a liquid cadmium cathode. The liquid cadmium cathode
has inherent disadvantages such as cadmium volatilisation, low separation factor, and complicated
electrorefiner structure. A solid cathode is expected to overcome the disadvantages of the liquid
cadmium cathode. However, deposition of uranium and other actinide elements onto the same cathode
is much more difficult than dealing with them individually. Therefore, the deposit on the solid cathode
could easily drip down from the cathode due to the difference in the chemical stabilities of their
chlorides. Serp, et al. investigated the use of a solid aluminium cathode instead of the liquid cadmium
cathode, since aluminium forms eutectic alloys with actinide elements (AnAl4) [4]. The adherence of
the deposit was very good by the alloy formation. However, it is necessary to separate the actinide
elements from the alloy after an electrorefining. Gay, et al. tried to collect a dripped uranium deposit
by the use of the cathode deposit collection crucible situated under the solid cathode [6].
In this study, a solid cathode surrounded by a ceramic container, the container-aided solid cathode
(CASC) was proposed and examined as a candidate for replacing a liquid cadmium cathode, where the
ceramic container was used to capture the dripped deposit from the cathode. It was also attempted to
apply the cathode for the draw down process.
Experimental
The experimental set-up is composed of an electrorefiner, a control system and a gas purification
system. The electrorefiner is installed in the Ar gas-filled glove box. There are a cathode (CASC), an
anode, an agitator and a reference electrode in the electorefiner as shown in Figure 1. The cathode is a
solid cathode surrounded by a ceramic container. A molybdenum rod with a diameter of 3 mm was
used as a solid cathode. The container was made of codierite with an inner diameter of 10 mm and
height of 75 mm. There are 30 holes in the container. Glassy carbon rod with a diameter of 6 mm was
used as an anode.
LiCl-KCl eutectic salt was used as a medium of the electrorefiner. Uranium and cerium were used
as solutes, where the uranium was used as a surrogate for the TRU elements. Cerium chloride (CeCl3)
in the glass ampoule was used as received without any further treatment. The uranium chloride was
prepared by oxidising U-metal (Korea Atomic Energy Research Institute stock material) by adding
CdCl3 to the LiCl-KCl eutectic salt.
The performance of the CASC was examined in LiCl-KCl eutectic at 450qC. The potential-current
relations of the anode and cathode were measured at various conditions. Electrolysis experiments were
also carried out by passing a constant current between the anode and the cathode. Salt samples were
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Figure 1. Experimental set-up for the electrolysis experiments
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taken by dipping a cold ceramic rod into the eutectic salt for a measurement of the solute contents
during the electrolysis experiment. The salt samples were dissolved in nitric acid and the solute contents
were measured using an ICP spectroscopy.
For the draw-down experiments, uranium and cerium were used as solutes for actinide and rare
earth elements, respectively. Constant current was applied for each experiment.
Results and discussion
In this study, a container-aided solid cathode (CASC) was proposed to solve the problems of the
liquid cadmium cathode. The performance of the CASC was investigated by measuring the cell
potential and examining the electrodeposition behaviour.
The current-potential relation of the cathode and anode was measured and represented in Figure 2
when the ceramic container was not used. The potentials of the cathodes with and without the ceramic
container were compared to investigate the electric resistance raised by the ceramic container. As shown
in Figure 2, the cathode potential of the CASC was shifted negatively by about 0.5 V at 200 mA. This
potential shift was caused by the overpotential raised by the resistance of the container. The 0.5 V of
anode potential shift does not seem to be large enough to disturb the electrorefining operation in
comparison with the cell potential value of about 2.8 V as shown in Figure 2. The inverse numbers of
the slopes of the lines in Figure 2 are the resistances of the electrodes. Due to the ceramic container,
the resistance of the CASC is higher than that of the bare solid cathode.
The cell potential in this system is much higher than that of an electrorefining with a sacrificing
anode since the chlorination reaction takes place in the anode. During the electrodeposition of cerium
or uranium, the following reactions take place in the anode and the cathode, respectively.
Cathode reaction: U3+ + 3 e–

U, Ce3+ + 3 e–

Ce, Anode reaction: 2Cl–

Cl2 + 2e–

The potential difference between the anode and cathode potentials is equivalent to the above
overall reaction taking place in the electrorefiner.
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Figure 2. Comparison of the cathode current-potential
between a bare solid cathode and a CASC
a) Bare solid cathode, b) CASC, UCl3 conc.: 3 wt.%, anode: glassy carbon
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Electrodepostion of uranium onto the CASC
The performance of the CASC was examined by carrying out electrodeposition experiments for
the separation of uranium from cerium. Two solutes were used in the eutectic salt-cerium and uranium,
where the uranium was used as a surrogate for the TRU elements. As shown in Figure 3, the anode
and cathode potentials were stable until about the theoretical point where nearly all the uranium was
deposited onto the cathode. From this point, the potentials started to shift negatively and this shift
continued until the potential of a cerium chloride decomposition. The colour change of the salt sample
was observed during an electrodeposition of the uranium. The colour of the salt containing uranium
chloride was dark purple initially. The colour of the salt became lighter during the uranium deposition,
Figure 3. Potentials of the anode and cathode during an electrodeposition of uranium
Anode: glassy carbon, UCl3 conc.: 3 wt.%, current: 200 mA
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and it finally turned white, which is the colour of the LiCl-KCl salt containing cerium chloride only at
room temperature. The concentrations of UCl3 in the salt before and after the electrodeposition were
3.4 and 0.15 wt.%, respectively. The concentration of CeCl3 in the salt was nearly constant throughout
the experiment. Therefore, it was considered that the uranium in the salt had transferred successfully to
the solid electrode.
During the electrolysis experiments, the electrorefiner was successfully operated since the
potentials of the anode and the cathode were stable and no unusual phenomenon was found even
though the ceramic container was used. The durability of the ceramic container was examined and it
was found to be strong enough to use several times.
Salt clean-up
After the actinide recovery process, actinide and fission product elements still existed in the salt.
The concentration of the heavy metal must be reduced to lower the amount of heat generated and the
radioactivity. Therefore a draw-down process is required to regenerate the salt or to create a waste
form of the salt. The electrolysis of TRU chlorides in the electrorefiner with a Cd-Li alloy anode and a
solid cathode is one of the draw-down methods. In this study, the container-aided solid cathode was
applied in order to clean up the used salt. Uranium and cerium were used as solutes for the actinide
and rare earth elements, respectively. Figure 4 shows the potential profiles of the cathode and anode
during the electrolysis. The remaining uranium content in the salt was about 10 ppm after the
electrolysis of uranium chloride.
Figure 4. Potentials of the anode and cathode during an electrodeposition of uranium
Anode: glassy carbon, current: 250 mA
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Summary
To solve the problems of a liquid cadmium cathode, the container-aided solid cathode (CASC)
was proposed in this study. The performance of the CASC was investigated by measuring the cell
potential and examining the electrodeposition behaviour. From the results of this study, it was
concluded that a container-aided solid cathode could be a potential candidate for replacing a liquid
cadmium cathode and should be further developed for a better performance.
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Abstract
Pyrochemical separation technology using high-temperature molten salt and metal media shows potential
as a component of an overall separation and transmutation strategy for long-lived radionuclides.
It could also be used for advanced fuel cycles associated with new types of reactors (gas-cooled
reactor, molten salt reactor, fast reactor with metallic fuels).
Within the suite of pyrochemical technologies, we consider here: (i) liquid-liquid reductive extraction
where an element is chemically reduced from the molten salt and transferred to a metallic solvent;
(ii) electrodeposition on a liquid metallic cathode. For actinide/lanthanide separation, an essential
factor is the ratio between activity coefficients of An and Ln in the metal.
In order to determine the best metallic solvent among selected metals, it is necessary to measure and
compare activity coefficients. In this study, plutonium and cerium were chosen as representatives for
actinides and lanthanides respectively. The methodology for determining activity coefficients will first
be described. It basically consists in measuring the electromotive force between the pure element and
the element alloyed with the metal. Results are then presented and the considered metallic solvents are
classified at fixed temperature as follows: Al>Ga>Bi>Zn>Cd. When aluminium is liquid, this is the
most selective solvent for Pu/Ce separation.
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Introduction
Pyrochemical separation technology using high-temperature molten salt and metal media shows
potential as a component of an overall separation and transmutation strategy for long-lived radionuclides.
It could also be used for advanced fuel cycles associated with new types of reactors (gas-cooled
reactor, molten salt reactor, fast reactor with metallic fuels).Within the suite of pyrochemical
technologies, we consider liquid-liquid reductive extraction in a metallic solvent and electrodeposition
on a liquid metallic cathode, and this from a molten chloride or fluoride salt. For actinide/lanthanide
(An/Ln) separation, an essential factor is the ratio between activity coefficients of An and Ln in the
metal Me: JLn(Me)/JAn(Me). After having selected different metallic solvents, this study aims to determine
activity coefficients of representative actinides and lanthanides in those solvents and to classify the
latter ones. Some thermodynamic aspects of An/Ln separation in a metallic phase will first be
presented. Our experimental procedure will then be described and our results detailed. We will
conclude by classifying the considered metallic solvents.
Actinide-lanthanide separation: Thermodynamic aspects
We consider here the two following separation techniques: (i) liquid-liquid reductive extraction;
(ii) electrodeposition in a liquid metal. They consist in reducing an actinide (oxidation state n)
dissolved in the molten salt to the metallic state and in transferring it to a metallic phase. From here
on, we will consider the same oxidation state in the molten salt for the actinide and the lanthanide in
order to simplify the different equations.
Activity coefficient role
Electrolytic separation on a liquid metallic cathode (metal Me) is controlled by the equilibrium
potential difference between the redox couple Ann+/An and Lnn+/Ln written as follows:
'E An / Ln

'Eq An / Ln 

§ x n x
log¨ An  Ln Me
¨ x n x
nF
An Me
© Ln

2.3RT

· 2.3RT
§ J n
¸
log¨ An
¸
¨ J n
nF
© Ln
¹

§J
· 2.3RT
¸
log¨ Ln Me
¨J
¸
nF
¹
© An Me

·
¸
¸
¹

(1)

where 'E° is the standard potentials difference (V), R is the ideal gas constant, T is the temperature
(K), n is the number of exchanged electrons, F is the Faraday constant, xi is the mole fraction of i and
Ji is the activity coefficient of i in the salt or in the metallic solvent Me when specified. In the case of
liquid-liquid extraction in the metallic solvent Me (being the reducing agent or not), the expression of
the separation factor logSFAn/Ln (mole fraction scale) is quite similar:
logSFAn / Ln

§ J n
§ K0 ·
log¨ An ¸  log¨ An
¨ K0 ¸
¨ J n
© Ln ¹
© Ln

§
·
¸  log¨ J Ln Me
¨J
¸
¹
© An Me

·
¸
¸
¹

(2)

with K i0 being the standard thermodynamic constant of the extraction equilibrium for An or Ln. The
first term in these equations is driven by thermodynamic constants. An important parameter in these
equations is the ratio of activity coefficients JLn(Me)/JAn(Me), which can vary a lot from a metal to another
one. In the contrary, the ratio J Ann  / J Ln n  in the salt does not vary much when the nature of the salt is
changed [1,2]. Hence, the choice of the metallic solvent for those two techniques is crucial for the
process.
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Classification of metallic solvents
Plutonium and cerium were chosen as representatives for actinides and lanthanides respectively.
On one hand, both exhibit under argon atmosphere, only the oxidation states (III) and (0) in molten
chloride and fluoride. The oxidation state (II) has not been identified. On the other hand, cerium is one
of the most difficult lanthanides to be separated from plutonium. We selected Al, Bi, Ga, Cd and Zn as
metallic solvents because of their low melting temperature [3] and the high Pu solubility in the four
first ones [4-6]. Despite a low Pu solubility in Zn, this metal was also considered because its low
boiling temperature allows distillation as for Cd [3]. Some activity coefficient data in those metals
have been published in the literature, mostly by Lebedev [4]. In gallium, a sole value of JPu(Ga) has
been published at high temperature [7] and shows the potentiality of this metal. We will first compare
our experimental data with the available ones in order to validate our methodology. Unities are also of
most importance for the activity coefficient expression (reference state, scale).
Methodology for activity coefficient determination
We consider the galvanic cell (with An or Ln): An ~ molten salt, AnCl3 ~ An(Me) , between a pure
metallic An and the actinide metal dissolved in the metallic solvent Me [Figure1(a)]. Its electromotive
force is expressed by the following equation:

e.m. f

2.3RT
log(a An ( Me ) )
3F

E eq ( An3  / An )  E eq ( An3 / An ( Me ))

(3)

where Eeq An  / An and Eeq An  An Me are the equilibrium potentials of the An3+/An and An3+/An(Me) redox
couples respectively, R is the ideal gas constant, T is the temperature (K), F is the Faraday constant
and aAn(Me) is the activity of the An in the metallic solvent Me. The activity coefficient JAn(Me) is then
expressed through (mole fraction scale, pure solid as reference state):
3

3

e.m. f

2.3RT
nF

log J An Me 

2.3RT
nF

(4)

log x An Me

where xAn(Me) is the mole fraction of An in the metallic solvent. If the activity coefficient is constant in
the studied concentration range, the curve e.m. f f log x An Me exhibits a linear variation. It gives
access to JAn(Me) and its slope is related to the exchanged number of electrons. Since the molten salt
electrolyte is an intermediate, it was chosen to work with molten chlorides, electrochemistry
measurements being easier in this media. The electromotive force is determined indirectly in two
steps [8,9]:
(i) The e.m.f. measurement of the galvanic cell: An ~ molten salt, AnCl3 ~ Ag/AgCl, between the
pure metallic deposit and the reference electrode, which corresponds to Eeq An  / An vs. AgCl/Ag.
3

The measurement is made by a transient technique; cyclic galvanodynamic voltammetry [9].
(ii) The e.m.f. measurement of the galvanic cell: An(Me) ~ molten salt, AnCl3 ~ Ag/AgCl, between
the An-Me alloy and the reference electrode, which corresponds to Eeq An  An Me vs. AgCl/Ag.
3

The mole fraction of An in the metal is progressively increased by coulometry at controlled
potential. ICP and alpha analyses allow to precisely determine the faradic yield and the molar
fraction xAn(Me).
The molten electrolyte is the same for both measurements with the same concentration of actinide.
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Figure 1. Electrochemical cell
(a) Schematic figure for JAn(Me) determination

(b) Electrochemical cell

'E

Molten salt
with AnCl3

Pure
An

Metal Me
with An(Me)

Experimental
Generals
The experiments were realised in a electrochemical quartz cell placed under argon atmosphere
(Ar N60, Air Liquide) [Figure1(b)]. The cell was introduced in a tubular furnace (Pekly) connected to
a regulation monitor (Eurotherm). Electrochemical measurements were performed with a PGstat30
potentiostat-galvanostat (Metrohm). About 80 g of salt were used and placed in a glassy carbon
crucible (Sigradur, SGL Carbon).
Molten salt and metallic solvent
The NaCl-CaCl2 eutectic (52-48 mol.%) was prepared from NaCl (Aldrich, 99.999%) and CaCl2
(Aldrich, 96%) and was then purified at 550°C by bubbling HCl(g) (Praxair) for 30 min. CeCl3
(Aldrich, 99.9%) was mixed with the purified eutectic, heated to the working temperature and purified
with HCl(g). PuO2 (from CEA stock) was mixed with the purified eutectic and was dissolved in the salt
by carbochlorination at 550°C, using graphite carbon tube and rods (ATJ 49, Graphitec) and chlorine
gas (Praxair) as follows:
PuO2 s  C s  2Cl2 g o PuCl4 salt  CO2 g

(5)

PuCl4 is stable only under chlorine gas atmosphere and is therefore reduced to PuCl3 under Ar(g)
atmosphere. Very pure metals were used for Bi, Cd, Zn and Ga (Aldrich, t99.999%).
Electrochemistry
A three-electrode probe was used for the electrochemical measurements. The AgCl/Ag reference
electrode consisted of a closed end porous alumina tube (Sceram, 99.7%) that contained the molten
electrolyte with 0.75 mol.kg–1 of AgCl (Aldrich, 99%) and a 1 mm  silver wire (Goodfellow,
99.99%) dipped into the salt. The counter electrode was made of a 1 mm  tungsten wire
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(Goodfellow, 99.9%) as the working electrode used for cyclic voltammetric and galvanodynamic
measurements. In order to prepare by coulometry the metallic An-Me alloy, the working electrode was
a liquid metal electrode (Ga, Zn, Cd, Bi). It was made of a quartz container (S = 0.37 cm2 to 1.3 cm2)
filled with the metal (2 to 10 g) and that could be easily immersed into the salt [Figure1(b)]. The
electrical contact was made using a 0.5 mm  tungsten wire (Goodfellow, 99.9%) isolated from the
electrolyte.
Analyses
Salt samples were dissolved in HNO3 1 M and metal samples in HNO3 4 M with progressive
concentrated HF additions. Both were analysed by ICP or by alpha spectroscopy and alpha counting
for Ce and Pu concentration determination respectively.
Results and discussion
Pu activity coefficient in bismuth
We describe this determination as an example to validate and detail the methodology.
Determination of Eeq(Pu3+/Pu) vs. AgCl/Ag
After PuO2 dissolution, the molten electrolyte was first controlled by cyclic voltammetry on an
inert tungsten electrode (Figure 2).
Figure 2. Cyclic voltammetry of NaCl-CaCl2-PuCl3
(0.04 mol.kg–1), on W or Bi, at 550°C, at 0.1 V/s
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The NaCl-CaCl2 electroactivity domain is limited by the Na(I)/Na and the Cl2(g)/Cl– redox
systems, in reduction and oxidation respectively. The Pu(III)/Pu system is observed about at -1.85 V
vs. AgCl/Ag. The anodic peak shape is characteristic of the dissolution of an insoluble phase deposited
on the electrode during the forward scan and the cathodic peak potential value is consistent with
reported value in the literature [10]. Eeq(Pu3+/Pu) was determined by galvanodynamic voltammetry
which consisted in scanning the current (at 0.1 mA/s), first to cathodic ones in order to deposit Pu
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metal. The current was then inversed to oxidise the deposit and to reach the solvent oxidation and it
was at least returned to zero. The potential variation was followed during the scan and Eeq(Pu3+/Pu) vs.
AgCl/Ag was directly measured on the curve when the current was equal to zero. At 550°C, with
[Pu3+] = 0.04 mol.kg–1, the value was -1.773 vs. AgCl/Ag.
Determination of Eeq Pu 3 Pu Bi

f x Pu

Bi

A voltammetry of the molten NaCl-CaCl2-PuCl3 solution on liquid bismuth electrode was first
recorded. The comparison of voltammetries on inert tungsten and liquid Bi electrodes is given in
Figure 2. The shape of the curves is fully different. The plutonium reduction in liquid Bi is shifted to
more anodic potentials because of its low activity in this metal. This measurement allowed to choose
the potential for plutonium electrodeposition in liquid bismuth (coulometry run at -1.16V vs.
AgCl/Ag). Progressive coulometric additions of Pu in Bi were made and the open circuit potential of
this electrode was followed after each addition until the potential stabilised (Figure 3). This means that
plutonium had fully diffused from the electrode surface to the bulk and the equilibrium was reached.
Figure 3. Open circuit chronopotentiometry on Bi after coulometric additions of Pu(0), at 550°C
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Activity coefficient calculation
The linear evolution of electromotive force of the cell Pu°NaCl – CaCl2, PuCl3°Pu(Bi) is shown in
Figure 4 with the logarithm of the mole fraction xPu(Bi). The activity coefficient is constant in the
studied concentration range. The slope allows calculating 2.6 exchanged electrons, which is consistent
and the zero intercept allows to determine the activity coefficient using Eq. (4). At 550°C, we found
the value: log(JPu(Bi)) = -8.5 (r0.5) (mole fraction scale, pure solid as reference state). Lebedev [4]
reported: log(JPu(Bi)) = -8.7 (at Pu saturation in Bi i.e. log(xPu(Bi)) = -1.74). Both values are very similar
and these results allowed us to validate the methodology.
This methodology was also used for cerium and this in Bi and Zn. However, it was found that
solubility of Ce and Pu in liquid zinc was too low to perform the activity coefficient determination.
It was not possible to add enough Pu or Ce into this metal. Therefore an estimation of the activity
coefficient was made using cyclic voltammetry at different scan rates [11]. We previously used this
method with liquid cadmium. This allows getting a quick roughly good estimation.
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Figure 4. Electromotive force of the cell Pu°NaCl – CaCl2, PuCl3°Pu(Bi), at 550°C
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Plutonium activity coefficient in gallium
We focused then on the determination of missing data and in particular the plutonium activity
coefficient in gallium as a function of temperature. The same methodology as presented before was
initially used. However, after plutonium was deposited in liquid gallium, the open circuit potential did
not stabilise although plutonium high solubility in this metal [6]. On the contrary, after some time, it
sharply increased to reach pure gallium potential. Plutonium was back-oxidised by some oxidising
agent in the salt (it could be some remaining chlorine gas after the carbochlorination). Thus, instead of
increasing plutonium concentration in gallium by electrolysis, a saturated Pu-Ga alloy was prepared by
melting of both metals; the Pu concentration in Ga was then much higher. The activity coefficient was
determined as a function of the temperature in the saturated Pu-Ga alloy.
The electrode was prepared alloying 8.32 g of gallium (Aldrich, 99.999%) and 2.3 g of metallic
plutonium (available in our laboratory), i.e. 21.7 wt.%. The composition was chosen such as the Pu
solubility limit in Ga was reached up to 800°C. According to the binary Pu-Ga phase diagram, the
saturated Pu-Ga alloy is in equilibrium with PuGa3 from 475°C up to more than 900°C. When the
Pu-Ga electrode was introduced in the molten electrolyte, its potential quickly stabilised.
The equilibrium potentials Eeq(Pu3+/Pu) and Eeq(Pu3+/Pu(Ga)) were determined successively at each
temperature. Figure 5 shows the evolution of a Pu-Ga saturated electrode potential at different
temperatures; it shows that the equilibrium potential was reached quickly at each temperature.
The activity coefficient was then determined with the electromotive force as follows:
e.m.f. = Eeq(Pu(III)/Pu) – Eq(Pu(III)/Pu(Ga)) determined at each temperature, at a unique point: at Pu
saturation in gallium. The plutonium concentration was calculated by extrapolation of solubility data
as a function of temperature [6]. The variation of logJPu(Ga) as a function of 1/T, from 560°C to 800°C
was found linear and followed the expression (mole fraction scale, pure solid as reference state):
logJ Pu Ga

2.3  8563 / T

(with T in K)

This linear regression was determined with two different sets of measurements: a first one in the
temperature range from 560 to 650°C [12,13] and a second one in the range 600 to 800°C.
The same method was used for cerium in liquid gallium and logJCe(Ga) = 6.4 – 14171/T (with T in
K in the range 500 to 600°C).
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Figure 5. Evolution of the Pu-Ga saturated electrode potential at different temperatures
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Comparison of the different metallic solvents
With our different results and Lebedev data [4], a comparison of the considered metallic solvents
for the Pu/Ce separation was done. Using Eq. (2), for a given molten salt and at a given temperature,
the metallic solvent showing the highest separation factor is the one for which JCe(Me)/JPu(Me) is the
highest. The evolution of log(JCe(Me)/JPu(Me)) as a function of the temperature in the different metallic
solvents is shown in Figure 6 and Al shows the less negative value. Under this consideration, at a
given temperature, aluminium appears as the best metallic solvent for the Pu/Ce separation. The
aluminium melting point is 660°C. In order to work at a lower temperature, Al can be alloyed with
another metal. For example, aluminium alloyed with copper (at 17 at.%) has a melting point around
550°C and his solvation properties are not changed [14].
Figure 6. Comparison of the ratio JCe(Me)/JPu(Me) in
various metallic solvents as a function of temperature
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We can order the considered solvents, from the most selective to the less selective one as:
Al>Ga>Bi>Zn>Cd at a given temperature. This classification was made for plutonium and cerium.
But this should remain valid for actinides and lanthanides. In the laboratory, aluminium was chosen as
metallic solvent and reducing agent for liquid-liquid extraction in molten fluorides in LiF-AlF3 at
830°C [14]. Activity coefficients of Np and Am in this metal remain to be determined.
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Conclusion
The objective of this work was the classification of metallic solvents in the frame of An/Ln
separation by liquid-liquid extraction or electrodeposition on a liquid cathode. We looked for the
metallic solvent offering the best An/Ln selectivity at a given temperature and this means the ratio of
activity coefficients JLn(Me)/JAn(Me) being the highest. Plutonium and cerium have been chosen as the
representative actinide and lanthanide respectively. Al, Bi, Ga, Cd and Zn were compared as metallic
solvents. Our experimental data were first compared with the available published data. Missing data
were then completed; in particular for gallium appearing as potentially interesting and which needed to
be compared to aluminium.
The usual procedure used for activity coefficient JAn(Me) determination consists in measuring the
electromotive force between the pure metallic actinide (or Ln) and the actinide (or Ln) alloyed in the
metallic phase. Metallic transuranic elements were obtained by electrodeposition (pure or alloyed with
the metal Me). Such measurements were performed for plutonium and cerium in liquid bismuth and
results were in agreement with published data. Measurements in gallium were more difficult. Indeed
plutonium electrodeposited in gallium was back-oxidised. The Pu-Ga alloy was thus prepared by
direct fusion of both former metals. The activity coefficient JPu(Ga) was determined as a function of the
temperature (from 560 to 800°C).
With the all set of experimental and published data, a comparison of the considered metallic
solvents was made, at the same working temperature. Aluminium appears as the best metallic solvent
for the Pu/Ce separation at a given temperature. The solvents can be ordered from the most selective to
the less selective one as: Al>Ga>Bi>Zn>Cd, when in the liquid state. The aluminium melting point
being 660°C, an aluminium alloy could be use to reduce the melting temperature without changing the
solvation properties.
This classification was done only in terms of selectivity and does not take in account other
parameters (process implementation, back-extraction step…) which could modify this order.
Nomenclature
ai
Ji
xi
¨E
K°
SF
e.m.f
E eq ( An3 / An )

activity of i (in the salt or in the metal Me when specified ai(Me))
activity coefficient of i (in the salt or in the metal Me when specified Ji(Me) – mole
fraction scale, pure solid as reference state)
mole fraction of i (in the salt or in the metal Me when specified xi(Me))
potential difference (V)
equilibrium standard thermodynamic constant of the reaction
separation factor
electromotive force (V)
equilibrium potential of the An3+/An redox couple

E eq ( An3 / An( Me )) equilibrium potential of the An3+/An(Me) redox couple

R
T
n
F
j

ideal gas constant = 8.32 J.mol–1.K–1
temperature (K)
number of exchanged electrons
Faraday constant = 96 500 C.mol–1
current density (A.cm–2)
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Abstract
FPEX contains a calixarene for Cs extraction, a crown ether for Sr extraction, Cs7SB modifier and TOA
to aid in stripping, all in Isopar L diluent. The radiation stability of FPEX must be evaluated prior to
process use. The radiolytic degradation of species in solution is due to reaction with the direct radiolysis
products of the diluent. In Isopar L, the reactive species produced include solvated electrons (e–),
hydrogen atoms (H) and alkane radicals, resulting in a reducing environment. However, when contacted
with nitric acid, oxidising hydroxyl (OH) and nitrous (NO2) radicals dominate the system chemistry.
Thus, the nature of the diluent and the presence of radical scavengers affect the results of irradiation.
We report the preliminary results of a new programme to investigate the radiolysis of FPEX using the
60
Co irradiation of FPEX neat solvent, acid pre-equilibrated solvent and mixed aerated phases. The Cs
and Sr distribution ratios were used as metrics.
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Introduction
The solvent extraction formulation known as FPEX (Fission Product Extraction) contains
the macrocyclic ether compounds calix[4]arene-bis-(tert-octylbenzo-crown-6) (BOBCalixC6) and
4,4’,(5’)-di-(t-butyldicyclohexano)-18-crown-6 (DtBuCH18C6) as Cs and Sr extractants, respectively.
The solvent is Isopar L, an alkane diluent. While the solvent extraction performance of FPEX has been
found favourable [1], the radiation stability of this formulation must be evaluated prior to the
implementation of any commercial process.
The decomposition of a solute in a diluent is primarily due to reaction with reactive species
caused by direct radiolysis of the diluent. In an organic diluent such as Isopar L, the reactive species
resulting from solvent radiolysis includes solvated electrons (e–), hydrogen atoms (H) and alkane
radicals, resulting in an overall reducing environment [2]. In contrast, in aqueous nitric acid solution,
electrons are scavenged by oxygen, nitrates and H+, and the oxidising hydroxyl radical (OH)
dominates system chemistry [2].
The structures of BOBCalixC6 and DtBuCH18C6 are shown in Figure 1. The calixarene and
modifier aromatic groups are expected to be susceptible to oxidative attack by OH and·NO2 radicals.
In addition, the presence of oxygen greatly influences the extent of reaction of the resulting carbon
centred radicals through the formation of peroxyl radicals [2]. These reactions could result in decreased
extraction and stripping performance of FPEX used in large-scale processing. Therefore to quantify
the effects of these radical-induced degradations, steady-state irradiations were conducted under
various conditions, including neat FPEX, acid-pre-equilibrated FPEX and mixed aerated phases. The
Cs and Sr distribution ratios of post-irradiation extractions were used as a metric to quantify changes
in FPEX performance.
Figure 1. Structure of the Cs7SB modifier (top),
BOBCalixC6 (bottom left) and DtBuCH18C6 (bottom right)
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Experimental
The FPEX solvent composition used in this study was 0.007M-BOBCalixC6, 0.15MDtBuCH18C6, 0.75M-Cs7SB and 0.003M trioctylamine (TOA) in Isopar L diluent, as described in
Ref. [1]. Irradiations were performed with an MDS Nordion (Ottawa, Canada) Gammacell 220E 60Co
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irradiator. The Gammacell contains 8.9 u 1014 Bq (24 000 Ci) of 60Co, with a sample cell, centreline
dose rate of 20 kGy/h (2.0 MRad/h). The duration of irradiation was varied to achieve the required
absorbed dose. Neat samples of FPEX, and FPEX that had been pre-equilibrated with 1.5M-HNO3
were irradiated in triplicate in sealed, septum-capped, vials. These irradiated solutions were then used
to contact aqueous light water reactor fuel dissolution simulant solutions (Table 1), spiked with 85Sr
and 137Cs. Contacts were of equal volume, 1 minute in duration, and conducted at 25 ± 1qC. Following
extraction, the samples were centrifuged and the phases separated by pipet. Stripping of the loaded
organic phases was conducted with 0.01M HNO3.
One additional set of experiments consisted of FPEX and 1.5M HNO3 being continuously mixed
by air sparging during irradiation. The sparging was achieved by inserting a syringe needle through the
vial septum, deep into the aqueous phase and supplying air with an Ultra 5/20 diaphragm pump (Fritz
Chemical Co., Texas, USA). A second syringe needle inserted into the sample headspace allowed
sparged air to escape the vial. The temperature in the irradiation chamber was measured as 48qC, due
to gamma heating. For comparison purposes, a blank set of mixed phases was air-sparged at 50qC in a
laboratory oven in the absence of radiation. All sparged solutions were centrifuged, and the organic
phase removed and split into duplicate aliquots for contact with spiked simulant for extraction and
stripping distribution ratio measurements as previously.
The Sr and Cs distribution ratios were determined as the ratio of the appropriate specific activity
in the organic and aqueous phases, as determined by gamma-ray counting. Counting time was selected
to provide <1% counting uncertainty. The reported distribution ratio values are the means of triplicate
measurements (duplicates for air sparged samples). The average relative standard deviation of the
triplicate measurements was ± 5%.
Table 1. Composition of the simulant used as aqueous phase in FPEX extractions
Component
H+
Cs
Ba
Ce
Sm
Eu
Rb

Conc. (M)
1.5
4.1 u 10–3
3.7 u 10–3
4.3 u 10–3
5.0 u 10–3
1.4 u 10–4
1.0 u 10–3

Component
Sr
Zr
La
Nd
Gd
Y

Conc. (M)
2.0 u 10–3
1.1 u 10–2
2.2 u 10–3
7.2 u 10–3
2.6 u 10–4
1.4 u 10–3

Results and discussion
A plot of Sr and Cs extraction and strip distribution ratios versus absorbed radiation dose is
shown in Figure 2, for FPEX pre-equilibrated with 1.5M HNO3. Irradiation had little effect on the
stripping ratios. For the forward extraction, however, there is an exponential decrease in distribution
ratios for both Sr and Cs in the early stages of irradiation. The overall decrease in Sr and Cs
distribution ratios is about 20% and 40%, respectively, which occurs by 40 kGy (4 MRad), with little
change thereafter. The exponential decrease in distribution ratios is reminiscent of the pseudo-first
order decrease in concentration often seen for analytes undergoing radical reaction with continuous
irradiation [3]. However, the species responsible is apparently consumed by 40 kGy, after which
decomposition appears to be suppressed. This suggests that this species is present in limited
concentration, and introduced by the act of pre-equilibration.
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Figure 2. Caesium and strontium extraction and strip distribution ratios versus
absorbed dose for irradiated FPEX that was pre-equilibrated with 1.5M-HNO3
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The reactive species that may be present due to pre-equilibration include hydroxyl radicals (OH),
a major product of water radiolysis, and nitrite radicals (NO2) from HNO3 radiolysis; both oxidising
species. Data from our laboratory (not shown) indicates that FPEX does not extract significant
amounts of acid, therefore, water is expected to be present in greater amounts than HNO3 in the
pre-equilibrated FPEX solvent. The exponential decrease in distribution ratios may be due to action of
OH, which is known to undergo addition reactions with aromatic rings [4], as shown in Eq. (1). In the
presence of O2, aromatic rings are subsequently decomposed to organic acids via a peroxyl radical
intermediate, as shown in Eq. (2). The peroxyl radical undergoes hydrolysis and dehydration to form
acidic products [Eqs. (3) and (4)].
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The effect of radiolysis on Sr and Cs extraction was identical, however the only functional group
in common between DtBuCH18C6 and BOBCalixC6 is the macrocyclic ether ring, which is relatively
stable [5]. Hydroxyl radical reaction would be expected to occur at the BOBCalixC6 phenyl rings, but
not to occur on the saturated cyclohexano rings of DtBuCH18C6. Based on these considerations, it is
therefore postulated that the effect of radiolysis on Sr and Cs distribution ratios for pre-equilibrated
FPEX is actually due to OH radical attack on the phenyl ring of the Cs7SB modifier. The modifier is
present at a concentration 5 times that of DtBuCH18C6 and 100 times that of BOBCalixC6, and thus
is most likely to react with species produced by radiolysis. Its modification would also be expected to
affect distribution ratios for both metals [1].
Irradiated neat FPEX exhibited different behaviour than the pre-equilibrated FPEX. Although
stripping distribution ratios were once again unaffected, it can be seen in Figure 3 that the Sr and Cs
forward extraction distribution ratios substantially decrease early in the irradiation, reaching a minimum
at about 20 kGy (2.0 MRad) but then recovering. At the maximum absorbed dose of 200 kGy
(20 MRad) the overall decrease was about 20% for Sr and 40% for Cs. The unusual trend shown in
Figure 3 has been observed by others [6,7]. The mechanism may involve a by-product of radiolysis
that interferes with metal binding in the macrocycle rings, which is decomposed by continued
irradiation resulting in the recovery in distribution ratios shown in Figure 3. Alternatively, radical/
radical addition reactions may actually repair the modifier with continued irradiation.
Figure 3. Caesium and strontium extraction and strip distribution
ratios versus absorbed dose for neat, irradiated FPEX solvent
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The observed behaviour is consistent with a mechanism dependant on dissolved oxygen. In the
sealed vials used to irradiate these samples, oxygen would be quickly depleted by radiolytically
generated electrons [2] and reactions dependent on oxygen would then be suppressed. Supporting this
supposition, when FPEX was irradiated following Ar-sparging to remove dissolved oxygen, this
temporary decrease in distribution ratios was eliminated, confirming that the radiation-induced decrease
is an oxygen-dependent mechanism. This behaviour is shown in Figure 4. The FPEX solvent is
comparatively stable toward ionising radiation in a reducing environment.
In the case of both sparged and unspaged neat FPEX irradiation, as for pre-equilibrated FPEX, the
behaviour of Sr and Cs distribution ratios is analogous. This again suggests that the mechanism affects
the modifier rather than the ligands themselves.
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Figure 4. Caesium and strontium extraction and strip distribution ratios
versus absorbed dose for neat, argon-sparged, irradiated FPEX solvent
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The susceptibility of the modifier to oxidative attack, and the corresponding decreases in Sr and
Cs distribution ratios, suggest that in a mixed phase process, the continuous supply of O2 and OH
would result in rapid loss of efficiency for metal extraction. However, when FPEX solvent was
irradiated with continuous mixing of an equal volume of 1.5M-HNO3 and organic phase using air
sparging, an increase in forward distribution ratios was found, as shown in Figure 5. This increase
continued until about 40 kGy (4 MRad), followed by a return to initial values at the maximum
absorbed dose of 60 kGy (6 MRad). Once again, the behaviour of Sr and Cs was equivalent. Stripping
(not shown) was not affected. Also shown in Figure 5 are the forward extractions of Sr and Cs from
mixed phase samples sparged at 50qC in the absence of radiation. These blank samples were sparged
at irradiator temperature for the lengths of time used in the irradiations and are plotted against the dose
corresponding to that time. It can be seen that there was either no change, or only a small increase, in
the distribution ratios for these non-irradiated samples. This confirms that the increase in distribution
ratios is due to an irradiation effect.
Figure 5. Caesium and strontium forward extraction distribution ratios versus
absorbed dose for mixed FPEX/1.5M HNO3 phases, with and without irradiation
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However, increases in Sr and Cs distribution ratios have previously been observed when FPEX
solvent was left in long-term contact with nitric acid, even in the absence of radiation. This may be
due to nitration of the modifier. In the case of phase mixing with 1.5M nitric acid during irradiation,
radiolytic production of nitrite radical in the aqueous phase may allow rapid nitration of the modifier
phenyl ring. A possible reaction sequence is shown in Eqs. (5-7) [2].
NO3– + e– Æ xNO32–

(5)

NO32– + H2O Æ xNO2 + 2OH–

(6)

Cs7SB + xNO2 Æ Cs7SB-NO2 + xH

(7)

x

Conclusions
The effect of irradiation on Sr and Cs extraction using FPEX is highly dependent upon the
conditions under which the irradiation was conducted. Batch irradiations in sealed vials did not reflect
conditions experienced in a process because of the rapid depletion of dissolved oxygen by electron
capture. The effect of oxygen, and its depletion, is evident when Sr and Cs distribution ratios are
plotted versus absorbed dose for neat FPEX samples, as compared with Ar-sparged samples. Further,
comparison of acid pre-equilibrated FPEX with continuously mixed phase irradiations demonstrated
that pre-equilibration was not equivalent to the conditions seen by the solvent during the irradiation of
the continuously mixed phases that would occur in a process. Under continuous mixing and
irradiation, nitration of FPEX increased distribution ratios, apparently counteracting OH radical attack,
resulting in the FPEX solvent being stable to at least 60 kGy (6 MRad). The analogous behaviour of
the Sr and Cs distribution ratios under all conditions suggests that radiolysis affects a common
component, likely the modifier due to its high concentration. Reaction of the modifier probably occurs
by nitration and/or hydroxyl radical addition to the phenyl ring. Additional experiments are underway
to evaluate higher absorbed doses, and to better understand the reaction mechanisms discussed here.
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Abstract
For the group separation of trivalent actinides and lanthanides and the hexavalent uranium a novel
extraction resin was developed and tested. A 30% (w/w) TODGA and 10% (w/w) tributyl phosphate
(TBP) containing resin was prepared and the batch uptake of several actinides U(VI), Th(IV), Am(III),
Cm(III), Cf(III) and selected fission products from nitric acid solutions was investigated. Two
chromatographic column tests were carried with a synthetic PUREX raffinate containing nominal
amounts of fission products and tracer amounts of Am(III), Cm(III) and Cf(III). The results of the
separation experiments revealed that actinides and lanthanides could be separated from the bulk of
other fission products by extraction chromatography using TODGA and TBP as the stationary phases.
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Introduction
The recovery of actinides from radioactive waste solutions has always been a challenging task.
The dominant separation technique, particularly for large-scale separations, is based on solvent
extraction and several promising processes have been developed in recent years. During this same
period, several studies concerning extraction chromatography or solid phase extraction (SPE) have
been reported. This technique combines the selectivity of liquid-liquid extraction with the ease of
operation of column chromatography. SPE can be applied to analytical and radiochemical separations
on laboratory scale and preparative scales by the use of different stationary phases. The increasing
popularity of this separation technique is due to its simplicity, rapidity and the savings in reagent and
waste disposal costs compared to the traditional methods such as precipitation and liquid-liquid
extraction. Within the European Research Programme (EUROPART) for partitioning of minor
actinides from high active wastes issuing from the reprocessing of spent nuclear fuels one objective is
to define a process for the complete An(III,IV,VI) co-separation using a chromatographic system [1].
We selected N,N,N´,N´tetraoctyldiglycolamide (TODGA) as stationary phase, which was
recently developed for the recovery of transuranium elements from strong nitric acid solutions [2].
In liquid-liquid extraction studies we confirmed the effective extraction of trivalent actinides and
lanthanides by TODGA from a PUREX raffinate [3]. We also recently reported on the preparation of a
TODGA resin containing 13% w/w of TODGA and compared it with an extraction chromatographic
sorbent containing the malonamide DMDOHEMA, which is used in the DIAMEX process [4].
This paper describes the preparation of a resin containing 30% (w/w) TODGA and 10% (w/w)
TBP and studies the extraction of actinides (III, IV, VI) and selected fission products (Rh, Fe, Sr, Mo,
Pd, Ru and Zr) from nitric acid solutions. Based on the batch extraction studies, a chromatographic
separation process was developed and tested. The results of two column tests for the separation of a
simulated high-level liquid waste (HLLW) were described and evaluated.
Experimental
Reagents and procedures
TODGA was synthesised in our laboratory using a known synthesis route [5]. Tributyl phosphate
(TBP) from the Aldrich Chemical company, purity 99%, was used without further purification.
Amberchrom CG-71C, purchased from Supelco, Sigma-Aldrich Chemie GmbH, München, Germany,
was used as an inert support for the SPE resins. All other reagents and chemicals were of the analytical
reagent grade.
A stock solution containing 241Am, 244Cm, 152Eu and 252Cf (approximately 10 kBq/mL each) was
prepared from radiotracers supplied by Isotope Products Europe Blaseg GmbH, Waldburg, Germany.
Uranium and thorium nitrate were obtained from Merck KGaA, Darmstadt, Germany. The SPE resin
containing 30% (w/w) TODGA and 10% (w/w) TBP (bulk density: 0.44 g/mL ) was prepared using a
procedure described previously [4]. All dry weight distribution ratios (Dw) were determined by batch
adsorption experiments performed at room temperature (22 r 1°C) [4].
The DW values of Am(III), Cm(III), Cf(III) and Eu(III) from HNO3 (0.01-4 mol/L) were determined
using the corresponding radionuclides. The extraction of U(VI) and Th(IV) (each 10–5 mol/L in HNO3)
was achieved jointly in a separate series. Single element solutions containing 10–4 mol/L Cs, Fe, Mo,
Pd, Rh, Ru, Sr and Zr, were used to determine the corresponding DW values of the stable elements.
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The chromatographic separation of the synthetic HLLW was performed in a glass column with a
column length of 20 cm and a diameter of 10 mm. The column volume of the bed was 22.9 cm3. The
composition of the synthetic HLLW is shown in Table 1. The feed was spiked with 241Am, 244Cm,
252
Cf, 152Eu and natU, and mixed with 0.2 mol/L oxalic acid (Zr, Mo complexation) and 0.05 mol/L
HEDTA (Pd complexation).
Table 1. Composition of the synthetic HLLW feed
solution used for the TODGA column separation
Element
Ag
Ba
Cd
Ce
Cr
Cs
Cu
Eu
Fe
Gd
La
Mo

Concentration
mg/L
13
242
17
516
90
536
19
31
1 930
40
218
630

Element
Na
Nd
Ni
Pd
Pr
Rb
Rh
Ru
Sb
Se
Sm
Sr

Concentration
mg/L
1 507
677
54
155
204
65
75
366
4
8
135
160

Element
Y
Zr
U
Radionuclide
241
Am
152
Eu
244
Cm
252
Cf
Complexant
[H2C2O4]
[HEDTA]
[H+]

Concentration
mg/L
80
945
339
MBq/L
3.84
5.71
4.40
2.73
mol/L
0.2
0.05
3.68

The flow rate during the entire experiment remained constant at 1 mL/min and the experiment
lasted approximately seven hours. After adding the feed, elution was subsequently performed with
different solutions (see below) and the fractions were collected in plastic vials of 4 mL each with an
auto-fractional collector. After the experiment, all of the samples were measured by means of gamma
spectroscopy (241Am, 152Eu), alpha (241Am, 244Cm, 252Cf) and ICP-MS (natU and all fission products).
The elution sequence in the first test (see later Figure 3) was as follows:
x

Step 1: Addition of 20 mL synthetic HLLW (Table 1).

x

Step 2: Addition of 20 mL 3 mol/L HNO3+0.2 mol/L oxalic acid + 0.05 mol/L HEDTA
(Scrub 1).

x

Step 3: Addition of 40 mL 1 mol/L HNO3+0.1 mol/L oxalic acid + 0.05 mol/L HEDTA
(Scrub 2).

x

Step 4: Addition of 20 mL 1 mol/L HNO3 (Scrub 3).

x

Step 5: Addition of 200 mL 0.01 mol/L HNO3.

x

Step 6: Addition of 100 mL H2O.

Steps 1 and 2 served to adsorb the actinides and lanthanides on the resin. Step 3 was intended to
introduce the desorption of Zr, Sr and Pd, and in Step 4, the complete desorption of the fission
products (apart from the lanthanides) and elution of the residual oxalic acid was to be performed. After
the addition of dilute HNO3 (Step 5), the actinides and lanthanides were then to be eluted together. The
sixth step served to regenerate the column.
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In a second test (see later Figure 4) the elution sequence was identical and only differed from the
first test in that the volume of the fourth elution (Scrub 3) was increased from 20 to 40 mL. In Test 2, a
forth scrubbing stage (0.1 mol/L HNO3) was additionally introduced. This served to clearly separate
strontium from the actinides and lanthanides.
Results and discussion
Figure 1 shows the adsorption of the actinides Am(III), Cm(III), Cf(III), Th(IV), U(VI) and
Eu(III) as representative of the lanthanides(III) from nitric acid solution. The weight distribution ratios
DW of all metals increase significantly with increasing HNO3 and the order of extraction is Cf > Eu >
Cm > Th > Am >>U. The results here are also consistent with the results reported in [4,6,7].
Figure 1. The uptake of Eu(III), Am(III), Cm(III), Cf(III), U(VI) and Th(IV) from of
nitric acid by TODGA/TBP resin, V/m = 20 mL/g, 1 hour contact time, temperature 22°C
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The uptake of some important fission products is shown in Figure 2. Zirconium is the only
element with remarkable weight distribution ratios of approximately 1 600 mL/g at 1 mol/L HNO3
beyond which saturation was observed. The adsorption of Sr and Pd is low (less than 30 mL/g) and the
uptake of Rh, Fe, Mo and Ru is below the detection limit of 3 mL/g. The influence caused by adding
the complexing agent 0.2 mol/L oxalic acid (for Zr complexation) and 0.05 mol/L HEDTA (for Pd
masking) is also shown in Figure 2. The DW of Zr can be suppressed below the detection limit up to
acidities of 2 mol/L and a slight increase is observed again at 3 mol/L HNO3.
On the basis of the batch extraction studies, we performed a chromatographic separation of a
synthetic HLLW at room temperature. The results of the first chromatographic separation are shown in
Figure 3. The quotient c/c0 from the measured elemental concentration and the initial concentration is
plotted on the ordinate and fraction number on the x-axis. As expected, the elements Ru, Rh, Mo, Fe
and Cs were not adsorbed and were completely eluted during Steps 1 and 2. This corresponds well
with the batch extraction results. The complete elution of Zr and Pd (thanks to HEDTA) took place in
fractions of 10 to 25 after scrubbing with a solution of 1 mol/L HNO3 + 0.1 mol/L oxalic acid +
0.05 mol/L HEDTA (Steps 3 and 4). Using pure 1.0 mol/L HNO3, it was unfortunately impossible to
completely desorb the strontium, which has a significantly smaller KD value than the lanthanides. Only
after the addition of 0.01 mol/L HNO3 (from fraction 25 onwards) was strontium completely eluted
with a maximum in fraction 28, close to the hexavalent uranium, which has a maximum in fraction 30.
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Figure 2. The uptake of relevant metal ions from nitric acid by TODGA/TBP resin
The concentration of the metal was 10–4 mol/L, V/m = 20 mL/g, 1 hour contact time, temperature 22°C
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Figure 3. Chromatographic separation (Test 1) of a synthetic HLLW by a TODGA/TBP column
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The trivalent actinides were first eluted in fraction 35, starting with americium (maximum at 37)
and were thus completely separated from the fission products (apart from Ln), corresponding to the
decrease in the acidity. The results exhibited good agreement with the adsorption behaviour shown in
Figure 1. The elution profile of the lanthanides is the following: La is first desorbed, then Ce, Pr, Nd,
Sm, Eu, Gd and finally yttrium. A significant separation between Am and Cm can also be seen, as well
as a complete separation of Am + Cm from Cf. According to the high weight distribution ratios DW of
californium and yttrium, both elements are strongly adsorbed and only eluted with water, starting with
fraction 78. Based on the results of the first test, the elution sequence was slightly modified and an
additional scrubbing stage with 0.1 mol/L nitric acid was introduced to clearly separate strontium from
the actinides and lanthanides. The chromatogram of the second test is shown in Figure 4. As expected,
Sr was completely separated from the actinide/lanthanide fraction. The other fission products were
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Figure 4. Chromatographic separation (Test 2) of a synthetic HLLW by a TODGA/TBP column
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eluted in the first 30 fractions as in the first test. In the first test, a significant Am/Cm separation took
place, which is not observed in the second test. Am(III) and Cm(III) elute jointly with a peak in stage
47. Most elements were recovered quantitatively. However, the recovery rate for Ru was only 90%,
for yttrium 82% and only 47% of Cf (Test 1) was found. Similar to the TODGA process by liquid-liquid
extraction [3], ruthenium is presumably irreversibly adsorbed and further steps would be necessary for
the complete elution of yttrium and californium.
Conclusion
The chromatographic resin material prepared by impregnating TODGA and TBP on
Amberchrom CG-71C was found to be very promising for the adsorption of actinides and
lanthanides from nitric acid solution. The chromatographic column separation tests revealed the
possibility of partitioning a simulated high-level liquid waste from reprocessing spent fuel. Our results
agree well with the work published recently by Hoshi, et al. [8]. Hoshi, et al. used a silica-based
extraction resin impregnated with TODGA for the separation of a simulated high-level liquid waste
solution. The elution sequence used in their work is different from that used in our study and
americium and the lanthanides were desorbed by water, and zirconium was finally recovered by
elution with 0.5 mol/L oxalic acid.
It is not clear if the aforementioned method is applicable for the large-scale partitioning of
actinides. Presumably the macroporous resin used in this work is not very stable against radiation,
although the extractant TODGA seems to be significantly stable. Ongoing studies are in progress to
substitute the support material by a more stable one, e.g. silica-based material.
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Abstract
The catalytic electrolytic extraction (CEE) method has been studied as a separation tool for rare metal
fission products [RMFP – Ru, Rh, Pd*, Tc*, Se* and Te* (*LLFP)] in spent nuclear fuel. In an
employed CEE process, Pd2+ cation itself would not only be easily deposited from various nitric acid
–
–
solutions, but would also enhance the deposition of co-existing RuNO3+, ReO4 and 99TcO4 by acting as
a catalyst (as Pdadatom). The quaternary, Pd-Ru-Rh-Re, deposit Pt or Ti electrode, fabricated by CEE,
suggested the highest cathodic current corresponding to the hydrogen generation reaction in both
alkaline solution and seawater. The advanced ORIENT cycle, where ion exchange chromatography
using tertiary pyridine resin and the CEE is employed as a mainstay separation technology, will
enhance separation and utilisation of actinide and fission products, and thus be expected to realise an
ultimate reduction of radioactive wastes.
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Introduction
Towards the ultimate purpose of minimising radioactive wastes from the nuclear fuel cycle,
partitioning and transmutation (P&T) of actinides (An) and long-lived fission products (LLFP – 99Tc,
79
Se, 107Pd, etc.) have been investigated. In this context, extended recycling of rare metal fission
products (RMFP – Ru, Rh, Pd, Tc, Se, Te, etc.) by utilising their chemical and radiochemical
properties should be considered as a viable alternative fate (P&T,U) [1,2]. The utilisation of the RMFP
resulting from the transmutation of LLFP can also be envisioned in the future. The most symbolic
example of such an utilisation will be stable ruthenium (Ru) resulting from the neutron capture
reaction of technetium (Tc) in fast reactors or accelerators.
Tc (n,J)100Tc o

99

–

o 100Ru

Typical amounts of RMFP estimated by ORIGEN-II calculation are shown in Table 1, wherein
Ru and Rh are not categorised as LLFP*. The calculation indicates that generation amounts of RMFP
are proportional to the burn-up of the fuel, and thus highly irradiated fast reactors (FRs) spent MOX
fuel (burn-up: 150 000 MWd/t, cooling time: 4 y) will contain more than 30 kg of RMFP per metric
tonne of U.
Table 1. Typical amount of RMFP per tonne of FR spent fuel
RMFP

Ru

Rh

Pd

Tc

Te

Se

Amount
(kg/HMt)

12.5

3.6

11.1

3.3

2.7

0.2

Note
SF(FR),
150 000 MWd/t
Cooled 4 years

* LLFP (W1/2 > 104 y): 79Se, 93Zr, 99Tc, 107Pd, 126Sn, 129I, 135Cs
* RMFP: Ru, Rh, Pd, Tc, Te, Se, etc.

Radiochemical property of RMFP is expressed by hazard index (HI), calculated as follows:
HI = V (decay constant of nuclides) u (number of nuclides)/ALI
where ALI is the annual limit of intake (ICRP Pub. 61).
Specifically, Pd is ultra long-lived due to the abundance of 107Pd (107Pd/Pd: ca.16%, E–, W1/2:
7 u 106 y), but its (and Te’s ) HI is extremely low due to soft E– with 0.035 MeV, far less than that of
natural uranium. While initial HIs of Ru and Rh are high, they would significantly decrease to a
negligible level within three decades owing to their short-lived properties (e.g. 106Ru/Ru: ca. 0.4%, E–,
W1/2: ca.1 y). Since Tc and Se are long-lived owing to 99Tc (99Tc/Tc: ca. 100%, E–, W1/2 2 u 105 y) and
79
Se (79Se/Se: ca. 10%, E–, W1/2: 6.5 u 104 y), some light radiation shielding will be required.
Recovery of RMFP by catalytic electrolytic extraction
The electrolytic extraction (EE) method, applied to recover the RMFP from the HLLW or the
solution obtained by the previous IX process, has several advantages. For instance, the EE is capable
of minimising secondary salt and organic wastes, advantageous for safety and remote/automatisation
controlling by in situ manner under the normal temperature. In principle, deposition of Pd2+ was easy;
more than 90% of the deposition ratio was constantly attainable. While deposition of Ru or Re
(simulated ion of Tc) suffered significant disturbance in HNO3 media, addition of Pd2+ or Fe2+ would
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remarkably improve their deposition rate even in the highly acidic media. Its specific EE mechanism
was experimentally estimated, as shown in Figure 1, that Ru and Rh were deposited in the form of
metallic solid solution alloy with Pd, while Re as ReO3 (and/or ReO2) in the island state on the Pd
layers. This was supported by ESCA (XPS: X-ray Photo-emission Spectroscopy) analysis and the
structural parameters by EXAFS (Extended X-ray Absorption Fine Structure) curve fitting on the
deposits [2]. Recent results reconfirmed rather huge, around 100 PmM, island state deposits of ReO3.
In the given condition, while the deposition ratio of Ru was limited to around 40% in 2.5M HNO3,
more than 99% of the deposition ratio was achieved when an excess of Pd2+ (Pd2+/Ru = 1.6) was added
by instalments.
Figure 1. Catalytic electrolytic extraction (CEE) mechanism
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Hereupon, Pd2+ (or Fe2+) would accelerate electro-deposition of the other ions as a promoter
(i.e. Pdadatom) at the electrode surface or as a mediator in the bulk solution, respectively (i.e. CEE).
Accordingly, it was suggested that quantitative electro-deposition would require the specific
electrolysis manner where Pd should constantly exist at the surface of electrode as well as in the bulk
solution.
As for the typical method of the CEE of RMFP from simulated HLLW, galvanostatic electrolysis
is employed. Metal ions with E0 > 0.7 V (vs. NHE) tended to deposit on the cathode, and their deposition
ratio was observed to be proportional to the order of the redox potential; Pd > Te > Se > Rh > Ru > Re.
Mo and Zr were not deposited but co-precipitated as Zr2MoO7 at less than 2M HNO3. 98Mo will be the
source of 99mTc, and LLFP 93Zr is one of the target nuclides of the future transmutation.
–

An interaction between Pd2+ and TcO4 during the EE was confirmed [3]. The working electrode
was polarised from the noble to the base potential, every 30 min in step-wise fashion. The deposition
amount was measured by radiometric method at each polarised potential. While the deposition of Tc
was significantly suppressed with the increase of nitric acid concentration, addition of Pd2+ led its
electro-deposition to increase expectedly even though HNO3 concentration was more than 2M;
Evidentially, deposition ratio of Tc (as hydrated TcO2) was high up to ca. 80% when the electrolysis
–
condition was, HNO3: <0.01M, TcO4: 100 mg/l, electrolysis time: 30 min., cathode: Pt-Ti and Ic:
100 mA. Under the same electrolysis conditions with the addition of Pd2+, deposition ratio of Tc was
kept ca. 30% (Pd/Tc = 1) even when HNO3 was increased to 4M. Namely, Pd2+ addition can conquer
negative HNO3 effects, possibly attributing to prevent redissolution of TcO2 hydrate deposits.
–
Quantitative electro-deposition potential region of TcO4 was observed to be 0.4-0.05 V (vs. NHE).
This agreed with the hydrogen adsorption-desorption potential region of the smooth Pt electrode,
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where the maximum deposition was observed near the hydrogen evolution potential. Thus,
–
participated in the electro-deposition of TcO4 in the system (Had effect):

ad

likely

–

Tc O4 + 3Had + H+ o TcO2 u 2H2O
However, under extremely negative conditions (i.e. < -0.3 V), simultaneous hydrogen evolution
disturbed the Tc deposition reaction. Obviously, for the case of carbon electrode which had no Had
–
region in 3M HNO3, just reduction of TcO4 to TcO2+ was found to be most significant [4].
The typical cyclic voltammgrammes (CV) of Pd, Rh, Ru and Re are shown in Figure 2. The
reduction peak of Pd2+ to Pd was observed at about 0.5 V (vs. Ag/AgCl). However, the oxidation peak
of Pd to Pd2+ was not clear in this potential range. The reaction of Pd2+ to Pd might be not reversible in
0.5 M HNO3 solution. The broad reduction and oxidation peaks were observed for both Rh and Ru.
–
The ReO4 was electrochemically inactive at the Au electrode as was previously expected. Further
studies will be continued to confirm the whole reduction-deposition mechanism [5].
Figure 2. Cyclic voltammgrammes of Au electrode in 0.5M HNO3
–
separately containing Pd2+, Rh3+, RuNO3+, ReO4 for RMFP electrodes

RMFP-deposit electrodes were fabricated by the CEE method as shown in Figure 1. Detail
electrolysis conditions were described in elsewhere [9]. Results on electrochemical reduction are shown
in Table 2, where “Pd-Ru-Rh-Re (3.5:4:1:1)”, for example, means the quaternary, Pd-Ru-Rh-Re,
deposit Pt electrode obtained from the electrolyte containing Pd, Ru, Rh and Re (Tc) ions in the ratio
of 3.5:4:1:1, corresponding to the composition of the FR spent fuel indicated in Table 1.
The reduction ratios, calculated from the balance of the ionic concentration during electrolysis,
will suggest the maximum deposition ratios of RMFP. The highest and constant reduction ratio of
95-99% was obtained for Pd (Run 1-11). The Pd deposit tended to form dendrites where easy to detach
by simultaneous hydrogen evolution. The reduction of Rh was similar to Pd, by direct reduction of
Rh3+ to metal Rh. On the other hand, reduction of Ru might proceed by two steps, i.e. RuNO3+ o Ru2+,
–
–
Ru2+ o Ru (m), reduction ratio was around 14%. The reduction of TcO4 and ReO4 were low around
1.7% and 16%, respectively. As previously reported [1,2], the presence of Pd accelerated the deposition
–
of Rh, as well as Ru in a binary ionic solution. Rh was also found to accelerate the reduction of ReO4
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Table 2. Reduction ratios of RMFP by catalytic electrolytic extraction

* No shows run – not in Table 2.

in this experiment. It was especially noted that maximum deposition Tc, 26.5%, was observed in the
result of quaternary deposition system of Pd-Ru-Rh-Tc (1:1:1:0.5). At the initial operation of the CEE,
low cathode current density, e.g. 2.5 mA/cm2, with compulsory stirring it was necessary to get a
minute and stable deposit of Pd layers, and this procedure was found to be very essential to obtain
higher amounts of co-deposits of the other ions in the quaternary deposition system (Run 12-25).
Figure 3 shows the element map of the deposit surface with Electron Probe Micro Analyser
(EPMA) in the case of Runs 17, 19, 22 and 24 in Table 2. In Runs 14, 16 and 17, Pd2+ was added to
the catholyte in five equal increments to allow Pd to constantly exist either in the bulk solution (as
Pd2+) or at the electrode surface (as Pdadatom). The shape of the deposits was not dendritic but became
rather spherical in uniformity, likely cohering with fine particles. In the quaternary deposition system,
an excess and divided addition of Pd2+ resulted in the deposit with almost equal atom composition of
metals (Pd-Ru-Rh). However, atom numbers of Re at the deposition surface was seemed to be less
than others despite its rather higher reduction ratio (Run 14).
As a candidate process for a future multi-functional reprocessing system, a novel separation
process using tertiary pyridine resin [7-9] has been proposed, where five products such as RMFP+Tc,
Ln+FPs(HLLW), Pu+Np+U, Am and Cm fractions would be recovered [10]. The CEE step will
further refine the RMFP+Tc product to meet with the various needs.
Utilisation of RMFP-deposited electrodes
Hydrogen overpotential (KH) of elements was known to change periodically, particularly Pt
showed the lowest one. One will explain those in referring to d-hole characteristics based on the band
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Figure 3. EDS (EPMA) of the RMFP-deposit Pt electrodes:
Corresponding to Runs 17, 19, 22 and 24 in Table 2

500

500

500

500

theory. Among the VII family, heavier elements seem to show lower KH like Mn > Tc > Re. The KH of
Re is almost equal to that of Ru, but that of Tc is obscure due to the lack of the electrochemical data.
Toward the utilisation of RMFP, hydrogen evolution characteristics of RMFP-deposit Pt electrodes
were investigated on the electrolysis of alkaline solution (1M NaOH) and artificial seawater.
Figure 4 displays the cathodic currents corresponding to hydrogen evolution rates at the given
polarised potential (M = -1.25 V (vs. Ag/AgCl)) versus initial hydrogen evolution potential (MHinit.) for
various RMFP-deposited electrodes. The cathode currents decreased for Pd, Rh and Re individually
deposited Pt electrodes, but increased for Ru deposit Pt electrode. The quaternary, Pd-Ru-Rh-Re
(3.5:4:1:1) deposit Pt electrodes showed the noblest MHinit with the highest currents, exceeding that of
Pt electrode by ca. twice in either alkaline solution or in artificial seawater (although no description
here in this paper). Among the RMFP, Ru is probably the main responsible element to dominate the
high reactivity on hydrogen evolution. As for the apparent relative reactivity of RMFP by estimating
from the currents per mg of deposit, binary deposit of Ru-Re and Rh-Re showed the highest
reactivity [6]. Although it is too early to conclude, Rh and Re as well as Ru are responsible for the
reactivity, while Pd acts just as a binder among these element to make fine, spherical and stable
deposits in the quaternary deposit system.
The cathode currents of quaternary, Pd-Ru-Rh-Re, deposit Pt electrode in artificial seawater
decreased about a half to a third of that in 1M NaOH solution, but they were still comparable to that of
Pt in 1M NaOH solution. As for utilisation of RMFP except for the seawater, acid solution system
(e.g. RMFP-Ti/Pt electrode in H2SO4) seems to be more advantageous than alkaline solution system
(e.g. Ni electrode in KOH). The electrochemical property of Re and Tc should be studied [11] to find
secure needs in their utilisation.
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Figure 4. Relation between cathodic current corresponds to hydrogen evolution at -1.25 V
and initial hydrogen evolution potential (MHinit) on each deposit electrode in 1M NaOH
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New strategy on partitioning, transmutation and utilisation
Ad-ORIENT cycle
A new strategy for the back-end fuel system, designated as the advanced ORIENT (Ad-ORIENT:
acronym of Advanced Optimisation by Recycling Instructive Elements) project, aims at enhancing the
partitioning (separation) and transmutation of An and LLFP in the spent fuel. A conceptual scheme of
the Ad-ORIENT cycle is shown in Figure 5. Target nuclides/elements managed in the framework of
the Ad-ORIENT cycle are categorised as follows:
(i) Nuclides/elements responsible for long-term radioactive toxicity of rad wastes – An, LLFP.
(ii) Nuclides/elements responsible for dominating the repository area of vitrified HLLW – MLFP.
(iii) Nuclides/elements responsible for dominating the volume (l/t) of the vitrified HLLW – PtG*.
Mo, Zr*, 106Ru, Pd and 99Tc are noticeable because of disturbing reprocessing as well as
vitrification.
(iv) Nuclides/elements potentially useful for future utilisation – RMFP, Mo (Ln).
A functional tertiary pyridine resin equipped with a soft nitrogen atom donor can directly recover
all of actinides, Am, Cm and Pu+U+Np group individually from the spent fuel. Separation efficiency
was very high, and extremely pure Am and Cm was separated with a minimum of three separation
steps of reprocessing. Resulting HLLW will contain only FP (Cs, etc.) and Ln group, and thus be
D-free [12,13]. Selective separation of MLFP will be studied by various kind of ion exchangers. For
instance, microcapsules enclosing some crown ethers are employed in the separation of Sr2+, inorganic
ammonium molybdophosphate (AMP: (NH4)3PMo12O40  3H2O) – calcium alginate for Cs+ [14].
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Tertiary pyridine resin is also a candidate. Toward the transmutation of some LLFP (e.g. 93Zr, etc.) and
utilisation of RMFP (e.g. 107Pd, etc.), effective isotope separation technology should be developed.
Laser-chemical method for 135Cs [15] and ion exchange method for 126Sn, 79Se are currently under
investigation. As indicated in Figure 5, RMPF in the spent fuel is firstly separated by ion exchange
filter with tertiary pyridine resin.
Figure 5. Advanced ORIENT cycle for enhanced separation, transmutation and utilisation
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In the Ad-ORIENT cycle, separated Am is perfectly Ln- and Cm-free, thus it can be easily
dedicated to burning at the FBR via MA fuel fabrication. Therefore, closing MA recycling in the FBR
cycle will become a reality. As Cm is also pure, its reutilisation can be drawn adding to a new 238Pu
fuel decayed from 242Cm. By removing An and FP (LLFP, MLFP and RMFP, Mo) from the spent fuel,
the HLLW will be highly expected to be environmental-friendly with minimising the amount and the
radioactive toxicity.
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Abstract
An advanced or modified grind-leach process has been under development as a head-end treatment to
separate the fuel components from spent tristructural-isotropic (TRISO)-coated fuel and to prepare the
fuel for separations in a standard aqueous processing plant. Conceptually, the process involves removing
the fuel compacts from the graphite fuel element, grinding the compacts to expose the fuel kernel,
optionally separating the lighter carbon particles from the heaver fuel particles and leaching or dissolving
the fuel components from the remaining carbon and silicon carbide fines. The nitric acid leaching step
may be directly interfaced with conventional aqueous solvent extraction processes. The finely divided
carbon waste may be reformed into a compact and durable waste form. Laboratory studies of the key
process steps have been performed using surrogates because irradiated fuels were not available.
The fuel compacts may be removed from the graphite block to eliminate nearly all the block-graphite
and thus the primary source of organic by-products in the leaching step. Tests have been recently
completed to study the milling process. Using commercially available laboratory-scale jet mills, tests
with surrogate fuel particles, including TRISO-coated zirconia and hafnia, showed that the friable
coatings could be stripped from the relatively tough kernels. The coating fragments were very small,
whereas the kernel fragments were larger. Similar results were obtained with unirradiated coated
urania kernels. Because the coating layers were milled to very small particle sizes, it was anticipated
that acids would have good access to the fuel components. This mitigates losses of fuel materials
embedded in the coatings. With the coatings breached or removed, the kernels would tend to dissolve
completely. These tests strongly indicate that jet milling produces a product conducive to acid leaching.
Proof-of-principle tests using simulated crushed TRISO-coated fuel have indicated little, if any,
production of soluble organic species in the leaching process. Nitric acid leaching of milled surrogate
TRISO-coated fuel followed by filtering produced a clear yellow solution. This solution was used
in shakeout tests with uranium extraction solvent (tri-n-butyl phosphate in n-dodecane diluent).
No physical process problems such as foaming, formation of emulsions, or failure to achieve clean
phase separation were observed. Negligible effects on the solvent extraction process were evidenced
by measured distribution ratios close to expected values.
These initial studies indicate that the modified crush-leach process is suitable for processing of
TRISO-coated fuels. Further studies using irradiated fuels are recommended. Processes to fabricate a
carbon waste form should also be tested.
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Background
Processing of tristructural-isotropic (TRISO)-coated fuels is challenging because of the large
carbon-to-fuel ratio. Historical approaches to processing TRISO-coated fuel may be categorised as
either crush-burn-leach or crush-leach technologies. Crushing was used to reduce the size of the fuel
elements and breach the SiC layer. In the crush-burn-leach approach, burning the fuel in oxygen or air
removed the carbon components as gaseous carbon dioxide (requiring sequestration, which could be a
large process if the whole fuel block was burned), and the remaining oxide fuel was then easily
separated from the remaining SiC fragments by dissolution in nitric acid. In the crush-leach approach,
the fuel components were leached directly from the crushed fuel, leaving finely divided carbon
(including large quantities of graphite) and SiC fragments as a waste stream. Crush-leach leaves nearly
all the carbon in elemental form and results in the lowest-volume waste.
Difficulties reported in early crush-leach process studies (ca. 1970) included grinding the fuel
components to sufficiently small particle sizes, the need for large liquid-to-solids ratios in the leaching
process (particularly if whole-block processing was performed), formation of soluble organic
by-products during the nitric acid leaching step (primarily from the graphite and heavy metal
carbides), and separation of the dissolved product from the remaining solid residues.
The graphite production industry has solved the problems of solids-liquids separation. Using
finely milled feed, acid leaching of natural graphite followed by vacuum-assisted belt filtration and
washing results in product graphite with only a few parts per million of metal contaminants.
Approach to developing a process
The general concept was to develop a head-end to treat TRISO-coated fuel and produce a stream
that would interface with planned industrial light water reactor (LWR) fuel aqueous-based reprocessing
plants. The steps include recovery of the fuel compacts from the massive graphite-block fuel element,
crushing and milling of the compacts to expose the fuel to nitric acid, leaching with nitric acid, and
filtering to recover the fuel components from the carbon and SiC fragments. The fuel-laden aqueous
stream would then feed the separations processes of an aqueous LWR fuel processing plant.
Several of the processing steps appear to be well understood. General Atomics has shown that the
fuel compacts may be readily pushed from the graphite blocks after the ends of the graphite blocks
are sliced to expose the compacts. Idaho National Laboratory has designed machines to expose the
compacts by drilling, again followed by pushing the compacts from the channels with a rod.
In addition, the commercial graphite industry has solved the problems of solid-liquid separations using
vacuum-assisted belt filtration.
Areas that remain for development of an effective crush-leach process include fine milling
of crushed compacts to improve fuel component recovery and evaluation of potential chemical
interferences in the solvent extraction process caused by organic by-products formed in the leaching
process. The objective of this study was to experimentally evaluate the milling and leaching steps.
Milling step
The concept of an improved crush-leach process involves removing the compacts from the fuel
block, crushing the fuel compacts, and then milling the rubble to very small particle sizes as shown in
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Figure 1. Roller-mills perform satisfactorily in breaking the TRISO layers to expose the fuel kernel, as
shown in Figure 2, but typically do not reduce materials to diameters <100 µm. The carbon layers
need to be milled to smaller sizes; otherwise, incomplete leaching of fuel components results.
Figure 1. Mechanical processing steps to prepare leachable fines
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Figure 2. TRISO-coated ZrO2 crushed in roller mill

400 µm

Jet mills (or fluid energy mills) are successfully used in industry to produce particles of  Pm.
An experimental study was undertaken to evaluate whether these machines could be used successfully
in the processing of TRISO-coated fuels. Using compressible gases (air, steam, etc.), these devices
accelerate feed particles to high speeds in opposing directions, and milling is achieved through
particle-particle impacts that fracture the particles.
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Three different types of laboratory-scale jet mills were tested: (1) TROST™-type (Glen Mills),
which is classified as a vertical fluidised bed mill; (2) Jet-O-Mizer™ Model 00 (Fluid Energy), also
classified as a vertical fluidised bed mill; (3) Micro-Jet™ Model 4 (Fluid Energy), classified as a
horizontal spiral-jet mill. Tests verified that the anticipated variables affecting product particle size
were the mechanical properties of the solids, particle size of feed, density of solids, gas feed rate, and
solids feed rate. It was found that particle shape was also a significant variable. Spherical particles did
not mill as well as irregular shapes, indicating a further benefit of preprocessing in a roller mill to
fracture the spheres.
Particle size distribution data from milling surrogate mixtures emulating crushed TRISO-coated
particles and from milling TRISO-coated kernels made of hafnia or zirconia showed that the friable
coatings could be milled to very small size, while a fraction of the tough kernels would fragment into
relatively large particles. Adjustments in feed rate could be used to increase residence time and to
affect milling to smaller particle sizes. It is anticipated that larger, industrial-scale mills would be more
effective because the acceleration channels are longer and the particles achieve higher velocity before
impact. Figure 3 illustrates a particle size distribution produced from milling urania containing crushed
fuel compacts. Small particles consist of the coating layers and urania fines, while the larger particles
are urania kernel fragments.
Figure 3. Product distribution from milling crushed TRISO-coated UO2 compacts
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Although the coatings are milled to very small particle size, the small fraction of fuel material
fines in the same size range is anticipated to make solid-solid separations difficult. Thus all the milled
material would be processed in the leaching step. However, for recovery of fuel materials, the small
size of the carbon fragments will aid in leaching, and the larger fuel particles will dissolve in either case.
Leaching step
In the proposed modified crush-leach process, the powder arising from milling the compacts
would be contacted with nitric acid as shown in Figure 4. As indicated, additional steps would include
solid-liquid separation, washing of the residual carbon-based fines to obtain high fuel material recovery,
provision to destroy any trace amounts of soluble organic by-products and additional processing to
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Figure 4. Acid leaching to prepare for solvent extraction and waste carbon treatment
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process the waste carbon into a robust waste form. The key step is the nitric acid leaching step, in which
there is the potential for formation of organic by-products that could affect the solvent extraction
process. The approach was to leach surrogate materials (since no irradiated TRISO-coated fuel was
available) and test the leachate in solvent extraction shake-out tests.
Surrogate materials were tested in 12 experiments using the following materials:
1. UO2 (as a standard)
2. UO2 (as a standard)
3. UO2 with stand-in carbon components
4. UO2 with stand-in carbon components
5. UO2-15% UC2 (e.g. UCO)
6. UO2-15% UC2 with stand-in carbon components
7. Stand-in carbon components alone
8. Graphite
9. Crushed TRISO-coated ZrO2 with UO2 powder
10. Crushed BISO-coated ZrO2 with UO2 powder
11. UO2-30% UC2
12. UO2-30% UC2 with stand-in carbon components
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It is important to note that uranium oxycarbide (UCO) is the current standard for the kernels in
TRISO-coated high-temperature gas-cooled reactor fuel. It is effectively a mixture of uranium dioxide
and uranium dicarbide. Since the metal carbide is only a fraction of that of an all-carbide fuel, the
potential to produce organic materials is much lower.
Two methods were used to ascertain if soluble organic by-products were contained in the leachate
solution: Fourier transform infrared (FTIR) to look for carbonyl absorption peaks, and behaviour of
the leachate solution in solvent extraction shake-out tests. The use of FTIR was inconclusive, so the
extraction tests became the primary indicator.
No mechanical problems such as foaming, production of emulsions, or phase separation difficulties
were observed. Measured distribution ratios for the uranium were slightly larger than predicted by
accepted models (e.g. AMUSE and SEPHIS), just barely outside the estimated error bands. The slightly
inflated distribution ratios might possibly (but not likely) be caused by an organic acid. Although the
production of trace quantities of organic compounds could not be ruled out, the results were very
positive and no major problems were identified. It may be surmised that excluding the large amount of
graphite that would arise from whole block processing and the reduced amount of metal carbide in the
fuel provides little source material for the production of problematic soluble organic compounds.
Summary and conclusions
All key steps of a grind-leach process were evaluated in proof-of-principle laboratory tests. They
included the milling of crushed surrogate fuel compacts with fluid energy jet mills to reduce the
carbon layers to very fine particles to enhance the leaching process. The leaching process was also
tested and the product tested in solvent extraction shake-out tests to screen for processing problems.
No significant problems have been identified.
Potential areas for further work include: (1) systems-like evaluation of crush-leach and
crush-burn-leach to identify the most economical approach; (2) identification of organic by-products
produced, if any, and investigation of the potential for them to accumulate in the organic phase and
interfere with stripping of product; (3) development, if needed, of an organic destruction step between
leaching and solvent extraction (e.g. ozonation); (4) evaluation of continuous filtering processes;
(5) combined leaching and filtering unit operations (e.g. cross-flow filtration).
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STUDY OF ELECTROCHEMICAL PROCESSES FOR SEPARATION OF
THE ACTINIDES AND LANTHANIDES IN MOLTEN FLUORIDE MEDIA

R. Tulackova, K. Chuchvalcova Bimova, F. Lisy
Nuclear Research Institute Rez plc, Czech Republic

Abstract
This paper describes the results reached within R&D of the electrochemical separation method of the
actinides from lanthanides in molten fluoride salt media. This method is considered to be one of the
pyrochemical reprocessing techniques within the MSR fuel cycle. The presented work was focused on
determination of the exploitable potential range of the used fluoride melts and mainly on determination
of the deposition potentials of the selected actinides (U, Th) and lanthanides (Nd, Gd, Eu) by the
Linear Sweep Cyclic Voltammetry Method. Their electrochemical behaviour was investigated in molten
eutectic mixtures of LiF-NaF-KF at 530qC, LiF-CaF2 at 850qC and LiF-BeF2 at 540qC under inert
atmosphere of highly pure argon. The experimental set-up, specially designed reference electrode
based on Ni/Ni2+ redox couple enabling measurements in molten fluoride media are described and the
reached results with appraisal of the An/Ln separation possibilities in the studied molten fluorides are
presented.
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Introduction
Molten salt reactor (MSR) technology is developed for two possible applications – as a molten
salt transmutation reactor (MSTR) for incineration of plutonium and minor actinides, and as an
electricity-generating MSR working under a thorium-uranium fuel cycle. The former application
represents a part of the Czech national programme in the field of partitioning and transmutation (P&T).
The necessary condition for realisation of both technologies is development of a sufficiently
partitioning system, which should enable “on-line” reprocessing of the fuel salt. It means that fission
products represented mainly by lanthanides would be removed from the carrier salt meanwhile the
fissile minor actinides should remain dissolved.
Pyrochemical methods are promising separation techniques; the main two pyrochemical methods
studied in the world are molten salt/liquid metal reductive extraction and electrochemical separation.
Their combination is supposed to be used for reprocessing of the spent fuel generated by the MSRs.
The main objective of the presented work was to appraise separation possibilities of the selected
actinides (U, Th) and lanthanides (Nd, Gd, Eu) in molten fluoride salt media by electrochemical
separation. Due to the lack of thermodynamic data, the electrochemical properties needed for the
appraisal were determined by experimental measurements.
Preliminary operation and technical background
Selection and preparation of the melt
For electrochemical studies, it is necessary to select a suitable carrier melt as electrolyte that
should fit above all the following properties: low melting point, high solubility of studied compounds,
high electrochemical stability and appropriate physical properties (electrical conductivity, viscosity,
etc.). In case the same melt should also be used as a carrier melt for MSTR fuel, high radiation
resistance, low cross-section and other properties dealing with behaviour in the active zone should be
considered.
The eutectic mixtures of LiF-NaF-KF (FLINAK, 46.5-11.5-42.0 in molar %, melting point
454°C), LiF-CaF2 (79.5-20.5%, melting point 766qC) and LiF-BeF2 (FLIBE, 67.2-32.8 molar %,
melting point 456qC) [1] were selected as carrier electrolytes for the realised electrochemical
measurements. The first two mixtures will probably not be applied as a carrier fuel salt of the MSR
primary circuit, but they represent the suitable media for basic appraisal of separation possibilities of
An/Ln in molten fluoride salts.
The raw materials constituting used mixtures except BeF2 were desiccated before the melt
preparation under vacuum at step-by-step increasing temperature 60-90-150-250°C; each step lasted at
least 24 hours.
Experimental equipment
Electrochemical cell and glove box
All electrochemical experiments were carried out in an originally designed and produced
electrolyser. Its body is composed of a nickel vessel closed by removable flange, where electrode
holders for reference, working and current electrodes are built in. The auxiliary parts are also located
332

on the flange; an argon inert atmosphere inlet and outlet equipped with a control valve with a
manometer and a thermocouple probe. The construction of electrochemical cell and electrode holders
provides work under an inert atmosphere or vacuum even during shifting of electrodes due to the
special original arrangement of gaskets.
The electrolyser is heated by a resistance oven providing homogenous thermal field up to the
temperature 1 000°C. The whole apparatus is placed inside a glove box with nitrogen atmosphere,
where a content of moisture is monitored and it is kept as low as possible – usually bellow 50 ppm.
Reference electrode
Two types of reference electrode (RE) were used during the experiments. They take advantage of
Nernstian behaviour of Ni/Ni2+ redox couple [2] and were developed to provide reproducible
electrochemical measurements in molten fluoride salt medium. The particular design is similar to the
reference electrode reported by H.R. Bronstein, et al. [3], but the construction was significantly
simplified.
The RE’s main body is produced from pyrolitic boron nitride, grade HIP, filled with mixture of
NiF2 (1.0 molar solution) with the same carrier melt as the measured one and nickel wire is tightly
held by a holder, passed through a nut (both are made from pure nickel metal as well) and immersed
into the melt.
The main change resides in modification of the part providing electric charge transfer between the
inside and outside of the electrode, where for the first RE type the ion selective membrane was
replaced by capillary. The capillary was filled with the melt, but thanks to surface tension it does not
leak from the interior of the electrode.
The realised experiments proved satisfactory potential stability of the electrode for short-term
measurements.
The second RE type is already equipped by LaF3 single crystal (doped by EuF3) serving as an ion
selective membrane and providing electric charge transfer.
Experimental set-up
The experimental set-up consists of the electrochemical cell described above, either high power
potentiostat Wenking HP 96-20 coupled by analogue scan generator Wenking MVS 98 (both made by
Bank Elektronik – Intelligent Controls GmbH, Germany) or of HEKA potenciostat. The apparatuses
are connected to PC for a control of the electrochemical processes and simultaneously the PC provides
data acquisition and processing by software developed by the potentiostat producers.
Electrochemical measurements
In the following sections, the basic results of electrochemical measurements are described, where
the behaviour of each compound is compared in different studied melts, if available. However, the
precise direct comparison of measured potential values is impossible due to the different potential of
reference electrodes used (Ni/Ni2+ in FLINAK and Ni/Ni2+ in LiF-CaF2).
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The Linear Potential Sweep Cyclic Voltammetry Method was used as the measurement technique
with predominantly applied scan rate 50 mV/s. Studies with different scan rates were also realised
during experiments. The potentials stated in the following text are related to the potential corresponding
to the used Ni/Ni2+ reference electrode. The atmosphere of highly pure argon gas (99.998%) was
maintained in the electrochemical cell during all realised measurements and working temperature was
kept in FLINAK at 530qC, in LiF-CaF2 at 850qC and in FLIBE at 540qC.
Results
Pure carrier melts
All three mentioned pure carrier melts FLINAK, FLIBE and LiF-CaF2 were examined to
determine their usable potential ranges and also to characterise possibly presented impurities, which
would allow a correct interpretation of detected peaks corresponding to the studied elements. The
cathodic limit is characterised by reduction of the most unstable compound constituting the melt and
the particular shape of the voltammogram depends on working electrode material. Nevertheless, the
evaluated potential limit is approximately the same for all studied materials. The value found for
molybdenum working electrode, which was the most common working electrode material, is -2.05 V
for FLINAK, -1.50 V for FLIBE and -2.30 V and LiF-CaF2.
However the melts were supposed to be electrochemically inactive in the potential area prior its
decomposition, it was not confirmed by the experiments. A gradual current decrease was observed at
more positive potential than the steep drop of voltammogram. The process is rather reversible and
almost the same wave is formed during the back scan. Formation of a surface alloy by reduced metal
with material of working electrode is the most probable explanation of the found fact, because an
effect of presented impurities including moisture was experimentally challenged.
Electrochemical characteristics of uranium and thorium species
The mixtures containing 1.0 molar % of UF4 were used for electrochemical studies of uranium in
all three carrier melts studied. Its electrochemical behaviour was found to be similar in each melt,
when a two-step reduction up to uranium metal was observed. Both reactions seem to be quite well
reversible and in case of FLINAK, measured voltammograms correspond well to theoretical
assumptions and they are also in very good agreement with data published by Clayton, et al. [4].
In case of LiF-CaF2 melt, the ratio between maximums of current densities of the peaks does not
correspond to the expected value 1:3, albeit the potential difference between the peaks is almost the
same in both melts. The typical voltammograms of the systems can be seen in Figures 1 and 2.
Thorium behaviour was investigated only in the system FLINAK-ThF4 (1.0 molar %) with
molybdenum working electrode. According to the reached results, the mechanism of electrochemical
reduction of thorium seems to be a two-step reaction as well, while the reduction up to thorium metal
takes place at almost the same potential as the decomposition of the carrier melt. A pair of peaks was
recorded in the area of higher potential values, while the change of the current slope occurred just
before the melt decomposition potential area. The anodic peak corresponding to stripping of deposited
thorium metal was detected during the back scan after the peak belonging to oxidation of alkali metal
reduced during the melt decomposition. The measured voltammograms qualitatively well agreed to the
data published by Clayton, et al. and the typical one is that shown in Figure 2.
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Figure 1. Voltammograms of the systems FLINAK-UF4 and
LiF-CaF2-UF4 (1.0 mol.%) on Mo working electrode, scan rate 50 mV/s
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Figure 2. Voltammograms of the system and FLIBE-UF4 (1.0 mol.%, left) in comparison with
pure FLIBE and FLINAK-ThF4 (1.0 mol.%, right )on Mo working electrode, scan rate 50 mV/s
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Electrochemical characteristics of selected lanthanides
Neodymium, gadolinium and europium were selected as the representatives of the group of
lanthanides and all of them were added into the carrier melts in a form of trifluorides. Contrary to the
case of uranium, their electrochemical behaviour significantly depends on the carrier melt used.
Two-step reduction mechanism was observed in case of all measured lanthanides in FLINAK on
molybdenum working electrode, but it was impossible to detect reduction to neodymium and
gadolinium metals, because this reaction is hindered by the melt decomposition. Reduction to europium
metal was observed but (similar to the case of thorium) very close to the melt decomposition. The
dependency on working electrode material was also observed in this melt, because one-step reduction
was detected on platinum. No peak corresponding to the reduction to metal was observed on this
material as well.
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In LiF-CaF2, one-step reduction mechanism was observed on molybdenum electrode in all cases
studied, with directly opposite reduction possibilities as compared to FLINAK. Peaks corresponding to
neodymium and gadolinium reduction were detected in LiF-CaF2, whilst no electrochemical action
was observed in the case of europium. A comparison of neodymium and gadolinium voltammograms in
both melts (they have not been studied in FLIBE yet) measured on molybdenum working electrode
(see Figure 3) and that of europium (Figure 4) is shown.
Figure 3. Voltammograms of neodymium and gadolinium in the melts
FLINAK and LiF-CaF2 (1.0 mol.%) on Mo working electrode; scan rate 50 mV/s
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Figure 4. Voltammograms of the systems FLINAK-EuF3 and
LiF-CaF2-EuF3 (1.0 mol.%) on Mo working electrode; scan rate 50 mV/s
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Evaluation
This study is aimed at the appraisal of separation possibilities under conditions that are as close as
possible to the real parameters of the future MSR reprocessing system. The separation possibilities of
the studied elements were assessed by comparison of their deposition potentials with regard to the
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corresponding reaction mechanism. All presented redox potentials were evaluated from experimentally
measured voltammograms using the graphical method. It was impossible to exactly determine the
deposition potentials of neodymium and gadolinium in FLINAK and europium in LiF-CaF2, because
their fluorides are more electrochemically stable than the respective carrier melt constituents. For this
reason, their unknown deposition potentials were substituted by the decomposition potential of the
melt for purposes of comparison. The summary of evaluated redox potentials and reaction mechanisms
are given in Table 1. The assessed separation possibilities are summarised in Table 2. As the minimal
potential difference for successful quantitative separation, 200 mV was considered.
Table 1. Redox potentials of studied elements in the melts FLINAK and LiF-CaF2

Cathodic limit
Uranium reduction
Thorium reduction
Neodymium reduction
Gadolinium reduction
Europium reduction

FLINAK
2+
E [V] vs. Ni/Ni in FLINAK
-2.05 V
Two-step reaction
-1.20 and -1.75 V
Two-step reaction
-0.70 and -2.00 V
Two-step reaction
-1.00 and < -2.05 V
Two-step reaction
-1.01 and < -2.05 V
Two-step reaction
-0.75 and < -1.95 V

LiF-CaF2
2+
E [V] vs. Ni/Ni in LiF-CaF2
-2.30 V
Two-step reaction
-1.40 and -1.85 V
Not measured
One-step reaction
-2.00 V
One-step reaction
-2.10 V
One-step reaction
< -2.30 V

Table 2. Summary of assessed separation possibilities of studied compounds

FLINAK

LiF-CaF2

Separated
elements
Potential
difference
Separation
possibilities
Separated
elements
Potential
difference
Separation
possibilities

U-Nd

U-Gd

U-Th

U-Eu

Th-Ln

Nd-Gd-Eu

> 300 mV

> 300 mV

250 mV

200 mV

> 50 mV

> 100 mV

Yes

Yes

Yes

Limit value

n/a

n/a

U-Nd

U-Gd

U-Eu

Nd-Gd

Nd-Eu

Gd-Eu

150 mV

250 mV

> 450 mV

100 mV

> 300 mV

> 200 mV

No

Yes

Yes

No

Yes

Yes

Conclusion
According to the results obtained so far from this study, electrochemical methods seem to be able
to effect the separation of actinides from lanthanides in molten fluoride salts. However, for the
particular application of the method within the “on-line” reprocessing of the MSR fuel, some
important facts must be taken into account. As mentioned above, the lanthanides should be removed
from the main fuel circuit of the MSR and the actinides should remain to be further processed in the
reactor core. This aim is impossible to accomplish by using studied technique of potentially-controlled
electrolysis, because deposition potentials of the lanthanides are more negative in comparison with those
of the actinides. The combination of: a) pre-reduction of all presented elements; b) the subsequent
group-selective separation by the anodic dissolution method, is proposed as a solution to this problem.
The outline of the flow sheet for the MSR fuel reprocessing is shown in Figure 5.
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Figure 5. Proposed flow sheet for MSR fuel reprocessing

REFERENCES

[1]

Janz, G.J., R.P.T. Carolyn, B. Allen, J.R. Downey, Jr., R.P.T. Tomkins, Physical Properties
Data Compilations Relevant to Energy Storage. I. Molten Salts: Eutectic Data, Nat. Stand. Ref.
Data Ser., Nat. Bur. Stand. (US), 61, Part I (1978).

[2]

Jenkins, H.W., G. Mamantov, D.L. Manning, J. Electroanal. Chem, Vol. 19, p. 385 (1968).

[3]

Bronstein, H.R., D.L. Manning, “Lanthanum Trifluoride as a Membrane in a Reference
Electrode for Use in Certain Molten Fluorides”, J. Electrochem. Soc.: Electrochemical Science
and Technology, Vol. 119, 2, pp. 125-128 (1972).

[4]

Clayton, F.R., G. Mamantov, D.L. Manning, “Electrochemical Studies of Uranium and Thorium
in Molten LiF-NaF-KF at 500°C”, J. Electrochem. Soc., Vol. 121, 1, pp. 86-90 (1974).

[5]

US DOE Nuclear Energy Research Advisory Committee at the Generation IV International
Forum, A Technology Roadmap for Generation IV Nuclear Energy Systems, December 2002,
GIF-002-00.

338

CURRENT STATUS OF R&D ON MSR FUEL CYCLE
TECHNOLOGY IN THE CZECH REPUBLIC

-DQ8KOt
NuclHDU5HVHDUFK,QVWLWXWH HåSOF
CZ-250 68 Husinec- Hå&]HFK5HSXEOLF
E-mail: uhl@ujv.cz

Abstract
The Czech research and development programme in the field of partitioning and transmutation is
grounded on the molten salt reactor (MSR) system concept with fluoride salts based liquid fuel, the
fuel cycle of which is based on pyrochemical fluoride partitioning of spent fuel.
There are three main pyrochemical partitioning techniques proposed for processing and/or reprocessing
of MSR fuel: fluoride volatilisation processes, molten salt/liquid metal extraction processes and
electrochemical separation processes. Two of them – fluoride volatility method and electrochemical
separation process from fluoride media – are under development in the Czech Republic in the Nuclear
5HVHDUFK,QVWLWXWH Hå plc.
R&D on fluoride volatility method is focused on the development and experimental verification of a
semi-pilot technology for LWR spent fuel reprocessing, which may result in a product the form and
composition of which might be applicable as a starting material for the production of liquid fluoride
fuel for a molten salt transmutation reactor. R&D on electrochemical separation processes from
fluoride molten salt media is aimed to the final chemical partitioning of selected actinides from
lanthanides, passed from the fluoride volatility process and to the “on-line” reprocessing (partitioning)
of the circulating liquid fuel in molten salt reactors. Besides the two main experimental partitioning
activities, flow sheet research is the focus of interest as well. Current progress in pyrochemical
partitioning development allows us to design conceptual flow sheets dedicated to MSR fresh
transuranium fuel processing as well as the MSR spent fuel on-line reprocessing.
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Introduction
The Czech partitioning and transmutation programme is closely connected with the development
of advanced nuclear reactor systems represented by molten salt reactor technology. This connection
has been caused by the wish to select an advanced reactor system technology, which could guarantee
the sustainable development of nuclear power while minimising the current problems with the spent
fuel stock. Molten salt reactors could be able to accommodate both demands brilliantly.
Molten salt reactors, which are classified as non-classical reactor systems, can be operated either
as thorium breeders – generating 233U in thermal spectrum – or as actinide burners working in
epithermal spectrum and incinerating (transmuting) transuranium elements – plutonium and minor
actinides. Both MSR systems, breeders and burners, use a similar carrier molten salt based on a
7
LiF-BeF2 mixture. The only substantial difference in the fuel cycle of these two MSR systems is in
the “front-end” technology. Here the processing of fresh transuranium fuel for MSR-An-burner (often
called the molten salt transmutation reactor – MSTR) represents the “classical” reprocessing
technology of spent nuclear fuel.
The main fuel processing and reprocessing technologies proposed for the MSTR fuel cycle are
generally pyrochemical, the majority being fluoride technologies [1]. This is caused by the fact that
MSTR fuel is constituted by a mixture of molten fluorides.
There are three main pyrochemical separation techniques proposed for processing and subsequent
reprocessing of MSTR fuel:
x

fluoride volatilisation processes;

x

molten salt/liquid metal extraction processes;

x

electrochemical separation processes.

As the fluoride volatilisation process can be profitably used as the initial step of transuranium fuel
processing, the molten salt/liquid metal extraction and/or electrochemical separation processes could
be used for “on-line” reprocessing of circulating MSTR fuel. The emplacement of the technologies is
shown in Figure 1, describing the Czech concept of the partitioning and transmutation.
R&D on pyrochemical separation technologies
There are two pyrochemical technologies convenient for the MSTR fuel cycle, which are
currently under development in the Czech Republic. Both technologies are under development in the
1XFOHDU5HVHDUFK,QVWLWXWH HåSOF7KHILUVWWHFKQRORJ\is the fluoride volatility process dedicated to
the reprocessing of spent oxide fuels from current or future light water reactors, the second one is
electrochemical separation from fluoride molten salt media designated either to the final processing of
liquid fuel for MSTR or to the “on-line” reprocessing of circulated spent MSTR fuel. The position of
these technologies within the MSTR fuel cycle is evident from Figure 2.
Progress in the fluoride volatility method
Spent oxide fuel reprocessing based on the fluoride volatility method is now under technological
development concentrated mainly to the verification of an experimental semi-pilot technological line
FERDA. The mission of the technology, within the framework of the Czech P&T programme,
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Figure 1. Czech P&T concept – double-strata strategy with MSTR in second stratum
MSTR = MSR actinide burner

Figure 2. Simplified scheme of MSTR fuel cycle

is the reprocessing of LWR oxide fuel, which may result in a product the form and composition of
which might be applicable as a starting material for the subsequent production of liquid (molten salt)
transuranium fuel for molten salt transmutation reactor. The process is based on direct fluorination of
powderised spent fuel with fluorine gas in a flame reactor and on subsequent separation of volatile
fluorides (mainly UF6 and NpF6) from non-volatile ones (e.g. PuF4, AmF3, CmF3 and fluorides of
majority of fission products). Consequently, the objective is a separation of a maximum fraction of
uranium components from plutonium, minor actinides and fission products. The other important
mission of the process is the conversion of the oxide form of LWR spent fuel into fluorides, which
represent the chemical form of the liquid fuel of molten salt reactors [2].
As the fluorination reaction is a basic unit operation of the process, the principal effort has been
aimed toward the verification of the flame fluorination reaction. Reliable mastering of the fluorination
process enables subsequent partitioning of volatile and non-volatile fluorides according to the scheme
shown in Figure 3.
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Figure 3. Process flow sheet of fluoride volatility method

The three-year test programme carried out at the technological line FERDA was launched in late
2004. Up to the present time, the fluorination experiments with subsequent condensation and sorption
of volatile fluorides were realised successfully including the long-run operation experiments with
uranium fuel. Now, the final experimental verification with simulated spent fuel is under preparation.
Progress in electrochemical separation
The development of electrochemical separation processes from fluoride media is aimed toward
the final partitioning of selected actinides from lanthanides, passed from the fluoride volatility process
and to the “on-line” reprocessing of the circulating spent fuel in the molten salt transmutation reactor.
The main present-day effort in the field of electroseparation processes is concentrated on the
development of electrochemical calls for fluoride media including the design of reference electrodes,
to the study of electrochemical behaviour of selected actinides and fission products (lanthanides), to
the assessment of their separation possibilities and finally to the flow sheeting of the MSTR “on-line”
reprocessing. As the reprocessing technology has to be directly connected with the reactor primary
fuel circuit, the choice of individual partitioning processes, as well as the choice of carrier molten salts
and supplied chemical reagents used during the process is significantly restricted. Therefore the molten
salt carriers used for electroseparation are exclusively fluorides with the emphasis on LiF-BeF2 systems
and further on LiF-NaF-KF and LiF-CaF2 mixtures. A more detailed study of electrochemical separation
processes including the main results achieved is described in a special paper by7XOiþNRYi, et al. [3].
According to the results obtained so far, the electrochemical separation process based on the
anodic dissolution method and the cathodic deposition method seems to be a promising technology in
combination with prior non-selective molten salt/liquid metal reductive extraction. The conceptual
flow sheet of MSTR spent fuel on-line reprocessing is shown in Figure 4.
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Figure 4. Conceptual flow sheet of MSTR spent fuel on-line reprocessing technology

Conclusion
The theoretical and experimental R&D activities on molten salt transmutation reactor fuel cycle
WHFKQRORJLHVKDYHEHHQSURYLGHGLQWKH1XFOHDU5HVHDUFK,QVWLWXWH HåSOFDVDSDUWRIWKH&]HFK3 7
project SPHINX (SPent Hot Fuel Incinerator by Neutron FluX), which is generally aimed toward the
development of molten salt reactor technologies for partitioning and transmutation and for the
development of an advanced power reactor system.
5 'DFWLYLWLHVDUHILQDQFLDOO\VXSSRUWHGFKLHIO\E\WKH&]HFK3RZHU&RPSDQ\ý(=WKH0LQLVWU\
of Industry and Trade and the Radioactive Waste Repository Authority. In addition, international
collaboration plays an important role. Here, the partnership with other European institutions in the
frame of the FP6 project EUROPART supported by EC-EURATOM and the participation in
Co-ordinated Research Projects of IAEA aimed toward P&T are exceptionally beneficial.
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Abstract
The EUROTRANS (EURopean Research Programme for the TRANSmutation of High-level Nuclear
Waste in an Accelerator-driven System) Integrated Project within the ongoing EURATOM 6th European
Commission Framework Programme (FP6) is devoted to the study of transmutation of high-level
waste from nuclear power plants. The work is focused on transmutation in an accelerator-driven
system (ADS).
The objective of EUROTRANS is the assessment of the design and the feasibility of an industrial ADS
prototype dedicated to transmutation. The necessary R&D results in the areas of fuel development,
structural materials, thermal-hydraulics, heavy liquid metal technology and nuclear data will be made
available, together with the experimental demonstration of the ADS component coupling. The outcome
of this work will allow to provide a reasonably reliable assessment of technological feasibility and a
cost estimate for ADS-based transmutation, and to possibly decide on the detailed design of an
experimental ADS and its construction in the future.
EUROTRANS is integrating critical masses of resources (23M¼(&FRQWULEXWLRn, 43M¼WRWDOHOLJLEOH
costs) and activities of 29 partners from 14 countries, within industry (10 partners), national research
centres (18 partners) and 17 universities in Europe. The universities are collectively represented by
one partner, the European Nuclear Engineering Network (ENEN). EUROTRANS is the logical
continuation of the three FP5 Clusters FUETRA, BASTRA and TESTRA together with the
PDS-XADS Project. It takes credit from the Roadmap on ADS of the Technical Working Group [1].
EUROTRANS strengthens and consolidates the European research and development activities with
regard to transmutation. The involvement of universities strengthens education and training in nuclear
technologies. The involvement of industry assures a market-oriented and economic design development
and an effective dissemination of the results.
The four-year project started in April 2005.
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Introduction
Framework and strategy of partitioning and transmutation (P&T)
Today in member states of the European Union, nuclear power produces about 35% of the
electricity consumption. Independent of the decision of member states to stabilise, increase or phase
out nuclear electricity production, and keeping in mind the issues of global warming, security of
electricity supply and sustainable development, the research and development activities concerning the
management of radioactive wastes and their practical application under optimal safety conditions have
to be promoted and advanced on a structured European level.
The future of nuclear energy and its acceptance by the public is – among other variables – heavily
depending on a solution for the safe waste disposal and the operation of a final repository. In this
context, the strategy of partitioning and transmutation (P&T) of high-level nuclear wastes, being the
minor actinides (MA) and possibly plutonium (Pu), is a priority topic which has to be dealt with
employing the greatest possible transparency by the present generation.
The implementation of P&T of a large part of the high-level nuclear wastes in Europe requires the
demonstration of the feasibility of several installations at an engineering level. The respective research
and development activities have to be arranged in four “building blocks” (see Figure 1).
1) demonstration of the capability to apply advanced reprocessing on sizable amount of spent
fuel from commercial power plants (i.e. LWR) in order to separate Pu and MA;
2) demonstration of the capability to fabricate at semi-industrial level the advanced fuel needed
to load a dedicated transmuter;
3) availability of one or more dedicated transmuters;
4) provision of a specific installation for the processing of the dedicated fuel unloaded from the
transmuter, which can be of a different type than the one used to process the original spent
fuel unloaded from the commercial power plants (i.e. LWR), and fabrication of a new
dedicated fuel.
The number and the size of the installations of each of the building blocks quoted above depend
on the strategy and objectives of the specific national policy of nuclear power development. However,
a common objective of all P&T strategies is to reduce the burden of long-term waste management, in
terms of radiotoxicity, volume and heat load of high-level nuclear waste which has to be stored in final
repositories. Possible strategies can range from dedicated transmuters in a separate fuel cycle stratum
of a stable or expanding nuclear energy scenario up to the scenario of a nuclear phase-out.
Previous scenario studies have shown that the strategy of P&T could have a clear added value on
the European level if accelerator-driven systems would be used as common transmutation facilities
shared by several European countries [2].
The scientific and technological aspects of building block 1) are carried out in the FP6 project
EUROPART (EUROpean Research Programme for the PARTitioning of Minor Actinides and some
Long-lived Fission Products from High Active Wastes Issuing the Reprocessing of Spent Nuclear
Fuels) [3].
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Figure 1. Implementation of partitioning and transmutation strategy
LLFP: long-lived fission products (99Tc, 129I, 79Se, ...) MA: minor actinides (Am, Np, Cm)

Objectives of EUROTRANS
The objective of EUROTRANS is the design and the feasibility assessment of an industrial ADS
prototype dedicated to transmutation with the following major activities:
x

To carry out a first advanced design of an eXperimental facility (realisation in a short-term)
demonstrating the technical feasibility of Transmutation in an Accelerator-driven System
(XT-ADS), as well as to accomplish a conceptual design of the European Facility for
Industrial Transmutation (EFIT) (realisation in the long-term). This step-wise approach is
termed as European Transmutation Demonstration (ETD) approach.

x

To provide, for the above devices, validated experimental input (such as experimental
techniques, dynamics, feedback effects, shielding, safety and licensing issues) from relevant
experiments at sufficient power (20-100 kW) on the coupling of an accelerator, an external
neutron source and a subcritical blanket.

x

To develop and demonstrate the necessary associated technologies, especially reliable linear
accelerator components, advanced fuels with high MA contents, structural materials at
medium to high temperature and high radiation exposure conditions, thermal-hydraulics of
heavy liquid metal (HLM), HLM technologies and nuclear data.

x

To prove its overall technical feasibility.

x

To carry out an economic assessment of the whole system.

An important issue for this project is that SCKxCEN is volunteering to offer a construction site at
Mol, Belgium for the XT-ADS.
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Working programme and results
EUROTRANS makes use of all past and foreseen developments in P&T, mainly summarised by
the Thematic Network on Advanced Options for Partitioning and Transmutation (ADOPT) [4].
The R&D work and the innovation effort to be performed within EUROTRANS are integrated
into five technical Domains (DMs), see Figure 2.
Figure 2. IP EUROTRANS – structure of domains
IP co-ordinator

EC

DM0 MANAGEMENT
Project office

DM1 DESIGN

DM2 ECATS

ETD design

Coupling experiments

DM3 AFTRA

DM4 DEMETRA

DM5 NUDATRA

Fuels

HLM technologies

Nuclear data

Domain DM1: Design (development of a detailed design of XT-ADS and a conceptual design of
EFIT with heavy liquid metal cooling)
The objective of this domain is to proceed by a significant jump towards the demonstration of the
industrial transmutation through the ADS route. This is carried out with two interconnected activities:
the strategy of European Transmutation Demonstration (ETD), see Figure 3.
The first activity is to carry out a detailed design leading to a short-term eXperimental
demonstration of the technical realisation of Transmutation in an Accelerator-driven System (XT-ADS),
i.e. construction of the facility starting at least within the next 8 years. The total power level of the
XT-ADS ranges between 50 and 100 MWth. This facility is intended to be as much as possible a test
bench for the main components and for the operation scheme of the European Facility for Industrial
Transmutation (EFIT), but at lower working temperatures thanks to the use of lead-bismuth eutectic
(LBE) as core coolant and spallation target material.
The initial loading of XT-ADS is made with standard MOX fuel, but it is designed to handle up to
six full MA fuel assemblies in representative irradiation conditions in terms of dpa and burn-up of the
EFIT machine.
The second activity is the development of the conceptual design of the EFIT with a power of up
to several 100s MW(th). Design features are worked out to a level of detail which allows a parametric
cost estimate of and safety studies for ADS-based transmutation. The reactor coolant and the spallation
target material are pure lead. Previous studies indicated that such an EFIT could be loaded with about
3 tonnes of MAs, and that a transmutation of about 40 kg of MA per TWh can be obtained.
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Figure 3. Development scheme of the European Transmutation
Demonstration (ETD) – progression from EURATOM FP5 to FP6
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Both designs (XT-ADS and EFIT) bear the same fundamental system characteristics in order to
allow for scalability considerations between them.
Gas as coolant is chosen as a back-up solution for the core cooling of the EFIT. The gas back-up
activity is limited to core studies and safety analysis on the basis of the FP5 PDS-XADS results.
No primary or auxiliary systems design works are to be conducted.
The development of the associated accelerator that will be serving for the XT-ADS as well as for
the EFIT focuses on the improvement of the beam reliability as this is one of the key issues in order to
achieve a high availability factor for the transmutation facility. The work on the accelerator is dedicated
to the experimental testing of the linear accelerator main components’ reliability, being the “full scale”
injector with a 1 MW proton beam, the intermediate energy section, and a “full scale” accelerating
module of the high-energy section.
The design of the spallation source is concentrated on XT-ADS in terms of thermo-mechanical,
thermal-hydraulic and vacuum designs. Within this project, the windowless design is the explored
option. When the project is completed, and all the results from both the FP5 project MEGAPIE-TEST
and the International MEGAPIE Initiative [5,6] are available, the decision about window/windowless
target for the XT-ADS can be taken. On the other hand, the spallation target design activity related
to the EFIT is included in the generic primary system design and is based essentially on the work
accomplished during the FP5 project PDS-XADS.
During FP5 (1999-2003), the windowless spallation target concept was mainly considered within
the MYRRHA project and its design was addressed by an experimental approach at scale 1:1 from the
point of view of hydraulic design. The programme was conducted mainly by SCKxCEN by means of
water experiments in collaboration with UCL (B) and FZR (D), of Hg experiments in collaboration
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with IPUL (LV) and of Pb-Bi experiments in collaboration with FZK (D). The interface compatibility
of a hot liquid Pb-Bi free surface with the beam vacuum has been also addressed at SCKxCEN within
the VICE project and at INFN. Besides the topics covered in EUROTRANS (mechanical engineering
design, vacuum system design of the full spallation loop, the confinement of the spallation products),
there should be an ultimate experiment where the proposed windowless concept at a nominal
temperature (300~350°C) is exposed to an intense power deposition (e.g. generated by an intense
electron beam of ~100 kW/cm³). This tentative experiment, though not foreseen in EUROTRANS,
would be completing the proof of feasibility of the windowless concept.
For safety, the reassessment of the global safety approach for ADS developed during FP5 is
carried forward, but is now applied to a core heavily loaded with MA. In particular the design-based
conditions (DBC) and design extended conditions (DEC) transient analysis with emphasis on the
XT-ADS core are to be conducted. The assessments of the containment analysis taking into account the
source term are carried out for the XT-ADS as well as for the EFIT. In the case of XT-ADS polonium
release is also taken into account. The development of the pertinent parts of the safety analysis report
(SAR) and preparation of the inventory of the information required by the licensing authorities in view
of licensing the XT-ADS is also included in the work to be done in this part of the project.
The cost estimate of the XT-ADS is performed and consideration is given to the scale effect for
the larger EFIT in terms of investment, operational costs and needed R&D efforts.
Status and first results
During the first six-month period of EUROTRANS, the XT-ADS design work is initially based
on MYRRHA [7]. In order to meet the objectives of XT-ADS, some options of MYRRHA had to be
revisited, mainly:
x

check the feasibility of the core loading from the top in order to increase the height between
cold and hot sources and as a consequence to enhance the natural circulation for decay heat
removal;

x

to reduce the pressure drop in the core by optimising the pitch to diameter ratio of the fuel
assemblies;

x

to optimise the number of irradiation positions to minimise the number of penetrations
through the diaphragm;

x

to reassess the choice of the proton beam parameters (proton power and current);

x

to revisit the diaphragm design taking into account the modifications listed above and the
representativity relative to EFIT.

As EFIT is an industrial-scale transmutation facility, the characteristics were defined according to
the efficiency of transmutation, ease of operation and maintenance, and the high level of availability in
order to achieve an economical transmutation.
The main design characteristics of the XT-ADS and the EFIT are reported in Table 1.
Figure 4 provides an illustration of the first conceptual design of EFIT as currently developed by
Ansaldo. A preliminary configuration of the reactor block exists as well as a functional sizing of the
steam generators.
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Table 1. Main design characteristics of XT-ADS and EFIT

Design level
Coolant
Power
Core inlet temperature
Core outlet temperature
Target unit interface
Fuel
Fuel power density
External fuel handling
Primary coolant circulation
in normal operation
Primary coolant circulation
for decay heat removal
Secondary coolant
Structural material
Accelerator

XT-ADS
Advanced design
Pb-Bi
50-100 MWth
300°C (350°C)
400°C (430°C)
Windowless
MOX (except for one MA fuel
assembly)
700 W/cm³
Remote-handling oriented
Forced with mechanical pumps

EFIT
Conceptual design
Pure lead (back-up: gas)
0:th
400°C
480°C
Windowless (back-up: window)
(Pu, Am)O2 + MgO (or Mo)
450 to 650 W/cm³
To be defined
Forced with mechanical pumps

Natural + Pony motor

Natural + Pony motor

Low pressure boiling water
T91 and A316L
Linac (power: 2~5 MW)

Superheated water cycle
To be defined
Linac (power: to be defined)

Figure 5 gives the present-day overview of the MYRRHA design to be adapted to XT-ADS.
Three options are currently under study for the reactor block: the first similar to MYRRHA, the
second also similar to MYRRHA but with fuel loading from the top and a third one based on the
Ansaldo design of Figure 4. At this moment, the fuel pin and fuel assembly as well as the reference
core configuration for XT-ADS have been fixed. This was the result of several iterations between the
different task partners taking into account neutronical, thermo-hydraulic and safety aspects.
Figure 4. First “remontage” proposed by Ansaldo for the EFIT
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Figure 5. Overview of the present-day MYRRHA concept

Domain DM2: ECATS (Experimental activities on the Coupling of an Accelerator, a spallation
Target and a Subcritical blanket)
With a view to assisting the design of XT-ADS and EFIT, DM2 ECATS will provide validated
input from relevant experiments at sufficient power (20-100 kW) on the coupling of an accelerator, a
spallation target and a subcritical blanket.
Initially, the work programme of this domain was based on subcritical experiments (TRADEPLUS) to be performed in the TRIGA reactor of ENEA-Casaccia to be coupled with a 140 MeV
cyclotron. After the cancellation of TRADE-PLUS, the participation in three international experiments
was investigated, namely RACE (USA) [8], YALINA (Belarus) [9] and SAD (Russia) [10], with the
objective to assess the capability to provide design input on the dynamics and experimental techniques
of such a coupled system with feedback effects, together with shielding, safety and licensing issues.
In addition, results from the TRIGA RC-1 reactor of the ENEA-Casaccia Centre are included in
DM2 ECATS [11].
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The experimental programme of ECATS will improve the knowledge about the dynamic behaviour
of an ADS and validate calculation methods, in terms of the physics parameters important for safety:
x

source importance;

x

reaction rate (power) distributions;

x

reactivity (subcriticality) measurements.

It will also be of use in terms of operational parameters (at power):
x

start-up and shutdown procedures;

x

subcriticality on-line monitoring;

x

current-to-power monitoring for subcriticality monitoring;

x

control rod relations (operating schemes, handling burn-up swings);

x

dynamic behaviour at different subcriticality levels (thermal feedback effects).

The validated input database requirements to describe the coupling of the different system
components of an ADS are:
x

qualification of subcriticality monitoring;

x

validation of the generic dynamic behaviour of an ADS in a wide range of subcritical levels,
subcriticality safety margins and thermal feedback effects;

x

validation of the core power-to-beam current relationship;

x

start-up and shutdown procedures, instrumentation validation and specific dedicated
experimentation;

x

interpretation and validation of experimental data, benchmarking and code validation
activities, etc.;

x

qualification of the proton beam reliability and the beam transport line;

x

Pb-Bi or Pb-spallation target design in association with relevant proton beams and the effects
of spallation residues including that of polonium;

x

qualification of the impact of the high energy protons and the fast neutron flux on the damage
of structures and shielding issues.

Recently, the SCKxCEN proposed to modify the critical facility VENUS located at Mol and to
couple it with a modified GENEPI accelerator to perform the GUINEVERE (Generator of Uninterrupted
Intense Neutrons at the Lead Venus Reactor) experiment. GUINEVERE is under discussion and is not
a part of EUROTRANS at present.
The main characteristics of these different programmes (RACE, YALINA, SAD and
GUINEVERE) in the framework of EUROTRANS are presented hereafter.
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Status and first results
The RACE Experiment
The RACE experiments at low power (LP) are operated at two different facilities: the TRIGA
reactor of the ENEA-Casaccia named “RACE-T” and the RACE LP/IAC subcritical assembly of the
Idaho Accelerator Center named “RACE-LP/IAC”, see Figure 6.
Figure 6. Left: View of the TRIGA Casaccia, right: cross-section of the ISU RACE subassembly

In RACE-T, a wide range of subcriticality levels were explored to validate experimental techniques
and provide significant results on the subcritical monitoring, thanks to the ~108n/s (D,T) neutron
generator. The validation of these techniques is also made by systematically comparing the results
obtained with the reference method used in critical core which is the Multiplication of Source Method
(MSM). This method can provide a precise and reliable measurement of subcriticality for all the
configurations of the system. This experimental campaign came to an end at the beginning of 2006
resulting from a reduction of the uncertainties and coherence among the methods: source multiplication,
rod-drop, source-jerk techniques, pulsed neutron source.
In the US, the first experiment of the RACE project has been performed at the Idaho Accelerator
Centre of the Idaho State University (ISU-IAC). The subcritical assembly is surrounded by a graphite
reflector and water inside an aluminium tank that is ~1 m (see cross-section above). The Keff of such a
subassembly is typically in the range of 0.90. In the first phase of the RACE-LP/IAC experiment, it is
paid attention to the characterisation of the electron beam and of the neutrons produced by different
targets : W-Cu, lead and uranium. The order of magnitude of the neutrons source here is ~109 n/s. This
is the first step for the validation of the beam current to power of the subcritical blanket.
The SAD experiments
Experimental checks of theoretical predictions and estimates have to precede the construction of
large subcritical ADS. An ADS of about 15 kW thermal power is considered sufficient to resolve this
task. SAD uses the existing PHASOTRON (after refurbishment) with the following proton beam
characteristics: 660 MeV, 3.2 PA (2.1013 protons/s), and ~2.1014 n/s.
At JINR (Dubna), major planned activities are to measure the yields of neutrons and their spectra
in lead and uranium targets of various types, neutron cross-sections for a number of isotopes that are
important for an estimation of their transmutation efficiency. Mathematical models with appropriate
constant databases and software for calculation of electronuclear systems properties are developed.
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JINR has a license for the operation of nuclear research reactors using metallic plutonium and
plutonium oxide. These reactors are maintained in a reliable state and have safely operated for more
than 35 years. JINR also has long-term experience in the operation of proton accelerators. The above
listed experience provides the base for the construction of an experimental zero-power ADS using
MOX fuel, based on standard fast neutron reactor BN-600 fuel elements.
Design and construction of the SAD project is performed according to the licensing procedure of
the Russian Federation. In particular, these are: construction in the accelerator centre, performance of
proton beam line and fuel element (FE) technical projects, technology to manufacture MOX fuel
pellets, preparation and test of technology to manufacture and assemble the FE, and manufacturing of
a test batch of the fuel pellets.
The basic data of the SAD facility, the parameters of the accelerator and the MOX fuel
characteristics are listed in Table 2. The experimental programme is still under negotiation.
Table 2. Characteristics of SAD facility
SAD beam parameters
Proton energy
660 MeV
Beam power
Up to 1 kW
Criticality coefficient
K~0.95
Spallation target
Replaceable : Pb, W
Reflector
Pb
Coolant
Air
SAD core fuel basic features
Fuel composition
UO2+PuO2
Plutonium dioxide content in fuel
Up to 30%
composition, % (mass)
239
Pu content in Pu % (mass)
95
3
Fuel density, g/cm
From 10. to 10.7
Fuel pellet diameter, mm
5.95

The YALINA-Booster experiments
YALINA offers a subcritical medium made of U-enriched fuels, with various 235U enrichments,
90%, 36% and 10%, that can be introduced into a polyethylene and/or Pb medium. This arrangement
is very easy to handle and accepts a lot of modifications for instrumentation needs or physics purposes
as, for example, the presence at the centre of a fast subcritical zone with lead instead of polyethylene.
This subcritical medium is driven by an external neutron source due to a deuteron generator inducing
(D,T) or (D,D) reactions on targets. The higher level of the neutron source is 2.1012 n/s.
The proposed YALINA-Booster configurations lead to significant adaptations of the present
installation. In particular, in comparison with the present YALINA-Booster a maximum extension of
the fast zone and a maximum reduction of the thermal reflector zone are envisaged to best reflect the
conditions in a fast spectrum transmuter.
In MUSE, a lot of measurements have been carried out, but one should remain cautious when
extrapolating the MUSE results to a real ADS, as the beam structure in both situations is different.
For a real ADS the decay after the interruption of a continuous beam is investigated instead of the
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response to an impulse as in MUSE. Since the prompt neutron decay in both situations is different, the
extrapolation of the results in regard to the applicability has to be confirmed in YALINA. Another key
issue to be demonstrated in the YALINA facility is the on-line subcriticality monitoring by use of the
current intensity to core power ratio in CW conditions.
The GUINEVERE experiment
After evaluation of the ongoing or projected experimental programmes proposed internationally
in the framework of DM2 ECATS, the Project Co-ordination Committee of EUROTRANS concluded
that there is a strong interest for a “European” managed experiment in the line of the MUSE project.
Reanalysing the outcome of MUSE, two points were left open for significant improvement. To validate
the methodology for on-line reactivity monitoring, a continuous beam is needed, which was not
present in the MUSE project. The need of a continuous beam lists on top of priorities for the ECATS
programme. In the definition of the MUSE project, a strong request was made from the beginning for
a lead core in order to have representative conditions of XADS. This request was only partly satisfied
by the creation of a lead central part in the last configuration of the MUSE programme. During the
definition of the ECATS programme, the importance to perform measurements in representative
conditions of a future experimental ADS, namely the XT-ADS, was emphasised. Therefore, there is a
need for a lead fast critical facility connected to a continuous beam accelerator.
Since such a programme/installation is not present at the international level, the partners of
EUROTRANS propose to use a modified VENUS critical facility located at Mol and couple it to a
modified GENEPI accelerator working in current mode: the GUINEVERE (Generator of Uninterrupted
Intense Neutrons at the Lead VEnus REactor) project, see Figure 7. The execution of an experimental
programme in Europe, first, allows having full control over the preparation and quality of the work
and the commitments to realise it and, second, results in a significant increase of resource use efficiency.
The execution of this planned project consists of two types of modifications:
x

At the SCKxCEN site, the first type of modifications are connected to the installation of the
new GENEPI-C accelerator, working in continuous and pulsed mode, at the VENUS critical
facility and its coupling to the core. The second type of modifications are linked with the
adaptation of the LWR VENUS critical facility to host a fast lead core, further on referred to
as VENUS-F. With regard to the “coupling” modifications, the following main items are to be
completed. In the VENUS reactor hall there is not sufficient space to install the GENEPI
accelerator. Different options for coupling the GENEPI accelerator to the VENUS reactor
were proposed: horizontal penetrations and vertical penetrations. After consultation with the
European partners, it was concluded that the vertical penetration beam-line in the core would
represent a significant added value to the project and thus is the option considered further on
in the project. To implement the vertical penetration option, the accelerator has to be on top of
the VENUS bunker in a technical room to be constructed. This means that civil engineering
works are necessary to build a new technical area above the present VENUS building.

x

Based on the GENEPI 1-2 experience, a new GENEPI-C accelerator operating both under
continuous and pulsed mode must be designed to be coupled to VENUS-F. In the pulsed
mode it should work with characteristics as close as possible to those of the GENEPI 1-2.
In the continuous mode, deuteron current to be reached should be in the 100 PA-1 mA range.
It is recalled that a 1 Ps peak of 40 mA intensity at 4 kHz is equivalent to a continuous beam
of 160 PA bringing the same quantity of source neutrons per second (around 109-1010 n/s),
conditions of the MUSE experiment. The points to be re-studied for a new GENEPI-C
accelerator are: the source, the beam transport, the target and the monitoring and controls.
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Figure 7. Right: Schematic layout of the VENUS
critical facility, left: top view of the VENUS reactor

Domain DM3: AFTRA (Advanced Fuels for TRAnsmutation Systems)
The main objective of this domain is the design, development, characterisation and qualification
in representative conditions of the most promising U-free fuel concept, and to give recommendations
about fuel design and performance for the EFIT. The U-free oxide fuel concept is considered in
Europe as the reference candidate. The U-free nitride fuel concept is considered as a back-up solution
and is investigated with a limited effort in EUROTRANS.
From a pre-selection of the most promising oxide fuel achieved by ranking the different fuel
concepts according to predicted performance in normal and transient conditions and safety performance
in accidental conditions, developed fuel models will be qualified thanks to an experimental programme.
In-pile experiments are planned in order to understand better the specific behaviour under irradiation
of transmutation fuels, and out-of-pile tests are performed to complete the database on fuel properties.
Candidates rating the highest performances will be considered as the most promising fuels and will
be proposed for a further development in FP7. The major outcome of AFTRA is the recommendation
about fuel design and fuel performance of the most promising candidate for the EFIT.
As regards the nitride fuel concept, activity in EUROTRANS is focused on the preliminary
post-irradiation examination of one pin irradiated within FP5 CONFIRM project [12]. The collaboration
between EUROTRANS and US labs allows gaining complementary information (thermal and chemical
properties and behaviour under irradiation) on nitride, but also metallic U-free-fuels.
Status and first results
Fuel selection: A preliminary analysis of the knowledge gained within the FP5 project FUTURE
allows starting the AFTRA project with this fuel ranking:
x

(Pu,MAs)O2 + 60 vol.% 92Mo as reference candidate because of: high thermal conductivity at
beginning-of-life conditions, high melting point of Mo, no eutectic reaction between Mo and
the oxide. Moreover, the higher power density of the CERMET core allows reducing the core
size and then the coolant void worth. Finally, the reprocessing is assumed feasible because of
the Mo solubility in nitric acid.
Nevertheless, drawbacks have to be overcome with: an increase of the Pu content to compensate
for the Mo neutron absorption and the high volume of inert matrix; 92Mo enrichment to improve
the neutronic behaviour and to reduce the absorption of the matrix. Moreover, the fabrication
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process will not be as compact as that for the other fuels because Mo cannot be co-precipitated
directly with the actinide oxide. Finally, uncertainties remain on Mo swelling and Mo thermal
conductivity degradation at high doses.
x

(Pu,MA)O2 + 60 vol.% MgO, as a second solution is presently considered, because of: the
ability of this CERCER fuel to be fabricated according to a simple and compact process
[i.e. (Pu,MAs)O2 and MgO co-precipitation], the solubility of MgO in nitric acid, a good
transmutation capability, and an acceptable void and clad worth.
Disadvantages are however: a thermal stability limited below 2 000 K; the expected significant
degradation of the thermal conductivity with irradiation; the operating linear power, initially
supposed to reach 325 W/cm (peak pellet) which has to be significantly reduced to ~250 W/cm
to ensure acceptable safety behaviour.

x

(Pu,MA)O2 + 60 vol.% ZrO2 is ranked lower despite interesting properties such as: good
behaviour under irradiation of the solid solution, stability of the thermal conductivity with
irradiation, high melting point, co-precipitation with (Pu,Am)O2 already demonstrated, best
transmutation capability and possibility of decreasing significantly the volume of inert matrix
(while maintaining a high melting point without changing the thermal conductivity).
However, some issues are still difficult to solve: ZrO2 based fuels are thought to be
reprocessed with great difficulty either by hydro- or pyro-processes; thermal conductivity is
the lowest, even if it is not degraded with irradiation; ZrO2-based cores present the highest
coolant void worth.

Core pre-designs and safety calculations: In close collaboration with Domain 1 DESIGN for the
selection of a data set for the proton beam, for the spallation target and for the core layout, and with
Domain 4 DEMETRA concerning the cladding material and cooling conditions choice, and with
Domain 5 NUDATRA in choosing the neutron cross-section libraries, first proposals of core
configurations and compositions have been assessed in normal operation conditions. Safety analyses
covering normal operational conditions, transients, accidents and severe accidents with the potential
for core damage and core disruption are performed [13]. Suitable tools for modelling are thus developed,
updated and validated.
Experimental programme: In-pile behaviour of U-free oxide fuels is largely unknown. Irradiation
tests will be conducted in order to gain knowledge on the He release mechanisms (BODEX experiment
in HFR), the role of the microstructure and of the temperature on the gas release and on fuel swelling
(HELIOS experiment in HFR [14]), and the in-pile behaviour of U-free oxide fuel in a fast reactor
(FUTURIX-FTA experiment in Phénix [15]). FUTURIX-FTA will also allow, within the collaboration
EURATOM-US DOE, to compare the behaviour of oxide U-free fuel concepts with those of U-free
nitride and metal fuels, fabricated by LANL and ANL. In continuity of FP5, one CONFIRM pin of
(Pu,Zr)N pellets, irradiated in HFR, will be examined at PSI. At this stage, it is recalled that the fuels
do not contain curium, as curium cannot be easily handled in common fuel hot labs.
Finally, the measurement of physico-chemical properties (e.g. thermal conductivity, expansion,
melting point, fuel/clad and coolant compatibility) is a continuous task in order to complete the materials
database with relevant and accurate thermal and mechanical properties and is mandatory for the design
of irradiation tests in experimental reactors. Work is focused on the oxide CERCER and CERMET
composites.
Candidates rating the highest performances will be considered as the most promising fuels and
will be proposed for a further development in FP7 projects. However a definite fuel ranking will be
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possible only when uncertainties are removed concerning the behaviour under irradiation (FP7) and
when the following studies on the fuel cycle have been carried out (FP7 and onwards):
x

ability of the fuel to be fabricated according to the vibro-packing process, more adapted to the
Cm-bearing fuel than pellet process as currently developed;

x

ability of the fuel to be dissolved either in molten salts (hybrid process) or preferably in nitric
acid, since the TRU separation is thought to be carried out in nitric solution.

Domain DM4: DEMETRA (DEvelopment and assessment of structural materials and heavy liquid
MEtal technologies for TRAnsmutation systems)
The objectives of DM4 are the development and assessment of heavy liquid metal (HLM)
technologies, materials characterisation in design relevant conditions, and the thermal-hydraulic
experiments to support the design of the spallation target and the subcritical blanket [16]. The R&D
programme is fully defined on the basis of the design needs for the XT-ADS and EFIT. The
achievement of DEMETRA will be the compilation of a comprehensive and engineering database on:
x

Behaviour of reference structural materials in HLM and under irradiation. The reference
structural materials are the 9Cr ferritic/martensitic steel T91 and the austenitic steel AISI 316L.

x

Thermal-hydraulics quantifications as for instance the heat transfer in turbulent conditions,
the stability of free surfaces for windowless spallation target and the flow characterisation in a
fuel bundle.

x

HLM instrumentation and system operation technologies, such as impurities monitoring and
removal methods, operational measurement techniques in liquid metal, etc.

x

Assessment of the operational performance of the MEGAPIE spallation target and evaluation
of capabilities to understand and predict both beam window and overall target performances,
in view of supporting the neutron spallation target design decisions as reported earlier.

Status and first results
The ferritic/martensitic (FM) steel, T91 and the austenitic steel, AISI 316L, have been selected as
reference materials. The materials test programme foresees:
x

Long-term corrosion tests to assess the stability of oxide layers and Fe, Al based coatings.
A matrix of mechanical tests (e.g. creep, creep-fatigue, low cycle fatigue, slow strain rate
tests, etc.) to be performed in HLM has been defined.

x

Irradiation experiments at high dpa on FM steels are investigated in a neutron fast spectrum
(Phénix, CEA) and in a proton-neutron spectrum (SINQ, PSI). Experiments in which the
combined effects of the liquid metal and the neutron irradiation on the mechanical properties
of the T91 steel are started in the BR2 (SCKxCEN) in April 2006 and planned in the near
future in HFR (NRG).

x

Basic data such as the solubility and diffusivity of metallic and non-metallic elements in LBE,
the evaporation behaviour of LBE and the release of volatile spallation products will also be
produced.
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Thermal-hydraulic experiments are defined in order to assist the design of the spallation target
and the subcritical core, respectively:
x

Free surface experiments are planned in water and LBE to support the windowless target
design. This activity is accompanied by CFD calculations.

x

A single fuel pin experiment to evaluate the heat transfer in turbulent conditions across a real
cladding at prototypical ADS conditions is conducted in the TALL facility at KTH.

x

A fuel rod bundle experiment with the aim to analyse the thermal-hydraulics behaviour of an
array of fuel rods. The test section is specifically instrumented for local measurement of
temperature, velocity, heat flux and integral flow rate. The fuel bundle experiment is conducted
at the THEADES facility of KALLA at FZK.

x

Component tests on heat exchangers, pumps, and oxygen control systems are performed at the
CIRCE facility at ENEA.

The developments of technologies are focused on:
x

assessment of the reliability of oxygen control and monitoring systems developed in previous
programmes;

x

reliability of instrumentation needed for the operation of HLM systems (e.g. thermocouples,
flow meters, pressure transducers) and of measurement techniques needed to perform the
thermal-hydraulics experiments (e.g. Pitot and Prandtl tubes to measure the local velocity, etc.).

Moreover, integral tests of the MEGAPIE spallation target, which were performed in a separate
out-of-beam test rig, have been completed and the target is being irradiated successfully at the SINQ
facility (PSI, Switzerland) since 14 August 2006.
Here, two sets of first results are given. Further results are given in [17].
Specification and fabricability of the reference materials and its operation conditions: The
composition, metallurgy, shape and fabrication procedure including welding of the two reference
materials (T91 and AISI316L steels) is being defined. A batch of the two materials has been procured
by SCKxCEN and characterised in terms of microstructure and mechanical properties and distributed
to the partners for the tests in HLM and under irradiation. In Figure 8 the microstructure of the T91
and the AISI 316L steels are respectively reported.
Figure 8. Microstructure of the AISI316L steel (left) and of the T91 steel (right)
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Reference materials characterisation in HLM: The objective is to assess the long-term behaviour
of the T91 and the AISI 316L steel in flowing heavy liquid metal. To define the related test matrix,
which covers a range of liquid metal flow between 0.01 m/s and 5 m/s and temperature of 450 to
600°C, in DEMETRA advantage has been taken of the available facilities in Europe (Figure 9). The
corrosion kinetics will be evaluated with those experiments and with numerical activities. In addition
weld obtained with TIG and EB as well as corrosion barrier obtained with the GESA method are under
investigation. The mechanical performance of the steels is evaluated by performing fatigue, tensile,
creep, and liquid metal embrittlement tests in presence of liquid metal. The first results of fatigue tests
of AISI316L and T91 in LBE are reported in Figure 10. The experiments were performed at 300°C;
they have demonstrated that a fatigue lifetime reduction occurs only for high strain.
Figure 9. Test matrix for the long-term assessment of the reference materials in HLM
5

CEA

HLM flow [m/s]

4
3

FZK

2

CIEMAT

FZK/IPPE

FZK/IPPE

1

ENEA
0
450

NRI
500

550

600

Temperature [°C]

Figure 10. Low cycle fatigue experiments performed at CNRS-University of Lille

Reference materials irradiation studies: Irradiation studies on the structural materials (martensitic
steels and FeAl coatings) in neutron spectrum (Phénix, CEA) and proton/neutron spectrum (SINQ,
PSI) over wide temperature and dpa ranges are performed. The most challenging activity foreseen in
this area is the study of the LBE/n-irradiation combined effects. For this activity irradiation experiments
are performed in BR2 at SCKxCEN at 350 and 450°C and in HFR at NRG at 300 and 500°C.
Domain DM5: NUDATRA (NUclear DAta for TRAnsmutation)
The objective is the improvement of the simulation tools for ADS core, shielding and fuel cycle
design, essentially through the improvement of the evaluated nuclear data libraries and reaction models
for materials in transmutation fuels, coolants, spallation targets, internal structures, and reactor and
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accelerator shielding, relevant in particular for the XT-ADS and the EFIT designs. DM5 NUDATRA
addresses the improvement of the nuclear data evaluated files and models covering the following areas:
x

evaluation of some of the experimental measurements obtained in FP5 and incorporation in
end-user oriented nuclear data libraries;

x

nuclear data uncertainty propagation in ADS fuel cycle parameters simulations and performance
of sensitivity analysis to identify specific data with direct impact on the design of EFIT and
XT-ADS, and definition of required data accuracies;

x

performance of selected measurements on some MA, Pb, and Bi cross-sections in particular
below 20 MeV;

x

review of the status of data and uncertainties of the calculations on decay heat, gamma-heating,
dpa and gas production, respecting the specifics of dedicated fuels;

x

performance of selected high-energy experiments for key elements in order to consolidate the
reaction models, in particular for spallation product assessment, damage and gas production;

x

global validation of nuclear data, models and simulation tools on integral experiments already
performed in European facilities or in ISTC projects.

These activities represent a decisive step beyond the status after the results from the BASTRA
cluster activity. The general focus of the domain is the transfer of its results to the design activities.
A strong link and co-ordination is established with all the other domains.
Strong collaboration is foreseen with the JEFF project of OECD/NEA and the teams developing
and using transport codes. In the same way a very close link is established with the complementary
transuranic nuclear data R&D activities in progress and in preparation in the Russian Federation in the
framework of the ISTC.
Status and first results
Progress on nuclear data uncertainty propagation, sensitivity analysis and new simulation tools:
A survey has been performed on the scarce, incomplete and often contradictory nuclear data uncertainty
information sources. The survey has allowed the identification and comparisons of values from
different sources oriented to define a reference set of files and proposals for completing the available
data. In parallel the Monte Carlo and differential sensitivity methods had been applied to test problems
of advanced fuel cycles. New codes able to apply these methodologies in a systematic way are in
progress, in particular by the evolution from EVOLCODE to the coupling of MCNP to the ACAB
depletion code.
New measurements of low and intermediate energy nuclear data measurements: High resolution
excitation functions for the inelastic scattering cross-sections are being measured in Gelina for lead
and bismuth isotopes (the main components of the coolant and spallation target of both EFIT and
XT-ADS). The data have been collected and the analysis is good progress for 206,207,208Pb and
209
Bi(n,ncJ). At the same time Fe and Pb(n,xnc) measurements performed at 100 MeV at Uppsala are
being analysed, 207,208Pb and 209Bi (n,xn) reaction cross-sections are being measured at Gelina, and the
244
Cm neutron induced fission cross-section is being investigated by 243Am(3He,pf) measurements at
IPN Orsay. In addition to the continuing data-taking campaigns at those centres, the measurement of
the 243Am neutron capture cross-section is being prepared at the CERN n_TOF facility.
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Figure 11. New measurements of 207Pb inelastic and 208Pn (n,2n) reaction cross-sections

Improvement of low and intermediate nuclear reaction models for cross-section evaluation:
Several improvements are being implemented in the TALYS code, including the generation of
covariance libraries. These enhancements are allowing the analysis and evaluation of new elastic
scattering measurements between 4 and 7 MeV and the first analysis of new inelastic scattering of Pb
and Bi isotopes with TALYS code.
High-energy experiments and modelling: High-energy experiments are being conducted to
improve the assessment for radioactivity, chemical modification and damage. In particular, the helium
production is being analysed from the measurements at SPALADIN (GSI) on Fe at 1 GeV, and the
new results from NESSI and the PISA experiment at low energy (175 MeV) (Jülich). In addition, the
absolute precision of the spallation product generation cross-section is being improved by new
measurements at 500 MeV on Pb performed at GSI. In parallel the INCL4 and ABLA high-energy
models have shown significant progress on their predictions for the intermediate-mass fragments (IMF)
and the composite light-charged particles (LCP) emission.
More details on the achieved results can be found in the companion papers dedicated to each
domain in this conference.
Dissemination of knowledge
Within EUROTRANS, the 17 universities are represented by the European Nuclear Education
Network (ENEN) association, so that this project can effectively provide education and training in the
nuclear field to young researchers.
ENEN organises a total of 10 internal training courses (two for each domain, each being three to
four days) in order to ensure that Doctoral and Masters students working in different domains, as well
as post-docs, can discuss and interpret newest results and deepen their understanding on specific
scientific issues of P&T. These interactive courses are open to students from related projects such as
EUROPART and RED-IMPACT. They are included in the European Credit Transfer System (ECTS).
Towards the end of the project, an external training course is organised to summarise the results
achieved, to provide an in-depth training in selected topical areas, and to formulate the remaining open
issues.
Of special importance is the connection between EUROTRANS and the Frédéric Joliot/Otto Hahn
Summer School which is jointly organised by the Forschungszentrum Karlsruhe (FZK) and the
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Nuclear Reactor Directorate of the Commissariat à l’Énergie Atomique (CEA). In 2007, the school
plans to focus on “Sustainability of Nuclear Energy: Generation IV, Partitioning and Transmutation,
Waste Management”, thus among others covering the state of the art of partitioning and transmutation.
The summer school benefits from the most recent novelties and efficiently takes care on the transfer to
young scientists.
Status and first results
The two first internal training courses have taken place:
x

ITC-1, 5-9 October 2005 at the Royal Institute of Technology (KTH-Stockholm), organised
by Prof. Waclaw Gudowski and Mikael Jolkonnen, on “ADS: Objectives, Context, Concepts,
Challenges”;

x

ITC-2, 7-10 June 2006 at the University Santiago de Compostela (Spain), organised by
Prof. José Benlliure, on “Nuclear Data for Transmutation: Status, Needs and Methods”;

ITC-3, planned for 6-9 December 2006 at the Catholic University of Louvain (Louvain-la-Neuve,
Belgium), is organised by Prof. Hervé Jeanmart, on “ADS Thermal-hydraulics: System Codes and
CFD Codes, Models and Experimental Validation”.
Each ITC involves a few lectures by experts from outside and inside the project, presentations by
the participants on the status of their work, and offers ample time for discussions with the experts and
between the participants. An examination is organised at the end of the course for those who want to
get some credit points valid for their study programme.
Synergies with other international projects
Within the EURATOM Framework Programme, EUROTRANS is closely linked with [18]:
x

Integrated Project EUROPART (EUROpean Research Programme for the PARTitioning of
Minor Actinides and some Long-lived Fission Products from High Active Wastes Issuing the
Reprocessing of Spent Nuclear Fuels);

x

Specific Targeted Research and Training Project REDIMPACT (Impact of Partitioning,
Transmutation and Waste Reduction Technologies on the Final Nuclear Waste Disposal);

x

Specific Targeted Research and Training Project ELSY (European Lead-cooled System);

x

Integrated Infrastructure Initiative VELLA (Virtual European Lead Laboratory);

x

Co-ordination Action PATEROS (Partitioning and Transmutation European Roadmap for
Sustainable Nuclear Energy);

x

Co-ordination Action SNF-TP (Sustainable Nuclear Fission – Technology Platform);

x

Integrated Infrastructure Initiative EFNUDAT (European Facilities for Nuclear Data
Measurements).
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Several partners of EUROTRANS are active in the OECD/NEA Nuclear Science Committees:
x

NSC-WPFC (Working Party on the Scientific Issues of the Fuel Cycle), where synergies are
for accelerator, fuels, materials, and HLM technologies, especially the HLM Handbook [19];

x

NSC-WPPR (Working Party on Scientific Issues of Reactor Systems), where synergies are for
general physics of ADS systems and the NEA Data Bank.

Other international projects or programmes which are of relevance for the area of partitioning and
transmutation and in which partners of EUROTRANS are active are:
x

IAEA TWG-FR (Technical Working Group on Fast Reactors and ADS);

x

ISTC projects (especially these on nuclear data, ADS physics, and HLM technologies);

x

International MEGAPIE Initiative.

Under the Umbrella Agreement between EURATOM and the US DOE, a Memorandum of
Understanding between EUROTRANS and AFCI for technical collaboration on all five domains was
signed in June 2005.
By combining the results of the above projects and international collaborations with those of
EUROTRANS, enough technical and economical elements will be available at the end of the project
in order to perform a consistent and complete feasibility assessment and cost estimate between the
strategy of ADS-based transmutation and other strategies, e.g. transmutation based on critical (fast)
reactors. This assessment will be an essential input element for decision makers whether to embark on
the implementation of an ADS-based transmutation in the future at the European level.
Innovation activities
The work considered within DM1 DESIGN contains many innovative aspects in terms of
accelerator component design, construction and testing that can be applied in any high power proton
accelerator application. The innovative reactor primary system design – even though it is a subcritical
system – is transferable to a critical lead fast reactor (LFR). The associated technology development
such as the visualisation via ultrasonic cameras is also an innovative approach that will be applicable
for both Generation IV systems LFR and SFR (sodium fast reactor).
DM3 AFTRA addresses the design and development of innovative fuels, the knowledge of which
is currently rather limited. This work should allow providing the basic knowledge necessary to design
U-free fuel with reliable performance due to a significant experimental programme in- and out-of-pile
and giving recommendation as regards the development of fabrication processes suitable for the
manufacture of fuel bearing a high content of americium and curium.
Some of the knowledge gained in DM4 DEMETRA will be exploited for the design of critical fast
transmutation systems cooled with heavy liquid metal (e.g. EC project ELSY), for the work performed
in the Integrated Infrastructure Initiative on a Virtual European Lead Laboratory (3I VELLA), and for
the development of heavy liquid metal spallation neutron sources to be used in other applications
(i.e. medical, materials science, etc.).
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Conclusions
The radioactive waste which is produced in nuclear fission energy generation is mainly contained
in the spent fuel, which is highly radioactive for a long time. The main concern in the disposal of this
waste is related to the long-lived radionuclides, some of which will remain hazardous for tens of
thousands of years.
Large efforts to resolve this issue are under way concentrating on the disposal of the nuclear
waste in deep geological repositories. In parallel to this approach, the strategy of partitioning and
transmutation (P&T) of the high-level nuclear waste is investigated. Even if a final repository would
still be needed for the losses of the P&T strategy and for the high-level wastes which do not undergo
the transmutation process, the strategy of P&T could reduce the radiotoxicity of high-level wastes and
thus ease the long-term safety issue of a final repository. Any step towards the industrial deployment
of transmutation in Europe could have a positive influence on the improvement of public acceptance
of nuclear fission electricity production. This could lead to a nuclear revival in Europe, which in turn
would reduce Europe’s steadily increasing dependency on energy imports.
The Integrated Project EUROTRANS is devoted to transmutation of high-level wastes from
nuclear power plants, focusing on transmutation in an accelerator-driven systems (ADS). EUROTRANS
combines the efforts of 29 partners from 14 European countries, 10 participants being from industry,
18 being national research centres, and ENEN representing 17 universities. A large number of young
scientists and engineers are involved; they are offered a specific education and training programme.
The objective of EUROTRANS is the design and the feasibility assessment of an industrial ADS
prototype dedicated to transmutation. The necessary R&D results in the areas of fuel, technology and
nuclear data will be made available, together with the experimental demonstration of ADS component
coupling. The outcome of this work will allow to provide a reasonably reliable assessment of feasibility
and an estimate of cost for ADS-based transmutation, and to decide on the detailed design of an ADS
and its further construction.
The project website address is: http://www.fzk.de/eurotrans.
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Abstract
JAEA has been conducting research and development (R&D) on accelerator-driven subcritical system
(ADS) as a dedicated system for the transmutation of long-lived radioactive nuclides. The ADS
proposed by JAEA is a lead-bismuth eutectic (LBE) cooled, tank-type subcritical reactor with a
thermal power of 800 MWth driven by a 30 MW superconducting linac. With such an ADS, 250 kg of
minor actinides (MA) can be transmuted annually, which corresponds to the amount of MA produced
in 10 units of light water reactors of 1 GWe. Moreover, the ADS can co-exist with FBR symbiotically
and complementarily to enhance the reliability and the safety of the commercial FBR cycle. R&D
activities at JAEA include neutronics, thermal-hydraulic and structural design, transient analysis in
case of beam trips, development of high-power spallation target using LBE, research on the materials,
and cost estimation. In addition, the high-intensity proton accelerator project J-PARC is under
construction. One of the main experimental facilities of the J-PARC is the Transmutation Experimental
Facility (TEF), which is assigned as Phase II of the project.
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Introduction
To continue the utilisation of nuclear fission energy, the management of high-level radioactive
wastes (HLW) is one of the most important issues to be resolved. The difficulty of HLW management
exists in its long-lasting radiological toxicity which has to be isolated more than thousands of years
and heat generation which may affect the structural integrity of a deep geological repository. Regarding
both the toxicity and the heat, minor actinides (MA) such as Np, Am and Cm play a significant role in
HLW disposal, though their mass content in HLW is much lower than fission products. Especially
when we utilise Pu in the nuclear reactors, MA will dominate the largeness of the repository area
required to dispose HLW due to the heat generation of 241Am [1]. The necessity of MA transmutation
is therefore widely recognised nowadays.
The Japan Atomic Energy Agency (JAEA), which was established in October 2005 by merging
the Japan Atomic Energy Research Institute and the Japan Nuclear Cycle Development Institute, is
continuously implementing research and development (R&D) on partitioning and transmutation (P&T)
technology to reduce the burden of the back-end of the nuclear fuel cycle. R&D on P&T in JAEA is
based on two series of concepts: one is the homogeneous recycling of MA in commercial fast breeder
reactors and the other is dedicated MA transmutation, the so-called double-strata strategy, using an
accelerator-driven system (ADS). Both concepts have their own merits and can co-exist symbiotically
and complementarily.
In the present study, a scenario study on the various roles of ADS in the future nuclear energy
cycle is discussed first, and then the present status of the R&D activities in JAEA is reported.
Scenario study on ADS
Two significant advantages of the dedicated transmutation strategy can be emphasised: 1) it can
accommodate various situations of the commercial power generation fuel cycle in an appropriate and
flexible manner; 2) MA can be confined into a small-scale dedicated fuel cycle. The former advantage
can be outstanding in the transient phase of the nuclear fuel cycle which may be expected in the latter
half of this century. The latter advantage can help the deployment of the fast breeder reactors which
will be indispensable for the sustainable nuclear power utilisation over the centuries.
From these viewpoints, three typical situations of nuclear fuel cycle with the dedicated
transmutation system can be assumed: a) LWR-ADS; b) LWR-FBR-ADS; c) FBR-ADS. It should be
noted that the equilibrium condition of the material mass balance does not have to be satisfied in
situations a) and b) because they can be transient phases. In the following subsections, the sizes of the
dedicated transmutation cycles in these situations are discussed. The total capacity of the nuclear
power generation is fixed at 58 GWe for all the situations.
Situation 1: LWR-ADS
This situation is a pseudo-equilibrium state without FBR. Figure 1 shows the material mass flow
of this situation, where 58 GWe is generated by both a UO2-fuelled LWR (49 GWe) and a MOX-fuelled
LWR (9 GWe). The 960 t/y of UO2 spent fuel (burn-up: 45 GWd/t) is reprocessed to recover 8.2 t/y of
Pu and 1.1 t/y of MA. This amount of Pu will be loaded to MOX-LWR and its spent fuel will be
stored to wait for the deployment of FBR. As for MA, 4.4 units of 800 MWth ADS, each of which can
transmute 250 kg/y of MA, are necessary to transmute 1.1 t/y of MA. One unit of ADS is loaded
with 4 t of heavy metal (MA and Pu nitride fuel) and the fuel in the subcritical core is exchanged
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Figure 1. “Pseudo-equilibrium state” with UO2-LWR + ADS
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simultaneously every two years. Hence, about 9 t/y of heavy metal will be reprocessed in the dedicated
transmutation fuel cycle. This simple calculation shows that the size of the dedicated transmutation
cycle is about 1/100 of the commercial power generation cycle.
In this stage, consumption of natural uranium resource is large. Hence this situation will shift to
the transient phase from LWR to FBR in accordance with the balance of supply and the demand of
uranium resource and the cost of the FBR cycle.
Situation 2: LWR-FBR-ADS
This situation is a transient phase from LWR to FBR, but it may last for several decades. Figure 2
shows a temporary situation where certain fraction (D) of electricity is generated by FBR. At the early
stage of this situation, the MOX-LWR will be substituted by the FBR, and after a certain period of
time multi-recycle of FBR spent fuel will be started to increase the value of D. The reprocessing plant
for FBR spent fuel will also deal with the MOX-LWR spent fuel, though its amount of reprocessing
will depend on the situation. In general, MOX spent fuel contains more MA than UO2 spent fuel.
Figure 2. “Transient phase” from LWR to FBR with ADS
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There will be several options for MA management strategy at the MOX reprocessing. One is to
send all MA to the dedicated transmutation cycle, and another is to recycle all MA by FBR. In the
latter option, ADS should wait for its deployment until the fade-out phase of the fission energy which
lies out of the scope of this scenario study. Figure 2 shows one possible option where Np is recovered
with Pu and recycled in FBR, and Am and Cm are sent to the dedicated transmutation cycle. This
option will be favourable because non-proliferation characteristics can be added to the FBR fuel cycle
and simultaneously the FBR cycle can be prevented from the contamination by Am and Cm which
render heavy shielding and cooling necessary in the fuel fabrication, transportation and handling.
In Figure 2, the sizes of three reprocessing plants are tabulated for a few values of D. It is
remarkable that the size of the dedicated transmutation cycle is very small for every case and not largely
disturbed by the D value. If six units of ADS are deployed, MA can be flexibly managed in every case.
Situation 3: FBR-ADS
This situation is regarded as one of the ultimate situations for fission energy utilisation, where
FBR and ADS co-exist symbiotically and complementarily. If MA should be recycled in FBR, it
might affect the reliability and the safety of the commercial power generation cycle because the
high radioactivity and heat generation of MA requires heavy shielding, cooling and remote handling
at fabrication, assembling, transport, and loading of the fuel. By adopting ADS and its dedicated
transmutation cycle, MA can be confined and the FBR cycle can be optimised from the viewpoints of
reliability, safety and economy.
Figure 3 shows an equilibrium situation where Np is recycled in FBR with Pu, and Am and Cm
are transmuted in ADS. The scale of the dedicated transmutation cycle is about 1/30 of the commercial
power generation FBR cycle. This compactness of the dedicated transmutation cycle enables us to deal
with high MA content fuel in a concentrated manner. The mass flow of the cycle will be about 14 t/y,
which means about 50 kg/day of MA fuel will be enough to be fabricated. By situating the dedicated
fuel cycle plant near the ADS, the MA fuel can be transported inside of the site. Moreover, it is also
beneficial that light troubles in the remote handling system of the dedicated transmutation cycle will
not as fatally affect the energy security, while such troubles in the commercial power generation cycle
may have a serious impact.
Figure 3. “Symbiotic state” with FBR and ADS
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In the scenario studies previously conducted by OECD/NEA [2], this symbiotic scheme was not
included but a scheme combining UO2-LWR, MOX-LWR, Pu-burning FR, and ADS was investigated
as the double-strata concept, which is rather similar to the transient phase (D: ~0.3) of the present study.
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Conceptual design of ADS
JAEAs reference design of ADS is a tank-type 800 MWth subcritical reactor, where lead-bismuth
eutectic (LBE) is used as both the primary coolant and the spallation target, as shown in Figure 4 [3].
Its core parameters are shown in Table 1. A superconducting linear accelerator (SC-LINAC), whose
proton energy and maximum current are 1.5 GeV and 20 mA (30 MW), is used to produce spallation
neutrons. The (MA,Pu)N fuel diluted by ZrN is used in the subcritical core, where Pu is added at the
beginning of the first burn-up cycle to mitigate the rapid increase of the effective multiplication factor
keff. The relatively high power peaking factor will be observed at the burn-up stage of low keff value,
where the influence of the spallation neutrons is strong.
For ADS to play important roles in the nuclear fuel cycle as mentioned in the previous section,
several critical issues have to be resolved. Hereinafter, relevant R&D activities in JAEA are presented
for such critical issues, i.e. the engineering feasibility of the beam window and the core performance,
the reliability of the system and the economy.
Engineering feasibility of ADS
Beam window
One of difficulties in terms of engineering feasibility of the ADS exists in the beam/target
interface whether it is the window-type or the windowless-type. JAEA’s reference ADS design adopts
the LBE target with a beam window whose diameter is 45 cm and thickness is 2 mm. Although its
feasibility from viewpoints of thermal-hydraulics and structural strength has already been shown [4,5],
we are now optimising the diameter and thickness of the beam window to keep more design margin
for the failure. However, the lack of the material database under proton and neutron irradiation at high
Figure 4. Conceptual view of 800 MWth LBE-cooled ADS
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Table 1. Core parameters of 800 MWth, LBE-cooled, two-zone ADS
Parameters
Thermal power
Cycle length
Active core diameter
Active core height
Inert matrix (ZrN)
Initial Pu (inner/outer)
Total heavy metal inventory
Initial MA inventory
Effective multiplication factor (keff)

Burn-up reactivity swing
Peaking factor (whole core)
Average power density
Proton beam energy
Proton beam current

Values
800 MW
600 EFPD
236.6 cm
100.0 cm
49.9 w%
30.0%/48.5%
4 115 kg
2 500 kg
Initial: 0.970
Max.: 0.970
Min.: 0.940
3.01 %'k/k
Max.: 2.52
Min.: 1.70
191 W/cm3
1.5 GeV
Max.: 17.9 mA
Min.: 8.1 mA

temperature (500qC) makes it very difficult for us to discuss the lifetime of the beam window; the
accumulation of irradiation data is hence necessary to demonstrate its feasibility. The post-irradiation
examination for specimens irradiated at SINQ is currently under way [6,7] at JAEA, and the ADS
Target Test Facility in Transmutation Experimental Facility is planned within the framework of the
J-PARC project [8].
Core performance
The large power peaking near the spallation target is another difficult issue in the design of the
ADS. Figure 5 shows examples of radial power distributions at the beginning of cycle (BOC) of the
initial cycle (keff = 0.97) and at the end of cycle (EOC) of the second cycle (keff = 0.94). As shown in
the figure, the power peaking is significant for the latter case. This high power density dominates the
maximum temperature of the fuel cladding which should be restricted below about 550-600qC to control
the material corrosion by LBE. An optimised design is, therefore, being investigated from the
perspectives of power peaking and burn-up reactivity swing by adjusting the Pu and inert matrix (ZrN)
contents of each zone, pin diameter, height of the active core, position of the spallation target, etc.
To predict the core performance with good accuracy, the current nuclear data of MA is not very
reliable. It is, therefore, necessary to conduct an integral verification of the nuclear data and analysis
methods for the reactor physics parameters based on critical/subcritical experiments. The Transmutation
Physics Experimental Facility in the Transmutation Experimental Facility is planned under the J-PARC
project to make an integral experiment by coupling the 600 MeV proton beam and the fast neutron
core consisting of MA fuel [8].
As for the material to be used in LBE, the feasibility of candidate materials has not yet been
proven. Although corrosion by LBE at high temperature would be a problem, temperatures above
600qC do not have to be explored for ADS because it is not aiming at power generation with high
376

Figure 5. Power density of two-zone core (axial position: centre)
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efficiency but at effective transmutation. One problem might exist in the ductile-brittle transition
temperature (DBTT) of the ferrite-martensitic steel under irradiation at lower temperature. Further
design study and experimental verification, therefore, should be conducted to demonstrate the
engineering feasibility of the materials to be used in the ADS. In parallel, new stainless steels which
have good compatibility with high temperature LBE are also being explored at JAEA.
Reliability of ADS
The reliability of the accelerator, especially the management of frequent beam trip transients, is
one of the critical issues for ADS.
Estimation of acceptable beam trip frequency
Thermal shock damage on the reactor structure is the most important influence caused by the
beam trips. As shown in Figure 6, three parts of the reactor structure, i.e. the beam window, the inner
barrel and the reactor vessel, were picked as representative to discuss the effect of the thermal shock.
Figure 6. Influence of beam trip transient on reactor structure
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As for the beam window, a beam trip causes the rapid temperature drop, which in turn causes the
thermal stress due to the temperature difference between the inner and the outer surfaces of the beam
window. A transient analysis for a beam window (diameter: 450 mm, thickness: 2 mm, material:
9Cr-1Mo steel, beam power: 30 MW) showed that a maximum thermal stress of 179 MPa is expected
with a time lag of 0.5 sec. after the beam trip. This thermal stress is much lower than a criteria to
prevent buckling failure. The acceptable number of this thermal shock is estimated as about 105, which
means that several beam trips per one hour may be acceptable for two years of the expected lifetime of
the beam window (about 15 000 hours) [9]. It should be noted that this estimation is based on the
material data without radiation damage, and therefore experimental verification for the effect of the
proton and neutron irradiation is indispensable.
The inner barrel is a cylindrical structure, as shown in Figure 4, made of 3-cm-thick 9Cr-1Mo
steel and installed to straighten the LBE flow above the core. At normal operation it is maintained at
the average outlet temperature 407qC. In the case of beam trip, the inner surface is immediately cooled
by the cold LBE (about 300qC), and the temperature difference between the inner and outer surfaces is
expected to be caused. A time-dependent temperature and stress analysis showed that a maximum
temperature difference of 60qC will be observed 24 sec. after the beam trip, which will cause a
maximum stress of about 130 MPa. At restart of the beam, the stress of the inverse direction will be
added to the inner barrel. The stress range for the fatigue evaluation, therefore, becomes about 260 MPa.
Considering this magnitude of the stress range, the acceptable frequency of the beam trip for the inner
barrel is estimated to be about 104 times.
As for the reactor vessel, a beam trip causes the temperature change between the inner and the
outer surfaces similarly to the inner barrel, and the formation of the temperature stratification and the
LBE level lowering by thermal shrinkage will also cause thermal stress. The stress range for the fatigue
evaluation was estimated for the reactor vessel made of 5-cm-thick 9Cr-1Mo steel under the assumption
that the beam is restarted 400 sec. after the beam trip. It was found that the peak value of the temperature
difference between the surfaces will be observed just before the beam restart, and the stress will be
much smaller if the beam can be restarted within 100 sec. after the beam trip. The estimated stress
range was about 270 MPa at maximum. Considering the magnitude of the stress range, the acceptable
frequency of the beam trip for the reactor vessel was estimated to be about 104 times.
The influence of the beam trip to the power generation system is also important from a viewpoint
of the availability of the system because the restart procedure of the system usually takes a long period
of time, for example several hours, once the power generation turbine stops. The transient analysis on
the saturated steam cycle with steam drums, adopted by JAEA’s ADS design, showed that about
400 sec. of turbine operation may be possible without the beam. When the duration of the beam trip
exceeds this limit, the pressure of the steam drum and the LBE temperature becomes too low to
prevent its freezing.
Taking into account the above discussions, three criteria are set depending on the beam trip
duration T: 1) 105 times per 2 years for short beam trips (T < 1 sec.) regarding the beam window
lifetime; 2) 104 times per 40 years for medium duration beam trips (1 sec. < T < 5 min.) regarding the
fatigue failure of the reactor structure; 3) once a week for long beam trips (T > 5 min.) regarding the
system availability.
Frequency of beam trips and strategy to reduce them
Before tackling the reduction of the beam trip frequency, it seems important to know the current
level of the technology and to plan the strategy to overcome the problems. Figure 7 [10] shows a
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Figure 7. Comparison of current status of beam trip frequency
at existing facilities and criteria for ADS application [10]
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diagram of the beam trip frequency and the duration based on the SINQ [11] and LANSCE [12]
experiences together with above-mentioned criteria depending on the beam trip duration. The available
data do not have enough information about more detailed dependency of the duration so that they are
divided into three categories: 0-1, 1-5 and more than 5 min. It can be seen from the figure that 1 or 2
orders of reduction is necessary to meet the criteria.
Three strategies are now being considered to overcome this trip problem on ADS: 1) Reduction of
the beam trip duration down to 1 sec.; 2) reduction of frequency for relatively long beam trips;
3) mitigation of the criteria by design consideration and detailed transient analysis. Detailed analysis
of the causes of the beam trips is now underway to explore realistic solutions for Strategies 1 and 2. As
for Strategy 3, the exchange of the inner barrel, for example, might mitigate Criterion 2 significantly
from both the frequency and the duration.
Cost of ADS
Although the status of the design study for the whole system of the dedicated transmutation cycle
is not sufficient to make the cost evaluation with high accuracy, it would be meaningful to understand
the approximate impact on the cost of the nuclear power generation.
This study [13] is based on a hypothetical situation of the future nuclear fuel cycle in Japan where
800 t (heavy metal) of LWR spent fuel (1 GWe u 40 units) is reprocessed annually and 1 t/y of MA is
partitioned. The MA from this size of the commercial fuel cycle can be supported by 4 units of ADS.
The construction cost of an 800 MWth subcritical reactor was estimated to be about 150 BJY (billion
Japanese Yen = about 9 M$) based on the cost evaluation for LBE-cooled fast reactors. The construction
cost of an accelerator (30 MW) was estimated as about 76 BJY based on the evaluation for ATW [14].
The annual operation cost and the decommissioning cost were assumed as 4%/y and 8% of the
construction cost, respectively. The total cost to operate 4 units of ADS for 40 years including the
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decommissioning was, therefore, estimated to be about 2 450 BJY. Additionally, the costs of the
partitioning process, the dedicate fuel fabrication and the reprocessing for ADS spent fuel were
estimated to be 570 BJY, 520 BJY and 450 BJY for 40 years, respectively. On the other hand, the
benefit of the dedicated fuel cycle was also taken into account; the electricity produced by ADS can be
sold by about 750 BJY and the placement area for HLW can be reduced to about 1/6 [15] which may
save about 1 900 BJY for disposal cost.
In total, 1 300-1 400 BJY will be the additional cost to introduce the ADS and the dedicated
transmutation cycle. The 40 units of LWR (1 GWe) can generate about 1.1 u 1013 kWh for 40 years.
If the discount rate is set to 0%, therefore, the cost of ADS and dedicated fuel cycle can simply be
calculated as about 0.12-0.13 JY/kWh. This means that the introduction of ADS will lead to about
2-3% increase of the electricity cost, considering that the electricity cost by the nuclear energy is
usually estimated as about 5 JY/kWh in Japan.
Since this cost estimation is very rough, efforts should be made to enhance the reliability.
Especially, the ADS cost and the disposal cost should be more carefully discussed because their
impacts are relatively large and counteract each other.
Current status of J-PARC project
As already mentioned, various R&D for ADS are underway in the fields of accelerator, spallation
target, LBE technology, reactor physics and nuclear data, as well as design optimisation. As the next
step before going to the large-scale demonstration of ADS, the Transmutation Experimental Facility is
planned as Phase 2 of the J-PARC project. Figure 8 shows the current status of the linac part, where
Phase 1 construction and the installation of the accelerator components has almost been completed up
to 200 MeV and the beam test is about to start. It will supply 70 kW proton beam to the 3 GeV rapid
cycle synchrotron in the early stage of Phase 1, and it will then be upgraded to 400 MeV (130 kW).
In Phase 2, it will upgraded again to 600 MeV (200 kW) by adding superconducting cavities to supply
a proton beam to the Transmutation Experimental Facility.
Figure 8. Installation of J-PARC linac (as of June 2006)
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Conclusion
The ADS and dedicated transmutation cycle can accommodate the transient phase of the
commercial nuclear fuel cycle with its flexible characteristics. Moreover, it can co-exist with the
commercial FBR cycle symbiotically and complementarily in the ultimate state of the fission energy
utilisation. By doing so, the reliability and the safety of the commercial FBR cycle might be enhanced.
For ADS to play such an important role in the nuclear fuel cycle, the engineering feasibility of
beam window and the core performance should be demonstrated. Moreover, the reliability of the
accelerator should be significantly improved. To overcome these technological challenges, JAEA is
conducting various R&D activities and planning the Transmutation Experimental Facility at J-PARC.
In addition, the cost of the ADS and related fuel cycle was roughly estimated. It was shown that
about 2-3% increase of the electricity cost is expected, though a more reliable evaluation will be
necessary in the near future.
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Abstract
Since 1998, SCKxCEN in partnership with many European research laboratories, has been designing a
multi-purpose ADS for R&D applications – MYRRHA – and is conducting an associated R&D support
programme. MYRRHA aims to serve as a basis for the European experimental ADS to provide protons
and neutrons for various R&D applications. It consists of a linac proton accelerator delivering a
350 MeV * 5 mA proton beam to a windowless liquid Pb-Bi spallation target that in turn couples to a
Pb-Bi-cooled, subcritical fast core of 50 MWth. In this paper we report on the status of the MYRRHA
project at mid-2005 and prospective towards the future.
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Introduction
The European Technical Working Group (ETWG) on ADS concluded in April 2001 in its report
A European Roadmap for Developing Accelerator Driven Systems (ADS) for Waste Incineration [1] that
P&T in association with ADS and in combination with geological disposal can lead to a reasonable
solution for the nuclear waste management problem from the point of view of society acceptance.
Therefore it concluded that a heavy support in this field from the European Commission and national
programmes is needed to develop and build an experimental ADS demo facility in Europe.
Further to the above and taking into account Generation IV needs for fast spectrum experimental
reactors, Europe strongly needs new test facilities to remain in a strong position for the support of the
development of Generation IV reactors. Today, the Jules Horowitz project in France – a thermal
spectrum MTR – is the only new facility planned in Europe. A complementary fast spectrum facility is
of paramount importance for future R&D in the field of next generation reactors.
In light of this, SCKxCEN in partnership with IBA s.a. and many European research laboratories,
has since 1998 been designing a multi-purpose ADS for R&D applications – MYRRHA [2-4] – and is
conducting an associated R&D support programme. MYRRHA aims to serve as a basis for the European
experimental ADS to provide protons and neutrons for various R&D applications. It consists of a proton
accelerator delivering a 350 MeV * 5 mA proton beam to a liquid Pb-Bi spallation target that in turn
couples to a 50 MWth Pb-Bi-cooled, subcritical fast core.
Principle features of MYRRHA
MYRRHA is based on the coupling of a proton accelerator with a liquid Pb-Bi windowless
spallation target, surrounded by a Pb-Bi-cooled subcritical neutron multiplying medium in a pool-type
configuration with a standing vessel (see Figure 1). The spallation target circuit is fully immersed in the
reactor pool and interlinked with the core but its liquid metal content is separated from the core coolant.
This is a consequence of the windowless design presently favoured in order to use “low” energy protons
on a very compact target at high beam power density in order not to lose on core performance.
The core pool contains a fast-spectrum subcritical core cooled with Pb-Bi eutectic (LBE) and
several islands housing thermal spectrum regions located in in-pile sections (IPS) in the fast core. The
core is fuelled with typical MOX fast reactor fuel pins with total Pu contents of 30% and 20% with an
active length of 600 mm arranged in hexagonal assemblies of ~85.5 mm flat-to-flat (including the fuel
assembly canister thickness). The three central hexagons are left free for housing the spallation module.
The core structure will be mounted on a central support column coming from the lid and being
stabilised by the diaphragm, the separating septum between the cold and hot LBE coolant, which is fixed
ultimately to the rim of the double-wall vessel. As access from the top is very restricted and components
introduced into the pool will be buoyant due to the high density of the LBE, the loading and unloading of
fuel assemblies is foreseen to be carried out by force feedback controlled robots in remote handling from
underneath. The pool will also contain the liquid metal primary pumps, the heat exchangers presently
using water as secondary fluid and the two fuel handling robots based on the well known rotating plug
technology of fast reactors (see Figure 2).
The spallation circuit connects directly to the beam line and ultimately to the accelerator vacuum.
It contains a mechanical impeller pump and a LM/LM heat exchanger to the pool coolant (cold end). For
regulation of the position of the free surface on which the proton beam impinges (whereby this defines
the vacuum boundary of the spallation target), it comprises an auxiliary MHD pump. Further on, it
contains services for the establishment of proper vacuum and corrosion limiting conditions.
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Figure 1. MYRRHA 3-D vertical view

Figure 2. MYRRHA overall design configuration

The device shown in Figure 1 with the double-wall pool containment vessel (inner diameter of
4.4 m and height close to 7 m), is surrounded by a biological shield to limit the activation of the
surrounding soil as the MYRRHA subcritical reactor will be installed in an underground pit. This shield
will be closed above the vessel lid by forming an D-compatible hot cell and handling area for all services
to the machine.
MYRRHA task profile
Along the above design features, the MYRRHA project team is developing the MYRRHA project
as a multi-purpose irradiation facility for R&D applications on the basis of an accelerator-driven system
(ADS). The project is intended to fit into the European strategy towards an ADS demo facility for
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nuclear waste transmutation as described in the FP5 PDS-XADS project [5] and EUROTRANS FP6
Project [6]. As such it should serve the following task catalogue:
x

ADS concept demonstration;

x

safety studies for ADS;

x

MA transmutation studies;

x

LLFP transmutation studies;

x

medical radioisotopes;

x

material research;

x

fuel research.

The present MYRRHA design is driven by the flexibility and the versatility needed to serve the
above applications. Some choices are also conditioned by the objectives of willing to make MYRRHA
as demonstrative as possible for the final objective of having the means for assessing the feasibility of an
industrial ADS prototype. The MYRRHA project team has favoured as much as possible mature or less
demanding technologies in terms of R&D. Nevertheless, not all the components of MYRRHA currently
exist. Therefore, a thorough R&D support programme for the innovative components or technologies
was undertaken in 1997 and has been updated at the end of 2002.
MYRRHA design parameters and their justification
Critical reactor versus ADS
Regarding the applications listed above, one could ask why not to go for a critical reactor? Indeed,
nowadays material and fuel research is conducted in critical MTRs, radioisotopes are also produced in
these machines, transmutations studies could be conducted in critical reactors, however choosing the
ADS route will trigger the possibility of demonstrating the ADS concept and will make available higher
flux levels (thermal and fast) as these are driven by the spallation source. The R&D of an innovative
ADS project will be an asset for attracting a new generation of scientists and engineers towards the
nuclear sector. For all these reasons and particularly complementarily to a future European thermal
spectrum MTR, SCKxCEN considers the ADS orientation as the most relevant option for a new fast
spectrum R&D facility.
Main design parameters of the primary system and spallation target
The performances of an ADS in terms of flux and power levels are dictated by the spallation source
strength, which is proportional to the proton beam current at a particular energy and the subcriticality
level of the core. The subcriticality level of 0.95 has been considered as an appropriate level for a first of
kind medium-scale ADS. Indeed, the maximum reactivity injection due to incidental conditions in the
MYRRHA systems have been evaluated to about 3 000 pcm that would lead to a maximum keff of 0.98
that still leaves a 2 000 pcm margin to the criticality.
Fixing the subcriticality level and the desired neutron flux in the position of the irradiation location
for MA transmutation, determines the required strength of the neutron spallation source. In order to
386

achieve the needed performances at a modest total power level of few tens of MW, we have to limit the
central hole diameter to a maximum diameter of ~100 mm. As a consequence of this constraint and on
the other hand having the need of a minimum lateral Pb-Bi target volume for allowing an effective
spallation process, the proton beam external diameter is limited to 72 mm. The required spallation
source intensity to produce the desired neutron flux at this location is close to 2.1017 n/s. At the chosen
proton energy of 350 MeV, this requires 5 mA of proton beam intensity and this in turn would lead to a
proton current density on an eventual beam window of the order of 150 PA/cm². This is by at least a
factor of 3 exceeding the current density of other attempted window design for spallation sources which
already have high uncertainties with regard to material properties suffering from swelling and radiation
embrittlement. As a result, we favoured the windowless spallation target design in MYRRHA [7-10].
Accelerator
The proton beam characteristics of 350 MeV * 5 mA allow to reach a fast neutron flux of
1.1015n/cm2.s (E>0.75 MeV) at the MA irradiation position under the geometrical and spatial restrictions of
the subcritical core and the spallation source. These performances were regarded as being within the
reach of the extrapolated cyclotron technology of IBA. Compared to the largest continuous wave (CW)
neutron source – SINQ at PSI with its cyclotron generating a proton beam of 590 MeV and 1.8 mA – it
is a modest extrapolation.
The MYRRHA normal conducting cyclotron would consist of four magnet segments of about 45q
with two accelerating cavities at ca. 20 MHz RF frequency. The diameter of the active field is of the
order of 10 m, the diameter of the physical magnets of order of 16 m with a total weight exceeding
5 000 t. Due to these very large dimensions, a supra-conducting magnet cyclotron option has also been
evaluated by IBA and led to a reduction of the magnet diameter by a factor of 2.
Nevertheless, taking into account the conclusions of the PDS-XADS WP3 expert group [11,12]
related to the accelerator reliability to be achieved for ADS application, the linac option is now the
reference solution for the MYRRHA accelerator. The present linac configuration consists schematically
of an ECR source followed by RFQ and DTL, as an injector at 10 MeV. Then an intermediate section
from 45~70 MeV, the energy cut-off being not yet decided, where we are considering both normal
conducting DTL solution or SC Spoke cavities and finally the high-energy section from 45~70 MeV up
to the final energy of 350 MeV or higher with SC elliptic Nb cavities. Strong R&D and construction
programmes for supra-conducting linacs are under way world wide for many applications (e.g. spallation
sources for neutron science, radioactive ions and neutrino beam facilities, irradiation facilities).
Subcritical core configuration
The neutronic design of the MYRRHA subcritical core is based on MOX classical fast reactor fuel
technology. The fuel assembly design had to be adapted to the Pb-Bi coolant characteristics especially
for its higher density as compared to Na. The core configuration has been conceived with a typical FR
hexagonal fuel assembly with a modified cell pitch to answer the LBE constraints. The fuel assembly
has an 85.5 mm flat-to-flat external dimension, with 91 fuel pins per assembly allowing a larger
flexibility in the core configuration design. Indeed, the reactivity worth in the MYRRHA core of such a
fuel assembly ranges between ~450 and 1 600 pcm.
The active core height is 600 mm and the maximum core radius is 1 000 mm with 99 hexagonal
positions. Not all the positions are filled with fuel assemblies. They could contain moderating material
(to create thermal neutron flux trap with )th = ~1.1015 n/cm2.s) or used as fast spectrum irradiation
positions. A typical MYRRHA configuration with keff of 0.95 can be achieved by using 45 to 50 fuel
387

assemblies. There are 17 core positions accessible through the reactor lid capable of housing experimental
devices equipped with their own operating conditions control supplied by services above the reactor lid.
All the other positions can house either fuel assemblies or non-on-line serviced experimental rigs.
The expected performances [4,13] in terms of fast and thermal fluxes, linear power in the core and
total power in MYRRHA are summarised in Table 1.
Table 1. MYRRHA facility performances
Neutronics parameters
Proton beam energy
Accelerator current
Proton beam heating
Source neutron yield per incident proton
Neutron source intensity
Initial fuel mixture
Initial (HM) fuel mass (mfuel)
Initial Pu enrichment (Pu/HM)
Keff
Ks
MF = 1/(1 – Ks)
Source importance: M*
Thermal power† (Pth)
Specific power
Peak linear power (hottest pin)
Av. linear power (hottest pin)
Max. )total in the fast core (near the hottest pin)
Max. )>1 MeV in the fast core (near the hottest pin)
Max. )>0.75 MeV in the fast core (near the hottest pin)
†

Units
MeV
mA
MW
1017 n/s
MOX
Kg
wt.%

MW
kW/kgHM
W/cm
1015 n/cm2s

MYRRHA values
350
5
1.43
6.0
1.9
(U-Pu)O2
514
30
0.95521
0.96007
25.04
1.127
51.75
101
352
272
4.1
0.8
1.0

Ef = 210 MeV/fission.

The MYRRHA operation fuel cycle will be determined by the keff drop as a function of the core
burn-up. The targeted operating regime is 3 months of operations and 1 month for core reshuffling,
loading and maintenance. This will lead to a drop in keff of about 1 600 pcm at maximum which has only
a minor effect at the locations for MA transmutation.
MYRRHA’s total power now amounts to ~50 MWth with acceptable values for the radial and axial
power form factors; 1.1 and 1.3 respectively in the hottest fuel assembly. The high fast (E > 0.75 MeV)
and total neutron flux levels are achieved within the facility (1.0 1015 and 5.0 1015 n/cm2.s respectively)
in large irradiation volumes in the core (about 20 000 cm3 in total), in the neighbourhood of the
spallation target, more specifically in the toroidal zone between 5 cm inner radius and 25 cm outer radius
around the target. The fast fluxes range between 1.0 1014 and 5.0 1014 n/cm2.s in about twice this total
volume located further on in the radial direction. These irradiation performances combined with an easy
accessibility through the reactor lid makes MYRRHA a very flexible irradiation facility.
Primary system configuration
When considering the liquid metal option two designs were possible: the loop and the pool options.
The loop option has been discarded due to the very high vessel exposure, the risk of LOC and LOF
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accidents, the difficulty of the interlinking of the spallation target loop with the primary reactor cooling
loop. Finally one should mention the desired flexibility in loading and unloading experimental devices
can be more easily achieved with the pool design.
The pool design [14-16] has been adopted because it avoids penetration from beneath the spallation
target circuit into the main vessel and thus enhances the safety of the design. It also allows having an
internal interim storage, easing the fuel handling. The natural circulation for the extraction of the residual
heat removal in case of loss of flow (LOF) and loss of heat sink (LOHS) is demonstrated to be feasible,
particularly with the large thermal inertia that is also an argument in favour of this design. With an
emergency cooling system based on natural circulation both on primary and secondary sides, the core
coolability can be ensured practically infinitely, even in a situation of complete pumping power loss.
Safety considerations and analysis
Even if for ADS one of the main characteristics that is desired is to achieve an inherent safety of the
system, one should not underestimate the safety considerations for preparing the licensing of such an
innovative system. As stated above, a number of reactivity perturbation initiating events have been
studied in the MYRRHA system. They either lead to negative reactivity effects or to a reactivity
increase. The latter cases were taken care of in the design to avoid their occurrence.
From the safety point of view, the aim is to reduce the probability of the events and their associated
off-site consequences in order to avoid the need for extensive counter-measures and to offer the licensing
authorities the possibility of simplifying or declaring not necessary the off-site emergency planning.
This is the well-known “in-depth defence safety approach” that is followed in the MYRRHA design.
A common approach for safety analysis of the PDS-XADS projects has been established [17] and
has been also applied for the MYRRHA project for assessing its behaviour in DBC and DEC situations.
The list of protected (beam off) and unprotected (beam on) transients relevant to MYRRHA has been
established and a RELAP5.3 model for MYRRHA has been developed to simulate these transients [18].
The series of transients considered cover among others: loss of flow in the primary and secondary
circuits, loss of heat sink, reactivity insertion, partial flow blockage, proton beam trips with various
durations (1, 2, 3 and 10 seconds), inlet temperature decrease, etc…
The safety analysis [4] of the main initiating events in protected conditions (beam off) shows that
the MYRRHA system – despite the very high power density targeted in the project – will survive
without major difficulty. In particular the efficiency of the emergency cooling by natural circulation in
the primary system is established. The conclusions are less favourable for the unprotected events – at
least for some of them. For instance, loss of heat sink (LOHS) can lead to the maximum temperature
limits of the cladding after 9 minutes even if the emergency cooling system (ECS) is activated. Also,
loss of flow (LOF) will lead to cladding damage since a hot spot jump of the cladding temperature up to
1 060qC can occur in 25 seconds. However the feedback effects of the primary system behaviour on the
spallation target performance, that most likely would drastically mitigate the accident consequences in
unprotected situations, were not taken into account in the study. Moreover one should point out that the
power density targeted in the MYRRHA core is very high and can be relaxed.
Remote handling operation
Due to the high activation dose on the top of the reactor and the high potential of D-contamination,
the MYRRHA team has decided from the very beginning to design MYRRHA as to be operated
remotely thanks to robots. The proposed MYRRHA project at SCKxCEN will be operated by remote
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handling for all maintenance operations on the machine primary systems and associated equipment.
Experience from similar projects [19,20] has shown the importance of considering the implications of
remote handling on the design of the plant from the earliest stage. Oxford Technologies Ltd (OTL) has
been granted a contract for studying the implications of remote maintenance on the design of the
MYRRHA machine and the overall project management. The study was conducted and reported herein
following the first four steps of the whole life-cycle approach that has previously been used successfully
by OTL for the implementation of the remote maintenance system for the JET Tokamak [21].
A remote handling system based on the man-in-the-loop principle implemented with two bilateral
force reflecting servo-manipulators working under master-slave mode has been recommended. The
manipulators will have additional robotic capabilities to maximise operational capabilities. The slave
manipulators will be positioned close to the task environment by means of remotely controlled
transporters with sufficient reach and degrees of freedom to position the slaves at all relevant locations
around the MYRRHA machine. The concept relies on the ability of the servo-manipulators and the
video feedback systems to create a sense of presence for the operators at the task location. In practice all
of the MYRRHA maintenance tasks will be performed directly by personnel using the arms, a range of
cameras and cranes in much the same way as if they were next to the MYRRHA machine themselves
(Figure 3).
Figure 3. Remote handling concept (based on JET Experience) for MYRRHA

In-service inspection and repair (ISI&R) is also addressed by means of robotics based on in-vessel
inspection manipulator, periscopes or articulated arms equipped with ultrasonic cameras to be deployed
when needed inside the MYRRHA vessel. The development of the ultrasonic sensors operating under
LBE at temperatures up to 500qC and radioactive aggressive environment (gamma and neutrons) is
going on in collaboration with the Kaunas University UltraSonic Institute [22-24].
Prospects for implementation
MYRRHA responds to the objectives of a fast-spectrum experimental facility based on the ADS
principle in terms of demonstration and performance. By design, it addresses key issues related to the
technological development of the LBE ADS and the Generation IV lead fast reactor (LFR). Five factors
determine MYRRHA’s prospects for implementation:
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SCKxCEN is committed to host MYRRHA
The management of SCKxCEN, the Belgian Nuclear Research Centre, has declared its readiness to
welcome a fast spectrum irradiation facility at its technical site in Mol. SCKxCEN is working out a
business plan and a funding plan in order to secure the realisation of this facility and its future operation.
Bilateral discussions with some partners are already under way.
MYRRHA is open for Europe and serves as a basis for the European XT-ADS
In the frame of the integrated FP6 integrated project EUROTRANS of the European Commission,
the MYRRHA design parameters and choices are open to a larger European community in order to serve
as a starting basis for the eXperimental ADS for Transmutation (XT-ADS) considered within the
EUROTRANS. The aim is to better meet the objectives of MA transmutation demonstration at full fuel
assembly level. A comparison between the main design parameters of XT-ADS and MYRRHA is
shown in Table 2.
Table 2. Design parameters of XT-ADS and MYRRHA

Design level
Coolant
Primary system
Power
Core inlet temperature
Core outlet temperature
Target unit interface
Target unit geometry
Fuel
Fuel power density
Fuel pin spacer
Fuel assembly type
Fuel assembly cross-section
Fuel loading
Fuel monitoring
External fuel handling
Primary coolant circulation in
normal operation
Primary coolant circulation
for DHR
Secondary coolant
Reactor building
Seismic design
Structural material
Accelerator
Beam ingress

XT-ADS
Advanced design
Pb-Bi
Integrated
50-100 MWth
300qC
400qC
Windowless
Off-centre
MOX (except for a few
MA fuel assemblies)
700 W/cm3
Grid
Wrapper
Hexagonal
Top to be assessed/bottom
T and FF (per FA)
RH oriented
Forced with mechanical pumps

MYRRHA Draft 2
Conceptual design
Pb-Bi
Integrated
~50MWth
320qC
340qC
Windowless
Off-centre
MOX (except for a
few MA fuel samples)
~1 00 W/cm3
Wire
Wrapper
Hexagonal
Bottom
T and FF (per FA)
RH oriented
Forced with mechanical pumps

Natural + Pony motor

Natural circulation

Low pressure boiling water

High pressure water/
low pressure boiling water
Below grade
TBD (site specific)
T91 and A316L
Linac (350 MeV * 5 mA)

Below grade
TBD (site specific)
T91 and A316L
Linac (350 MeV * 5 mA or
600 MeV * 2.5 mA
Top
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Top

In view of this, SCKxCEN is studying in collaboration with its EUROTRANS partners the
necessary modifications of the MYRRHA Draft-2 design. Today, the activities are focusing among
others on the feasibility and implications of fuel handling from the top and the simplification of the
design of the diaphragm separating the hot and cold LBE coolant.
The objective of a fast irradiation facility
As stated above, of the 99 hexagonal positions in the reactor core, 45 to 50 are taken by fuel
assemblies. The other positions could contain moderating material to create thermal neutron flux traps
or can be used as fast spectrum irradiation positions. Multiple irradiation channels are thus available.
High performance is guaranteed by high fast and thermal flux levels (~1015 n/cm2.s), high irradiation
damage levels (10 to 25 DPA/yr) and high helium production (1 to 5 appmHe/DPA). A typical
configuration is shown in Figure 4. In this configuration the experimental loading consists of two
uranium-free assemblies containing minor actinides (MA) in a MgO inert matrix, three thermal flux
islands (TFI) and several fast flux in-pile sections containing steel or ceramic material samples cooled
by helium or LBE. The criticality level of such a configuration is 0.95 with 62 fuel assemblies.
Figure 4. Typical MYRRHA core configuration with experimental rigs
SiC/He

TFI

TFI

T91/LBE

T91/He

T91/He

MA

MA
SiC/He

T91/LBE

T91/He
T91/He
TFI

The technological developments are valuable for ADS and Generation IV LFR
The technological developments for the design of the LBE-cooled MYRRHA ADS can be
transferred to the lead-cooled fast reactor under development within the Generation IV initiative.
After its realisation, the MYRRHA experimental ADS can serve as a first-of-a-kind prototypical
facility for technological validation of Generation IV design components.
The MYRRHA R&D programme is driven by design
From the start of the project SCKxCEN has established an R&D support programme around the
MYRRHA project inside the research centre. The R&D activities have been enlarged through a
high-quatlity network of bilateral collaborations. The programme was further enhanced thanks to the
EUROTRANS project.
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The comprehensive R&D programme includes:
x

thermal-hydraulic and mechanical design of the windowless spallation target and its vacuum
compatibility;

x

material selection for the internal core structures, the spallation target and the fuel taking into
account the corrosion in LBE and the embrittlement due to irradiation and contact with LBE;

x

technology for LBE conditioning and filtering together with technology for monitoring the
LBE quality (e.g. O2 sensors);

x

development of ultrasound techniques for visualisation in LBE;

x

development of other specific instrumentation devices for LBE free surface monitoring,
subcriticality monitoring and LBE velocity measurements;

x

MOX fuel qualification under LBE and irradiation up to high burn-up and dpa and under
representative transient conditions;

x

qualification of remote handling techniques in LBE and design and testing of the components;

x

demonstration of the key accelerator components: the reliable working for periods of 3 months
of the injector, the building of both SC and normal conducting intermediate section of the linac,
the construction and testing of a spoke cavity that would bring the proton beam to an energy
level of ca. 100 MeV and from there on the development, building and testing of a cryomodule
based on Nb elliptic cavities for the high-energy section.

Roadmap for ADS development
During the period over the next four years (2005-2008) corresponding to the FP6 EUROTRANS
duration, the potential show stoppers (see MYRRHA R&D programme) towards the deployment of the
XT-ADS and the industrial ADS (the prototype of which is called EFIT in the EUROTRANS project)
should be answered. Coupling of the ADS components (accelerator, spallation module and a subcritical
core) should be realised at a realistic power that would allow to study the on-line subcriticality
monitoring and control at various keff values. Last but not least, the design of the XT-ADS should be
seriously advanced at the end of EUROTRANS period (end 2008) in order to be in a position to address
the licensing authorities on a solid basis.
Prior or in parallel to this advanced design of the XT-ADS, a conceptual design of a modular
industrial ADS unit will be addressed in order to make from the XT-ADS a test bench for the
technological choices of the industrial scale system.
At the end of this generic development period of 4 years one should enter a project-dedicated
structure for the construction of an experimental ADS that would last 10 years for bringing the project to
the full power operation of the facility. Three main periods are foreseen in the project. First a 3-year
period for detailed engineering design of the facility, demonstration and testing of the reactor components
and putting under beam the already established design of the spallation and finally preparing the
construction site and the licensing file. The next period of 4 years would be dedicated to the construction
of the components at the production sites and the realisation of the civil engineering work at the facility
site during 3 years. The fourth year of this period would be dedicated to the assembly on-site of the
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reactor as well as the accelerator components. In 2016 the facility would then undergo commissioning
tests for reaching the full operation stage somewhere at the beginning of 2018. The facility will be
already able to accept MA-loaded assemblies. From then on the facility can be operated as an irradiation
facility and for gaining feedback experience to the designer of the industrial ADS prototype EFIT.
Conclusions
SCKxCEN in collaboration with other European actors is encouraging to establish a European
Research Area in the field of experimental reactors in order to secure the needed large infrastructures for
sustainable nuclear fission energy.
SCKxCEN will be helping to reach this objective through its participation in various FP6 projects
such as IP-EUROTRANS and through its bilateral collaboration with the main actors aiming at a nuclear
renaissance.
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Abstract
The objective of NUDATRA, Domain 5 of the EU Integrated Project EUROTRANS (FI6W-CT-2004516520), is to improve and validate the nuclear data and simulation tools required for the development
and optimisation of nuclear waste transmutation, ADS dedicated transmutation systems and the
associated fuel cycle.
Activities are essentially aimed at supplementing the evaluated nuclear data libraries and improving
the reaction models for materials in transmutation fuels, coolants, spallation targets, internal structures,
and reactor and accelerator shielding, relevant for the design and optimisation of the ETD and XT-ADS.
These activities are distributed over four Work Packages: Sensitivity Analysis and Validation of
Nuclear Data and Simulation Tools; Low- and Intermediate-energy Nuclear Data Measurements;
Nuclear Data Libraries Evaluation and Low-intermediate Energy Models; and High-energy Experiments
and Modelling.
The main accomplishments expected from NUDATRA are:
1) new measurements and evaluations of Pb-Bi cross-sections, i.e. inelastic, (n,xn) and isomer
branching ratios (Po production);
2) new measurements and evaluations for minor actinides particularly the capture in
fission on 244Cm;

243

Am and

3) improvement of TALYS as an evaluation tool and as an a priori model for the estimation of
low- and intermediate-energy reaction cross-section;
4) high-energy model improvement based on measurements, particularly for the prediction of
the spallation products, and gas (H, He) production cross-sections;
5) sensitivity and uncertainty analysis of ETD fuel cycle and related covariance issues.
One year after the project start, substantial advances had been achieved with many new measurements
being analysed, progress on the capabilities of the TALYS code to perform data evaluation and
low-energy reaction modelling, with new versions of the high-energy codes INCL4 and ABLA and
new versions of simulation codes like MCB and EVOLCODE being tested, and a systematic study of
the possible methodologies and data for uncertainty evaluations in fuel cycle simulations and its
inclusion in the ACAB inventory code (soon to become part of EVOLCODE2).
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Introduction
Computer simulation remains – and will continue to remain for years – the basis of the evaluation
and extrapolations of performance, viability, cost and safety of proposed transmutation devices.
Improvements in the simulation tools, programs and evaluated nuclear data libraries are key elements
to analyse our cost/benefit evaluations and to prepare a solid base for the definition of DEMO reactors
that can provide the required validation before industrial deployment of transmuters.
IP-EUROTRANS, the FP6 EU project on transmutation (FI6W-CT-2004-516520), has dedicated
a Domain to address the improvements of these tools. The Domain is designated NUDATRA; it
includes improvement of simulation programs and underlying models, data measurement and evaluation,
uncertainty propagation and sensitivity analysis. Taking into account that EUROTRANS is concentrated
on the transmutation of actinides in subcritical systems, mainly those cooled by lead-bismuth, special
priorities had been assigned to the data requirements for this type of devices. In addition the scope of
the projects has been extended to include the data needs for the associated fuel cycles.
The selection of activities within this framework was initially based on the relevance of proposed
activities for the viability, performance, safety and cost of the transmutation or its fuel cycle, according
to basic principles. The correctness of the choices had been later confirmed by independent sensitivity
analysis [1]. In addition, the viability in the FP6 time frame and the complementarities with other EU
programmes (in particular FP5), were taken into account when selecting experimental measurements
and validations.
From the fuel cycle point of view, the nuclear data for transmutation are defined according to the
needs to compute the isotopic composition of the equilibrium/transitory fuel in all the steps of the fuel
cycle. This includes the characterisation at fabrication, loading and reprocessing of the different
fuels involved in the selected strategy, as well as the corresponding losses finally going to the storage.
This composition will determine the radioactivity, neutron emission and heat and the associated
radioprotection and cooling needs. The composition is determined by the isotopic composition of the
LWR wastes fed into the transmutation reactor, the isotope decay constants, the neutron flux intensity
(reactor power) and the effective cross-sections of the activation reactions. In consequence, the
activation reaction cross-section [(n,J), (n,J)*, (n,2n), …] of actinides with medium and long half-lives
(> 100 d) will be very important. In addition, the effective cross-section depends on the neutron flux
spectrum. For this reason the elastic, inelastic, (n,2n) reactions cross-section of fuel matrix, structural
materials and coolant need to be known with high precision.
On the other hand, the transmutation takes place in a reactor, critical or subcritical (ADS), but in
all cases with new features. In all cases new fuels, with high content on minor actinide and high mass
Pu isotopes, and very high burn-up per irradiation cycle are proposed. Furthermore, most frequently
the devices present a dominant fast neutron flux spectrum. In the case of subcritical configurations, the
spallation source brings the very high-energy proton and neutrons with the corresponding needs on
high-energy models and data. Finally, new technologies are proposed for these transmutation devices,
like molten lead or Pb/Bi for coolant, and inert matrix fuels. These technologies introduce new elements
and isotopes in the reactor with the corresponding new data needs (mainly activation, elastic, inelastic
and (n,xn) reactions).
The more systematic sensitivity analysis of [1] shows that from the impact on Keff, Eeff, source
importance, and many other parameters, the most relevant data improvement needs on minor actinides
are on 241Am (capture and fission), 243Am capture and 244Cm fission. After these isotopes the next most
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important reactions are the Pb and Bi inelastic and (n,2n) cross-section that are especially relevant for
He, H production, reactivity loss during irradiation and void coefficient. In the final table of most-needed
data, these reactions and a few other fission cross-sections already measured at nTOF appear.
Among the selection of measurements were also considered the measurements and expected
results from the recently finished nTOF [2] and HINDAS FP5 projects, and the huge difficulty to
perform direct measurements with the very short-lived isotopes 238Pu, 241Am and 242mAm.
The NUDATRA EU project
The NUDATRA project general objective is to improve nuclear data evaluated files and models
including sensitivity analysis and validation of simulation tools, low- and intermediate-energy nuclear
data measurements, nuclear data libraries’ evaluation at low and medium energies, and high-energy
experiments and modelling.
It includes the contribution of 22 participants (13 research centres and 9 universities): CEA
(France), CIEMAT (Spain), CNRS (France), CSIC (Spain), FZJ (Germany), FZK (Germany), GSI
(Germany), INFN (Italy), INRNE (Bulgaria), NRG (Netherlands), PSI (Switzerland), SCKxCEN
(Belgium), JRC-Geel (EC) and the universities of: AGH (Poland),TUW (Austria), KTH (Sweden),
ULG (Belgium), UNED (Spain), USDC (Spain), USE (Spain), UU (Sweden), ZSR (Germany).
The project is organised into four Work Packages (WP): WP5.1 – Sensitivity analysis and
validation of nuclear data and simulation tools; WP5.2 – Low- and intermediate-energy nuclear data
measurements; WP5.3 – Nuclear data library evaluation and low- and intermediate-energy models;
WP5.4 – High-energy experiments and modelling. The NUDATRA activities of these Work Packages
concentrate in very few topics related to the issues previously identified as highly needed for the
transmutation development:
x

Pb-Bi cross-sections: inelastic, (n,xn), Po production (B.R. in the Bi capture reaction);

x

minor actinides: capture in 243Am and fission on 244Cm;

x

TALYS improvements for minor actinides evaluation and test on new Pb data;

x

high-energy measurements: gas (He) and light-charged particles production and absolute
spallation product cross-section;

x

high-energy models improvement (INCL & ABLA);

x

sensitivity analysis of experimental transmutation device (ETD), fuel cycle;

x

new versions of transmutation simulation systems.

Low- and intermediate-energy nuclear data measurements
The first group of measurements are on the Pb and Bi cross-sections and branching ratios. A large
amount effort has been put toward achieving high resolution excitation functions for the inelastic
scattering cross-sections of Pb and Bi. As indicated before and evaluated numerically in [1], these
cross-sections are critical for modelling the ADS neutron spectra and thus all the effective one-group
cross-sections. 206Pb, 207Pb, 208Pb and 209Bi (n,ncJ) have already been measured by NUDATRA from
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threshold to 20 MeV at Gelina, Figure 1. The gamma-ray production cross-sections are measured at
several angles for several gamma-rays (up to 39 J in the case of 209Bi), and then the total gamma-ray
production, the level and the total inelastic cross-sections are deduced from the data. In fact, a fraction
of the data is already in the form of EXFOR files. The characteristics of Gelina and an optimised
measurement set-up have allowed obtaining a high-energy resolution, largely improving the energy
range and the number of points of previous measurements. Measurement precision has also been
improved and work is ongoing to minimise the theoretical uncertainties involved in the cross-section
determination from the measurements.
Figure 1. 206Pb, 207Pb, 208Pb and 209Bi (n,ncJ) cross-sections measured at Gelina within NUDATRA
The points on the new measurements are so close that results are difficult
to distinguish in the figure and may be taken as a continuous red line
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Measurements of the Pb and Bi (n,xn) cross-section, which contribute to the neutron multiplication,
the source importance and neutron spectra of ADS cooled with Pb-Bi or using Pb-Bi spallation target,
are also very well advanced. Measurements at Gelina with on-line HPGe detectors are being performed
and analysis is ongoing for: 207Pb(n,2n)206Pb, 208Pb(n,2n)207Pb, 208Pb(n,3n)206Pb and 209Bi(n,2n)208Bi.
The preliminary results show an improvement in the energy resolution and the measurement statistics.
Two independent measurements using different techniques will provide further validation.
The third type of ongoing measurement is the Bi capture branching ratio [209Bi(n,J)210m,gBi]. The
relevance of this branching ratio is that the production of 210gBi is the mechanism leading to 210Po
generation, expected to be one of the largest hazards from the target and coolant during and shortly
after irradiation. On the other hand, 210mBi decay D to 206Tl at a much slower rate. The time-of-flight
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technique will be used at Gelina, with two or three HPGe detectors in coincidence to distinguish
between capture events leading to the ground state and the meta-stable state. Set-up has been prepared
and optimised and the corrections to compensate for J angular dependence has been tested. Preliminary
data was presented at PHYSOR 2006 [3].
Finally, the last coolant related cross-section measured is the inclusive Pb(n,nc+X) at 100 MeV.
The data is fundamental to make a precise estimation of shielding needs on Pb or Pb-Bi transmutation
plants, particularly on ADS systems, but up to now no double-differential data was available. This
cross-section also contributes to the multiplication of the spallation neutrons. The determination will
be based on measurements done at the Scandal facility at Uppsala. Set-up and analysis techniques are
being optimised on the basis of the preliminary analysis of 2003-2004 data.
The low-energy measurements for minor actinide concentrate within NUDATRA only in two
reactions. First the capture cross-section 243Am(n,J) at nTOF-Ph2 (at CERN). As seen at [1], 243Am
capture cross-section uncertainties is one of the main contributions to the production of the
244,245,246,247
Cm family. The measurement will use the very high instantaneous beam intensity of the
nTOF CERN time-of-flight line with a 4S BaF2 Total Absorption Calorimeter, the last generation of
electronics and FADC-based data acquisition systems. The methodology was developed and set up in
2004 at the FP5 nTOF-ADS project. From the beginning of NUDATRA we have performed a
preliminary analysis of 2004 data [4], that is allowing to optimise the new measurement campaign
set-up and the analysis chain. A proposal including 243Am(n,J) measurement has been submitted by the
nTOF_Ph2 collaboration to the Research Board.
The second MA measurement will provide the 244Cm neutron-induced fission cross-section. The
direct measurement is extremely difficult because of the short half-life and high spontaneous fission
probability of 244Cm(n,f). At NUDATRA the 244Cm(n,f) will be obtained from the measurement of the
transfer reaction 243Am(3He,pf) at Orsay. Both reactions generate the same composite nucleus and,
with the help of theoretical models for the different probability of formation of the composite nucleus,
the cross-section can be evaluated. After set-up optimisation the first data have been taken. The precision
and viability of the measurement have been demonstrated in the concurrent channels 243Am(3He,Df)
and 243Am(3He,3Hf). The first channel allows to evaluate the 241Am(n,f) obtaining excellent agreement
with the direct measurements. The second channel provides the 242Cm(n,f).
Nuclear data library evaluation and low- and intermediate-energy models
Low- and intermediate-energy models have a double potential of application for transmutation.
On one hand, each measurement must be evaluated to become useful for simulations, and these
models are required in the evaluation. On the other hand, a priori models can help to complete
libraries providing estimation of many channels and isotopes without experimental data, in many
cases, with precisions better than 30%, above the resolved resonance region. In NUDATRA both
aspects are developed in the environment of the TALYS code.
For the first, the nuclear reaction models of low and intermediate energy included in the code
TALYS are being improved in several areas. One relevant example is the generalised superfluid model
for level densities implemented, at present being tested with U isotopes. In addition there is an important
effort in the development of methods to generate covariance data to be implemented within the code.
Two such methods are being studied and are making good progress.
A second line of work is the preparation of TALYS for the evaluation of minor actinide data. The
optical model, pre-equilibrium, compound nucleus and fission model parameters are being fine-tuned
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for this purpose. Once available, the priority will be to re-evaluate the americium isotopes, beginning
with 241Am, in the fast neutron range but also including the resolved resonance regions. Indeed, new
isospin-dependent dispersive optical model potentials for actinides have already been developed and
sent for publication.
Finally TALYS is already being used in the re-evaluation of data libraries for Pb and Bi, using the
data from Gelina described earlier to complement the existing and FP5 data (nTOF,…). The first test
made shows good agreement with the experiment and very promising results.
High-energy experiments and modelling
Within NUDATRA we define the high-energy range as above 200 MeV. This range is specific of
the ADS, where the high-energy protons are used in the spallation target to generate the neutrons
required to maintain the fission chains in the subcritical system. This energy range is characterised by
the lack of cross-section libraries and so the simulations are based on models validated by experimental
measurements. The objective of NUDATRA in this field is to complete the experimental database of
the HINDAS FP5 project, and to improve the existing high-energy models, particularly the INCL and
ABLA models. High-energy experiments for radioactivity, chemical modification and damage
assessment are included in the project, together with the improvement of the absolute value of the total
fission cross-section for Pb and W in the 200 MeV-1 GeV energy range.
The present progress on the high-energy nuclear data measurement includes the measurement of
the total fission cross-sections in reactions induced by 208Pb on 1H and 2H at 500 A MeV at GSI. On the
other hand new results are being measured for the production of long-lived intermediate mass fragments
(IMF) as 7Be and 10Be from Bi, W, Ni targets in the range 100-1 000 MeV. Further, He production in
Pb, Ta and Fe, between 100 and 800 MeV, are being measured in the NESSI and PISA experiments at
FZJ and at Hannover University (Figure 2). The new results are already providing better compatibility
between the results of different facilities and measurement techniques. Finally, by performing several
measurements at the two experiments NESSI and PISA of the same facility, our confidence regarding
the absolute determination of the corresponding cross-sections is increasing (Figure 3).
Several improvements are being introduced in the high-energy nuclear models. For example, the
implementation of a dynamical coalescence model for cluster production in INCL4 seems to correctly
reproduce the production of high-energy light clusters (except for the 4He/3He ratio). In addition,
Figure 2. He production cross-section in lead at ZSR and in iron at NESSI and ZSR (Michel)
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Figure 3. He and Li production cross-section in Au at NESSI and PISA
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isospin- and energy-dependent average nucleon potentials and improvements of pion dynamics are
being introduced in this code. On the other hand, ABLA is being improved in its description of the
fission, light-charged particles and intermediate mass fragments production. A detailed description of
the progress in these models and the preliminary comparison of their prediction with the available data
have recently been presented at [5].
After implementing the new versions of these models in standard high-energy transport codes
(particularly MCNPX), a quality assessment, validation and impact of the new models in ADS (ETD)
simulations will be preformed with calculations of radiotoxicity, radioactivity due to residue production
in the MEGAPIE experiment and performing calculations of dpa, chemical composition modifications,
and activities in ETD with the new codes.
Sensitivity analysis and validation of nuclear data and simulation tools
Most of the present neutronic computer simulations of nuclear systems have an uncertainty on
their results that, very often, is dominated by the propagation of the uncertainties of the nuclear data
used in the simulation. Tracking back from the uncertainties on the simulation of critical parameters
(safety, viability, performance, cost,…) it should be possible to identify the largest contribution to
these uncertainties and so the most relevant and useful new nuclear data measurements. This is the
concept of the sensitivity analysis. Some previous work has explored this question from the point
of view of a generic ADS devoted to transmutation. NUDATRA will address the problem from the
transmutation (ETD) fuel cycle point of view (specific reactor related sensitivity analysis will still be
performed by other groups of IP_EUROTRANS), and in this sense a list of topics for sensitivity
evaluation of the transmutation ADS fuel cycles had been selected.
Several difficulties are encountered as regards the sensitivity analysis process. On one hand the
present databases are sorely lacking in uncertainty information for most nuclear data involved in
the transmutation simulation. Within NUDATRA a wide review, compilation and comparison of
uncertainties from the most recent activation data files, evaluated nuclear data files and bibliography
proposals has been performed. Although it is possible to find uncertainties for approximately 400
cross-sections, less than 50 have the full covariance matrixes. To complete the uncertainty propagation
the database must be completed, so several proposals of methodologies for the definition of covariance
matrixes on nuclear data, when not available, had been tested and compared. In particular a new
proposal based on a parametric covariance matrix has been used to estimate the possible effects on the
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uncertainty propagation and the sensitivity analysis derived form the lack of full covariance matrix.
As an example the relative uncertainties in the fraction of isotopes as 238Pu, 242Cm or 245Cm in the
discharged fuel of a typical ADS for transmutation can change by more than a factor of 2 using
different covariant matrixes.
The second difficulty is that few codes are able to use the covariance information and even the
uncertainty on the cross-section. In NUDATRA a special task is dedicated to design and prototype a
new version of the simulation codes, in particular EVOLCODE2, which should be able to fully exploit
all the available covariance information [6]. At the same time EVOLCODE2 will be adapted to
increase the number of available activation reactions, to better represent the fuel evolution in the
presence of large fast (and high-energy) neutron fluences.
A third difficulty emerges from the large number of parameters that can affect the uncertainty of a
particular result. This might generate very asymmetric confidence margins for the estimated result.
More generally, the probability distribution of the estimated result could present peculiarities. This
possibility will be analysed in detail at NUDATRA for the ETD fuel cycle applying a Monte Carlo
technique that allows obtaining an estimation of the estimation probability distribution. The result best
estimate and uncertainty obtained in this way will be compared with the linear combination of variances.
First comparisons had already been obtained with simplifying hypothesis of the neutron flux spectrum
dependence on the reactor position, and they show good agreement between both methods but some
deviation from the Gaussian behaviour on isotope contents after irradiation (e.g. 242Cm).
The sensitivity analysis is complemented with the development and validation of simulation
programs for transmutation plant. This effort concentrates on the new version of codes like MCB
(from KTH), EVOCODE2 (from CIEMAT) and KAPROS/KARBUS (from FZK).
For EVOLCODE2, significant upgrades had been introduced to improve the approximation of the
energy dependence of fission yields, the isomer production, the cross-section convolution method, and
the management of the isotopes without transport cross-sections. New options and functionalities have
also been added. For example, now it is possible to use different cross-sections (temperature, library,…)
for the same isotope at different cells. We also have largely increased the number of isotopes for the
burn-up steps (particularly short-lived spallation products). Finally we have introduced improvements
on the coding and portability and all known bugs were fixed.
In the case of MCB, new options, like the possibility to normalise to proton intensity or total
power, the possibility to include the spallation products or like an improved fuel lattice handling, have
been introduced. Most known bugs were also fixed.
Both codes are being used in several international projects and intercomparisons to improve the
validation of their data, models and programs. In addition, NUDATRA has foreseen two activities on
nuclear data and models validation, one for the spallation target and one for low-energy data. The first
is based on the measurements of residual nuclei production in SINQ targets and on determinations of
absolute radioactivities of the residues (e.g. 194Hg, 207Bi) produced in the irradiation of spallation target
models at Dubna, within the preparation of the SAD project. Indeed, an international IAEA benchmark
has been predefined from the data of these Dubna tests.
The second activity line addresses the minor actinide and Pb nuclear data validation in integral
experiments. The experiments performed in MASURCA (Cadarache) will allow validating the fission
cross-section of 240,241,242Pu, 237Np and 241,243Am. The first analysis done from MASURCA 1A’ and 1B
has provided information on the main isotopes of the MOX fuel. Other minor actinide and Pb nuclear
data will be validated with the results from ISTC projects (BFS, SAD, Yalina facilities).
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Conclusions and outlook
Very substantial progress has been obtained in the first year of the NUDATRA project:
In WP5.1 it is possible to highlight the development and validation of sensitivity analysis
methodologies and collection of existing covariance information, the development of new versions of
transmutation simulation codes (EVOLCODE2, MCB) and the test of old and new codes like
KAPROS and ALEPH, respectively.
In WP5.2 the most significant achievement is the measurement of 206,207,208Pb and 209Bi, from
threshold to 20 MeV by (n,ncJ), of (n,xnJ) for the same isotopes and with two techniques, at Gelina,
the preparatory set-ups and analyses for the future 244Cm(n,f), 243Am(n,J), Pb (n,ncX) and the ongoing
209
Bi(n,J)210m,gBi branching ratio determination.
In WP5.3 the largest achievement is the improvement of TALYS (low-intermediate energy
reactions modelling code used for evaluation) to be able to handle actinides and on the update of Pb
(inelastic) cross-sections evaluation including the most recent data.
In WP5.4, the measurements of He and Be production in high-energy proton reactions at
NESSI/PISA, the preparations for the measurements of total spallation cross-sections at GSI, and the
improvements on high-energy reaction models INCL and ABLA provide a remarkable step forward in
the field of high energies.
NUDATRA will run until 2008 and in the coming years we plan to complete the evaluation of
uncertainties for transmutation fuel cycles most relevant parameters and to identify any additional data
needs. We will complete a set of reliable databases for Pb and Bi data at low energies and will improve
the precision and reliability of most relevant Am and Cm data. A large upgrade is foreseen for TALYS,
which will allow its use to prepare complete cross-section and covariance libraries generated by
a priori models and to improve the evaluations of Pb, Bi and Am isotopes. Finally the new high-energy
data and the progress of theoretical models should provide validated reliable high-energy codes within
MCNPX.
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MEGAPIE SPALLATION TARGET: DESIGN IMPLEMENTATION AND PRELIMINARY
TESTS OF THE FIRST PROTOTYPICAL SPALLATION TARGET FOR FUTURE ADS
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The MEGAPIE target has been designed, manufactured, set-up and fitted with all the ancillary systems
on an integral test stand in Paul Scherrer Institute for off-beam tests dedicated to thermo-hydraulic and
operability tests, carried out during the last months of 2005. It was then moved for final implementation
to the SINQ facility, with the ancillary systems, for irradiation that is foreseen to be carried out from
July to December 2006. The results obtained during the integral tests have shown that the target was
well designed for a safe operation and allowed to validate the main procedures related to fill and drain,
steady-state operation, and transients due to beam trips.
A start-up procedure has been developed, and the operating and control parameters have been defined.
The already performed steps, conceptual and engineering design, manufacturing and assembly, safety
and reliability assessment, integral off-beam tests, start-up of irradiation at SINQ PSI, then later
decommissioning, post-irradiation experiments, and waste management will provide the ADS
community a uniquely relevant design and operational feedback.
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Introduction
A key experiment in the accelerated-driven systems roadmap, the MEGAwatt PIlot Experiment
(MEGAPIE) (1 MW) was initiated in 1999 in order to design and build a liquid lead-bismuth
spallation target, then to operate it in the Swiss spallation neutron facility SINQ at Paul Scherrer
Institute (PSI) [1]. It has to be equipped to provide the largest possible amount of scientific and
technical information without jeopardising its safe operation. Whereas the interest of the partner
institutes is driven by the development needs of ADS, PSI interest also lies in the potential use of a
LM target as a SINQ standard target providing a higher neutron flux than the current solid targets.
The MEGAPIE project is supported by an international group of research institutions: PSI
(Switzerland), CEA (France), FZK (Germany), CNRS (France), ENEA (Italia), SCKxCEN (Belgium),
DOE (USA), JAERI (Japan), KAERI (Korea) and the European Commission.
Many studies supporting design, carried out by the project partners, addressed specific critical
issues in the fields of nuclear physics, materials, thermal-hydraulics, mass and heat transfer, structure
mechanics and liquid metal technology, using analytical, numerical and experimental approaches.
Moreover, it was necessary to perform safety and reliability assessments in order to demonstrate
the integrity and operability of the target; and thus to develop the licensing process. To reach this goal,
the design had mainly to consider the structural integrity of the target for normal operating conditions,
transient situations and hypothetical accidents, and the capability to evacuate the deposited heat with
the heat exchanger and the electromagnetic pump system.
The target was designed by CNRS, CEA, PSI and IPUL, the main components of the target were
manufactured in France by ATEA and sub-contractors and in Latvia (EM pumps), then assembled in
France. The ancillary systems were designed and manufactured in Italy (Ansaldo, Criotec) and
Switzerland (PSI). The target was shipped to PSI in May 2005.
After a description of the target and its main characteristics, the studies and experiments
performed prior to irradiation will be described. Finally the next steps will be introduced.
Main characteristics of the MEGAPIE system
The main constraint was first to design a completely different concept of target in the same
geometry of the current spallation targets used at PSI. The second one was to develop and integrate
two main prototypical systems: a specific heat removal system and an electro-magnetic pump system
for the hot heavy liquid metal in a very limited volume. The third one was to design a 9Cr martensitic
steel (T91) beam window able to reach the assigned life duration. The reasons for the choice of
lead-bismuth eutectic (Pb44.5%-Bi55.5%) and of T91 (0.1C, 0.32Si, 0.43Mn, 8.73Cr, <0.01W,
0.99Mo, 0.19V, 0.031Nb, 0.029N, 0.24Ni) for the beam window which is the most critical component
of the target were recalled in [2].
A sketch of the target and its main properties are shown in Figure 1. It is designed to accept a
proton current of 1.74 mA, although the probable current in 2005 may not exceed 1.4 mA. Thermal
energy of 650 kW deposited in the LBE in the bottom part of the target is removed by forced upward
circulation by the main inline electromagnetic pump through a 12-pin heat exchanger (THX). The heat
is evacuated from the THX via an intermediate diathermic oil and an intermediate water cooling loop
to the PSI cooling system. The cooled LBE then flows down in the outer annulus (4 l/sec). The beam
entrance window, welded to the lower liquid metal container, including the beam window, both
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Figure 1. MEGAPIE target
Heat Exchanger (Oil)
10 i/s, 5.5 m/s
140-175°C inside
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Heat Exchanger
4 l/s, 0.33 l/s/pin
0.46 m/s
380-230°C inside
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Main Pump
4 l/s, 1.2 m/s
380°C
F

Guide Tube
4 l/s, 0.33 m/s
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Bypass Pump
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3.75 l/s, 0.33 m/s
230-240°C
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380°C outside
330°C inside

Nozzle 1.2 m/s
Beam Window 1 m/s

manufactured with T91 ferritic/martensitic steel, is especially cooled by a cold LBE jet extracted at the
target heat exchanger (THX) outlet and pumped by a second EM pump (0.35 l/sec) through a small
diameter pipe down to the beam window. A main flow guide tube separates the hot LBE up-flow from
the cold down-flow in the outer annulus; it is equipped with a number of thermocouples to monitor the
temperature field in the spallation zone. Attached to the top of the tube is the electromagnetic pump
system, designed by the Institute of Physics in Latvia (IPUL), consisting of a concentrically arranged
bypass pump and the in-line main pump on top of it. Both pumps are equipped with electromagnetic
flow meters. The pump system is surrounded by the THX, designed by CEA, and consisting of 12 pins
concentrically arranged and 1.20 m long, where the lead-bismuth eutectic is cooled by diathermic oil
Diphyl™ THT. The heat is removed from the THX by an intermediate oil loop designed by Ansaldo.
An intermediate water cooling loop designed and built by PSI then evacuates the heat from the oil
loop. By this concept, any interaction of LBE with cooling water is eliminated. A central rod is
inserted inside the main flow guide tube carrying a 22 kW heater and neutron detectors, provided by
CEA. The lower liquid metal container, the flange of the guide tube and the heat exchanger constitute
the boundary for the LBE, called the hot part. The second boundary is formed by three components,
which are separated by from the inner part by a gas space filled with either 0.5 bar He. The gas will
stay enclosed during the experiment and only the pressure will be monitored. The components are the:
x

Lower target enclosure, a double-walled, D2O-cooled hull made of AlMg3. The containments
of the current targets are made of the same material and experience on its radiation performance
exists up to about 10 dpa. The enclosure is designed to contain the LBE in the case of a
number of hypothetical accidents, which would lead to the breach of the inner container. The
enclosure is flanged to the upper target enclosure.

x

Upper target enclosure, formed by a stainless steel tube. This tube is welded to the target head.

x

Target head consisting of the main flange, which positions the target on the support flange of
the central tube of the SINQ facility, and the crane hook. All supplies to the target and
instrumentation lines are fed through the target head.

The last component is the target top shielding, which connects the hot part to the target head. The
LBE containing part of the target is thus suspended from the target head and allowed to expand with
the temperature. The components also contain tungsten to shield the target head area from the intense
radiation of the LBE and the noble gases and volatiles collected in the gas expansion tank. The main
characteristics of the target are recalled in Table 1.
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Table 1. Main characteristics of MEGAPIE target
Beam energy
Beam current
Length
LBE volume
Weight
Wetted surface
Gas expansion volume
Insulation gas

575 MeV
1.74 mA (design)
5.35.m
About 82 l
About 1.5 t
About 8 m2
About 2 l
0.5 bar He

Deposited heat
Cold temperature
Hot temperature
Design temperature
Operating pressure
Design pressure
Total flow rate
Bypass flow rate

650 kW
230-240qC
380qC
400qC
0-3.2 bar
16 bar
4 l/s
0.25 l/s

For the target operation it was necessary to design, manufacture and connect to the target various
ancillary systems: heat removal system, cover gas system, insulation gas system, LBE fill and drain
system, beam line adaptations, etc. The description of these ancillary systems has been reported in [3].
Integral MEGAPIE steps
In order to demonstrate the target characteristics and safe operability prior to irradiation in 2006,
the target manufactured was shipped to PSI and installed, fitted with all the ancillary systems, which
had already been commissioned, and has been tested out-of beam. The integral tests consisted of the
following:
x

filling of the target with lead-bismuth eutectic;

x

checking the operability of the main components of the target;

x

checking and calibration of the instrumentation (mainly flow meters);

x

carrying out the thermo-hydraulic tests with a heater to simulate heat deposition;

x

performing transients for qualification of heat removal and control systems.

After the first tests, the preliminary results of the target commissioning were positive: mechanical
and electrical structures, heat removal system, electromagnetic pumps operate properly, except some
difficulties with a flow meter. In Figure 2, the characteristics of the main EMP have been established;
the other main operation parameters of the target in steady state are under validation.
Four thermal-hydraulic tests were conducted during the integral tests and provided a good set of
the data for the system characterisation.
Control of the target was designed for efficient and safe control, with the following requirements:
x

keep the target (window) at a constant temperature of 230qC, not too low to have a safe margin
before freezing, not too high to limit thermal stress on the heat exchangers;

x

limit temperature excursions during beam transients: beam on/off operations, beam trips and
interrupts.

x

assure stable target temperature in three reference operating cases: isolation (target isolated
from heat removal system), hot standby (awaiting beam operation) and full beam power.
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Figure 2. Main characteristics of the main EMP, provided by IPUL (Latvia)
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During the integral tests, it was seen that the characteristics of the oil three-way valve are highly
non-linear (Figure 3), and that the target heat exchanger performance was better then expected (20 to
40% according different evaluations); the main consequence is that only 40% oil flow through oil/water
heat exchanger is required during full beam power operation (Figure 4).
Figure 3. Oil three-way valve characteristics

Figure 4. Influence of oil flow rate on heat transfer coefficient
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The final conclusion of the integral tests and associated studies was that the overall system will be
able to adequately remove the anticipated 600 kW heating of the SINQ proton beam.
Due to the non-linear characteristic of the oil three-way valve, the performance of the temperature
control was then improved. Close to the standard PI controller, a digital compensation has been
implemented. Further improvement can be reached by implementing a feed forward control based on
known beam power.
The analysis of the system characteristics was performed with the main assumption that the main
LBE flow rate is computed from the heat balance of known power input.
Figure 5 shows a test simulating a beam trip. The average temperatures of LBE, target structures,
and the main EMP are reported: a) during beam trip; b) during beam interrupt; c) restarting from hot
standby. The figures demonstrate, even before final checking of the control system, the capacity of the
heat removal system to react to the transient situation.
Figure 5. Simulation of a beam trip (from [4])

The transient characteristics of both the “protected” and “unprotected” beam trip are simulated by
RELAP5, and the results agree well with the experiments, as shown in Figure 6.
Figure 6. Comparison of experimental and calculated temperatures for an unprotected trip

Thus the RELAP model has been more or less verified though it still could be improved first by a
better estimation of the thermal masses of LBE and structures (Cp,…), and also of the heat transfer
coefficients (using the temperatures of the main and bypass EMPs).
After the integral tests, the bypass flow conditions were still to be determined; nevertheless it was
demonstrated that the system had sufficient capacity to cope with about 600 kW of heating in the
target and flexible to the changes, though the operating conditions might differ from the predictions.
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The experimental data of the LBE oil thermal exchanger of the target were analysed, with analytical
heat exchanger calculations [global model, H-NUT, and numerical model (1-D), finite volumes].
For each of the four campaigns, the computed values complied with the corresponding experimental
results. The maximum variance between calculations and experiments was very low, and below the
accuracy of the model is about 20%. Thus, the THX heat transfer model used to its design was validated,
even if some uncertainties hang over flow rate assessments. A parametric study of sensitivity has also
shown that large margins exist on the THX thermal exchange capacity.
Close to the integral tests performed with the target, a full-scale leak test (FSLT) (Figure 7) was
performed at PSI with the goal to validate the design of the lower target enclosure (LTE) under
worse-case leak conditions, and the leak detector system, implemented in the lower part of the LTE.
Figure 7. Dummy instrumented target for integral leak test

It was demonstrated that the LTE was able to contain LBE. This experiment also allowed to
check the leak detector system which had the following main requirements: detect a leaked LBE
quantity below 0.5 litres within 1 second with a very high reliability, 100% detection efficiency, a very
low false alarm rate, and radiation and temperature resistant.
In fact, two different sensors were implemented:
x

thermocouples (nine individual and independent sensors, three electrically pre-heated) as
main leak sensor;

x

stripe sensors type “AC impedance” (three separate units) as shown in Figure 8.

The leak detector system was fully validated during a full scale leak test.
Complementary to the FSLT, within the framework of the general safety assessment, the potential
consequences of three simultaneous failures of the target shells were investigated independently with
the MATTINA and SIMMER codes, able to model the hypothetical interaction between lead-bismuth
alloy and D2O, inducing water vaporisation and target pressurisation (target can withstand P < 30 bar).
The accidental sequence was evaluated, vapour explosion was excluded and the structure integrity was
demonstrated, the maximum pressure being maintained largely below 30 bar.
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Figure 8. Leak detector system

In support of the future post-test analysis phase after irradiation, large eddy scale simulations by
CEA are underway to analyse the instability, close to the window. The objectives of the simulations with
the CEA TRIO-U-VEF parallelised code are to asses the level of temperature and velocity fluctuations
near the window, to gain a more “realistic vision” of the actual flow behaviour and to know qualitatively
the variations of the temperature signals in real or virtual thermocouples, and consequently to give
realistic data for thermo-mechanical studies aiming to demonstrate the integrity of the T91 window.
An overall reliability study has also been performed by US DOE-LANL and CEA, which is
documented by all the studies already performed within the framework of design support.
All these results have contributed to the safety and reliability assessment and thus to target
licensing, by the licensing authorities and regulatory agencies (Swiss Federal Office of Public Health,
Swiss Federal Nuclear Safety Inspectorate, Swiss Federal Office of Energy, Swiss Federal Nuclear
Safety Commission).
Special attention had to be paid to the safe enclosure of the radioactive liquid metal and the gases
and volatiles produced during normal irradiation and hypothetical accident conditions. The total
activity in the LBE will attain about 4.1015 Bq. About 2.1014 Bq will be D-activity mainly from Po
isotopes. In addition, about 8 Nl of gases like hydrogen, He and radioactive noble gases as well as 15 g
of volatiles like Hg and I are produced, which have to be contained and/or evacuated. Different concepts
have been worked out concerning how to handle the different species, and these have been evaluated
with respect to normal operation and accident conditions. The final design is based on a three-barrier
concept, laid down already in a preliminary safety analysis report, which has been submitted by PSI to
the Swiss licensing authorities.
Final target installation in SINQ
At the end of the integral tests the central rod of the target was cleaned, then the neutron flux
detector provided by CEA was inserted. The electrical cabling and other connections were installed in
the target head. The LBE leak detector was then installed, prior to the final welding lower target
enclosure, with a qualified procedure. The LTE tightness was checked by X-ray and pressure and leak
test. The target was then installed in SINQ, then connected to ancillary systems: fill and drain, heat
removal system, cover gas system, isolation gas system, etc.
The beam has to be controlled, to avoid any damage on the window. For the MEGAPIE target,
due to the specific risks induced by the position of the window (bottom of the target) and the choice of
a liquid lead-bismuth alloy, four new systems have been installed to watch for correct scattering in
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target and proper beam transport, in order to fulfil the following requirement: the beam has to be
switched off within 100 ms if 10% of the protons bypass the target. One of the new systems is the
so-called VIMOS; glowing of a mesh implemented in the beam duct is monitored via special optical
measurement chain and software.
In order to fulfil the requirement of 1 mSv criterion for the public, in case of an incidental release,
some measures for reduction of the source term were decided and carried out:
x

Better sealing of the buildings over/below the target (TKE & STK), when installed in SINQ.

x

An inertisation system provided by MESSER was provided to prevent inflammation by the
thermal oil under the most extreme conditions; the “LowOx” system reduces the oxygen
content to <13% (layout value: 11%) by nitrogen injection.

x

Connecting the TKE with the cooling plant to reduce the possible activity concentration in air.

x

Upgrade of the ventilation system (earthquake resistant stand-alone exhaust equipment) and
of the filter systems (both with activated carbon and particle filters).

Close to the target, a ventilation system was also updated to locally control the temperature.
Target operation
The target can be operated following three main operational modes:
1) Isolation case. Target is “disconnected” from the heat removal system by closed isolation
valves in oil loop; the two electromagnetic pumps are running (possibly at reduced power)
and the target temperature is controlled by the central rod heater.
2) Hot standby case. Target is “connected” to the heat removal system; all pumps (lead-bismuth,
oil and water) are running in nominal conditions and the target temperature is controlled by
the three-way valve in oil loop. Then the system is ready to accept beam operation.
3) Beam operation case. Target is operated as in the hot standby case but with beam operation.
If during the beam operation status an anomaly in the signals is detected, the beam is switched
off and the target will go into hot standby or into isolation if a critical problem is detected.
If during hot standby it is not possible to maintain the selected operational conditions, the
target will go into isolation.
For the target start-up, three phases were suggested to go to full beam power by the operating
team of PSI:
1) Phase 1: 20-50 PA for 4 h maximum, ~8 kW-20 kW heating. This phase is mainly dedicated to
check all “nuclear” instrumentation, and beam interruption systems. During this phase, no
significant heat is deposited into the target so as to obtain reliable thermo-hydraulic data.
2) Phase 2: 200 PA for 8 h maximum, ~80 kW heating. This phase is mainly dedicated to check
the heat removal system control parameters, dosimetry, etc. However, the reaction of the heat
removal system was anticipated to be modest as the oil three-way valve will hardly move.
Reaction of the target temperature control to beam interrupts and trips can also be tested.
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3) Phase 3: During this phase, it is foreseen to ramp up to full beam power in several steps:
200 PA, 400 PA, 600 PA, 800 PA, 1 000 PA, 1 200 µA:
–

for every step several beam trips and beam interrupts should be initiated and the
performance of the target temperature control assessed before continuing to higher beam
powers;

–

at 400 PA sufficient heat (~160 kW) will be deposited in the target to carry out the
thermal balance of the whole system in order to evaluate and adjust the main LBE and oil
flow rates;

–

at full beam power, LBE and oil pumping powers can be further fine-tuned to get the
required flow rates by once again using the thermal balance method.

Reviews are foreseen after start-up phases, following quality insurance standards, in order to
obtain final approval to go to steady state operation, from PSI and the Swiss Federal Office of Public
Health (BAG).
Experiment monitoring
During the irradiation phase of MEGAPIE, numerous operating parameters are monitored,
including pressure, fluid flow rates and temperatures. Moreover, experimental measurements of
neutron fluxes at various positions of the facility, and of gas production; will allow Monte Carlo
calculations of the measured quantities to be performed, with the goal of validating codes MCNPX
and FLUKA fitted with appropriate models (irradiation phase of MEGAPIE). The activities will
concentrate on two main goals:
1) experimental measurements of neutron fluxes at various positions of the facility, and of gas
production;
2) Monte Carlo calculation of the measured quantities, with the goal of code validation
(FLUKA, MCNPX fitted with appropriate spallation models.)
Neutron flux measurements will be performed in various places with different methods:
1) Measurements at beam lines:
–

with activation foils (measurement of the thermal neutron flux and of the epithermal flux
at a single resonance point at 4.9 eV by wrapping the foil with a Cd layer);

–

with Bonner spheres (measurements performed with poly spheres of different radii
surrounding 3He detectors, for sensitivity to different neutron energy range (by Lausanne
University);

–

time-of-flight measurements performed at the SINQ ICON facility using a chopper.

2) Other neutron measurements:
–

Neutron flux inside the target using micro-fission chambers (Figure 9). Height fission
micro-chambers have been set up inside the central control rod for on-line monitoring
(neutron energy domain: from thermal to 10 MeV). 235U chambers have been calibrated
by gamma and mass spectrometry at ILL. Moreover, the potentiality of such a target in
terms of incineration for 235Am and 237Np will be evaluated, thanks to two micro-chambers
with these two minor actinides.
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–

neutron flux with activation Au foils inside D2O tank (NAA/PNA stations).

–

delayed neutrons in the upper part of the target (it is calculated that with a prompt neutron
flux in the TKE of about 105 n/cm2/s, the DN flux should be one order of magnitude
higher).
Figure 9. Micro fission chambers

During MEGAPIE irradiation, gas and volatile elements are produced, both stable and radioactive.
Calculated values of stable gases indicated a production of about 1 l/month (mainly stable H and 4He).
Isotope production measurement is very important since spallation models used in Monte Carlo
models are much more sensitive to it than to neutron fluxes
Moreover, the knowledge of the production rates of specific radioisotopes is necessary for the
assessment of the disposal strategy of the target, and for the post-irradiation examination (PIE) [6].
Samples of the gas produced in the LBE during irradiation will be taken from a specially designed
cover gas system, about 1 day after start-up; the sample will be analysed by mass and gamma
spectroscopy, and the amount and composition of gases generated (4He, stable and radioactive Ar, Kr,
Xe, I) will be determined.
The irradiation started 17 August 2006. Post-test analysis, post-irradiation examination and waste
management will be performed from 2007 to 2009.
Further steps
After irradiation, the target will remain about 30 days in the operating position until the decay
heat has decreased to about 300 W (to be checked). Controlled freezing of lead-bismuth eutectic
(LBE) is necessary due to expansion of solid LBE after re-crystallisation; the expansion can be
mitigated if the cooling rate is kept as low as 0.02qC/min from solidification point to 60qC. A specific
procedure for freezing the LBE in the lower target enclosure has been suggested and validated by
thermo-mechanical calculations using a 2-D ANSYS model.
Then, cooling circuits and gas volumes will be emptied, rinsed and dried, the target will be
disconnected and sealed up with blind flanges, then stored for several months. After about one year
and a half, the target will be transferred to SWILAG hot laboratories, using a steel container
(Figure 10) made of two concentric parts (inner contamination protection and shielding). Then, the
target will be cut with a band saw (provided by Behringer), into 19 slices. About 8 wt.% of the target
will be transported to the Hotlab at PSI as sample material for post-irradiation examinations. The
remaining target pieces (92%) will be conditioned in a steel cylinder in a KC-T12 concrete container
(TC2), for storage and disposal. This procedure has been approved by the National Co-operative for
the Disposal of Radioactive Waste (NAGRA).
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Figure 10. Container for target transportation

The objectives of the PIE are to understand:
x

microstructural, mechanical and chemical changes in the structural materials in the target
induced by irradiation and LBE corrosion;

x

the production, distribution and release of the spallation and corrosion products in the LBE.

PIE will be carried out in an organised effort of the eight partners of the MEGAPIE initiative:
CEA, CNRS, ENEA, FZK, JAEA, DOE-LANL, PSI and SCK.
For the structural material the following analyses will be performed:
x

non-destructive test (NDT) – ultrasonic analysis of the thickness change at the beam window;

x

microstructural, mechanical and surface analyses on the beam window, LLMC tube, FGT
and BFT;

x

surface analyses on EMP tube;

x

chemical analyses on spallation and corrosion products in the LBE and depositing at the
Ag-absorber and cold trap (control gas system).

Conclusions
Within the framework of the MEGAwatt PIlot Experiment (MEGAPIE) (1 MW), initiated in
1999 in order to design and build a liquid lead-bismuth spallation target, then to operate it in the Swiss
spallation neutron facility SINQ at PSI, many studies have been carried out by the project partners
addressing specific critical issues in the fields of neutronics, materials, thermal-hydraulics, mass and
heat transfer, structure mechanics and liquid metal technology, using analytical, numerical and
experimental approaches. In order to demonstrate the target characteristics and safe operability prior to
irradiation in 2006, the target was installed in a PSI test facility, fitted with all ancillary systems, and
tested off-beam. The tests demonstrated the operability of the target and ancillary systems in steady-state
and transient situations and the control system has been validated. Stress analysis and supporting
experiments like full scale leak test validated the design, the confinement strategy and the potential
safe operation. Finally, all these experimental results demonstrated the ability of the target to be licensed
and irradiated in SINQ. Implementation in SINQ has been carried out and safety systems have been
updated or implemented to face events like oil fire, release of contamination, earthquakes, brutal
vaporisation of D2O. Start-up procedures and normal operating conditions have been clearly defined.
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Neutron and thermo-hydraulic measurements, and PIE activities have been defined in order to
obtain the best benefit of the experience. Target decommissioning and waste management have been
defined properly.
The already performed steps, conceptual and engineering design, manufacturing and assembly,
safety and reliability assessment, thermo-hydraulic off-beam tests have already brought a uniquely
relevant design and operational feedback to the ADS community. Irradiation started 14 August 2006,
and this very fruitful experiment will bring a decisive contribution to the development of ADS, an
option for the transmutation of minor actinides.
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Introduction
The US Department of Energy is developing technologies needed to reduce the quantity of high-level
nuclear waste bound for deep geologic disposal. Los Alamos National Laboratory has a long history of
transmutation research in support of this mission. This report summarises two research programmes in
the portfolio – development of lead-alloy coolant technology and materials, and the Materials Test
Station (MTS) using an accelerator-driven spallation target.
We have been developing lead and lead-bismuth coolant technology and materials for advanced
transmutation and nuclear energy systems since the mid-1990s. Our programme mainly consists of
operating a medium-scale lead-bismuth eutectic materials and thermal-hydraulic test loop (DELTA),
conducting tests and experiments, developing associated coolant chemistry and liquid metal flow
measurement and control sensors, instrumentation and systems, building and validating system
corrosion models. We are also building a high-temperature natural convection lead test loop using an
advanced material (Al-rich oxide dispersion strengthened steel). Key activities and an assessment of
the technological readiness level will be given.
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The US Department of Energy is developing technologies needed to reduce the quantity of
high-level nuclear waste bound for deep geologic disposal. Central to this mission is the development
of high burn-up fuel with significant inclusion of plutonium and higher actinides. Different fuel forms
(e.g. nitrides, oxides and metal matrix) and compositions are under study. The success of these cannot
be judged until they have been irradiated and tested in a prototypic fast neutron spectrum environment.
In 2005, the US Congress authorised funding for the design of the Materials Test Station (MTS) to
perform candidate fuel and material irradiations in a neutron spectrum similar to a fast reactor spectrum.
The MTS uses a 1.08-MW proton beam to generate neutrons through spallation reactions. The peak
neutron flux in the irradiation region approaches that of the world’s most powerful fast-spectrum
research reactors. Construction of the MTS could be completed as early as 2010, with full operation
starting in 2011.
Lead-alloy coolant technology and materials development
The main objective of lead-bismuth eutectic (LBE) research activities is to develop a fundamental
understanding of LBE performance parameters and measurement techniques when used as a nuclear
coolant and spallation target material, supporting the development of advanced reactors and transmuter
concepts. Specific activities include conducting DELTA (DEvelopment of Lead-alloy Technology and
Applications) operation and experiments, analysis and modelling of oxide growth on specimens tested
in the DELTA loop, construction of the Lead Correlation Stand (LCS), development of corrosion
control and management strategies, and the study of combined effects of irradiation and corrosion on
materials. We also support four Nuclear Energy Research Initiative (NERI) projects (UIUC, TAMU,
MIT, PSU), one Nuclear Engineering and Education Research (NEER) project (UWM), several
UNLV Transmutation Research Program (TRP) tasks, one I-NERI (KAERI/SNU), and DOE/CEA
Work Package 3 (WP3) in heavy liquid metal coolant technology and materials.
DELTA loop operations and experiments
Since the start of operation in 2003, the DELTA loop has been used for a number of materials,
thermal-hydraulics, instrumentation and control studies and development.
We conduct materials testing to investigate corrosion and compatibility of candidate steels, alloy
compositions and surface modifications, and innovative materials for enhanced corrosion resistance.
The test set-up is illustrated in Figure 1.
We have conducted materials testing including HT-9, T91, 316L SS, a number of oxide-dispersion
strengthened (ODS) steels such as MA956, PM2000, MA957, 12YWT, 14YWT, model alloys to study
effects of Cr and Si, surface treatment and coating such as shot-peening, laser-peening, plasma spray
coating, amorphous and Mo/W coatings. Test temperature ranges from 450 to 535qC, LBE flow
nominally above 1 m/s, oxygen in LBE controlled in a range around 10–6 wt.%, and for durations from
a few hundred hours to over 1 000 hours. The results have been reported in conference proceedings
and scientific journals.
After some trials, we selected to control oxygen in LBE via direct injection of oxygen/helium
mixture into cover gas space above the sump tank, and injection of hydrogen/helium mixture into
flowing LBE for reduction and cleaning. The DELTA control programme is upgraded with the
addition of automatic oxygen control via gas injection. The performance has proven to be very good
(see Figure 2).
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Figure 1. DELTA loop, test specimens and holders and test section
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Figure 2. The oxygen sensor readings during automatic gas injection control
The CEA and LANL sensors both use Bi/Bi oxide reference and
track each other well. The Pt-reference sensor also tracks well.
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Using DELTA loop’s counter-flow recuperator, we studied the effects of oxygen concentration in
LBE on heat transfer in a range of CO = 10–7-10–4 wt.%. The effect is presented in a fouling factor
(effective thermal impedance) with a power-law correlation 2 u 10–4 CO0.15. The main contributor to this
increase of impedance with increasing oxygen concentration is analysed to come from the non-wetting
of LBE at higher concentrations, which is partially confirmed by visual inspection of the inner surface
in test section pipes after each tests.
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Lead correlation stand (LCS)
In order to study lead coolant technology and materials at higher temperatures, we designed and
built a natural circulation loop using an Al-rich (4.5 wt.%) ODS steel MA956. The loop is approximately
6 m tall and can generate 0.25 m/s Pb flow velocity in its test section. MA956 is tested in DELTA and
found to be very corrosion resistant due to formation of a thin protective aluminium oxide layer at the
surface.
Corrosion modelling and analysis
With support from the DOE AFCI, LANL initiated a sustained effort to establish a system kinetic
model of corrosion in oxygen-controlled LBE/Pb and has gradually incorporated the key processes
and mechanisms of surface oxidation, scale removal by flow liquid metal, mass transfer and deposition
of corrosion products.
Figure 3. Framework of modelling system corrosion kinetics in closed flowing systems
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This model is more complete in its direct coupling of hydrodynamics to surface reactions, has
higher fidelity than the existing local and sectioned models, and has been benchmarked successfully
against a number of liquid metal loop test experiments. In particular, we clearly identified and modelled
the scale removal of oxidised steels in oxygen-controlled lead and lead-bismuth eutectic, and can use
the model to extract long-term corrosion rates from measured oxide thickness in short times. The longterm corrosion rates have not been directly measured by most experimental groups, or reported in their
analyses. For Gen IV LFR, however, long-term corrosion rates are critical for long-life core designs.
Corrosion tests of a wide variety of materials under wide ranging conditions have been carried out
in both static (in crucibles) and dynamic (in isothermal or non-isothermal flow loops) LBE/Pb
environments. The steels tested include ferritic and martensitic steels (P22, F82H, STBA28, T91,
NF616, ODS-M, Eurofer 97, STBA26, Optifer IVc, EM10, Manet II, 56T5, ODS, EP823, HT9,
HCM12A, HCM12, 410ss, T410, 430ss, etc.), and austenitic steels (D9, 14Cr-16Ni-2Mo, 1.4970,
316L, 304L, 1.4984, etc.). The test temperatures range from 300-650qC, times from 100-10 000 hours
(tests longer than 3 000 hours are mostly in static LBE/Pb). The oxygen concentrations vary from
depleted (10–12 wt.%) to saturated (~10–4 wt.%). The range covers the oxygen control band that is
below the formation of PbO and above the formation of Fe3O4, which is temperature dependent.
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Figure 4. The complete set of analysed corrosion test data: (a) the measured
oxide thickness, and (b) in the non-dimensionalised form that all collapsed
onto one universal curve based on the oxidation and corrosion kinetic model
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We performed analyses based on our kinetic modelling of the oxidation and corrosion of steels in
LBE/Pb. Using several data sets with well-defined test conditions in loops, we were able to extract the
long-term corrosion rates which have not been reported by the others (very difficult to measure,
especially in the short- to medium-duration tests), and had not been contained in the analyses
conducted or models used. These rates are essential for LFR long-life core designs, and the modelling
clarifies a complex process that had not been adequately studied and understood. We characterise the
temperature, alloy composition dependence, and loop dependence of the oxidation and corrosion rates.
Our analysis of the collected data shows great promise of the model-based approach for analysing
the wide-ranging test results reported by groups from around the world. Our modelling also revealed
the inadequacy of tests performed in static and/or low flow environment for extracting long-term
corrosion rates, and the difficulty to analyse this class of data (the majority of the reported results).
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The key results obtained to-date are as follows:
x

Compilation of the experimental oxidation/corrosion studies and creation a cohesive database,
including references and key graphs and pictures in an electronic format.

x

Separate analyses of individual steels of loop test data for following LBE and Pb to extract
oxidation and corrosion rates.

x

Universal scaling of data sets. Based on the results from non-linear least square fitting of the
test results to the model, we have collapsed the majority of the data points onto one universal
curve. While there are still scatters, the general trend becomes very clear. The most commonly
used power-law (usually parabolic) growth of oxides cannot be applied here, and would have
completely masked the contributions from liquid metal corrosion.

Irradiation and corrosion experiments
The IBML is a LANL resource devoted to the materials research through the use of ion beams.
The laboratory’s core is a 3.2 MV tandem ion accelerator and a 200 kV ion implanter together with
several beam lines. Using 3-6 MeV protons we can rapidly accumulate radiation damages at 1 dpa per
day rate, a two-order of magnitude improvement over fission neutrons in reactors, with little activation
so that many other tests and environmental features can be readily integrated, innovative materials and
structures rapidly screened, and fundamental science of material behaviours under extreme conditions
studied in details, sometimes in situ. Three major categories of irradiation experiments are planned.
1. Irradiation experiment (IE): Irradiate the materials in the IBML and perform post-irradiation
testing to understand the material behaviours under irradiation (single-effect testing, similar to
traditional testing but with much accelerated damage accumulation).
2. Post-irradiation corrosion experiment (PICE): Perform the irradiation experiment and expose
the radiated material to various extreme environments (liquid metals, high temperatures, etc.)
in order to understand the influence of radiation damage on the materials properties in this
environment (corrosion kinetics is usually slower than radiation damage kinetics, and may
require longer-term tests to detect appreciable effects other than in situ transport property
measurement).
3. Irradiation and corrosion experiment (ICE): Expose the specimens to various extreme
environments while the irradiation takes place in order to understand the influence of irradiation
on the environmental effects (integral-effects testing, see Figure 5).
Technology readiness level (TRL) assessment
We conducted a systematic review of the many components in heavy liquid metal coolant
technology and materials, including major R&D programmes, technology basis for coolant chemistry
control and corrosion, instrumentation, thermal-hydraulics, major test facilities, etc.
This bottom-up review of the state of the art in the R&D of HLMC technology and materials can
serve as the basis to evaluate the technological readiness level for programmatic and industrial
applications. Clearly, many open issues remain, in particular the scientific basis of many aspects of the
technology remain to be fully investigated and established, and the stability and reliability of a number
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Figure 5. Schematic illustration of the irradiation and corrosion experiment (ICE)
using proton irradiation to study combined effects of irradiation and corrosion
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of components and instrumentation still need substantial improvement. Most important of all, the
materials suitable for long-term application in HLMC systems will need to be developed and tested,
including the effects of radiation, especially for above 550qC and long-life systems. However, the
aggregate of the R&D experiences from the international community appears to place the HLMC
technology at one step – operation of integrated pilot-scale test facilities – away from the design,
construction and operation of test and demonstration nuclear systems of medium temperatures.
In particular, if systems of peak temperature below 550-600qC are considered, the coolant
technology readiness level (TRL) is at the early stage of Level 7, “one-dimensional engineering-scale
demonstration”, in the “proof of performance” category. In addition to the LANL (DELTA loop)
operation and experiment experience, the FZK (THESYS, THEADES, CORRIDA loops), ENEA
(CIRCE tank, CHEOPE loop), TITech (corrosion loop, steam-LBE direct-contact heat exchanger),
KTH (TALL loop), and several other organisations are all conducting performance testing beyond
“proof of principle” stages. MEGAPIE, JAERI LBE target, and to a lesser degree, TC-1 in UNLV, will
be prototypic testing of high-power spallation target for ADS. The successful operation of MEGAPIE,
a 1-MW LBE spallation neutron target at PSI with international contributions, clearly indicates that for
spallation target applications, the TRL is at or near 9, the final stage of “proof of performance”
and ready for system deployment. The materials TRL, however, is lower due to varying system
requirements, and lack of irradiation testing.
The above analysis does not fully credit the Russian LBE/Pb nuclear coolant technology and
experience. LBE-cooled reactors were deployed in Soviet nuclear submarines with over 80 reactor-years
experience. According to IPPE and its partners, design for the SVBR 75/100 LBE-cooled fast reactors
for civilian nuclear power applications is completed, and they are ready to start construction if
financing is obtained. The Pb-cooled BREST concept is reportedly close to fully developed. So in that
context, the coolant technology TRL is already at 9 (“LBE/Pb fast reactor demonstration”).
For the other programmes, AFCI and Gen IV LFR in the US, EUROTRANS in Europe, J-PARC
in Japan, large-scale prototypic engineering demonstrations are under planning to satisfy technical and
regulatory criteria and concerns. This is an implicit confirmation that the coolant technology TRL is
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about to enter level 8, “three-dimensional engineering demonstration” in the “proof of performance”
category. It is also clear that the TRL for Pb-cooled systems at temperatures higher than 550-600qC is
much lower, with Class II materials and coolant technology (system peak temperature in 650-700qC
range) in the “proof of principle” category, and Class III materials and coolant technology (system
peak temperature above 750qC) still in the “concept development” category.
LANSCE Materials Test Station
Motivation
The US Department of Energy’s Advanced Fuel Cycle Initiative (AFCI) has the goal of
developing technologies needed to reduce the quantity of high-level nuclear waste bound for deep
geologic disposal. Central to this mission is the development of high burn-up fuel with significant
inclusion of plutonium and other minor actinides (Np, Am and Cm). Different fuel forms (e.g. nitrides,
oxides and metal matrix) and compositions are under study. The success of these development efforts
cannot be judged until they have been irradiated and tested. Newly developed fuels for fast reactors
will provide an efficient method for the transmutation of plutonium and minor actinides because of
their larger fission-to-capture ratio in this spectrum as compared to a thermal spectrum. The actinides
are the constituents of spent nuclear fuel that drive the long-term issues of decay heat and radiotoxicity
that affect repository capacity and performance. Also, reduction of plutonium inventories significantly
reduces the issues surrounding nuclear proliferation.
Since the early 1990s, the United States of America has been without a domestic capability for
performing fast-neutron spectrum irradiations. To satisfy programmatic requirements, the AFCI is
collaborating with the Commissariat à l’Énergie Atomique (CEA) to perform fast spectrum irradiations
of TRU-based candidate fuels (Futurix FTA) [1] at the Phénix reactor in France. Unfortunately, the
Phénix reactor is scheduled to cease operations in 2009. Negotiations are under way with the Japan
Atomic Energy Agency (JAEA) to collaborate on irradiations in the JOYO research reactor. JOYO
irradiations could begin as early as 2011. As an alternative to performing irradiations abroad, the US
Congress authorised funding for the design of the Materials Test Station (MTS) at the Los Alamos
Neutron Science Center (LANSCE) within Los Alamos National Laboratory. The MTS is fundamentally
different from all other existing fast spectrum irradiation facilities in that the primary source of
neutrons is high-energy spallation reactions in a high-density solid target.
Overview
The Materials Test Station will be located in the unused “Area A” experimental hall at LANSCE.
The driver for the MTS is an 800-MeV, 1.35-mA proton beam. Reliable beam delivery to Area A
occurred for a quarter-century starting in 1974. Currently the only spallation source in the world
operating near this power level is the SINQ facility at the Paul Scherrer Institute in Switzerland [2].
The LANSCE facility routinely delivers 4 400 hours per year of beam to targets at this multi-user
facility, and the MTS is being designed with the expectation of receiving full-power beam at this level.
At the heart of the MTS is a split spallation target with a fuels and materials irradiation region
located in the so-called “flux trap” between the target sections, as shown in Figure 6. This configuration
provides relatively uniform neutron flux across the flux trap, since the spallation-produced neutrons
enter the flux trap from both sides. Additional irradiation zones exist outboard of each spallation
target; these zones have a lower peak neutron flux and a larger gradient in the lateral dimension, but
nonetheless provide a useful environment for irradiating small material test specimens.
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Figure 6. Basic configuration of the Materials Test Station
spallation targets and central irradiation region
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The spallation target design is similar in many respects to the first target station of the ISIS
facility at Rutherford Appleton Laboratory (RAL) in the United Kingdom. The MTS target consists of
a series of stacked clad tungsten plates with 1-mm-thick heavy water cooling channels between plates.
The plates are 4.4 mm thick at the front of the target where the power deposition is highest, and grow
progressively thicker with depth in the target. The plate thicknesses are sized to limit the heat flux at
the coolant surface boundary to 600 W/cm2. The plates are enclosed in a housing that serves to contain
the coolant. A cross-sectional view of the target plates and housing is shown in Figure 7.
Figure 7. Cross-sectional view of an MTS target module
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The ability to control the fuel clad surface temperature during irradiation is important to
experimenters. This control must be accomplished while accommodating fuel clad swelling and pin
bowing that will likely occur during irradiation. Because the MTS is not a reactor, there is no
possibility of reactivity feedback effects from an experiment, which eliminates this potential safety
concern and provides the capability to perform controlled run-to-failure tests.
The target assembly is mounted on the nose of a trolley, and can be moved from its operating
position to a service cell located downstream from the target chamber. The target is expected to last
one to two years, and will be remotely replaced in the service cell using standard master-slave
manipulators. Irradiated fuel rodlets and material test specimens will also be remotely removed from
the target assembly within the service cell and placed in shipping casks for transport to hot cells where
post-irradiation examination can take place.
Neutronics design
The neutronics design of the MTS is being developed using the MCNPX radiation transport
code [3]. The peak neutron flux in the central irradiation region is 1.67 u 1015 n.cm–2.s–1, with 80%
exceeding 0.1 MeV in energy. Figure 8 shows the neutron the spatial distribution of the neutron flux at
the horizontal mid-plane of the MTS. Radiation damage rates in iron located in the peak flux region
are 18 dpa/a, assuming 4 400-h/a availability. The irradiation volume is sufficient to achieve >3%
burn-up within a calendar year in over 300 0.5-cm-long, 0.5-cm-diameter fuel pellets of high enrichment.
Figure 9 shows the burn-up distribution for the 864 pellets that can be loaded into the central
irradiation region (36 12-cm-high fuel rodlets).
The neutron flux spectrum in the irradiation zone is quite similar to a typical fast reactor spectrum,
with the addition of a high-energy tail of neutrons whose energies approach 800 MeV (see Figure 10).
At the peak flux position, approximately 6% of neutrons have energies exceeding 10 MeV. These
neutrons are created during the first stage of the nuclear spallation process. The most significant effect
of these high-energy neutrons is increased helium production in steel and nickel alloys. In the peak
flux region the helium-to-dpa ratio for iron is 13 appm/dpa, whereas in a typical fast reactor spectrum
this value is approximately 0.2 appm/dpa. The effect that this increased helium production rate has on
the mechanical properties depends on the materials and the irradiation temperature. Within the central
irradiation region, the He-to-dpa ratio ranges from 4 to 25 appm/dpa. Such a broad range allows
experimenters the ability to measure the sensitivity of materials properties to this ratio.
Figure 8. Spatial distribution of the neutron flux at the horizontal mid-plane of the MTS
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Figure 9. Burn-up rate histogram for the 864 fuel pellets that occupy the central
irradiation region. The burn-up rate has been adjusted to the facility’s 4 400-h/a availability.

Figure 10. Neutron spectrum in the peak irradiation position
of the MTS compared to the spectrum in the Phénix reactor
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Summary
The Materials Test Station at LANSCE will provide the Department of Energy a cost-effective
domestic irradiation facility for testing candidate TRU-bearing fuel forms and structural materials that
will be needed to support the Global Nuclear Energy Partnership. With appropriate funding, the facility
could be operating as soon as 2011, well before a new fast-spectrum test reactor can be constructed.
It will allow experimenters to irradiate fuel under prototypic operating conditions in neutron fluxes
that approach those available in the world’s most intense fast spectrum research reactors.
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Abstract
The domain DM1_DESIGN of the FP6 integrated project EUROTRANS has the mission to launch the
conceptual design of a lead-alloy-cooled European Facility for Industrial Transmutation (EFIT) loaded
with transmutation-dedicated minor actinide fuel to “prove” transmutation at the industrial level. EFIT
would represent a modular unit of a large power system able to handle European high-level waste.
In parallel to the EFIT design, DM1_DESIGN partners are developing a detailed design of the short-term
XT-ADS (eXperimental demonstration of Transmutation in an Accelerator Driven System) that would
serve the full-scale demonstration of the ADS concept and be able to accept up to a full MA fuel
assembly. XT-ADS is also intended to serve as a test banc for some components of EFIT. The Work
Plan of the domain DM1_DESIGN addresses the following main issues of EFIT and XT-ADS:
x

Definition of the design parameters for the optimisation of the transmutation objectives in an
economical way for EFIT and the short-term realisation for XT-ADS including the most
essential features of EFIT.

x

Development and assessment of the reference Pb design of EFIT and the back-up option
based on gas. In parallel and in a synergetic way XT-ADS with only Pb-Bi reference design is
developed in a more detailed manner.

x

Further development of the high-power proton accelerator (HPPA) needed for both EFIT and
XT-ADS and, in particular, qualification of the beam reliability, the development of the beam
transport line and the demonstration of the prototypical components of the chosen HPPA.

x

Proof of feasibility windowless spallation targets making maximum use of the existing work
for defining the needed complementary experimental work for XT-ADS spallation targets.

x

Evaluation of the safety performance and licensability of the three designs developed in the
DOMAIN DM1.

x

Cost estimates and planning issues for the deployment of the transmutation facilities.

In this paper we give the progress accomplished in these different work packages and present the first
results obtained after 18 months of activity.
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Objective
The objective of the Domain DM1_DESIGN is to proceed towards the demonstration of the
industrial transmutation through the ADS route. This will be carried out with two interconnected
activities. The first activity is to carry out a detailed design leading to a “short-term” experimental
demonstration of the technical realisation of transmutation in an accelerator-driven system (XT-ADS).
The total power level of the XT-ADS will range between 50 and 100 MWth. This facility is intended to
be as much as possible a test bench of the main components and of the operation scheme of the
European Facility for Industrial Transmutation (EFIT), but at lower working temperatures thanks to
the use of lead-bismuth eutectic (LBE) as a core coolant and spallation target material. The second
activity is the development of a conceptual design of the EFIT with a power of up to several 100s
MWth. The reactor coolant and the spallation target material of EFIT will be pure lead. Both designs
(XT-ADS and EFIT) bear the same fundamental system characteristics in order to allow for scalability
considerations. Design features will be worked out to a level of detail which allows a cost estimate of
XT-ADS and through parametric projections and the preliminary design of EFIT the cost estimate of
the industrial scale ADS
The features of XT-ADS and EFIT
The EFIT is a full-scale transmutation demonstrator, loaded with transmutation-dedicated fuel.
The machine becomes operational many years after the XT-ADS (around 2040) and takes into account
all the experience gained from the already running R&D programmes on fuel and materials. On the
other hand, the XT-ADS is to be built and tested in a near future (about eight years from the start of
the IP_EUROTRANS project). The machine should be completely operational around 2017-2018 and
fulfil three objectives: demonstrate the ADS concept (coupling of accelerator, spallation target and
subcritical core) and its operability, demonstrate the transmutation, provide an irradiation facility for
the testing of different EFIT components (samples, fuel pin, fuel assembly).
Based on these different objectives of EFIT and XT-ADS, the design teams have compared the
respective designs, trying to merge when possible the characteristics. As EFIT is an industrial-scale
transmutation facility, the characteristics were defined according to the efficiency of transmutation, the
ease of operation and maintenance, and the high level of availability in order to achieve an economical
transmutation. For XT-ADS on the other hand, the characteristics have been defined to get a flexible
testing facility. Despite those sometimes contradictory definitions, some characteristics remain
identical in the EFIT and XT-ADS machines and are listed here below.
For the accelerator part of the system, both teams opt for a linac solution. The main reason for
this choice is the improvement of beam reliability at such levels of proton energy. In both machines,
the beam ingress is foreseen from the top of the vessel. One of the major reasons for that choice is
strongly related the choice made for the target unit interface. The interface being windowless, a beam
ingress from the bottom becomes simply unfeasible.
If the cores of both machines are significantly different, some characteristics are still identical:
a grid will be used as fuel pin spacer, the fuel assembly (FA) will be of the wrapper-type and the FA
cross-section will be hexagonal. If these options have been taken from the early beginning in the
XT-ADS design, some FA alternatives have been envisaged in the EFIT, but not retained (wrapperless
type, square cross-section).
Several characteristics are also identical in the vessel design: the primary system is integrated in
the vessel, the primary coolant circulation in normal conditions is forced (with mechanical pumps)
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while in decay heat removal (DHR) conditions the primary coolant circulation is natural (with a pony
motor, although full-natural circulation of all coolants is being considered for EFIT).
Besides these identical features, divergence has occurred in the choices of components or
parameters of the two machines. This divergence, even necessary as the time scales of realisation of
the two facilities are different, is listed below in tabular form. The XT-ADS has been largely inspired
by the MYRRHA design [1,2] as offered by SCKxCEN and agreed by all DM1 partners.

Proton energy
Spallation target concept
Fuel
Power (MWth)
Power density (W/cm³)
Reactivity swing compensation

Presence of absorbers
Vessel structural material
Vessel type
Primary coolant
Primary system temperature range
(°C)
Secondary coolant
Fuel loading
Fuel handling
Seismic design

XT-ADS
600 MeV u 2.5 mA /
350 MeV u 5 mA
Off-centred, windowless
MOX, some minor actinide (MA)
FA accepted
50-100
700
No compensation as long as swing
remains limited
Yes
316L
Not yet defined
LBE
Inlet: 300
Outlet: 400
Low pressure boiling water
From bottom (alternative from top
has been reviewed)
Oriented remote handling
Seismic spectrum specific to
the Mol site

EFIT
800 MeV u 20 mA
Centred, windowless
(Pu, AM)O2 + MgO (or metallic
Mo) matrix
395
450-650
The predicted small burn-up swing
is to be compensated by proton
current adjustment
For refuelling only
316 L
Hung
Pure lead
Inlet: 400
Outlet: 480
Superheated water cycle
from top
Extendible-arm handling machine
and rotating plug
Horizontal anti-seismic supports

At present, the designers have achieved already several results:
x

A preliminary configuration of the EFIT reactor block (Figure 1 shows a vertical cut) with
cylindrical inner vessel, primary pumps in the hot leg, free level of the cold pool outside the
cylindrical inner vessel higher than the free level of the hot pool inside (the moderate free
level difference is determined by the low pressure losses of the primary circuit), as well as
functional sizing of the EFIT steam generators and DHR dip coolers.

x

Core design studies of the XT-ADS have started from the “DRAFT-2” design of the
MYRRHA project [1]. After several iterations between the partners, a fuel pin and fuel
assembly reference design have been laid down. The “clean” core, i.e. the core without any
irradiation devices, has been fixed at 72 fuel assemblies symmetrically placed around three
emptied positions to make room for the spallation target. In another paper presented at this
conference [3], we sketch the changes from the MYRRHA core to the XT-ADS core and
propose a set of possible irradiation and transmutation facilities. These are very early designs
and will mature during the remainder of the project. A preliminary EFIT core configuration
has been established.
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x

Three options have been studied for the XT-ADS reactor block (Figure 2 shows the option
“A” directly inspired by MYRRHA) and a reference design is under preparation:
–

A: MYRRHA, (DRAFT-2) version;

–

B: Modified MYRRHA: with fuel manipulation from the top;

–

C: EFIT-like design: the “cylindrical inner vessel” concept instead of the “diaphragm”.
Figure 1. Pb-EFIT primary system, vertical cut

Figure 2. XT-ADS primary system (variant “A”, vertical cut)
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Possible plant layout
A first layout for the XT-ADS has been proposed for discussion (Figure 3) starting from a virgin
site. If Mol is selected as host for XT-ADS, several utility buildings can be re-used and the layout can
be adapted accordingly.
Figure 3. Possible XT-ADS plant layout on a virgin site

Accelerator developments
The accelerator considered here belongs to the category of high-power proton accelerators
(HPPA), which are presently very actively studied (or even under construction) for a rather broad use
in fundamental or applied science. Compared to other HPPA, many specifications are similar:
600 MeV final energy (for the smaller-scale XT-ADS), 6 mA CW beam, 2% beam power stability,
10% beam size stability on target, etc. [4]. But it is to be noted that the reliability requirement, i.e. the
number of unwanted beam-trips, is rather specific to ADS. This reliability requirement is essentially
related to the number of allowable beam trips, because, frequently repeated, they can significantly
damage the reactor structures, the target or the fuel, and also decrease the plant availability. Therefore,
beam trips in excess of one second duration should not occur more frequently than five per year. The
studies integrated this stringent requirement from the very beginning, as this issue could be a potential
“show-stopper” for ADS technology in general.
The strategy chosen to implement reliability depends upon over-design, redundancy and fault
tolerance [5]. This approach requires a highly modular system where the individual components are
operated substantially below their performance limit (“de-rating” principle): in contrast to a cyclotron,
a superconducting linac, with its many repetitive accelerating sections grouped in “cryomodules”,
conceptually meets this reliability strategy.
The proposed reference design for the accelerator, optimised for reliability, is shown in Figure 4 [6].
For the injector, an ECR source with a normal conducting RFQ is used, followed by warm IH-DTL
or/and superconducting CH-DTL structures up to a transition energy still to be optimised around
20 MeV. Then a fully modular superconducting linac accelerates the beam up to the final energy.
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Figure 4. The reference accelerator

The accelerator design can profit from the good synergy existing between the many laboratories
currently working in the field. The machine can even be built quite directly. However, a dedicated
R&D programme is needed for the requirement of an extremely low number of beam trips. In this
spirit, such a programme has been launched in DM1_DESIGN, focused on reliability and fault
tolerance design. The five main tasks of this programme are discussed below.
Evaluation of the injector reliability
Concerning the injector section, a thorough campaign to test the reliability of every component of
the injector, operated over a long period of time (e.g. a continuous run of many weeks), will be
performed “full-scale” with IPHI. Presently under construction in France [7], IPHI, consisting of an
already operational ECR source and a 6-m long RFQ, will deliver, in 2006, its 3 MeV high intensity
beams (10-100 mA). The experimental results are expected before mid-2008.
R&D for the intermediate-energy section
Some basic R&D is required for the subsequent sections, up to 100 MeV, in order to assess a
solution simultaneously reliable and economical. While SC components should in principle be
deployed from the lowest possible energies on, room-temperature structures have nevertheless to be
studied and prototyped: the transition energy to the superconducting structures might be higher than
the RFQ output and, while room-temperature structures have large RF losses, their development risk is
low (well established technology). The superconducting resonators considered here are CH structures
before the transition energy, because of their very promising efficiency, and spoke cavities after,
because they are short and modular in view of the fault-tolerance strategy. The first SC cavity
prototypes are presently successfully tested, showing performance exceeding the specifications by a
very comfortable over-design safety margin [8,9]. It is therefore important to push these developments
by adding helium tanks and power couplers. The final aim of all these developments is to assess the
best technical option for the intermediate section of the accelerator based on established, demonstrated
performance. It might well be a combination of several technologies.
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High-energy section cryomodule
While the R&D on 704 MHz superconducting elliptical cavities is well advanced in Europe, the
demonstration of the full technology is not yet accomplished. Besides the development of the bare
superconducting cavity, it is important to prototype each auxiliary system needed for the cavity
operation in a real environment (power coupler, RF source, power supply, RF control system,
cryogenic system, cryostat…). The construction of a full-scale module with a given beta value
( = 0.5) can be considered as a rather general proof-of-principle of the technology, since the higher
beta modules are very similar. The construction and test with RF at nominal power (although without
beam) of such a module should be done before end 2008.
Digital LLRF control system
The performance of the RF control system procedures in case of a cavity failure is a major key to
reach the reliability requirement. Indeed, the reaction speed for retuning the whole accelerator to
nominal beam conditions must be less than 1 second for fault tolerance. Digital techniques are necessary
to meet the speed and software configuration requirements. It is planned in this task to perform a full
conceptual design of such a specific low-level RF system for the 704 MHz elliptical section.
Accelerator design
This last task will ensure the overall coherence of the accelerator design. Beam dynamics
simulations will be performed, in close collaboration with the LLRF task, to assess the adequate
transient procedure while dealing with a cavity failure. An integrated reliability analysis of the whole
linac will also be made, the final goal being to obtain in 2009 a frozen detailed design of a linac, with
assessed reliability and costing.
The spallation source module
The MYRRHA spallation target module (Figure 5), is serving as the starting point for the target
design of the XT-ADS. With respect to the MYRRHA case, modifications of the spatial constraints
within the XT-ADS core and incorporation of the 600 MeV, 2.5 mA option for the proton beam
energy and current, triggered relatively small design changes. More fundamental design alterations are
currently being studied. These include the investigation of a spallation target configuration featuring
flow detachment, the introduction of swirl, and a detailed study of the three-feeder option. In addition
a modification of the vacuum system to simplify the spallation product confinement is being
investigated. Finally, the interface with the different variants of primary system has been reviewed.
More details are found in [10].
Safety challenges
The safety approach previously developed in the FP5 PDS-XADS project is updated to cope with
the new situation induced by the presence of large amount of MA in the core of EFIT and high
pressure water heat exchangers in the primary systems of both EFIT and XT-ADS.
An integrated safety approach has been developed for the designs of XT-ADS and is being
extrapolated to the case of EFIT. Scoping safety analyses have been performed for the design base
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Figure 5. XT-ADS spallation target, inspired by MYRRHA design

conditions (DBC) and the design-extension condition (DEC) transients of XT-ADS and EFIT, and any
shortcomings in the designs with respect to safety have been identified. A scoping assessment of the
source term and the containment has been performed to determine if there are any show-stoppers.
Conclusions
Several academic, research and industrial partners are working together on the development of
two accelerator-driven systems, XT-ADS and EFIT, within the framework of the 6th European
Framework Programme. XT-ADS is to serve as a prototype ADS, a fast neutron irradiation facility in
which critical components of the large scale EFIT waste burner can be tested. EFIT, a several
hundreds megawatt machine, will be the first European industrial-size nuclear waste burner.
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Abstract
EVOLCODE2 is a combined neutronics and burn-up evolution simulation code which can describe
either critical or subcritical reactors operating in any neutron spectrum regime. The main activity of
EVOLCODE2 is the proper exchange of results required by the different existing codes, MCNPX and
ORIGEN2. The burn-up evolution of the reactor is obtained combining the evolution of the different
volumes defined in the geometry. The purpose of this paper is to describe the code methods and to
summarise some results obtained with it.
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Introduction
Partitioning and transmutation techniques are being evaluated nowadays in all the main countries
utilising nuclear power generation as an additional possibility to improve the definitive management
of the high level radioactive wastes, mainly the spent fuel.
Among the transmutation systems, the accelerator-driven systems (ADS) can be distinguished
because of their higher transmutation potential and improved safety and flexibility characteristics [1,2].
The basic components of an ADS are:
x

a subcritical core, where the nuclear wastes (actinides and possibly some long-lived fission
fragments) are introduced as a part of the nuclear fuel (or as targets);

x

a proton accelerator, producing neutrons via spallation.

The subcritical core and the accelerator are coupled to obtain a steady state. The main
characteristics of an ADS are:
x

the possibility of being designed as an energy producer and/or as a waste burner;

x

the high burn-up achievable to ensure an effective level of waste transmutation;

x

a high variety of possible designs for the whole reactor and for the fuel isotopic composition.

In order to computationally study the real potential of the different possible ADS designs as
transmuters, it is necessary to have a tool capable of making simulations of reactors with very diverse
characteristics and reaching long fuel burn-ups. CIEMAT has developed a simulation tool for this
purpose, called EVOLCODE2. To summarise, EVOLCODE2 is a simulation tool coupling calculations
of neutronic transport and burn-up fuel evolution. Its main function is the proper exchange of the
information required by the different standard codes that it employs. These codes are, at the present
state of development, MCNPX [3] for the neutronic transport calculations and ORIGEN2 [4] for the
burn-up evolution calculations. This paper is oriented to describe the methods of EVOLCODE2 and to
summarise some of its results.
EVOLCODE2: Transport and burn-up coupled calculations
In order to study the real potential as a transmuter of a nuclear reactor, it is necessary to make a
study of its properties after a certain irradiation. The isotopic composition evolution depends on the
neutronic parameters of the system, as the energy spectrum of the neutron flux and its integrated value.
Moreover, the fuel evolution of a nuclear reactor has an important effect on its neutronic properties,
because a different fuel isotopic composition produces a different energy spectrum and/or a different
neutron flux intensity. It is thus necessary to employ a simulation methodology that simultaneously
takes into account the variation in the fuel isotopic composition and the neutronic parameters of the
nuclear system.
In addition to the fuel isotopic composition, the system geometry produces an appreciable effect
on the neutronic parameters of the system. In an ideal case, the simulation tool should be capable of
obtaining results for each point of the system, as the evolution in each point is different. Nevertheless,
in a real situation, this is not possible and some approximations have to be made. The tool must limit
its results to system areas defined as constant neutronic properties areas. In each of these areas,
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neutronic characteristics (and the isotopic composition of the fissile material) should vary as little as
possible, in order to reach an acceptable approximation level. Thus, the behaviour of the system can be
well described. Moreover, the variation with the position of the energy spectrum of the neutron flux is
slower than the variation of the neutron flux intensity. Due to this, the hypothesis of constant neutronic
properties areas can be made separately for both parameters. On one hand, a cell is defined as a reactor
area with an approximately constant value of the intensity and energy spectrum of the neutron flux.
On the other hand, a region is defined as a reactor area with an approximately constant value of the
energy spectrum of the neutron flux. A region can contain, thus, one or several cells.
Once the neutronic parameters of each different cell are known, it is possible to obtain the reaction
rates and the corresponding cross-sections (for cells inside the same region, these effective cross-sections
are equal). Considering a certain interval of irradiation time and using the assumption of constant
neutronic parameters, it is possible to calculate the evolution of the isotopic composition of each cell.
One of the properties of the ADS is that a high burn-up can be tolerated. The hypothesis of constant
neutronic parameters will only be adequate if the irradiation time is short enough (and so changes in
the isotopic composition are not too large). After a partial irradiation, it is possible to compute the new
material composition of each cell of the reactor and then obtain again the neutronic parameters of the
system. Then, the process can be repeated to obtain the new evolution of the isotopic composition in
other partial burn-up time. This process can be repeated until the desired irradiation is completed.
The method employed by EVOLCODE2 consists, in summary, in the calculation of the neutronic
parameters of the system by means of MCNPX (several versions of MCNP and MCNPX are admitted,
from MCNP4c3 to MCNPX 2.5.0). After that, the isotopic composition of the different cells after a
certain interval of irradiation time is obtained. ORIGEN2 performs these calculations. Nevertheless,
CIEMAT is studying the possibility of using other codes in order to include more reaction chains and
sensibility assessments. Finally, the process is repeated in a cyclical mode until the full irradiation
time is reached. The EVOLCODE2 functional scheme is shown in Figure 1.
EVOLCODE2 has been written in FORTRAN 77 standard and has been tested successfully on a
SGI ALTIX-3700 (Linux) and on a SGI ORIGIN-3800 (Unix).
Figure 1. EVOLCODE2 cycle data flow scheme
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Physics included
EVOLCODE2 solves the problem of the isotopic burn-up evolution of a nuclear system in a
numerical manner. In the previous section, some necessary approximations and hypotheses were
presented and explained. These hypotheses were introduced attending to the physics of the problem.
Other hypotheses and features are:
x

The one-group cross-section convolution method consists in weighting the cross-section data
taken from the libraries by the neutron flux energy spectrum, which can be provided by MCNP
using an isolethargy energy binning. The number of bins can be selected sufficiently large
(typically 10 000), so that the one-group cross-sections obtained by this method do not differ
more than 1% (in most reactions) from those obtained directly from MCNP when the MCNP
statistics are good enough. Memory and time requirements are thus largely decreased.

x

All the possible reactions and decay chains (available in ORIGEN2) are treated explicitly by
EVOLCODE2, including reactions leading to the excited state of the daughter nucleus, i.e. the
isomer creation. This information is read from an ENDF database file [5], where the multiplicity
grid is given as a function of the energy. EVOLCODE2 computes most of the interpolation
rules available in the database file to obtain a more accurate value of the one-group multiplicity
for every available isotope.

x

EVOLCODE2 computes each fission product separately and includes the information of the
fission products yields if available. The fission yields take into account the energy dependence
included in the databases. Moreover, every fissionable specie, if available in ORIGEN2, is
considered. EVOLCODE2 makes the assumption that the correct values of the fission product
yields can be obtained calculating the averaged fission energy and using the interpolation
rules included in the database. This assumption is applicable when the interpolation is linear,
which is mainly fulfilled in fast reactors.

x

As the geometry definition of the reactor can include cells at different temperatures, the
identification of the library for transport calculation may be different for each cell or material.
In this sense, the same isotope can be described by different libraries for different cells.

x

The ORIGEN2 simulation is performed employing the hypothesis of constant flux irradiation,
so the evolution of a cell containing non-fissile material can be assessed. As nuclear systems
usually work in a constant thermal power regime, it is necessary to introduce a methodology
to check that the power variation during the ORIGEN2 irradiation is limited and that the
average power is the one requested. The methodology is based on a limitation of the burn-up
period of time and a predictor/corrector method to better estimate the time-averaged flux in
the cells to be used in the ORIGEN2 irradiation.

x

After ORIGEN2 irradiation, a complete list of isotopes is generated for the new EVOLCODE2
cycle (a new MCNP input file). It is possible that some isotopes have very little mass so their
contribution to the transport of the subsequent cycle can be negligible. EVOLCODE2 makes
the assumption that isotopes whose mass does not exceed a certain fraction of the total are
negligible and do not need to be introduced in the new MCNP input. Nevertheless, the mass
of these isotopes can be increased after several burn-up cycles, so EVOLCODE2 saves the
information of every isotope and ORIGEN2 always works with complete isotope information,
including those below the transport limit. Every generated isotope to be included in the new
MCNP input file must have an associated library. EVOLCODE2 admits three different library
assignments: a global library, a cell library or a particular library for that isotope and that cell.
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Applications
EVOLCODE2 is a simulation tool capable of performing a great variety of studies of nuclear
systems. Some of the calculations realisable by EVOLCODE2 are summarised as follows:
x

calculation of the burn-up evolution of the isotopic composition of a nuclear reactor fuel or
transmutation targets;

x

computation of the burn-up effect in the neutronic parameters of the system, as well as the
variation of the neutron flux energy spectrum;

x

calculation of the evolution with the burn-up of the neutron multiplication constant;

x

creation of one-group cross sections libraries from the pointwise cross-section databases for
other applications.

EVOLCODE2 has been successfully verified and employed in many applications in the
framework of international projects. Among these applications, some of them can be distinguished:
x

PDS-XADS project (Preliminary Design Studies of an Experimental Accelerator-driven
System [6]), whose objective is the assessment of the safe and efficient operation of the ADS.
The aim of the application of EVOLCODE2 to this project is to analyse the transmutation
potential (of minor actinides and long-lived fission products) in the reactor peripheria, studying
special fuel elements. EVOLCODE2 has been employed to obtain the burn-up evolution of
some pins included in these special fuel elements, made of americium, curium, technetium or
iodine. Figure 2 shows the design of the proposed experimental ADS, distinguishing the
special assembly in the peripheria.
Figure 2. Design of the LBE-cooled XADS. A MOX-fuelled
ADS core with special pins or assemblies in the periphery.
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x

The NEA phase-out studies [7], intending the evaluation of the possible high-level waste
reductions, the time needed to achieve such reductions, the need and time profile of resources
and the economical implications. The evolution of the isotopic composition (plutonium and
minor actinides) has been estimated using EVOLCODE2, in order to obtain the potential of the
ADS as a transmutation plant. Thus, it has been possible to obtain the number of transmutation
plants and refuelling cycles needed to the elimination of the wastes.

x

The SAD project [8] is in charge of the development and construction of a low power
subcritical nuclear system, coupled to a neutronic energy spectrum produced by spallation by
means of a proton accelerator. Its purpose is to investigate the kinetic and dynamic behaviour
of the ADS. A computational benchmark has been defined to help prepare the SAD project.
The benchmark requested, at one point, the calculation of the heat generation in the spallation
target and the activity generated after the accelerator irradiation. Nevertheless, due to the
special characteristics of the system under study, there is a lack of one-group cross-section
libraries appropriate for the employed simulation codes. EVOLCODE2 has been used in this
project as a one-group cross-section library generator. With these libraries, the calculation of
the isotopic composition of the spallation target after the irradiation has been calculated. The
calculation included the spallation product inventory and some neutronic parameters needed
for the benchmark characterisation, such as the decay heat generation or the activity.

x

EVOLCODE2 is also employed within the framework of the project IP-EUROTRANS [9],
specifically in Domain 5, called NUDATRA (Nuclear Data for Transmutation). The simulation
tool will be used to assess the uncertainty propagation and to perform sensibility studies in
some parameters of the nuclear fuel cycle.

x

The RED-IMPACT project [10], which studies the impact of transmutation in the deep
repository. On one hand, EVOLCODE2 has been employed to obtain the burn-up evolution of
the isotopic composition of the ADS oxide fuel (including actinides, fuel impurities and
structural elements activation, and fission products), in the case of the stationary double-strata
fuel cycle. Its results are shown in Figures 3 and 4. As a limit case, it has been assumed that
no refuelling has been realised during the irradiation. Wastes appearing as spallation products
in the ADS target have also been obtained. In addition, EVOLCODE2 has contributed as a
cross-sections library generator to calculate the fuel isotopic composition evolution in the
double-strata transition scenario. On the other hand, a burn-up code benchmark was recently
performed involving several codes, including EVOLCODE2. The assessment of the isotopic
composition of a PWR fuel assembly has been computed by these codes. The results obtained
by the different codes have been compared and it has been concluded that advanced simulation
codes, such as EVOLCODE2, are interchangeable to perform these types of assessments.

Conclusions
In order to study the potential of ADS as transmutation systems, CIEMAT has developed the
simulation tool EVOLCODE2. This tool couples neutronic calculations with isotopic evolution during
burn-up. The user is provided with a solid, understandable, reliable and precise simulation tool.
The code was designed employing a method based on physical hypotheses. Moreover, it combines
standard neutronic simulation codes, which have been internationally tested in many benchmarks.
The precision of EVOLCODE2, as well as the standard codes it is based on, depends mainly on the
nuclear data included in the existing databases.
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EVOLCODE2 has been successfully tested in international benchmarks and projects. Due to its
flexibility, it could be employed for many different tasks, distinguishing the calculation of the burn-up
evolution of isotopic composition and neutronic parameters, or the creation of one-group cross-section
libraries for other applications.
Figure 3. Keff as a function of the burn-up for an ADS with oxide TRU fuel
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Abstract
The ECATS (Experiments Coupling Accelerator Target Sub-critical Blanket) project within the
EUROTRANS framework involves the coupling of an external source with a TRIGA core. In order to
simulate dynamical transients in source-driven sub-critical systems the reactivity coefficients should
be accurately determined. Experimental results of two TRIGA cores (Italian RC-1 in Casaccia,
Slovenian MARK II in Ljubljana) showed however temperature-dependent reactivity feedbacks which
are different from the theoretical curve suggested by the TRIGA manufacturer General Atomics (GA).
In this study the effects of the scattering kernel of hydrogen bound in zirconium, which is mixed within
the TRIGA fuel matrix, are further investigated. In particular the influence of the intermolecular forces
in the form of the phonon distribution function is analysed. Furthermore the sensitivity of the scattering
kernel, also known as the S(D,E) tables, to the numerical treatment is considered. In particular the
influences of the improvements in the beta version MCNPX 2.5f and of the optimisation of the energy
grid of the THERMR module of NJOY are discussed in view of the experimental results of the two
TRIGA cores. It is shown that the experimental reactivity feedback curves can be better reproduced
based on the above-mentioned improvements.
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Introduction
The suggested reactivity feedback curve provided by General Atomics (GA) [1] appears to be
inadequate in comparison with new experimental data, in particular in the range of 100-150qC. The
reactivity measurements which were performed in RC-1 TRIGA Cassacia and Slovenian TRIGA
Mark II core Ljubljana show a significant increase in the negative reactivity feedback in this range.
In previous work the influence of variation of the shape and of the standard number of energy
points of the phonon spectrum of hydrogen bound in zirconium in the NJOY module THERMR were
investigated [2,3]. It was shown that the 59 point energy grid used for years in the NJOY code is
inadequate for hydrogen bound in ZrHx. As a consequence, a new set of energy points was included in
THERMR in the NJOY update 112 [4]. The new Gaussian shape of the phonon spectrum suggested in
Ref. [3] showed to some extent different values of criticality, but could not explain the above-mentioned
differences in the reactivity feedback in the temperature range of 100-150qC.
In the current study the new energy grid of the NJOY module THERMR is tested again for
hydrogen bound in zirconium. In addition the impact of the numerical treatment of the S(  ) tables in
the beta version MCNPX 2.5.f is discussed. This version is very close to the current official MCNPX
version 2.5.0 and eliminates numerical spikes in the flux due to the interpolation scheme of the
Monte Carlo method. Preliminary results of this method on the criticality of TRIGA cores are presented.
The phonon states in metal hydrides appear to be affected by the hydrogen concentration [5].
Moreover the fine structure of the hydrogen admixture is associated with the optical peak [6]. The
corollary of the above observation means that in the case of TRIGA fuel the phonon spectrum used
could be not adequate. The hydrogen’s stoichiometry is different from that upon which the scattering
data were generated and the structure of the fuel matrix might be to some extent deformed by the
existence of the uranium. It was thus decided to evaluate the influence of changes in the intermolecular
structure and forces in the form of changes in the phonon distribution function. In particular, the effect
of shifting the optical part of the phonon spectrum on the temperature-dependent reactivity feedback is
investigated.
Experimental results
Two independent reactivity measurements for TRIGA-type cores are referred to in the current
study. The TRIGA fuel elements are cylinders of ternary alloy uranium-zirconium-hydride with an
H-to-Zr atom ratio 1.7 and the total U of 8.5% of the mixture by weight for the Cassacia reactor and
with H-to-Zr atom ratio 1.65 and the total U of 12% for the Slovenian reactor and the same enrichment
(20% enriched U). The fuel cladding consists of stainless steel AISI 304 of 0.05 cm thickness and
7.8 /cm3 density. There are two graphite cylinders of 38.11 cm length at the top and the bottom of the
fuel rod.
The reactivity coefficient measurements performed within the TRADE project in the Cassacia
RC-1 core [7] showed similar results to the experimental temperature-dependent values measured at
the Slovenian TRIGA core [8] although the fuel composition is different. The reactivity measurements
in RC-1 were carried out using the existing core configuration, i.e. with burned-up fuel. The
measurements at the TRIGA Mark II at Slovenia were performed with completely fresh uniform core.
In both experiments only one or two temperature measurement points were performed from which an
average temperature was evaluated. In Figure 1 the reactivity feedback per degree is plotted. The curves
are subjected to uncertainties of about 3q in temperature and about 5 pcm in the reactivity value [8].
All curves differ considerably from the GA curve between 110-150qC. Two curves of the Slovenian
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Figure 1. Experimental temperature dependent reactivity
feedbacks in RC-1 and Slovenian TRIGA cores
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core refer to the estimation of the total core-averaged temperature based on measurements at point A
located in the centre of the core (denoted in the figure with Ta). The radial form coefficient for Ta is
Ca=1.26. The coefficient C_z is the axial form factor. The sensitivity to the form factor is investigated
by looking at the evaluations of changing the axial form factor by about 10% from 1.25 to 1.12. The
other two curves of the Slovenian core are based on two point measurements at the above centre point
(Ta) and in the first ring of the core (Tb) for which the radial form coefficient is Cb=1.22. The
sensitivity to the axial form factor is again demonstrated. As is shown in Figure 1, the differences
between the curves emphasises the necessity of an improved multi-point temperature measurement to
evaluate more accurately the influence of the spatial flux distribution and the fuel content (fresh or
burned-up fuel) on the reactivity feedback. Nevertheless, as can be seen in Figure 1, the measurements
point out a phenomenon which is not shown in the GA recommendations, namely the increase of the
absolute value of the reactivity coefficient above 100qC. This emphasises the necessity of a
comprehensive survey of the numerical as well as the fundamental physical treatments of the bound
hydrogen in zirconium scattering kernel and their possible impact on the criticality and temperature
reactivity feedbacks of TRIGA cores, especially in view of the planned EUROTRANS experiments.
The influence of the numerical treatment
In previous studies [2] several numerical aspects with respect to the preparation of probability
S(D,E) tables for the secondary energy distribution concerning hydrogen bound in zirconium were
analysed. The number of tables based on the standard 59 energy grid structure was shown to result in
erroneous criticality values for TRIGA fuel. The increasing of the number of points in the energy grid
(118) [4] based on the work of Mattes, et al. [3] differed by about 300 pcm in comparison with the
standard grid as can be seen in Figure 2. All the calculations in Figure 2 and the following figures
were performed with beta version 2.5.d of the MCNPX code with standard deviation of 7 u 10–5.
A new grid with 199 energy points was introduced in the current study taking into account all
points from former studies dedicated to hydrogen bound in zirconium. These points were included in
the NJOY updated grid definition [4]. The results deviate from the improved 118 point scheme by
nearly 100 pcm (Figure 2). A very fine, equal lethargy interval, energy grid with 2 045 points, gave
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similar criticality values compared to the 199 points energy grid (Figure 2). This emphasises the need
to search further for an optimised grid for chemical binding of all isotopes of interest. The general grid
for all bounded light isotopes as it is currently being done seems to be inadequate.
Figure 2. Temperature dependent criticality values
as a function of the energy grid points number
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Parallel to the modification of the energy grid the new method which removes the numerical
spikes due to S(D,E) treatment in MCNP (mcnp4c3) and MCNPX (2.5d) was analysed. The spikes can
be seen in Figure 3 using the 2.5d version and are removed (Figure 3) in version 2.5f. Two sets of
calculations were performed, one with 118 points and the other with the new 199 energy grid. In both
cases the numerical treatment was tested for its impact on the criticality values for several temperatures
(Figure 4). In the 2.5f version the NJOY updated grid still shows discrepancy of more than 100 pcm
for both grids in comparison to the old version 2.5d. Taking into account the standard deviations it can
be concluded that the numerical effects only have an impact on the criticality but not on the reactivity
and thereafter can not explain the experimental results of Figure 1 above 100qC.
Figure 3. Numerical spikes shown in MCNPX version 2.5.d against the corrected version 2.5.f
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Figure 4. Criticality values as a function of the numerical treatment for a TRIGA subassembly
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The impact of a shifted phonon spectrum on the reactivity curve
The phonon spectrum of hydrogen bound in zirconium suggested by Slaggie [6] and commonly
used by NJOY is given in Figure 5. This spectrum is based on a central force model of ZrH2. Using it
one gets in the low temperature region (30-100qC) good agreement in comparison to the reactivity
measurements plotted in Figure 1. However, at higher temperatures (100-150qC) the shape of the
measured reactivity coefficient curve is not reproduced.
Figure 5. Frequency distribution of H in zirconium (acoustic and optical part)
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The work of Malik, et al. [5] deals with the phonon spectrum of hydrogen bound in zirconium
with an atomic ratio of 1.58 (ZrH1.58). Malik describes in this work a phonon spectrum which is
represented by three Gaussians with peaks at 0.132, 0.137 and 0.151 eV. He discusses the impact of
the stoichiometry on the binding structure and the H-H interaction which could also give a better insight
for the ZrH2 model. Mattes [3] referred to experimental data from Evans [9] for ZrH2. In Figure 6
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Figure 6. Frequency distribution theoretical and experimental (optical part)
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Evans’s experimental optical mode curve and its equivalent spectrum suggested by Mattes with one
Gaussian peak at 0.137 eV, are presented. This proposed spectrum agrees better with scattering
measurements with atomic ratio 2, in comparison with Slaggie’s model. The sensitivity of the above
studies to different phonon spectrum shapes having several/single shifted peaks, and depending on the
hydrogen concentration, leads obviously to different scattering phenomena, with possible impact on
the reactivity coefficient.
In the current experiments of RC-1 and Slovenian cores the atomic ratios are 1.7 and 1.65,
respectively, for which the spectrum is only approximated from other stoichiometry as discussed
before. The TRIGA experiments were performed for hydrogen bound in TRIGA fuel and not only in
zirconium (for which the data is generated). As a corollary, the actual phonon spectrum in TRIGA
cores might be slightly deformed or shifted.
The goal of this study is to analyse minor deviations of the phonon peak on the energy scale and
in particular its potential impact on the criticality and the temperature-dependent reactivity feedbacks.
Various shifted optical spectra are plotted in Figure 7. The 161 energy points represent the
original 0.137 eV phonon peak. The “121”, “151” titles stand for a shifted peak by 0.04 and 0.01 eV,
respectively, downwards where as the “171” introduce a phonon shifted 0.01 eV upwards. Decreasing
the phonon spectrum energy tends in principle to enlarge the criticality which is in accordance with the
results with the free gas model where the phonon peak location approaches 0. In order to retrace the
experimental results one may assume that around 100qC, due to currently unknown phenomena, the
phonon spectrum is slightly shifted to higher energies by about 0.01 eV and then the new peak
spectrum peak vibrates in this range of 0.137-147 eV. If this shift is taking place with a certain
temperature dependency in the range 100-150qC, the corresponding reactivity values shown in Figure 8
may explain the measurements of the reactivity coefficients depicted in Figure 1. The calculated
reactivity coefficients in Figure 9 show that the temperature coefficients for constant phonon spectrum
have only weak dependency on temperature. In any case, and in accordance with the conclusions of
Malik [5] and the work of Slaggie [6] concerning the contribution of H-H forces to the vibration mode,
it is evident that more experiments and verifications are mandatory with respect to feedback experiments
within the temperature range 100-150qC. Such investigations could contribute to an appropriate model
for varying hydrogen content, bound in zirconium in a fuel matrix.
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Figure 7. Shifted phonon spectrums around the original one (161 energy intervals)
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Figure 8. Critical calculations with different spectrums for TRIGA fuel assembly
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Figure 9. The impact of different phonon spectrum (optical part) in the reactivity feedback
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Conclusions
This study extends previous contributions concerning the numerical and physical treatment of
scattering kernel models for criticality and reactivity coefficient calculations for TRIGA fuel. The
improved energy grid scheme in the NJOY update 112 for module THERMR is not completely
adequate and about 80 more points seem to be needed for hydrogen bound in zirconium. The modified
S(D,E) treatment in newer MCNPX versions leads to removal of numerical spikes in flux distributions
and also causes a non-negligible criticality change in the simulation of TRIGA subassemblies.
The changes of the phonon spectrum itself in the temperature range 100-150qC could explain to
some extent the specific behaviour of the temperature-dependant reactivity coefficient in the TRIGA
subassembly. Theoretical results are presented, based on shifting the phonon spectrum. In any case, an
experiment-based physical confirmation is needed if feedbacks in the temperature range 100-150qC
are of interest, also including detailed measurements of hydrogen bound in a uranium matrix with
zirconium, as all current data deal practically with hydrogen bound in zirconium, ignoring the fact that
the hydrogen is mixed within the fuel.
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AN EXTENSIVE ASSESSMENT OF THE PREDICTIVE CAPABILITIES
OF DIFFERENT NUCLEAR MODELS FOR THE CALCULATION OF
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Abstract
The predictive capabilities of different nuclear models and codes for the calculation of proton-induced
reaction cross-sections have been investigated. The analysis is relative to the energy range 0.1÷150 MeV
and to a large mass number range (24<A<209) relevant for ADS applications. Experimental EXFOR
data have been processed and treated in order to systematically analyse all the available measurements
relative to proton induced reactions. The comparison between calculations and measurements is
performed by means of statistical deviation factors which can be used to provide recommendations on
the best combinations of codes and models to optimise the accuracy of the simulations. Furthermore, a
mean model parameter has been calculated for selected numbers of experiments, making the results of
this work also useful for the construction of covariances matrixes of “model deficiencies” for a wide
number of nuclides and popular nuclear models.
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Introduction
Accelerator-driven subcritical systems (ADSs) have been being studied for more than a decade
within the framework of R&D activities related to P&T strategies. The majority of the ADS designs
conceived up to now rely on a proton accelerator to provide via spallation reactions the external
neutron source necessary to control the reactivity of the system. Good quality proton cross-section
data are therefore required to provide a reliable design of such systems. The main purpose of this
paper is to provide preliminary results related to the investigation of the uncertainty associated to the
calculation of activation and transmutation cross-sections for proton-induced reactions using nuclear
models and codes.
The TALYS and ALICE/ASH codes
In this work all the calculations have been performed by means of the TALYS code and the
ALICE/ASH code [1,2]. The investigation of the performance of these simulation tools is motivated
by their extensive use within the international community for the generation of nuclear data files.
As concerns TALYS, the pre-equilibrium particle emission is described using the two-component
exciton model [3]. The model implements new expressions for internal transition rates and new
parametrisation of the average square matrix element for the residual interaction obtained using the
optical model potential of Koning, et al. [4]. The phenomenological model is used for the description
of the pre-equilibrium complex particle emission [5]. The contribution of direct processes in inelastic
scattering is calculated using the ECIS-97 code incorporated in TALYS. The equilibrium particle
emission is described by means of the Hauser-Feshbach model.
The ALICE/ASH code is a modified and advanced version of the ALICE code [6]. The geometry
dependent hybrid model (GDH) is used in the description of the pre-equilibrium particle emission
from nuclei [7]. Intranuclear transition rates are calculated using the effective cross-section of
nucleon-nucleon interactions in the nuclear matter. The number of neutrons and protons for initial
exciton states is calculated using realistic nucleon-nucleon interaction cross-sections in nucleus.
The exciton coalescence model and the knock-out model are used to describe the pre-equilibrium
complex particle emission [8]. Equilibrium emission of particles is described by the Weisskopf-Ewing
model without detailed consideration of angular momentum.
The calculation of nuclear level densities
For the purposes of the present work, both the TALYS and the ALICE/ASH codes have been
used with default values of input parameters, with the exception of the parameters describing the
particular model used for the nuclear level densities description. In particular, six different level
density models have been considered, corresponding to the input parameters ldmodel equal to 1, 2 or 3
and ldopt equal to 0, 4 and 5 in the TALYS code and in the ALICE/ASH code respectively. Detailed
information on these models can be found in [9-13]. The main features can be summarised as follows:
a. ldmodel1: Fermi gas model with the energy-dependent level density parameter a(U) without
explicit description of the collective enhancement.
b. ldmodel2: Fermi gas model with the energy-dependent level density parameter a(U) with
explicit description of the rotational and vibrational enhancement.
c. ldmodel3: Microscopic model based on the results of microscopic calculations performed by
Goriely, et al. using the Hartree-Fock-BCS model.
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d. ldopt0: Fermi gas model with the dependent level density parameter a=A/9.
e. ldopt4: Fermi gas model with the energy-dependent level density parameter a(U).
f. ldopt5: Superfluid nuclear model.
In the following we will refer to the results of the calculations performed with the different models
with the following notation: ldmodel1=IST1, ldmodel2=IST-C, ldmodel3=G, ldopt0=FG, ldopt4=IST2,
ldopt5=SF.
Experimental data and statistical criteria of comparison
The comparison of experimental data and calculations has been performed for nuclei from 24Mg
to 209Bi. The experimental data were taken from EXFOR. Independent (non-cumulative) yields of
radionuclides in (p,J), (p,n) and other (p,xnypzD) reactions for target nuclei with atomic number from
12 to 83 in the energy range 0÷150 MeV were selected for the comparison. The following data have
been excluded from the consideration: i) out-dated and superseded measurements; ii) data for targets,
which contain natural mixtures of isotopes; iii) data for reactions with metastable products; iv) data
averaged for a wide range of proton incident energies; v) identical data; vi) data which are referred in
EXFOR as DATA-MIN or DATA-MAX. The total number of experimental points (Z,A,E) used for
the comparison is of the order of 19 000. The mass distribution and the energy distribution of the
experimental data are shown in Figure 1.
Figure1. Distributions of the experimental points
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The following statistical factors have been used to quantify the deviation of the calculated results
from the measured data:
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To estimate the uncertainty in the calculated cross-sections a covariance matrix has been
proposed, which takes into account the contribution to the uncertainty due to the failure of the model
used for the calculations [15]. The square of the mean model error is used in the present work as an
additional factor to estimate the quality of model calculations, as follows:
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Results
Deviation factors calculated for target nuclei from 24Mg to 209Bi over the entire energy range
(0÷150 MeV) and without distinction into reaction types are summarised in Table 1. Results are
provided over the entire mass range and in the two atomic mass ranges below and above 120. From
the results one can observe that the TALYS code is globally performing better with respect to the
ALICE code, particularly in the mass range below 120. The best results are obtained when using the
Fermi gas model without the explicit description of the collective enhancement [IST(1) model] and the
microscopic model of Goriely (G model). For target nuclei with mass numbers above 120 the
ALICE/ASH calculations using the superfluid model (SF) for the nuclear level density determination
provide the best results. In Figure 2 the best performing model of TALYS [IST (1)] is compared with
the best one of ALICE/ASH (SF) in the case of the treatment for different mass number ranges.
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Table 1. Deviation factors for nuclei from different mass number
ranges calculated using the TALYS and ALICE/ASH codes
Factors
R
D
F
L
H
Number of points
R
D
F
L
H
Number of points
R
D
F
L
H
Number of points

TALYS
ALICE/ASH
IST (1)
IST-C
G
FG
IST (2)
Target nuclei with atomic mass number 24 $
1.76
2.03
1.80
4.97
13.90
1.08
1.42
1.07
4.34
13.44
2.08
2.54
2.07
3.35
14.23
0.91
0.93
0.91
1.00
0.99
22.0
111.6
20.7
851.6
1100.6
16306
16269
16314
16030
15960
120 $ 209
1.43
1.55
1.67
1.30
1.51
0.69
0.88
0.95
0.75
0.91
2.25
2.98
2.89
4.37
6.16
0.91
0.93
0.91
1.00
0.99
34.2
34.5
41.5
35.0
23.5
2928
2927
2928
2907
2885
All nuclei with 24 $ 209
1.71
1.96
1.78
4.40
12.00
1.02
1.34
1.05
3.79
11.52
2.11
2.61
2.20
3.51
12.74
0.91
0.93
0.91
1.00
0.99
24.4
103.0
25.3
778.4
1006.1
19234
19196
19242
18937
18845

SF
4.16
3.58
4.80
0.99
625.2
15995
1.21
0.63
4.34
0.99
16.2
2905
3.71
3.13
4.73
0.99
571.4
18900

Figure 2. The H and R deviation factors as functions of different groups of target
nuclei mass numbers (A) calculated using the TALYS and ALICE/ASH code
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Abstract
Previous partitioning-transmutation (P-T) studies at the Oak Ridge National Laboratory showed that
partitioning of actinides from light water reactor (LWR) spent fuel and subsequent transmutation in
LWRs can contribute significantly to the extension of repository lifetime for well over 100 years.
At some time in the future, fast reactors (FRs) are expected to be added to the US fleet of commercial
reactors, especially when the cost of natural uranium becomes excessive. Interim use of FRs as actinide
burners is also planned. Thus, a study was initiated to quantitatively compare the P-T performance of
the systems using LWRs, FRs or combinations of the two. For the LWR systems, the previous studies
showed that a major effect on the pathway of actinide transmutation is based on the length of decay
time for 241Pu (half-life 14.3 years). For long-aged fuel (>30 years), the transmutation pathway is
predominantly through 241Am to 238Pu; whereas, for short-aged fuel (<10 years), the pathway is
predominantly through 242Pu to 243Am and curium isotopes. In comparison, for the FR systems, the
same effects occur but at a much slower rate, primarily because of a much slower rate of conversion of
240
Pu to 241Pu. Thus, the rates of production of nuclides heavier than 241Pu are slowed significantly.
Another significant effect observed is that the minor actinides (Np, Am, Cm) created when low-enriched
uranium is irradiated in LWRs are not destroyed as fast in subsequent irradiation in FRs as in LWRs.

465

Introduction
In previous studies, multi-cycle partitioning-transmutation (P-T) in existing and future thermal
spectrum, light water reactors (LWRs) was evaluated to determine the approach to equilibrium mass
levels of transuranic (TRU) actinides [1]. The use of compact advanced burner reactors (ABRs), using
fast spectrum irradiation at low conversion ratios (<0.5), is now planned. Previous studies indicated
that the ABRs would partially consume the TRU actinides and that larger portions of fission products
and lesser amounts of heavier actinide isotopes would be created [2]. However, no direct comparison
of the approaches to equilibrium mass levels of the TRU actinides has been published heretofore.
Therefore, this study was initiated to provide a direct comparison.
Irradiation configuration
Fast reactor model
The lattice representing the seven-ring, compact, sodium-cooled, low-conversion ratio fast reactor
design described by Argonne National Laboratory [3] was modelled using the HELIOS code,
112 neutron groups and the fast reactor cross-section library. In the reactor lattice model, each of the
fuel assemblies contained 271 fuel rod positions. The active fuel height was 113 cm. The seven-batch
compact core contained a total of 102 driver fuel assemblies and was operated at a power of 840 MWth,
using a capacity factor of 85%. Total irradiation time was ~3 years. Three fuel rod diameters of
0.67, 0.62 and 0.59 cm were used to provide conversion ratios of 0.50, 0.35 and 0.25, respectively.
Light water reactor model
In all cases (for both Am-Cm and Pu-Np), the transmutations were driven by enriched 235U
drivers. The enrichment of the 235U in the driver fuel rods and in the Am-Cm target diluent was kept
below the currently approved limit for commercial enrichment (5.0% 235U). By using enriched 235U
drivers, the fuel/target rod loadings could be kept constant during the multiple P-T cycles. In most of
the calculations made in this study, the Am-Cm “target” rods consisted of a loading of 10.0 wt.%
Am-Cm in a matrix of UO2 containing 5.0 wt.% 235U. Each fuel assembly consisted of 48 target rods
inserted into a standard 17 Η 17 pressurised water-reactor (PWR) fuel rod configuration, together with
216 standard “driver rods” containing UO2 fuel enriched to 5.0 wt.% 235U.
Similarly, the Pu-Np rods consisted of a loading of 9.28 wt.% plutonium plus neptunium both in
the oxide form and in a matrix of depleted UO2. Each fuel assembly consisted of 104 mixed-oxide
(MOX) rods, together with 160 standard “driver rods” containing UO2 fuel enriched to 3.5 wt.% 235U.
The fuel assemblies were irradiated for three reactor cycles of 18 months each in a 3 400-MWth
core, which contained 193 fuel assemblies. Detailed multi-dimensional neutronics calculations were
performed with the HELIOS code using 45 neutron groups.
Partitioning-transmutation scenarios evaluated
Figures 1 and 2 show the P-T scenarios evaluated. The TRU actinide feed material for both cases
was obtained from LWR UO2 spent fuel that had been irradiated for ~45 GWd/MT and had decayed for
30 years. A constant electric power production of 100 GWe was assumed for the entire system for both
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Figure 1. Fast burner reactor-transmutation scenario
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Figure 2. P-T scenario using thermal transmutation in LWRs
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P-T scenarios. Initially, the power production was all from LWRs, and it resulted in ~2 000 MT/year
of spent fuel containing ~23 MT/year of TRU actinides. Recycled fuel displaced a proportionate amount
of the LWR UO2 fuel in the overall system as multiple cycles occurred.
For the fast reactor scenario (Figure 1), a homogenous core with uranium-TRU-zirconium metal
fuel was used. Conversion ratios of 0.50 and 0.25 were evaluated. The thermal reactor scenario
(Figure 2) was the same as used in previous studies – a heterogeneous core design with U-Pu-Np
MOX fuel and U-Am-Cm targets [1].
First cycle results
TRU actinide compositions before and after irradiation for each of the fast and thermal spectrum
reactors are shown in Table 1. The feed composition was the same in each case and is shown in the
column on the left side of the table. The ABRs with conversion ratios of 0.50 and 0.25 are designated
“FR/0.50CR” and “FR/0.25CR,” respectively.
The data in Table 1 were used to calculate and compare burn-up percentages (net destruction and
net production), as shown in Table 2. These comparisons showed that the burn-up rates of 239Pu, 240Pu,
237
Np, and 241Am achieved in an LWR are greater than in an ABR. However, the net production
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Table 1. TRU actinide compositions before and after irradiation
1st cycle
transmutation feed
LEU spent fuel
30-year decay
1.097
0.302 (1.5%)
13.05 (66.6%)
4.66 (23.8%)
0.703 (2.6%)
0.888 (4.5%)
19.60
2.31
0.177
2.49
0.0166
0.0198

237

Np, MT/y
Pu, MT/y
239
Pu, MT/y
240
Pu, MT/y
241
Pu, MT/y
242
Pu, MT/y
Total Pu, MT/y
241
Am, MT/y
243
Am, MT/y
Total Am, MT/y
244
Cm, MT/y
Total Cm, MT/y
238

FR/0.50 CR
spent fuel
@ discharge

FR/0.25 CR
spent fuel
@ discharge

LWR recycle
combined spent
fuel @ discharge

0.712
0.728 (4/5%)
9.56 (58.7%)
4.51 (27.7%)
0.620 (3.8%)
0.880 (5.4%)
16.30
1.41
0.190
1.67
0.057
0.181

0.645
0.747 (5.2%)
7.68 (53.6%)
4.41 (30.8%)
0.622 (4.3%)
0.870 (6.1%)
14.33
1.29
0.191
1.547
0.063
0.205

0.44
1.57 (12.1%)
3.53 (27.2%)
3.97 (30.6%)
2.06 (15.9%)
1.83 (14.1%)
12.96
0.47
0.40
0.88
0.340
0.559

Table 2. Burn-upa comparisons
Values in parentheses are net production

239

Pu
Pu
241
Pu
242
Pu
243
Am
244
Cm
237
Np
241
Am
238
Pu
240

a

FR/0.50 CR
27%
3%
12%
1%
(7%)
(243%)
35%
39%
(141%)

FR/0.25CR
41%
5%
12%
2%
(8%)
(280%)
41%
44%
(147%)

LWR
73%
15%
(193%)
(106%)
(126%)
(1 950%)
60%
80%
(420%)

Burn-up = (amount in feed – discharge amount)/amount in feed.

(negative burn-up in Table 2) of 241Pu, 242Pu, 243Am, and 244Cm is significantly greater in the LWR.
A net production of the isotope, 238Pu, occurs in both reactors by transmutation of 237Np and 241Am,
but the accumulation of 238Pu is greater in the LWR.
Interpretation of results
Expected differences in distribution of TRU actinides in fast and thermal spectrum irradiations
are implied in many reports to be based only on the increased ratio of fission cross-sections to capture
cross-sections, resulting in greater amounts of fissioning for the TRU actinides in fast spectrum
irradiations. However, the creation of TRU actinides does not depend only on fission cross-sections,
but does depend on the capture cross-sections of the parent isotopes (or on decay of the parent isotopes
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in some cases). Also, the accumulation of a particular isotope depends on the differences in formation
versus destruction rates; and the destruction rates are dependent on the sum of capture, fission and
decay of the isotope.
It is well known from comparative cross-section data for TRU actinides that both capture and
fission cross-sections for most isotopes are significantly decreased in fast spectrum irradiations versus
those in thermal spectrum irradiations, but that the relative decreases are different for the different
isotopes. However, the neutron flux in fast reactors is typically about 10 times higher than in LWRs,
thus mitigating the lower cross-sections in the calculation of reaction rates.
Still, most of the formation and destruction reaction rates per unit of mass of each isotope are
lower in the ABR (FR/0.25CR) than in the LWR, as shown in Table 3. Only the formation rate of
239
Pu and the destruction rates of 238U and 238Pu are greater in the ABR (FR/0.25CR). For 239Pu, the
formation rate is increased by a factor of 2.91 and the destruction rate is decreased by a factor of 2.84,
resulting in a gain in the accumulation of 239Pu in the ABR (FR/0.25CR) relative to that in the LWR.
For 240Pu, the destruction rate is decreased by a larger factor (12.2) than the formation rate decrease
factor (6.6), again resulting in a gain in the accumulation in the ABR (FR/0.25CR) relative to the LWR.
Table 3. Relative TRU isotope formation and destruction rates
in the ABR(FR/0.25CR) in comparison to those in the LWR
Product
isotope
238
U
239
Pu
240
Pu
241
Pu
242
Pu
243
Am
244
Cm
241
Am
238
Pu
242
Pu
237
Np
238
Pu

Parent
isotope
(238U)
(239Pu)
(240Pu)
(241Pu)
(242Pu)
(243Cm)
241
Pu
241
( Am)
(241Am)
(236U)
(237Np)

(+ = increase; – = decrease)
in relative formation ratea,c
–
+2.91x
-6.60 x
-29.6 x
-2.5 x
-3.27 x
-4.01 x
(Decay)
-2.70 x
-2.70 x
-1.00 x
-1.73 x

(+ = increase; – = decrease)
in relative destruction rateb,c
+3.39 x
-2.84 x
-12.2 x
-1.2 x
-1.5 x
-1.92 x
-1.11 x
-2.10 x
+1.34 x
-1.54 x
-1.24 x
+1.34 x

Effectd
Gain
Gain
Reduction
Reduction
Reduction
Reduction
Reduction
Reduction
Gain
Reduction

a

“Increased formation rate” = capture rate of parent isotope in FR/capture rate of parent isotope in LWR, and “decreased
formation rate” = (-1) capture rate of parent isotope in LWR/capture rate of parent isotope in FR.
b
“Increased destruction rate” = destruction rate (capture + fission) of product isotope in FR/destruction rate of product
isotope in LWR, and “decreased destruction rate” = destruction rate of product isotope in LWR/destruction rate of product
isotope in FR.
c
Rates are per unit mass of each isotope.
d
Effect on product isotope in FR relative to LWR.

More significantly, the formation rate of 241Pu is greatly reduced (by a factor of ~30) in the ABR
(FR/0.25CR) relative to that in the LWR, while the destruction rate is decreased by only a small factor
(1.2). This results in a massive reduction in the accumulation of 241Pu and the sequentially produced
heavier isotopes, 242Pu, 243Am and 244Cm. Thus, it appears that irradiation of plutonium in a fast
spectrum is optimum, because the production of 241Pu (and its decay daughter, 241Am) as well as of
242
Pu, 243Am and 244Cm are minimised.
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However, when minor actinide isotopes, predominantly 237Np and 241Am, are initially present in
the transmutation feed, as they are in the spent fuel produced by irradiation of low-enriched uranium,
the destruction rates are slower in the ABR (FR/0.25CR) than in the LWR, as shown in Table 3. This
indicates that the transmutation of minor actinides in an LWR is optimum.
The isotope 238Pu is produced by transmutation of 247Np and 241Am in both fast and thermal
spectrum irradiations. Table 3 shows that the destruction rate of 238Pu is increased and the formation
rates are decreased in the ABR (FR/0.25CR) relative to those in the LWR; thus, a smaller accumulation
of 238Pu is achieved in the ABR (FR/0.25CR).
Multiple P-T cycle comparisons
Two cases were evaluated for the fast reactor scenario, both using the 0.25 conversion ratio core.
In one of these cases, the fast reactor spent fuel was recycled after a 5-year decay period and, in the
second case, the spent fuel was recycled after a 30-year decay period. In the case evaluated for LWR
irradiation, the spent fuel was recycled after a 30-year decay period.
Plutonium isotope inventories
Plutonium isotope inventories in the feed to each cycle are compared for the three cases in
Figure 3. The multi-cycle profiles for the fast reactor cases are nearly identical; this is because the
241
Pu content is low in both cases.
Figure 3. Comparison of plutonium isotope inventories
in the feed to each cycle during multiple P-T cycles
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In comparison, the 239Pu and 240Pu content in the multi-cycle profiles for the LWR case approach
equilibrium more quickly and at lower equilibrium levels because of the larger burn-up in each cycle.
Also, the 242Pu content increases at a significantly greater rate than in the fast reactor cases because of
the increased generation rate in each cycle. The amount of 241Pu generated in each cycle also increases,
but ~75% of the 241Pu decays to 241Am during the 30-year decay period. Thus, the 241Pu content in the
feed to each cycle remains relatively low.
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238

Pu and precursors

The 238Pu inventory, as well as the pre-cursor isotope (241Am, 237Np) inventories, are compared in
Figure 4 during multiple P-T cycles. For the fast reactor cases, the 238Pu and 241Pu contents are higher
and the 241Am content is smaller when the shorter (five-year) decay period is used in each P-T cycle.
In comparison, the 238Pu content is greater in the LWR multi-cycles. Also, the 241Am is equally
high or slightly greater than in the fast reactor multi-cycles. This occurs even though the 241Am burn-up
in the LWR is greater in each cycle, because an almost equal amount of 241Am is generated by decay
from 241Pu. It is this phenomenon that indicates the optimum results would result from irradiating
241
Am in LWRs where greater burn-up occurs and from irradiating plutonium in fast reactors to
prevent formation of 241Pu and its decay daughter, 241Am.
Figure 4. Comparison of 238Pu and its precursor isotope
inventories in the feed to each cycle during multiple P-T cycles
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TRU elements
The elemental isotopes were summed to compare the TRU element inventories during multiple
P-T cycles in Figure 5. The inventory profiles for the two fast reactor cases are similar. In the LWR case,
the minor TRU actinide inventories are similar to the fast reactor cases, but the plutonium inventory
approaches equilibrium more quickly and at a lower amount. Overall, the performance using compact
ABRs (FR/0.25 CR) is not greatly different from that obtained in LWRs with 30-year decay periods.
Total TRUs
All TRU elements were summed to compare the multi P-T cycle performance for the compact
ABR (FR/0.25 CR) with that obtained from LWRs with 30-year decay periods. Figure 6 shows the
Total TRU mass profiles and Figure 7 shows the TRU integral heat profile. In both figures, the mass
and heat accumulations are compared with once-through operations.
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Figure 5. Comparison of TRU element inventories
in the feed to each cycle during multiple P-T cycles
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Figure 6 shows that the mass of TRU actinides is actually greater in the spent fuel from the fast
spectrum irradiations (FR/0.25 CR) than from the thermal spectrum irradiation (LWR); while Figure 7
shows that the TRU integral heat content [4] is greater in the spent fuel from the thermal spectrum
irradiation (LWR).
Figure 6. Comparison of TRU inventory in the feed to each cycle during multiple P-T cycles
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Figure 7. Comparison of integral heat from TRUs
in the feed to each cycle during multiple P-T cycles
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Conclusions based on comparison of data with generic accumulation chart
Figure 8 shows the generic accumulation of spent fuel (and TRU actinides) without dimensions
because of the uncertainty regarding when recycling will begin. The accumulation in the once-through
case is linear (currently ~2 000 MT/year spent fuel and ~23 MT/year TRU actinides). At the point that
recycling is begun at the rate of generation, the accumulation begins to decrease. At equilibrium
(several P-T cycles), a state of approximate “no net production” is reached.
Starting at the point that recycling is begun at the rate of generation, Figure 6 shows a similar
decrease in TRU accumulation in the spent fuels from both fast spectrum irradiation (FR/0.25 CR) and
thermal spectrum irradiation (LWR). However, in all cases, the accumulated inventory on hand at the
time recycling begins is not reduced. Even if the “oldest fuel first” concept is used, then the amount of
inventory on hand at the beginning of recycling is maintained but not reduced. No additional storage
capacity is required for spent fuel assemblies, but the TRU in the existing inventory continues to
increase until the “no net production” condition is reached.
Based on this comparison, the conclusions reached are:
1) Decreasing the inventory will be difficult, even after deployment of ABRs.
2) Starting recycling as soon as possible is the most effective way to stop the inventory growth.
3) Burning minor actinides (or at least Am-Cm) in LWRs and Pu (or Pu-Np) in FRs appears to
be optimum.
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Figure 8. Generic accumulation rates

Optimum burnout of 241Pu-241Am
Based on the last conclusion, further calculations were done using the HELIOS model to confirm
the previous indication. Table 4 shows the same data as Table 2 for one core burn-up (first P-T cycle)
plus the results in the far-right column for the case where Pu-Np is irradiated in the FR/0.25 CR and
Am-Cm is irradiated in the LWR. The comparative results of the 241Pu-241Am burn-up are shown for
each case at the bottom of the chart, and confirm the third conclusion above.
Table 4. Comparative burn-up rates for 241Pu-241Am
1st cycle
transmutation feed
LEU spent fuel
30-year decay
237

Np, MT/y

238

Pu, MT/y
Pu, MT/y
Pu, MT/y
241
Pu, MT/y
242
Pu, MT/y
Total Pu, MT/y
239
240

241

1.097
0.302 (1.5%)
13.05 (66.6%)
4.66 (23.8%)
0.703 (2.6%)
0.888 (4.5%)
19.60

LWR recycle
spent fuel
@ discharge
0.44
1.57 (12.1%)
3.53 (27.2%)
3.97 (30.6%)
2.06 (15.9%)
1.83 (14.1%)
12.96

FR/0.50 CR
spent fuel
@ discharge
0.712
0.728 (4.5%)
9.56 (58.7%)
4.51 (27.7%)
0.620 (3.8%)
0.880 (5.4%)
16.30

FR/0.25 CR
spent fuel
@ discharge
0.645
0.747 (5.2%)
7.68 (53.6%)
4.41 (30.8%)
0.622 (4.3%)
0.870 (6.1%)
14.33

Pu-Np in FR/0.25 CR
Am-Cm in LWR
combined spent fuel
@ discharge
0.73
1.32 (8.4%)
8.15 (51.8%)
4.55 (28.9%)
0.69 (4.4%)
1.01 (6.4%)
15.72

Am, MT/y
243
Am, MT/y
Total Am, MT/y

2.31
0.177
2.49

0.47
0.40
0.88

1.41
0.190
1.67

1.29
0.191
1.547

0.40
0.18
0.59

244
Cm, MT/y
Total Cm, MT/y

0.0166
0.0198

0.340
0.559

0.057
0.181

0.063
0.205

0.142
0.298

∑241Pu + 241Am, MT/y
∑241Pu + 241Am, % burnup

3.01
------

2.53
16.0%

2.03
32.6%

1.91
36.5%

1.09
63.8%

474

REFERENCES

[1]

Forsberg, C.W., E.D. Collins, J.P. Renier, C.W. Alexander, “Can Thermal Reactor Recycle
Eliminate the Need for Multiple Repositories”, Proceedings of the 8th Information Exchange
Meeting. Actinide and Fission Product Partitioning and Transportation, OECD Nuclear Energy
Agency, Paris, France (November 2004).

[2]

Stillman, J.A., R.N. Hill, “Effect of Thermal-Spectrum Transmuter Deep Burnup of
Transuranics on Fast Spectrum Transmuter Performance”, Proceedings of Global 2003,
American Nuclear Society, New Orleans (November 2003).

[3]

Smith, M.A., E.E. Morris, R.N. Hill, “Physics and Safety Studies of Low Conversion Ratio
Sodium Cooled Fast Reactors”, Proceedings of Global 2003, American Nuclear Society,
New Orleans (November 2003).

[4]

Hoffman, E.A., Mixed-Oxide with Enriched Uranium Fuels in LWRs, ANL-AFCI-164, Argonne
National Laboratory, Argonne, IL (March 2006).

475

DEVELOPMENT AND ASSESSMENT OF STRUCTURAL
MATERIALS AND HEAVY LIQUID METAL TECHNOLOGY FOR
TRANSMUTATION SYSTEMS (DEMETRA) WITHIN EUROTRANS

Concetta Fazio1, Abderrahim Al Mazouzi3, Friedrich Groeschel5,
J. Henry2, Ferry Roelofs6, L. Soler4, Paolo Turroni7
1
FZK, Hermann-von-Helmholtz-Platz 1, D-76344 Eggenstein-Leopoldshafen, Germany
2
CEA, Saclay, F-91191 Gif-sur-Yvette Cedex, France
3
SCKxCEN, Boeretang 200, F-2400 Mol, Belgium
4
CIEMAT, Medioambientales y Tecnológicas Avenida Complutense 22, E-28040 Madrid, Spain
5
PSI Switzerland, CH-5232 Villigen, Switzerland
6
NRG, Westerduinweg 3, P.O. Box 25, NL-1755 ZG Petten, Netherlands
7
ENEA, Via Martri di M. Sole 4, I-40129 Bologna, Italy

Abstract
This paper summarises the R&D programme on heavy liquid metal technology (HLM) defined in
the frame of the EUROTRANS project. The R&D programme is focused on materials studies,
thermal-hydraulics and on development of technologies.
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Introduction
The DEMETRA domain of the EUROTRANS project [1] is devoted to liquid metal technology
development as well as to the materials and thermal-hydraulics characterisation of the different
components of the XT-ADS and EFIT systems. At the end of the project, the main outcome of the
DEMETRA domain will be the compilation of database on:
x

Reference materials behaviour in HLM and under irradiation. The selected reference
structural materials are the 9Cr martensitic steel T91 and the austenitic steel AISI 316L.

x

Thermal-hydraulics of the spallation target and of the subcritical blanket.

x

HLM technologies, as for instance impurities monitoring and removal methods, operational
measurement techniques in liquid metal, etc.

x

Physical and computational models in the different disciplines involved will be developed
as well.

To reach these objectives an R&D programme has been fully defined on the basis of the design
needs for the XT-ADS and EFIT and on the results of the experiments and the numerical evaluations
performed in the past programmes both national and sponsored in the framework of the 5th European
Commission Framework Programme (e.g. SPIRE, TECLA, MEGAPIE-TEST and ASCHLIM). In the
following sections the work content of the six work packages of the DEMETRA programme are
summarised and first results are shown.
Specification and fabricability of the reference materials and its operation conditions.
The composition, metallurgy, shape and fabrication procedure including welding of the two
reference materials (T91 and AISI316L steels) is being defined. A batch of the two materials has been
procured and characterised in terms of microstructure and mechanical properties [2] and distributed to
the partners for the tests in HLM and under irradiation. The microstructure of the T91 and the AISI
316L steels are respectively displayed in Figure 1.
Figure 1. Microsturcture of the AISI316L steel (left); microstructure of the T91 steel (right) [2]

Reference materials characterisation in HLM
The objective is to assess the long-term behaviour of the T91 and the AISI 316L steel in flowing
heavy liquid metal. To define the related test matrix, which covers a range of liquid metal flow between
0.01 m/s and 5 m/s and temperature of 450-600°C, in the DEMETRA programme advantage has been
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taken of the facilities available in Europe (Figure 2). The corrosion kinetics will be evaluated with
those experiments and with numerical activities. In addition the weld obtained with TIG and EB as
well as the corrosion barrier obtained with the GESA method are under investigation. The mechanical
performance of the steels is evaluated by performing fatigue, tensile, creep and liquid metal
embrittlement tests in the presence of liquid metal. The first results of fatigue tests of AISI 316L and
T91 in LBE are reported in Figure 3. In addition, the technologies associated with the HLM chemistry
control (e.g. non-metallic elements as oxygen, metallic elements, impurities and slags) are developed
and assessed.
Figure 2. Test matrix for the long-term assessment of the reference materials in HLM
5
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HLM flow [m/s]

4
3

FZK

2

CIEMAT
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Figure 3. Low cycle fatigue experiments performed at CNRS-University of Lille. Experiments
were performed at 300°C and a fatigue lifetime reduction occurs only for high strain [3].

Reference materials irradiation studies
Irradiation studies on the structural materials (martensitic steels and FeAl coatings) in neutron
spectrum (Phénix, CEA) and proton/neutron spectrum (SINQ, PSI) over wide temperature and
dpa ranges are performed. The most challenging activity foreseen in this area is the study of the
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LBE/n-irradiation combined effects. Thus, irradiation experiments are performed in BR2 at SCKxCEN
at 350 and 450°C and in HFR at NRG at 300 and 500°C. The preparation of the BR2 experiment and
the design of the HFR test rig are illustrated in Figure 4. In addition, studies on the behaviour of
volatiles elements (e.g. Po, Hg, etc.) in the HLM are carried out.
Figure 4. Capsule and samples of the BR2 irradiation experiment to be
performed at 350°C in LBE. The irradiation began on April 2006 (left) [4].
Design of the specimen container of the HFR irradiation experiment (right) [5].

Advanced thermal-hydraulics and measurement techniques
Basic thermal-hydraulic studies are performed to develop physical models and validate numerical
tools, useful for the windowless design and safety issues. These studies are related mainly to the
evaluation of the free surface flow, to the study of the HLM/secondary coolant interaction for safety
considerations and to the development of operational measurement techniques. In Figure 5, the
modelling activities on the windowless neutron spallation target performed with CFD code and the
design of the water experiment to validate the calculations are shown.
Figure 5. Windowless target activities. Left: 3-D Euler-Euler, simulation performed
at NRG of free surface height of the windowless neutron spallation target [6].
Right: Scheme of the test section to perform experiments in water at UCL [7].
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Large-scale integral tests
For the thermal-hydraulics activities related with the flow characterisation in the core region of
ADS, two experiments are foreseen:
x

A single fuel pin experiment (TALL, KTH) appropriately instrumented to evaluate the heat
transfer in turbulent conditions across a real cladding.

x

A fuel rod bundle experiment (THEADES, FZK) with the aim to analyse the thermal-hydraulics
behaviour of an array of fuel rods.

In addition, component tests concerning natural circulation and decay heat removal assessment in
a pool-type facility (CIRCE, ENEA) will be undertaken.
MEGAPIE related studies
The irradiation of the MEGAPIE target started successfully on August 2006 at PSI [8]. Within the
framework of DEMETRA the post-test analysis to validate the codes used and to assess the design of
the target is foreseen. This analysis will be completed by the assessment of the system and the
components behaviour, of the instrumentation performance and of the safety issue.
Links to international projects
DEMETRA is linked to the Virtual European Lead Laboratory (VELLA) initiative, to the European
Lead-cooled System (ELSY) project, to the OECD/NEA Working Group on LBE Technologies in the
frame of the Working Party of Fuel Cycle, to the US Program on Materials (e.g. irradiation and
modelling) and HLM (e.g. DELTA loop, LANL), to the Japanese Program (J-Parc) on Materials,
Thermal-hydraulics, Technologies and Performance of Components, and to the Fusion Technology
Program on Materials and Technologies, in addition to the new GEN IV international initiative.
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Abstract
To examine and demonstrate the feasibility of molten salt reactors to reduce long-lived waste toxicity
and to efficiently produce electricity in a closed cycle, national and international studies have been
initiated over the past few years in Europe. In this paper the main focus is placed on the experimental
and theoretical evaluation of the single-stream MOlten Salt Actinide Recycler & Transmuter
(MOSART) system fuelled with compositions of plutonium plus minor actinide trifluorides (AnF3)
from PWR spent fuel without U-Th support, which is under consideration, particularly, in the project
ISTC#1606, Rosatom Transmutation task and IAEA CRP “Studies of Innovative Reactor Technology
Options for Effective Incineration of Radioactive Waste”. The first part of the paper summarises the
most current status of the MOSART design data received within the ISTC#1606 project and the
Rosatom Transmutation task. In the second part of the paper the results of a comparison of a
2 400 MWt MOSART core, performed within the IAEA CRP by different calculation schemes, are
considered. These studies include neutronic and thermal-hydraulic analyses, in particular, benchmarks
on computing-safety-related parameters (reactivity coefficients, effective delayed neutron fraction, etc.)
and transient analyses for simulating relevant hypothetical accidents. Though the work is still in
progress, some preliminary results are presented and new ones will be forthcoming in the near future.
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General description of MOSART concept
In our study [1] the focus is on the double-component scenario, in which Na,Li,Be/F MOlten Salt
Actinide Recycler & Transmuter (MOSART) is used as a TRU burner system of the LWR long-lived
radioactive wastes with the objective to find optimum system parameters while accounting for
technology constraints [2]. The start-up and feed fuel material for the MOSART critical core is a
typical composition of TRUs from UOX spent fuel of a commercial PWR (60 GWd/tU, 4.9% 235U/U,
after 1 year cooling, see Table 1).
Table 1. Start-up and feed material compositions, in mass %
Np
Pu
239
Pu
240
Pu
241
Pu
242
Pu
241
Am
243
Am
Cm

06.42
03.18
43.93
21.27
13.52
07.88
00.55
02.33
00.92

238

There is, of course, not one possible arrangement of MOSART unit. Figure 1 shows the
preliminary design configuration that is used here to evaluate its neutronic and thermal-hydraulic
feasibility (Option 1). As in the well-established MSBR case the fluoride fuel salt mixture is circulated
through the reactor core by four pumps operating in parallel. Pumps circulate salt through heat
exchangers and return it to a common plenum at the bottom of the reactor vessel. Provisions are made
for maintaining fission products at a low required level by continuous fuel salt processing.
The 2 400 MWt MOSART system has a cylindrical core with an intermediate to fast energy
spectrum of neutrons. No solid material is present in the core of this reactor as moderator, only as
external reflector. Fuel salt is molten 58NaF-15LiF-27BeF2 (in mole%) mixture with 479qC melting
temperature fuelled by trifluorides of actinides with mass proportion at equilibrium for the chosen fuel
cycle scenario. The salt inlet temperature in the core is assumed to be 873 K. The diameter (D)/height
(Heff) of the cylindrical core is about 3.4 m/3.6 m (Vcore = 32.67 m3). The fuel salt volume out of the
core is Vloop = 18.40 m3. Mloop = 2 140*18.4 = 39 363 kg. The fuel salt specific power is about
47 W/cm3 (2 400/(32.67 + 18.40)). The effective flux of such system is near 11015 n/cm2/s. The core
salt mass flow rate G = 10 000 kg/s. The average axial velocity of stream in the core is equal to about
0.5 m/s. The fuel salt enters the core through a 0.5 m inlet radial window at the bottom of the core.
The fuel salt leaves the reactor vessel through a 1 m diameter outlet pipe attached to the top conic
reflector. At core outlet pipe with diameter 1 m, it was increased up to 7 m/s. Out core circulation time
Mloop/G = 39 363/10 000 = 3.94 s. Optimal thickness for removable radial and axial graphite reflectors
accounts for 0.2 m. Thermal conductivity and density of the graphite reflectors were accepted equal to
the following values: OC = 57Wm–1K–1 and UC = 1 800 kg/m3. About 1% of the reflector volume is the
fuel salt. Due to the relative power in the graphite reflectors the total fuel salt flow rate through the
reflectors was fixed at 275 kg/s (2.75% from the total flow). In addition, between reflector and reactor
vessel, 30 cm wide steel blocks with (1% of fuel salt) are installed to reduce the damage flux arriving
at surface of the 5 cm reactor vessel wall made of Ni-Mo alloy. To minimise the reactor vessel wall
temperature the 5 mm fuel salt annulus is assumed between iron blocks and the reactor vessel. The
melting temperature of the primary circuit material is 1 644 K. It is designed to operate at a temperature
of 1 023 K and pressure 500 000 N/m2. The results of thermal-hydraulic calculations for MOSART
fuel circuit (Option 1) received at RRC-KI are given in Table 2.
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Figure 1. MOSART fuel circuit
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Table 2. Thermal-hydraulic characteristics of fuel circuit
Tube spacing in heat exchanger on pitch circle, Si, mm
Inner diameter of downstream tube in heat exchanger D1, m
Outer diameter of one heat exchanger, D2, m
Total number of tubes in four heat exchangers, N
Length of one heat exchanger, l, m
Total volume of fuel salt in heat exchanger tubes, V, m3
Heat transfer coefficient, primary side D1, W/m2
Heat transfer coefficient, secondary side D2, W/m2
Overall heat transfer coefficient, 6, W/m2
Pressure drop in heat exchangers, ' , kPa
Pressure drop in core, kPa
Pressure drop in main circulation pipes, kPa
Total pressure drop in the fuel circuit, kPa

12.2
0.57
1.05
18 591
6.6
6.2
17 100
17 656
5 700
660
3.7
180
840

Fuel salt properties
The selection of suitable fuel salt for MOSART should be based on numerous factors, including
chemical, physical, nuclear, metallurgical and economical. It is important from the technical point of
view that, as result of our studies [2] for a molten Na-Li-Be/F system, quite a wide range with minimal
of LiF (17-15 mole%) and of BeF2 (25-27 mole%) content in the ternary composition was found,
providing fuel salt able to attain solubility of PuF3 up to 2 mole% or even more at 600qC, to maintain
an adequate melting point (<500qC) and very low vapour pressure, to have good nuclear properties
(neutron transparent salt even without 7Li enrichment), low activation, suitable transport properties
and to be moderately expensive (< 10$ per kg). Results of polythermal loop corrosion experiments at
the VNIITF site with on-line redox potential measurement demonstrated that high-temperature
operations (>700qC) with Na-Li-Be/F salt fuelled by plutonium trifluoride are feasible using carefully
purified molten salts and loop internals [2]. It seems that corrosion equilibrium can be minimised by
creating a continuously reducing molten salt fluoride environment – created by setting the melt redox
potential as low as practically reasonable, through the insertion of reducing beryllium metal. The main
properties of the molten 58NaF-15LiF-27BeF2 (mole %) mixture to be used in the calculation and
comparison are listed below [2].
PuF3 solubility in the melt was measured using an original technique of local J-spectrometry
developed by VNIITF. It provides a reliable determination of equilibrium in system melt-solid state
and measurement with a relative error of less than 9%. The effect of NdF3 in diminishing the solubility
of PuF3 in molten Na-Li-Be/F mixture was experimentally determined. The presence of EuF2 up to
0.3 mole% in solvent did not affect PuF3 solubility in the molten NaF-LiF-BeF2 mixture. For molten
15LiF-58NaF-27BeF2 mixtures (in mole %), the data appear to follow a linear relationship within the
experimental accuracy of the measurements when plotted as ln P of molar concentration of PuF3 vs.
1/T(K):
lnP

0.5936 
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10 4
 7.49
T

The density of molten 58NaF-15LiF-27BeF2 (mole %) mixture has been measured at RRC-KI
using a hydrostatic weighing method in the temperature range 482-770qC. The margin of error is
estimated to be 0.9%. The following correlation of density on temperature is obtained:
U(g/cm3) = 2.163r0.0023 – (4.06r0.29)10–4[t(oC) – 601.4]
The thermal conductivity of a molten Na-Li-Be/F system was measured at RRC-KI employing a
monotonous heating technique in the temperature range 500-750qC. Total dispersion of measurements
is determined by accuracy of calibration and is estimated to be 15%. The following correlation is
obtained by the least-squares method:
O(W/(mxK)) = 0.838 + 0.0009 [t(qC) – 610.3]
Viscosity of different molten Na-Li-Be/F mixtures has been measured at RRC-KI by method of
attenuation torsional oscillations of the cylinder with melt under study in a temperature range from
freezing up to 800qC. Accuracy of measurement is 4-6% (dispersion). The obtained data are in
agreement with results of earlier measurements for close molten Na-Li-Be/F compositions made at
ORNL. The addition of 1 mol.% CeF3 to molten 58NaF-15LiF-27BeF2 (mol.%) mixture leads to some
decrease of kinematic viscosity. This effect is negligible at high temperatures, and grows as the
temperature decreases. The dependence of kinematic viscosity vs. temperature in the temperature
range 480-800qC is represented as:
Q(m2/s) = 0.1360exp{2914/T(K)}
The heat capacity (Cp  I 7  IRU the temperature range 700-1 000 K was evaluated by IHTE
based on molten data for binary systems and individual components.
Cp(Jkg–1K–1) = 2090
Vapour pressure was evaluated at FZK using the ideal mixture method. The boiling temperature
of the most volatile component of the fuel salt, BeF2, is 1 448 K at the pressure level of 1 bar.
The dependence of vapour pressure vs. temperature is represented as:
ln p (Pa) = 18.920 – 1.469*10–4 T(K) – 25283/T + 0.9819 ln(T)
Fission product removal and TRU recycling
Methods and cycle times for fission product removal and TRU recycling are given in Table 3
Most important processing operations consist in recycling of actinides for transmutation and removing
lanthanides in order to hold: (1) actinides plus lanthanides content in the fuel salt below the solubility
limit; (2) neutron absorption in lanthanides to an acceptable level. As can be seen this flow sheet is
mainly based on reductive extraction of soluble fission products to liquid metal.
At the first stage of the fuel salt clean-up, all actinides and soluble fission products are co-extracted
into liquid bismuth in order to return purified salt to the fuel circuit. At the second stage, the main part
of actinides with an acceptable amount of soluble fission products are re-extracted and recycled to the
core for transmutation. This differs from the well-established Li-Be/F solvent system, for the ternary
Na-Li-Be/F system the sodium behaviour is not completely clear in the presented clean-up flow sheet.
The partial extraction of sodium can occur from molten salt into liquid bismuth and lead to additional
consumption of reagents (lithium, bismuth, etc.). However, we believe that sodium extraction will not
complicate the fuel salt clean-up essentially.
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Table 3. Methods and cycle times for fission product removal and TRU recycling
Component
Kr, Xe
Zn,Ga,Ge,As,Se,Nb,Mo,Ru,Rh,Pd,Ag,Tc,
Cd,In,Sn,Sb,Te
Zr
Ni, Fe, Cr
Np, Pu, Am, Cm
Y, La, Ce, Pr, Nd, Pm, Gd, Tb, Dy, Ho, Er, Sm, Eu
Sr, Ba, Rb, Cs

Removal time
Wg = 50 sec
Wnm = 2.4 hr

Removal operation
Sparging with He
Plating out on surfaces
To off gas system

WLn = 300 efpd
Reductive extraction
>30 yr

In order to reduce actinide losses to the waste stream, the sharp separation of actinides and fission
products remaining in the liquid bismuth is carried out in the suggested process flow sheet by
electrowinning of actinides on solid inert electrodes in another salt solvent, which is free of beryllium
difluoride. Operations of solvent system change and dissolution of actinides deposited on the electrode
are carried out with the use of intermediate media, e.g. liquid metal (bismuth). In the flow sheet under
consideration lanthanides are removed from molten salt by oxide precipitation. Alternative processes
of lanthanide removal may be done by electrowinning on solid inert electrodes (the salt melts used
should be more stable on electrolysis as, e.g. LiF-CaF2), or reductive extraction in liquid bismuth. The
LiF-BeF2 melt may be the most suitable solvent for the clean-up process in the latter case. A reductive
extraction process in system “molten salt-liquid metal” with the use of a system of extractors or of a
counter-current extractor may be viewed as a versatile alternative of sharp separation of actinides and
fission products. Reasonable losses of actinides to wastes (<10–3) could be available after several
extraction stages.
Data and codes for neutronic analyses
Several nuclear data libraries (in particular ENDF/B-VI, JEF-2.2, JEFF-3.0, JEFF-3.1, JENDL-3.3)
were used for performing the analyses. Both multi-group deterministic and Monte Carlo models (with
“pointwise” nuclear data libraries) were employed. Participants from BME, NRG, RRC-KI, SCKxCEN
made computations with different versions of the MCNP [4] or MCNPX [5] codes. The NRG version
of MCNP includes an extension [6] for computing Eeff, the effective delayed neutron fraction. In addition
to MCNP, BME employed a 1-D Sn code, XSDRNPM [7] and a corresponding 172-group library
based on JEFF-3.1. This code relies on a buckling (that is computed on the basis of the core height)
correction technique in 2-D that may bring a significant uncertainty into computed keff values in the
2-D case. However, the computed 172-group spectra are assumed to be accurate for computing
few-group macroscopic group cross-sections.
The four-group macroscopic cross-sections (for different reactor sub-regions, at different
temperatures) computed by XSDRNPM were employed at Polito with a 2-D diffusion code [8]. This
code computes keff and neutron flux and takes into account the effect of fuel movement on the delayed
neutron precursor concentrations (if the fuel velocity distribution is known).
At FZK, a 560-group cross-section library [9] (several versions of the library are available, for
JEFF-3.0, JENDL-3.3, etc.) was employed for: 1) computing composition-dependent cross-sections;
2) producing smaller cross-section libraries (which include, in particular, f-factors) with 172 and
9 energy groups. Two-dimensional 560-group neutron transport calculations were performed with
the DANTSYS code [10]. Coupled neutronics (9-group) and thermal-hydraulics calculations were
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performed with the 2-D SIMMER-III code in order to obtain the velocity distribution and evaluate the
effect of the delayed neutron precursor movement at steady-state conditions. In addition to MCNP,
RRC-KI employed another Monte Carlo code, MCU, which takes nuclear data from a related code
library, MCUDAT [11].
Static neutronic analyses
The equilibrium fuel salt composition was obtained for the calculation model shown in Figure 2
in RRC-KI [2] with the help of MCNP-4B+ORIGEN2.1 code (with library received on the basis of
ENDF/B-V,VI) calculation of transition to equilibrium of 2 400 MWt MOSART core with fuel salt
power density qv = 47W/cm3 and soluble fission product removal time WLn = 300 efpd.
Figure 2. MOSART core: Model for neutronic studies – cylindrical geometry

On the boundary of the calculation model the condition of boundary with vacuum was accepted.
At equilibrium state AnF3 concentration in fuel salt is 1.03 mole% (compared to 0.6 mole% for infinite
core). Note that at equilibrium, AnF3 concentration (in mole%) is about one order of magnitude higher
than that of LnF3 in fuel salt. At this state, a large number of TRUs contribute significantly to the
neutron balance in the system, nuclides up to 251Cf being considered in the benchmark. Transient to
equilibrium in the 2 400 MWt MOSART core requires about ten years.
The principal benchmark results are given in Table 4. The keff calculations were performed with
core/reflector temperature values of 900/950 K. All figures in Table 4 are obtained by assuming no
inlet in the radial and top reflectors. A simplified 2-D model (a right cylinder without axial reflectors)
was used at Polito. Thus, the BME (1-D) and Polito keff results include an uncertainty that is related to
the approximate geometry treatment. Assuming that the error related to the 172-group approximation
applied by XSDRNPM (for discretisation in energy) is minor (that aspect is discussed later), one may
conclude (by comparing the keff results of BME and Polito with those of other participants) that the
corresponding geometry approximations may have a minor influence on the computed reactivity
effects and kinetics parameters.
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Table 4. MOSART main reactivity and kinetics parameters

keff

BME
MCNP4C+
JEFF 3.1/
1-D, 172 gr.
+JEFF 3.1/
MCNP4C+
JEF 2.2
1.00905/
1.01984/
0.96462

D-total,
pcm/K

/-3.86

D-Doppler,
pcm/K

/-1.67

D-reflector,
pcm/K
Generation
time, Ps
Eeff, pcm
(static)

/-0.05

FZK
2-D, 560 gr.
JEFF 3.0/
JENDL 3.3/
ENDF 6.8/
JEF 2.2
0.99285/
1.01023/
0.98474/
0.96498
-3.86/
-3.82/
-3.86
-1.52/
-1.53/
-1.46
-0.05
8.3/
8.2
/340

NRG
MCNP4C
JEFF 3.1/
JEFF 3.0

Polito
2-D, 4 gr.
JEFF 3.1

RRC-KI
MCNP4B+
ENDF 5.6/
MCU+
MCUDAT

SCK•CEN
MCNPX
JEFF 3.1

1.00887/
0.99335

0.99595

0.99791/
0.98930

1.00904

-3.75

-3.78

-3.71/
-3.41

-3.66

-1.42

-1.73

-1.62/
-1.09

-1.69

-0.04
8.8
326

The Monte Carlo and 560-group based keff values, obtained using the JEF-2.2 nuclear library, are
in excellent agreement (the deviations are about 50 pcm or smaller, which is similar to the statistical
uncertainty of the MCNP keff results) provided that the same nuclear data are used. That is in line with
previously published results [8] on using the 560-group data for kinf studies of graphite-free molten salt
systems with the major fertile nuclide being either 232Th or 238U. On the other hand, these studies have
shown a very large sensitivity of the computed kinf values to the group structure (e.g. the 172-group
results overestimated kinf values at high temperatures by about 3 000/1 000 pcm in the 238U/232Th cases
compared to the 560-group and MCNP results) and to the energy threshold (the error was about
600/200 pcm if this value was lower than 30 eV), above which the upscattering effects (in particular
for neutron scattering on F19) are ignored. By generating a 172-group library from the 560-group one
and comparing the 560-group and 172-group keff results, only a minor deviation (of about 200 pcm)
was observed at FZK; similarly the mentioned “upscattering” effects were much smaller. The reason
for better performance of the simplified energy discretisation model (with 172 groups) in the
MOSART case is that there is no single fertile nuclide (like 238U and 232Th) in the system. Since the
neutron spectrum in MOSART (without graphite in the core) includes a significant fraction of neutrons
with energies above a few eV (see Figure 3), a quite accurate modelling of neutron interaction with
nuclei (in particular heavy nuclides and F19) at energies near the major resonance peaks of the fertile
nuclides is required if neutron absorption by these fertile elements contributes significantly to the
overall neutron balance. Though the spectra shown in Figure 3 indicate a higher fraction of lower
energy neutrons near the core and reflector boundary (R = 170 cm) due to moderation in the graphite
reflector, the neutron spectrum can be considered to be essentially a fast one, a very important feature
for a transmuter system.
Criticality values computed with different nuclear data may differ significantly. In particular a
strong difference can be seen between the JEFF-3.1 and JEF-2.2 cases. The reasons for this difference
were investigated at BME by considering originally all data from JEFF-3.1 and then replacing data for
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Figure 3. Axially averaged flux spectra in MOSART at different radial locations
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particular nuclides by those from JEF-2.2. The major contributions (to the difference between the
JEFF-3.1 and JEF-2.2 results) come from Cm isotopes, 9Be and 19F. This result underlines the
importance of using new evaluated data (which are assumed here to be more accurate) for the
mentioned non-heavy nuclides in the molten salt case.
All D-coefficients (total, Doppler, reflector) shown in Table 4 are related to heating up the core
and reflector by 600 K (from the state, at which the keff values were computed). The D-total coefficient
is the total reactivity effect divided by 600. The D-Doppler coefficient is determined similarly, except
that the salt density is assumed to be temperature-independent. The D-reflector coefficient only takes
into account the temperature variation in the reflector.
The temperature coefficients are favourable for the reactor safety (unlike the case with solid fuel
transmutation reactors, which may require a subcriticality and an external neutron source for coping
with safety problems), in particular due to strong density and Doppler effects. The reflector coefficient
plays a minor role.
The reactivity coefficients obtained by different participants are in reasonable (for the purpose of
safety analyses) agreement, except the underestimation of the MCU results (in particular due to the
fuel Doppler effect) compared to the others.
Results of all participants show a similar trend in temperature dependence of the coefficients.
Though the Doppler coefficient varies appreciably (up to 20% if a smaller temperature shift,
e.g. 100 K or 300 K, instead of 600 K, is considered), a relatively weak variation (less than 5%) of the
total D-coefficient is observed. The reflector coefficient shows stronger variation (it can be lower or
higher by ca. 50% at lower or higher salt and reflector temperatures), but the absolute value remains
well below 0.1 pcm/K in all cases considered.
Note that the RRC-KI calculations [2] of reactivity coefficients have been done not only for an
isothermal core, but also on the basis of 3-D temperature distributions for core operating at nominal
power, received in thermal-hydraulic calculation. Taking into account temperature distribution in the
core operating at nominal power makes temperature reactivity coefficients about 50% more negative,
compared to an isothermal core.
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Generation time values computed at Polito are higher than those computed at FZK (see Table 4),
the first values increasing with temperature (by ca. 20% after heating up the core by 600 K) while the
latter ones remain almost unchanged. This can most probably be attributed to different cross-section
generation options employed in each case.
The Eeff values (shown in Table 4 and computed by assuming no delayed neutron precursor
movement) were calculated at FZK and NRG. They agree reasonably well taking into account use of
different nuclear data and Monte Carlo statistical uncertainties (ca. 5 pcm). According FZK results,
major nuclide contributions come from 241Pu (ca. 60%), 239Pu (ca. 17%), 245Cm (ca. 9%) and 247Cm
(ca. 4%).
For the core with 20 cm graphite reflectors 3-D power distribution maps have been obtained.
These calculations were done for the core design with the help of MCU and MCNP codes at RRC-KI
and at SCKxCEN by MCNPX JEFF-3.1 (Figure 4). As can seen from Figure 4 for graphite reflectors
there is significant power growth on the boundary of the fuel salt and graphite reflector due to thermal
neutron return to the core. According to RRC-KI calculations [2] relative power output due to n+J
radiation in graphite reflectors is 2.2% of total core power. In whole power densities distributions
received by different codes are in agreement. The asymmetry of the power density distributions received
in the top part of the core reflects the taking into account of a conic top reflector and outlet pipe.
Figure 4. MOSART power density distribution in W/cm3: Radial (left) and
axial (right) profiles in cm; calculation of SCKxCEN by MCNPX JEFF-3.1

R  2.5 cm

Core-wise

Thermal-hydraulic analysis
Two options were considered in the thermal-hydraulic studies: the fuel salt enters into the core
through a radial window of 0.5 meter height (Option 1, as shown in Figure 1) or enters from the top
into the peripheral salt annulus or 20 cm thick (Option 2, see Figure 8). In both cases, the salt leaves
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the core through a pipe (of 1 m diameter) of the top conic reflector. On the basis of 3-D power
distributions received at RRC-KI [2] from neutronics calculations for 2 400 MWt MOSART core with
reflectors, the thermal-hydraulics calculations were carried out.
These calculations were executed by Russian commercial code Flow Vision [2]. The connected
task was considered: core thermal-hydraulics and process of thermal conductivity in reflectors.
Calculations of the connected thermal-hydraulics task (core with graphite reflectors) have allowed due
to increase of height of a radial fuel salt inlet window from 0.1 m up to 0.5 m and uses top conic
reflector, instead of a flat one, to carry out alignment of core velocity distribution.
However in the bottom part on the periphery of the core a small recirculation area was maintained.
Introduction of the distribution plate at core inlet with a porosity of 32% has allowed: completely to
remove recirculation areas of flow and to keep the maximal temperature of fuel salt to a level 1 036 K,
that only 48 K higher than average fuel salt temperature at core outlet (see Figure 5). Pressure drop on
the distribution plate has made 3.7 kPa. The temperature of a radial reflector has decreased down to
1 087 K.
Figure 5. Velocity (left, in m/s) and temperature (right, in K) distributions in longitudinal
section for core with graphite reflector, Hin = 0.5 m and inlet porous distribution plate) [2]

The temperature and velocity distributions for Option 2 (computed at steady-state by employing
the SIMMER [3] code) are shown in Figure 6(a), the temperature (from 752.15 to 1 180.6 K) and
velocity (3 m/s) scales being given. This flow profile was obtained after trying several distribution
plate arrangements: to avoid stagnant regions and reverse flow; otherwise the maximum salt
temperature could be appreciably higher than shown in Figure 6.
As can be seen from Figures 5 and 6 optimised MOSART core configurations can satisfy the two
most important thermal-hydraulic considerations: 1) the maximum temperature of solid reflectors is
low enough to allow its use for suitable time; 2) regions of reverse or stagnant flow are avoided. Note
that for the first option the maximal temperature of the fuel salt is 150 K below as compared to the
second one.
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Figure 6. Temperature (in K) and velocity (in m/s) distribution in the MOSART core
(the salt enters from the top into the peripheral salt annulus)
a) At nominal power, t = 105 s, velocity vector is 5 m/s, b) ULOF at t = 125 s, velocity vector is 1 m/s,
c) ULOF at t = 165 s, velocity vector is 1 m/s

Further specification of thermal-hydraulics characteristics of core and reflectors may be received
by use of two-temperature model of a porous body. Also it will be necessary to take into account
reactor vessel protection required, by e.g. 30 cm wide iron blocks with (1% of fuel salt) installed to
reduce the damage flux arriving at surface of the 5 cm reactor vessel wall made of Ni-based alloy
Hastelloy NM. To minimise the reactor vessel wall temperature the 5 mm fuel salt annulus would be
assumed between the iron blocks and the reactor vessel.
Effect of delayed neutron precursor movement at steady state
The effect of the delayed precursor movement at steady state was evaluated at FZK and Polito.
Different salt velocity profiles and different geometry models were employed. The velocity profile
(together with the precursor distributions) was computed at FZK by SIMMER [see Figure 6(a)] for the
“top inlet” Option 2 as a result of a 100 s “transient” simulation that initially brings a “non-equilibrium”
(determined by input code parameters for a “coarse” geometry mesh) core reasonably close to
steady-state conditions (the velocity profile as well as the reactor power varied significantly during this
simulation). The velocity profile employed at Polito was computed at RRC-KI for the “radial inlet”
Option 1. Both profiles show a similar feature: a higher salt velocity closer to the centre. An additional
difference in modelling comes due to the geometry approximation applied at Polito: simulating the
flow in the right cylinder leads to a higher salt residence time in the core (ca. 8 s) compared to the
FZK case (ca. 7 s). Since in both cases, the “loop” time is similar (ca. 4 s), the relative fraction of
the “loop” time (during which the precursors decay being outside the core) compared to the total
salt circulation time differs by ca. 9% in these two cases. We assume that the effect of the precursor
movement (relative variation of the effective fraction of delayed neutrons due to salt flow,
Eeff-lost/Eeff-static) differs mainly due to the mentioned deviation in modelling. This effect is ca. 50%
in the FZK case and 42% in the Polito case. These results are currently considered as preliminary and
should be confirmed by future studies.
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The computed “movable precursor” effects in MOSART seem to be relatively strong compared to
MSRE (ca. 33% according to the experiment) [12]. Note, that the residence times in the (1) MSRE
core, (2) plena below/above the core and (3) in the loop are ca. (1) 8.2, (2) 4.3, and (3) 12.4 s. Thus the
MSRE “loop” time fraction is larger compared to the MOSART, but the effect in the MSRE is
smaller. To get a deeper understanding of the situation, calculations with the flat velocity profile
(similar to that one assumed in the MSRE case) were performed at Polito. Using the flat profile
(instead of the “real” one) reduced the “movable precursor” effect to 33% (from 42%). This happened
due to higher salt velocities (in the “real” flow profile) in the centre where the fission source is at
maximum. Thus the “effective” salt residence time in the core decreases when the “real” non-flat
MOSART velocity profile is employed. One should also consider effects of the axial shape of fission
source in the MOSART and MSRE cores. Preliminary evaluations show that the MSRE one is more
flat in average, thus increasing the “effective” salt residence time and decreasing the “movable
precursor” effect. These evaluations should be confirmed in the future.
Transient analysis
As applied to the MOSART concept the special initiating events which could lead to the
reactivity changes in MSR are summarised below: change of the effective delayed neutron fraction
due to the stopping and starting fuel circulation; increase of the fissile material concentration in the
fuel; changes in the fuel composition and density (voiding of fuel channels, changes in the gas fraction
in the fuel and a primary circuit overcooling).
The following basic transients could be analysed:
x

An unprotected loss of flow (ULOF), due to the loss of forced circulation in primary and
secondary systems, the core inlet temperature being assumed to remain at a constant level at
about 5% of its nominal value (natural convection).

x

An unprotected transient over power (UTOP) due to a 300 pcm jump in reactivity, the core
inlet temperature being assumed to remain at constant level.

x

A primary circuit overcooling transient, with the inlet temperature reduced by 50°C in
50 seconds.

The extension of the neutronics module of SIMMER coupled with the thermal-hydraulic part was
applied by FZK for the transient calculations of an unprotected loss of flow (ULOF) in the MOSART
concept reactor (Option 2) [13]. RZ fluid-dynamics mesh is 20 u 30, the neutronics mesh is 60 u 90.
The calculation was first performed with keeping the total fuel flow rate constant until the steady
condition was obtained. Then, the ULOF was performed from the steady state (in this calculation the
pump coast-down begins from t = 105 s). Those pump coast-down data were taken from [14]. The
pump coast-down begins immediately after t = 105 s, and relative pump power goes to zero until
t = 125 s, then the calculation was continually performed until t = 165 s.
Figure 6 gives the evaluation of molten salt temperature and velocity distribution during the ULOF.
Figure 6(a) shows the steady state at t = 105 s. The maximal fuel temperature region is near the reactor
axis and in the reactor midplane, and furthermore, the maximal molten salt temperature is about 1 180 K.
The salt temperature and velocity distribution at t = 125 s is given in Figure 6(b) and Figure 6(c)
shows the salt temperature and velocity distribution at t = 165 s. The highest liquid fuel temperatures
can be observed in this upper-right corner region, where the precursor accumulates during the ULOF.
Though there is no pump power to drive the liquid fuel, the fuel flows continually because of the
natural convection.
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Conclusions
It is important from the technical point of view that, as result of our studies for molten Na-Li-Be/F
system, quite a wide range with minimal LiF (17-15 mole%) and of BeF2 (25-27 mole%) content in
the ternary composition was found, which provide fuel salt able to get a solubility of PuF3 up to
2 mole% or even more at 600qC, to maintain an adequate melting point (<500qC) and low vapour
pressure, to have good nuclear properties (neutron transparent salt even without 7Li enrichment), low
activation, suitable transport properties and to be moderately expensive (< 10$ per kg).
Several nuclear data libraries, codes and computation models were employed to compute neutronic
and thermal-hydraulic safety-related parameters for the MOSART concept. The results show that the
parameters are favourable for reactor safety, mainly due to the strong density and fuel Doppler effect.
The results are in principal in agreement with respect to the major reactivity effects. Though the work
is still in progress, some preliminary results are presented and new are forthcoming in the near future.
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Abstract
In this paper a possibility of using the lead isotope 208Pb as a coolant for the PDS-XADS type target
and 80 MWthermal subcritical core is considered. Calculations of neutronic characteristics were performed
using Monte Carlo technique.
The following initial data were chosen: annular core with the target in its centre; core coolant – 208Pb
(100%); fuel – a mix of mono nitrides of depleted uranium and power plutonium with a small share of
neptunium and americium; target coolant – modified eutectic, 208Pb (80%)-Bi (20%); proton beam
energy – 600 MeV; effective multiplication factor of the core – Keff = 0.97; thermal power of the
core – N = 80 MW.
From the calculations it follows that in using 208Pb as the core coolant the intensity of the external
source of neutrons to deliver 80 MWthermal power is equal to S = 2.29·1017 n/s, which corresponds to a
proton beam current Ip = 2.8 mA and a beam power Np  :
In using natural lead instead of 208Pb, the effective multiplication factor of the core under a normal
operating regime falls down to the value equal to Keff = 0.95. Under these conditions multiplication of
external neutrons in the core and thermal power of the core are below nominal by a factor of 1.55.
To achieve the rated core power N =  :thermal it is required to increase the fuel loading and volume
of the core by ~20-30%, or to increase the intensity of the external source of neutrons by 1.55 times.
In the last case, the required parameters of the neutron source are as follows: intensity of external
source neutrons S = 3.55·1017 n/s, beam current Ip = 4.32 mA, beam power Np  W.
To exploit the accelerator with this lower proton beam current about ~56 tonnes of 208Pb will be
required, as a minimum, for the core coolant. The cost for obtaining it can be recovered due to the
economy of the proton accelerator construction cost. In this case, the acceptable price of the lead
isotope 208Pb must be less than $2 860/kg.
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Introduction
Previously, the authors of this paper proposed a concept of creating materials with controlled
isotopic composition of the chemical elements for the needs of nuclear engineering [1]. Within this
concept, it was proposed to use a liquid coolant consisting of the low activation lead isotope 206Pb
instead of natural lead, natPb, for emerging nuclear facilities [2]. The isotope 206Pb was named as a
“pure” lead.
Nevertheless, sometimes it is required to have a hard neutron spectrum in nuclear facilities
neglecting the problems of activation of the lead coolant. In particular, such a necessity arises in the
accelerator-driven system (ADS) dedicated to burning transuranium elements such as 237Np, 241 P
243
Am, 244Cm – wastes of nuclear power plants (NPP).
Presently, several research centres of the European Community are developing the demonstration
facility EFIT that is designed for transmutation of minor actinides (MA) and long-lived fission
products. It is supposed that the power of the EFIT subcritical core will be equal to 500-1 000 MWthermal
and that it will be driven by a proton beam of energy Ep = 600-1 000 H9DQGFXUUHQW,p = 15-20 mA.
In support of this project, in 2002-2006 the European facility PDS-XADS with a power of 80 MWthermal
and the facility XT-ADS (MYRRHA) with a power of 50 MWthermal were designed. In the XT-ADS
facility a conventional eutectic, natPb (45%)-Bi (55%), was proposed as a coolant for a target and
a blanket.
With the aim of hardening a neutron spectrum, in this paper the potential opportunity of using the
modified eutectic consisted of low neutron moderating isotope 208Pb (80-90%) and Bi (20-10%) is
considered. The proposal to use this modified eutectic in the ADS target was made for the first time by
the authors in Ref. [3].
The possibility of using lead isotope 208Pb as a coolant for the 80 MWthermal subcritical core is also
considered. The ADS core needs a hard neutron spectrum to promote burning MAs via fission
reactions. For this goal the core coolant consisting of a low neutron absorbing heavy metal, such as
208
Pb, is preferable to natPb. The results of calculations of neutron spectra of the core cooled by 208Pb
are given and these data are compared with spectra obtained for the case when natPb is used as the core
coolant.
ADS target consisting of the modified lead-bismuth eutectic
With the aim of a neutron spectrum hardening it was proposed to increase the lead content and
correspondingly to increase the operating temperature of the eutectic, for example from ~250° for the
conventional eutectic up to ~350° for the modified eutectic.
Neutron spectra of targets of various contents are displayed in Figure 1. The fluxes of secondary
neutrons arising in the central part of a cylindrical target with a diameter of D = 40 cm and a height of
L = 50 cm per 1 proton with energy Ep = 600 MeV are shown. Spectra of secondary particles (neutrons
and protons) were calculated using Monte Carlo code (up to 10 million operations, statistical error is
0.24% for neutrons and 0.03% for protons).
In Figure 2 the spectra of the eutectics of 208Pb (80%)-Bi (20%) and
compared to a spectrum of the conventional eutectic, natPb (45%)-Bi (55%).
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nat

Pb (80%)-Bi (20%) are

Figure 1. Neutron spallation spectra for targets of various compositions.
Neutron fluxes are calculated for one proton with energy Ep = 600 MeV.
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Figure 2. Ratio of neutrons fluxes inside the targets from natPb (80%)-Bi (20%) and
Pb (80%)-Bi (20%) to neutrons fluxes inside the target from natPb (45%)-Bi (55%)
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From this figure it follows that the increase of natural lead content in Pb-Bi eutectic results in
softening the neutron spectrum. Apparently, it is due to the increase in the eutectic contents of the lead
isotopes, 207Pb, 206Pb and 204Pb characterised by the lower thresholds for non-elastic interaction, rather
than the lead isotope 208Pb and bismuth 209Bi. Thus, increasing the contents of natural lead in the
eutectic results in significant displacement of a spectrum aside from the low energy of neutrons.
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It is possible to suppose that enrichment of the eutectic with the lead isotope 208Pb characterised
by a high threshold for non-elastic collisions (Ethreshold = 2.6 MeV), will lead to the inverse effect. The
calculations performed confirm this assumption.
From Figure 2 it follows that increasing a share of 208Pb in the eutectic results in hardening the
neutron spectrum: the region of energies 20-1 000 keV is depleted of neutrons and the range of energy
En > 2 MeV is enriched with neutrons.
Hardening a neutron spectrum of the target from the modified eutectic could have the following
advantages:
1) Due to depleting of a spectrum with neutrons of energies 0.5 eV-100 keV, for which
cross-sections of reaction 209Bi(n,g)210Bi are maximal (the resonance integral is equal to
I = 190-220 mB), and reduction of 209Bi quantity in the coolant from 55% to 10-20%, the
210
Po and 207Bi activities will be essentially reduced [4].
2) Enrichment of the target spectrum with fast neutrons of energies En > 2 MeV will promote
reducing neutron losses as they are transporting from the target into a subcritical core.
In Figure 3 the ratio of neutron yields from the target consisting of 208Pb (80%)-Bi (20%) to
neutron yields from the target consisting of natPb (80%)-Bi (20%) is shown. The increasing of emission
of fast neutrons, En > 2 MeV, from the target enriched with 208Pb is also observed.
Figure 3. Ratio of neutron yield from the target consisting of 208Pb (80%)-Bi (20%)
to neutron yield from the target consisting of natPb (80%)-Bi (20%)
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In Table 1 neutron yields for targets of various contents are given. Neutron yield corresponds to
one proton with energy equal to Ep = 600 MeV.
From Table 1 it follows that the target from 208Pb (100%) possesses the greatest yield
(Y = 11.285 n/p) of fast, En > 0.8 MeV, neutrons and the target from 206Pb (100%) has the minimum
yield (Y = 9.295 n/p) of fast neutrons.
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Table 1. Neutron yields from targets of various contents
Calculations are performed for the cylindrical target of D = 40 cm and
L = 50 cm irradiated with protons with energy Ep = 600 MeV

Target composition
nat

Pb(45%)-Bi(55%)
Pb(80%)-Bi(20%)
208
Pb(80%)-Bi(20%)
nat
Pb(90%)-Bi(10%)
208
Pb(90%)-Bi(10%)
208
Pb(100%)
206
Pb(100%)
nat
Pb(100%)

Mean energy
of neutrons
(MeV)
1.52

Neutron yield, Y = n/p
En > 0 MeV

En < 0.1 MeV

En < 0.8 MeV

13.01
12.97
13.16
12.95
13.17
13.038
12.374
12.806

0.169
0.183
0.146
0.186
0.145
0.143
0.214
0.187

2.399
2.495
1.875
2.516
1.822
1.753
3.079
2.494

nat

1.64

1.68
1.49

En > 0.8 MeV En > 10.5 MeV
10.610
10.474
11.288
10.437
11.353
11.285
9.295
10.312

0.795
0.786
0.797
0.782
0.795
0.787
0.744
0.773

ADS subcritical core cooled with 208Pb
Calculations of neutron and physical characteristics of the core were performed using the
Monte Carlo technique, the MCNP/4A code with program NJOY specially developed with the help of
the library of cross-sections on the basis of files of appreciated nuclear data ENDF/B-VI.
The following initial data were chosen:
x

annular core with the target in its centre;

x

core coolant – 208Pb (100%);

x

neutron spectrum of the target from the modified eutectic, 208Pb (80%)-Bi (20%);

x

effective multiplication factor of the core – Keff = 0.97;

x

thermal power of the core – N = 80 MWthermal.

To reduce the core size and to minimise the coolant quantity, the mix of mononitrides of the
depleted uranium and the so-called power plutonium received as a result of regeneration of fuel,
unloaded after its irradiation in VVER reactors and sustained after that within ~20 years, is considered
as a fuel. The content of plutonium together with minor actinides, in uranium-plutonium mix makes
15%. It is higher by 1% than the content of plutonium in the fuel loaded in reactors for achievement of
full reproduction of plutonium in the core at which the reactivity margin on burning out the fuel is not
necessary.
The main technical characteristics of the proposed core are given in Table 2; the neutron fluxes in
the core centre near its inner diameter are given in Figure 4.
From Figure4 it follows that replacing the core coolant from 208Pb to natPb leads to decreasing
neutron fluxes in the core. Thus, in using 208Pb the necessary intensity of an external source of
neutrons to deliver 80 MWthermal power is equal to S = 2.29·1017 neutron/s. Such intensity corresponds
to the proton beam current Ip = 2.8 mA and proton beam power Np = 1.68 :
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Table 2. Main technical characteristics of the core cooled with 208Pb
Core

Value
80 MW
(U-Pu-MA)N-15 (nitride fuel)
208
Pb/natPb
0.96997/0.95289
56.3 cm
123.7 cm
110 cm
72 (18 + 54)
12.3 cm
12.9 cm
78/84
10.3 u 0.5 mm
8.9 mm
5 410 kg/5 090 kg
15%
400q
500q
5 430 kg/s
1.2 m/s
122/188 W/cm
1.83 m3
~6.0 m3
3.3 u 6.1 m

Thermal capacity
Fuel
Coolant
Multiplication factor Keff for 208Pb/natPb (in operation)
Internal equivalent diameter of the core
External equivalent diameter of the core
Height of the core
Number of hexagonal fuel assembles (FA)
Pitch of the FA
Pitch of pins in FA
Number of pins in FA
Size of pin cladding
Diameter of fuel pellet in the pin
Mass of the fuel/heavy metal in the core
Mass share of Pu and MA in the fuel
Inlet temperature of the coolant
Outlet temperature of the coolant
Coolant flow
Coolant velocity
Mean/maximal energy load on the pin
Volume of lead in the core
Total volume of lead in the blanket
Total sizes of the vessel D u H

Figure 4. Neutron fluxes in the core per one neutron from the target
Solid line corresponds to the coolant from 208Pb (100%), dashed line corresponds the coolant from natPb (100%)
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In using natural lead, the Keff of the core becomes equal to 0.95289. Under these conditions
multiplication of external neutrons in the core and thermal power of the core are below nominal by
1.55 times. To achieve the rated core power N =  :thermal it is required to increase the fuel loading
and volume of the core by ~20-30% or to increase the intensity of the external source of neutrons by
1.55 times. In the latter case, the required parameters of the neutron source are as follows: intensity of
external source neutrons S = 3.55·1017 n/s, beam current Ip = 4.32 mA, beam power Np  W.
Estimation of minimum quantity of 208Pb and its acceptable cost for the ADS
The advantage of using 208Pb considered above as the core coolant and nitrides of the depleted
uranium and plutonium from spent NPPs as the fuel allows to essentially reduce requirements for the
power of the proton beam for the maintenance a long-term operation of the ADS in the mode of
delivering 80 MWthermal.
As demonstrated above, the replacement of the coolant from natPb by the coolant from 208Pb
results in an economy of the proton beam power of the value of 'P = 0.91 MW, and employing the
uranium-plutonium nitride fuel allows to establish the worth of power of the proton beam on burning
out the fuel in limits of less than 10%, due to the core breeding ratio equal to ~1.
It allows in the ADS with the power equal to 80 MWthermal to lower the power of the required
proton beam to a value of about ~2 MW instead of the power of the proton beam equal to 3.6 MW
considered in the PDS-XADS project.
The estimated cost of expenses for construction of the accelerator with proton beam power equal
to 3.6 MW amounts to about 303 million Euros [5]. This translates to a construction cost of the proton
beam of energy Ep = 600 MeV being estimated as ~$100/W.
It is possible to define a maximum price of 208Pb which can be considered as “acceptable” for the
proposed ADS version. In the correctly designed FR with the lead coolant the specific need for the
coolant quantity is equal to 0.7 tonne/MWthermal [6]. Then the minimised quantity of the coolant for the
ADS blanket with the power 80 MWthermal will be equal to ~56 tonnes of lead.
Taking into account the economy of the proton beam equal power to 'P = 1.6 MW caused by the
chosen variant of materials of the coolant and the fuel and the additional sum potentially released in
the chosen ADS version equal to ~$160 million, it is possible to estimate the acceptable price C of the
isotope product 208Pb:
C = 1 600 000(W) u $100(W–1)/56 000 kg = $2 860/kg
The current price of the 208Pb product that is usually obtained at gas centrifuges is higher than the
price shown above by approximately one order of magnitude. However, it is possible to believe that in
the future, in developing the technical equipment for stable isotope separation including further
development and successful introduction in industry of a new laser photochemical technique of stable
isotope separation [7], the 208Pb product will be obtained under the acceptable price.
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Conclusions
x

Lead isotope 206Pb, is the best low activation core coolant among the heavy metal liquid
coolants. After its exploiting less than 10 years of cooling time will be required to reach the
clearance level. The coolant from 206Pb is practically free from such hazardous radionuclides
as 210Po and 207Bi.

x

From the target neutron characteristic point of view, another lead isotope, 208Pb, is better than
Pb or natPb. In using such a material the target neutron spectrum is enriching with fast
neutrons, n >  H9ZKLFKFDQSHQHWUDWHLQWRDVXEFULWLFDOFRUHZLWK fewer losses.

x

The lead isotope 208Pb, is also an ideal coolant for the ADS subcritical core due to its low
neutron absorbing features in the intermediate neutron energy region. By using it instead of
nat
Pb, the required proton beam power can be reduced by 1.55 times.

x

About 56 tonnes of 208Pb will be required, as a minimum, for the ADS blanket of 80 MWthermal
power. The cost can be recovered at the expense of the economy of the very high proton beam
construction cost ($100/W). Economically acceptable cost of the lead isotope 208Pb with an
enrichment of 99.0% is less than $2-3 mln/tonne.

x

The considered benefits of using stable lead isotopes 208Pb and 206Pb in the next generation
nuclear facilities are the background for the R&D of new techniques for lead isotope
separation and industrial obtaining large quantities of 208Pb and 206Pb.
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Abstract
In order to see actual transmutation behaviour of americium under fast and thermal neutron spectra, two
Am oxide samples were analysed by radiochemical methods. One is 241Am oxide irradiated in the
experimental fast reactor JOYO for 276 effective full power days (efpd) by the fast neutron flux of
3.3 u 1015 n·cm–2s–1 (E  0.1 MeV). The other is 241Am oxide contained in a MgO pellet which was
irradiated in the Japan Material Testing Reactor for 207 efpd by the thermal neutron flux of 2.0 u 1014
n·cm–2s–1 (epithermal index f = 0.06, temperature 343 K).
241

Americium, curium and plutonium were chemically separated from each irradiated sample and the
isotope composition was determined by alpha spectrometry, gamma-ray spectrometry and mass
spectroscopy. 137Cs and 148Nd both isolated from the irradiated samples were subjected to gamma-ray
spectrometry and mass spectroscopy, respectively, to determine the total fission events and burn-up.
Production of 242mAm, 243Am, 238-242Pu and 242-248Cm were clearly observed. The total transmutation ratio
of americium under the fast and thermal neutron spectra, respectively, was about 10% and 80% in the
present irradiation condition. The fission to capture ratios of the observed isotopes were evaluated in
order to compare the transmutation behaviour. As a result, it is proved that the accumulation of
even-even nuclei, such as 244Cm and 246Cm, was remarkable in the thermal neutron spectrum whereas
such accumulation was not significant in fast reactor.
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Introduction
A spent nuclear fuel contains transuranium (TRU) elements. Among the TRU elements, americium
(Am) is a key element to design the FBR-based nuclear fuel cycle, because of its long half-life and high
radiological toxicity as well as its large production yield in a spent fuel. In Japan, the R&D programme
OMEGA (Options Making Extra Gains from Actinides and Fission Products) has been jointly promoted
through the collaborative efforts of the Japan Atomic Energy Agency (JAEA) [1-2] and the Central
Research Institute of Electric Power Industry (CRIEPI) since 1988. One of the objectives of this research
programmes is to confirm the validity of the transmutation and incineration strategy of the management
of minor actinides (MAs) such as neptunium (Np), curium (Cm) and Am. Furthermore, JAEA is now
promoting another new programme in which Am is mixed with mixed-oxide (MOX) fuel and then
irradiated in the experimental fast reactor JOYO in order to observe the real transmutation behaviour
of MA [3].
Radiochemical analyses of MA nuclides in the MOX fuel irradiated in JOYO have been carried out
and reported by JAEA [4-6]. In these reports, small amounts of MA nuclides were detected and the
relation between the irradiation condition and the transmutation behaviours of MA was examined.
However, it is not easy to precisely evaluate the transmutation behaviour of each MA nuclide due to the
very low initial content compared with such a large amount of U and plutonium (Pu) in the irradiated
MOX fuel.
Recently, Shinohara, et al. [7] reported the transmutation behaviour of MA targets irradiated in the
Dounreay Prototype Fast Reactor. However, this analysis has just begun, and a large amount of
experimental data is required to evaluate the advantage of the partitioning and transmutation strategy.
Two 241Am oxide samples were irradiated, one for 276 days in the experimental fast reactor JOYO
and the other for 207 days in the Japan Material Testing Reactor (JMTR). In this study, the transmutation
behaviour under fast and thermal neutron spectra was evaluated on the basis of radiochemical analysis
of these irradiated samples.
Experimental
Samples and irradiation conditions
JOYO-Am sample
100 Pg of 241Am oxide powder was encapsuled in a vanadium capsule. In order to know accurately
the isotopic composition of 241Am before irradiation, the sample was analysed with a mass spectrometer.
Traces of 242mAm and 243Am were detected. Metallic impurities in the vanadium capsule were analysed
by ICP-AES. The aluminum content was 1.6 ppm and other impurities were under the detection limit
(<0.1 ppm). The vanadium capsule was loaded into the subassembly number PFB090 of the JOYO
MK-II core shown in Figure 1.
The PFB090 was located in the third row. The sample was set at the axial centre region and was
irradiated from the 29th to 33rd cycles for 276 effective full power days (EFPD) until 31 August 1999.
Table 1 lists specification of sample and irradiation conditions.
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Figure 1. JOYO-Am sample, sub-assembly and irradiation position in JOYO MK-II core
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Table 1. Sample specification and irradiation conditions

Sample

Reactor

Nuclide
241

Am

JOYO-Am

JMTR-Am
a

JOYO

JMTR

Isotopic
composition
(at.%)

Style

efpd
(days)

Neutron
flux
(n·cm–2s–1)

100

In V-capsule

276

3.3 × 1015
(fast c)

9 800

MgO-pellet in
SUS capsule

207

2.0 × 1014
(thermal d)

99.958 a

242m

Am

0.001 a

243

Am

0.042 a

241

100 b

Am

Weight
(oxide-Pg)

Analysis data, b Specification data, c E  0.1 MeV, d Epithermal index f = 0.06, 343 K

JMTR-Am sample
In total, 19.2 mg of 241Am oxide was fabricated as two sintered MgO pellets. The Am-MgO pellets
were set into a three-fold SUS cladding tube with six Am-free MgO spacer pellets as shown in Figure 2.
The cladding tube was located in E8 pisition in JMTR. Two Am-MgO samples were irradiated from
17 to 31 cycles for 207 efpd until 22 February 1974. After irradiation, Am-MgO pellets were taken out
from the cladding, the so-called JMTR-Am sample, was supplied for analysis. Table 1 also shows the
specification of JMTR-Am sample and the irradiation condition.
Chemical analytical procedure
The sequential radiochemical separation method (SRCS), which is shown in Figure 3, was
developed by our research group in order to analyse all actinides except thorium and actinium in an
irradiated fuel [8]. In this study, the target elements for the chemical separation are Pu, Am and Cm for
TRU elements, and neodymium (Nd) and caesium (Cs) for fission events and burn-up determination.

511

Figure 2. JMTR-Am sample and irradiation position in the JMTR core

686
FODGGLQJ
E-8

0J2 SHOOHW

85 mm

$P0J2
SHOOHWV
-075$P 



Core Configuration
of JMTR

JMTR-Am sample

Figure 3. Schematic flow for analysis (SRCS)

,UUDGLDWHG )XHO
'LVVROXWLRQ

0+12 P/
1S6SLNHIRU3X
$P&P

9DOHQFHFRQWURO
$QLRQH[FKDQJH,
8M HNO3
10 mL

H2O2 1 mL, conc HNO3 1.5 mL
Dowex 1x4,
200-400 mesh,
Column volume 1.5 mL

8M HNO3
40 mL

0.1M NH4I
12M HCl 20 mL

8

)3$P&P
$QLRQH[FKDQJH,,
)3 /Q 

1S ,9

Silica-supported tertiary pyridine resin,
Column volume 8 mL

70% 12M HCl +
30% MeOH 14 mL

$QLRQH[FKDQJH,,,
Dowex 1x4, 200-400 mesh,
Column volume 1 mL

10% 0.013M HNO3
+ 90% MeOH 18 mL

1G

3X ,,,

0.1M HCl 15 mL

&P$P

70% 12M HCl +
30% MeOH 90 mL

$QLRQH[FKDQJH,9
10% 0.013M HNO3
+ 90% MeOH 60 mL

&P

Dowex 1x4,
200-400 mesh,
Column volume 10 mL

10% 0.003M HNO3
+ 90% MeOH 20 mL

$P

Firstly, the irradiated sample was dissolved in an 8M (mol/dm3) HNO3 solution by heating for 4 to
6 h at its boiling temperature. If insoluble residue was recognised, a few drops of concentrated HF were
added and heated for another 6 h. Still-remaining residue was removed by passing the solution through a
0.45 Pm membrane filter. The volume of the filtrated solution was adjusted to be exactly 30 mL by
adding pure water and this solution was stored as the sample solution for chemical analysis.
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Am, Cm and main fission products (FPs) in both irradiated samples were separated from Pu by the
Anion-exchange-I step. For the isotope dilution analysis of Pu, standard spike solution was added into
an aliquot of the sample solution. Then trivalent actinides, Am and Cm, were separated from lanthanide
and Cs in the Anion-exchange-II step. Finally, Nd was isolated by the Anion-exchange-III step and the
mutual separation for Am and Cm was carried out in the Anion-exchange-IV step.
Burn-up determination
The burn-up was measured by using the 148Nd monitor method [9] for the JMTR-Am sample. Nd
was isolated in the Anion-exchange-III step form the FP fraction obtained by the Anion-exchange-II
step. In the case of JOYO-Am sample, the total amount of 148Nd atoms was very low, and therefore 137Cs
was used for burn-up estimation.
Alpha and gamma-ray spectrometries
A multi-channel pulse height analysis (MCA) system, ORTEC Model 7600-000 coupled with a
desktop computer EPSON DOS/V, was used to accumulate and analyse alpha and gamma-ray spectra.
A solid-state silicon detector, ORTEC Model BU-017-200-300 was used to take alpha spectra. A planar
high-purity germanium detector, ORTEC model GLP-16195/10-P, and a coaxial thin window-type
germanium detector ORTEC Model GMX-20P4, were used to take gamma-ray spectra.
Mass spectroscopy
A surface ionisation mass spectrometer, Finnigan Mat Model MAT 262, equipped with a photon
multiplier and a six-channel Faraday cup detector, was used for the mass analysis. The ionisation unit
was a double filament type. One PL aliquot of solution for mass analysis was dropped on a 1 mm wide
centre filament made of rhenium. The procedures to get stable ion beams for actinide analysis were
reported in Ref. [10].
Results and discussion
Figure 4(a) shows the alpha spectrum of dissolved solution for JMTR-Am sample before separation.
Figures 4(b), 4(c) and 4(d) show the alpha spectra of Pu-, Am- and Cm-fractions, respectively. Each
element was successfully isolated and was supplied to the mass spectroscopy. The same analyses were
carried out in the JOYO-Am sample.
The isotopic composition of Pu, Am and Cm are summarised in Table 2. For each Am sample, mass
peaks at 241, 242 and 243 were observed clearly but no peaks were observed at 239, 240 and 244. The
isotopic ratio of 242mAm exceeded 1.48 at.% for the JOYO-Am sample and 0.55 at.% for JMTR-Am.
It was suggested that this difference comes mainly from the difference in the neutron fission cross-section
of 242mAm between fast and thermal neutron spectra. The main Cm isotope 243Cm in the JOYO-Am
sample was formed from the neutron capture by 242Cm. In the case of the JMTR-Am sample, the main
isotope 244Cm was formed from 243Cm and 243Am, and minor isotopes of higher mass were produced by
the following neutron absorption of the preceding nuclides. The 242Cm is the decay product of 242Am, but
decayed out before the present analysis because of its short half-life (162 d). From the Cm analysis for
both samples, it was proved that the accumulation of even-even nuclei, such as 244Cm and 246Cm, was
significant in the thermal neutron spectrum whereas such accumulation was not found in the fast
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Figure 4. Alpha spectra of JMTR-Am sample before and after separation
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Table 2. Isotopic composition by mass spectrometer
Sample
Nuclide
241

Am
Am
243
Am
242
Cm
243
Cm
244
Cm
245
Cm
246
Cm
247
Cm
248
Cm
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu

242m

JOYO-Am
Isotopic
composition (at.%)
98.43
±0.000
1.48 ±0.0002
0.08
±0.000
8.08
±0.066
83.02 ±2.19E-01
8.44
±0.038
0.17
±0.013
0.07 ±7.70E-02
0.1821 ±1.82E-01
0.04 ±2.53E-02
81.33
±2.655
1.07
±0.035
0.15
±0.005
0.03
±0.001
17.42
±0.569

JMTR-Am
Isotopic
composition (at.%)
47.56
±0.010
0.55 ±0.0352
51.89
±0.025
0.01
±0.001
17.54 ±1.11E-02
72.13
±0.065
7.44
±0.013
2.73 ±1.08E-02
0.0222 ±2.95E-03
0.12 ±8.87E-02
50.03
±2.497
19.35
±0.966
9.51
±0.475
0.95
±0.047
20.16
±1.006

spectrum. The isotopic composition of Pu is mainly determined by the decay of Cm isotopes. 242Pu was
produced from 242Am during irradiation and from 242mAm after the reactor shutdown. The precise
analyses of 242mAm, 242Pu and 238Pu, the decay product of 242Cm, are worthwhile to evaluate a neutron
capture reaction of 241Am and its isomeric ratio.
The burn-up of the JMTR-Am sample was determined to be 18.33±1.88 %FIMA by the 148Nd
method [9]. For the JOYO-Am sample, the burn-up was determined to be 3.59±0.75 %FIMA from the
analytical result of 137Cs.
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The total transmutation ratio of Am, Rt, could be evaluated and defined as:

Rt

ª
º
N Am
«1 
» u 100
N Am  N Cm  N Pu  N Fis ¼
¬

(1)

where NFis is the number of total fission events and NAm, NCm, NPu, are the number of Am, Cm and Pu
atoms.
The total fission events, NFis, were calculated by the following equation:

N Fis

N monitor  Nuclides

Yeff

(2)

where Nmonitor-Nuclides is the total amount of monitor nuclide for burn-up determination (JMTR-Am
sample – 148Nd atoms, JOYO-Am sample – 137Cs atoms), and Yeff is the effective fission yield for 148Nd
or 137Cs [11-13].
The transmutation ratios evaluated from the experimental results for JOYO-Am and JMTR-Am
samples were 11.06% and 78.60%, respectively.
In order to compare the transmutation and incineration behaviour between the JOYO-Am and
JMTR-Am samples, nuclear cross-sections of observed nuclides were evaluated. The absorption
cross-section (fission and capture) of JMTR-Am sample as effective cross-section was calculated by the
method of C.H. Westcott [14]. For the calculation, the flux ratio of the epithermal neutron to the thermal
neutron (f) was chosen as an adjustable variable. The value of f = 0.06 was found to represent the
observed isotopic ratios. On the other hand, the absorption cross-section of the JOYO-Am sample was
calculated by the ORIGEN-2 code [15]. These calculated cross-section data were optimised to reproduce
the observed isotopic composition. Then the fission to capture ratio was evaluated based on each
effective cross-section value. The fission to capture ratio, RF/C, was defined as:

R F/C

§Vf
· u 100
¨
V f  V c ¸¹
©

where f is the fission cross-section for each nuclide, and

c

(3)

is the capture cross-section for each nuclide.

Table 3 shows the evaluated absorption cross-section and the fission to capture ratio (RF/C).
Generally, it is said that the capture cross-section under thermal neutron spectra is larger than that under
fast neutron spectra.
The RF/C for each nuclide in the JOYO-Am sample ranged from 20 to 90%. However, the range of
RF/C of the JMTR-Am sample was very broad; especially even-even nuclei tended to be low relative to
other nuclides. It is seen that the nuclides which have low RF/C led to preferential accumulation during
irradiation.
Figure 5 shows the relative yield of actinide nuclides in the JOYO-Am sample irradiated in a fast
spectrum with a constant flux of 3.3 × 1015 n·cm–2s–1. These yields were normalised to the initial Am
mass. The measured values agreed well with the calculation results. The initial build-up of some nuclides,
such as 242Cm and 242Pu coming from the 242mAm by neutron capture of 241Am was observed, and then
the masses of 238Pu, 239Pu, 240Pu and 243Am increased.
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Table 3. Evaluated absorption cross-section and fission to capture ratio of each nuclide
Sample

Nuclide
241
Am
242m
Am
243
Am
243
Cm
244
Cm
245
Cm
246
Cm
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu

JOYO-Am
Absorption
Fission to
cross-section capture ratio
RF/C (%)
VT (barn)
1.72
22.66
3.18
86.27
1.46
83.15
2.95
90.10
1.10
51.42
2.96
89.49
0.54
56.66
1.74
70.81
2.11
82.39
0.94
52.70
2.62
85.47
0.73
50.30

JMTR-Am
Absorption
Fission to
cross-section capture ratio
RF/C (%)
VT (barn)
620.63
00.41
5 503.60
79.91
165.03
00.28
421.34
70.46
48.94
02.69
1 498.02
80.52
7.63
07.90
470.45
02.58
1 035.09
74.57
682.49
00.07
550.81
38.92
75.85
00.40

Figure 5. Accumulation of actinide nuclides in a JOYO-Am sample
irradiated in a fast spectrum with a constant flux of 3.3 u 1015 n cm–2s–1
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Figure 6 shows the relative yield of actinide nuclides in the JMTR-Am sample irradiated in a
thermal spectrum with a constant flux of 2.0 × 1014 n·cm–2s–1. These yields were normalised to the initial
241
Am mass. The measured values also agreed well with the calculation results. 241Am decreased very
fast. Quick build-up of 242mAm, 242Cm and 242Pu was observed. Then these nuclides decreased with
241
Am. In particular, 242mAm in the equilibrium with 241Am due to the large cross-section. As shown in
Figure 6, the burning of even-even nuclei, such as 238Pu, 242Pu, 244Cm and 246Cm were slow. Especially
246
Cm built up quite slowly and would become the main nuclide of the irradiated sample after about
2 000 efpd. This implied that the accumulation of even-even nuclei such as 244Cm and 246Cm was
significant in the thermal neutron spectrum but it was not significant in the fast spectrum.
Conclusion
The transmutation behaviour of 241Am in fast and thermal neutron spectra was studied based on
analytical results by using Am oxide samples irradiated in JOYO and JMTR, respectively. It is proved
that the transmutation behaviour is very sensitive to neutron spectra and the accumulation of even-even
nuclei is remarkable in the thermal neutron spectrum.
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Figure 6. Accumulation of actinide nuclides in a JMTR-AM sample
irradiated in a thermal spectrum with a constant flux of 2.0 u 1014 n cm–2s–1
(




GO
HL
\H
YL
WD
OH
5

&P

P
$
O (
LDWL
QL
HK(
W
RW
GH
L]O (
D
UP
R
1

measured
Am-241
Am-242m
Am-243

7RWDO
&P

&P

$P
3X

$PP

(


$P



3X

3X








7LPH ()3'GD\V

REFERENCES

[1]

Mukaiyama, T., “OMEGA Program in Japan and ADS Development at JAERI”, Proceedings of
the 3rd International Conference on Accelerator Driven Transmutation Technologies and
Applications, Prague (Pruhonice), 7-11 June 1999, Mo-I-5, pp.1-12 (1999).

[2]

Tani, S., M. Ozawa, T. Wakabayashi, “Overview of Partitioning and Transmutation Study at
PNC”, Safety and Environmental Aspects of Partitioning and Transmutation of Actinides and
Fission Products, IAEA-TECDOC-783, proceedings of a technical committee meeting, Vienna,
Austria, 29 November-2 December (1993).

[3]

Yoshimochi, H., M. Nemoto, S. Koyama, T. Namekawa, “Fabrication Technology for MOX Fuel
Containing AmO2 by an In-cell Remote Process”, J. of Nuclear Science and Technology, Vol. 41,
No. 8, pp. 850-856, August (2004).

[4]

Koyama, S., Y. Otsuka, M. Osaka, K. Morozumi, K. Konno, M. Kajitani, T. Mitsugashira,
“Analysis of Minor Actinides in Mixed Oxide Fuel Irradiated in Fast Reactor(I)”, J. of Nuclear
Science and Technology, Vol. 35, No. 6, pp. 406-410, June (1998).

[5]

Osaka, M., S. Koyama, T. Mitsugashira, “Analysis of Curium in Mixed Oxide Irradiated in the
Experimental Fast Reactor JOYO for the Evaluation of Its Transmutation Behavior”, J. of
Nuclear Science and Technology, Vol. 41, No. 9, pp. 907-914 (2004).

[6]

Osaka, M., S. Koyama, S. Maeda, T. Mitsugashira, “An Investigation of Accumulation and
Transmutation Behavior of Americium in the MOX Fuel Irradiated in a Fast Reactor”, Annals of
Nuclear Energy, Vol. 32, pp. 635-650 (2005).

517

[7]

Shinohara, N., N. Kohno, Y. Nakahara, K. Tsujimoto, T. Sakurai, T. Mukaiyama, S. Raman,
“Validation of Minor Actinide Cross Section by Studying Samples Irradiated for 492 Days at the
Dounreay Prototype Fast Reactor-I: Radiochemical Analysis”, Nuclear Science and Engineering,
144, pp. 115-128 (2003).

[8]

Koyama, S., M. Osaka, T. Mitsugashira, “Recent Status of Radiochemical Analysis of
Trans-uranium Target in Reactor”, Czechoslovak Journal of Physics, forthcoming.

[9]

Furcola, N.C., et al., “Standard Test Method for Atom Percent Fission in Uranium and Plutonium
Fuel (Neodymium-148 Method)”, 1996 Annual Books of ASTM Standards, 12.02, E321-96
(1996).

[10] Fiedler, R., Int. J. Mass Spectrometry and Ion Process, 146/147, pp. 91-97 (1995).
[11] Maeda, S., T. Sekine, T. Aoyama, “Fast Reactor Core Management in Japan: Twenty Years of
Evolution at JOYO”, Trans. Int. Meeting of RRFM2001, Germany, pp. 56-60 (2001).
[12] Nakagawa, T., et al., “Japanese Evaluated Nuclear Data Library Version 3 Revision-2:
JENDL-3.2”, J. of Nuclear Science and Technology, Vol. 32, No. 12, p. 1259 (1995).
[13] Cross Section Evaluation Working
BNL-NCS-17541(ENDF-201) (1991).

Group,

ENDF/B-VI

Summary

Documentation,

[14] Westcott, C.H., CRRP-960 (1969).
[15] Croff, A.G., A User’s Manual for the ORIGEN2 Computer Code, ORNL-TM-7175 (1980).

518

BUILDING A WIMS VALIDATION DATABASE FOR THE
CALCULATION OF SPENT NUCLEAR FUEL INVENTORY

M. Labilloy, J. Moerenhout, S. Shihab, D. Boulanger, B. Lance
BELGONUCLEAIRE s.a.
4 Ariane Avenue, B-1200 Brussels, Belgium

Abstract
This paper describes BELGONUCLEAIRE validation work with regard to the irradiation calculation
of nuclear fuel inventory. It presents the experimental data, the neutronics code and the way the
validation database is being built. Calculation to measurement comparisons are provided as examples.
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Introduction
BELGONUCLEAIRE (BN) has been a leader in R&D studies concerning nuclear fuel for quite
some time, especially for the mixed-oxide (MOX) that BN brought to an industrial scale through the
MIMAS process. In this context BN has launched several international programmes with the efficient
collaboration of research centres located in Europe. Those projects were devoted either to fuel
performance, source term qualification or even (and more recently) to burn-up credit. The management
of such R&D programmes gives BN access to very large and internationally recognised spent fuel
inventory databases, like ARIANE [1], GERONIMO/TOPGUN [2], REBUS [3] and MALIBU [2].
On the other hand, BN uses the multi-purpose neutronics code WIMS [4] for the design of the
programmes, as well as for other issues like cross-section processing prior to criticality calculations
for the MOX plant.
In addition to the necessary work to design the experiments, their follow-up and the related
feedback provided through internal reports or conference papers, and in order to organise the validation
of irradiation calculations in a systematic way, BN decided to set up a database gathering the results of
the WIMS depletion calculations and their comparison against the measured values. Such a database
that strengthens the QA management, should meet the interest of all the nuclear fuel (MOX) community.
The paper is organised in four main parts. First, it presents a list of the irradiated fuel samples that
were calculated or are still to be assessed in the future. Second, it describes the use of the WIMS code
within BN. Then the paper explains how the database is foreseen to be managed and which
information will be registered. Finally, some comparisons between calculated and measured nuclides
concentrations [(C-E)/E] results are reported, along with references from open literature.
Experimental database
Table 1 provides an overview of the spent fuel inventory experimental database that is being built
within BN. It also serves as a validation basis for the neutronics code WIMS. The international
programmes in which those samples were experimentally measured are summarised hereafter in the
text. The partnership of the programmes is detailed in Table 2.
ARIANE
The aim of the ARIANE international programme was to provide improved knowledge of the
inventories of about 50 radionuclides (actinides and fission products) in UO2 and MOX fuels irradiated
at various burn-ups in both PWRs and BWRs. The nuclides were selected according to their importance
with respect to reactor physics and source term issues.
The ARIANE programme (now completed) included samples from GOESGEN (PWR UO2),
BEZNAU (PWR MOX) and DODEWAARD (BWR UO2 and MOX) reactors. The burn-up of the
analysed samples ranged between 30 and 60 GWd/tM.
Three laboratories were involved in the sample radiochemistry measurements: SCKxCEN (B),
PSI (S) and ITU (D). As much as possible, the samples were measured by two laboratories in order to
provide combined results with low uncertainty.
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GERONIMO/TOPGUN
GERONIMO/TOPGUN (TOPGUN being an extension of GERONIMO) programmes primarily
address BWR MOX fuel rod behaviour under irradiation up to high burn-up (~80 GWd/t). They
provide a complete validation database on BWR 9 u 9 MIMAS MOX fuel and post-irradiation
analysis for the major actinides and burn-up indicators.
REBUS
REBUS-PWR is an R&D project that combines both aspects of criticals and PIE measurements.
The scope included the study of five critical configurations that were loaded in the VENUS facility.
They consisted of a driver zone surrounding a central test bundle, which was successively composed
of fresh and irradiated MOX and UO2 fuels. The rods were both characterised by non-destructive and
destructive examinations, for their reactivity-relevant contribution (actinides + 19 fission products).
REBUS-PWR brings two radiochemical assays (performed by SCKxCEN), one PWR UO2 3.8 wt.% at
Bu = 54 GWd/t with a decay time of 6 years and one PWR MOX Pu-fiss 6.75 wt.% at 22 GWd/t but
characterised by a large decay time of 15 years. REBUS-PWR was completed during summer 2005.
It is worth noting that it was followed by a REBUS-BWR-MOX programme using the same type of
BWR MOX fuel that is considered for MALIBU.
Table 1. Overview of the spent nuclear fuel samples constituting the WIMS validation database
Project

Sample
name

GU-3
BM-1
BM-3
BM-5
ARIANE
BM-6
DU-1
DM-1
DM-2
DM-3
M11
REBUS-PWR
F7654
REBUS-BWR
H14
GERONIMO BU-2, 3, 5, 6
BU-1,4
TOPGUN
GGU1
GGU2
GGM1
GRM1
GRM2
MALIBU
GRM3
KLU1
KLU2
KLU3
RGU1

FA/fuel type

Enrichment*

PWR UO2 15 u 15

4.1 wt.%
5.9 wt.%
5.9 wt.%
5.5 wt.%
5.5 wt.%
4.9 wt.%
6.4 wt.%

Bu (**)
(GWd/tM)

NPP

Axial position

Goesgen
Beznau

Mid-plane
Mid-plane
Mid-plane
Mid-plane
Bottom position
Mid-plane
Mid-plane
Bottom position
Mid-plane
Upper position
Mid-plane
Mid-plane

BWR UO2 6 u 6
BWR UO2
Island MOX
6u6
PWR UO2 18 u 18
PWR-MOX
BWR MOX 9 u 9

3.8 wt.%
9.7 wt.%
8.1 wt.%

53
47
48
59
40
54
56
34
47
54
22
75

BWR MOX 9x9

8.1 wt.%

34 Æ 81

PWR UO2 15 u 15

4.3 wt.%

PWR MOX 15 u 15

8.1 wt.%

BWR MOX 9 u 9

8.1 wt.%

BWR UO2 10 u 10

4.46 wt.%

d 70

Leibstadt

PWR UO2 17 u 17

3.7 wt.%

68

Ringhals

PWR MOX 14 u 14

68
47
67
81
74
52

Dodewaard
Dodewaard

Neckarwestheim
BR3 Mol
Gundremmingen
Gundremmingen
Goesgen
Goesgen
Gundremmingen

* Enrichment UO2 expressed in wt.% 235U/U and enrichment MOX in wt.% Pu/(U+Pu).
** As calculated.
Shaded: Availability to be confirmed soon.
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Peak Bu
Upper position
Peak Bu
Peak Bu
Mid plane
Upper position

Peak Bu

Table 2. Overview of international programme partnerships
Programme

Partnership (*)
SIEMENS, GNB (Germany)
GKN (Netherlands)
PSI, NOK (Switzerland)
Actinides Research
JRI, MHI, TOSHIBA, HITACHI, NEL (Japan)
ARIANE
in a Nuclear Element
SCKxCEN, TRACTEBEL, BN (Belgium)
BNFL (UK)
ORNL (US)
NFI, GNF-J (Japan)
Gundremmingen Evaluation
FRA-ANP GmbH, RWE/E.ON (Germany)
& Research Programme
GERONIMO/
COGEMA (France)
TOPGUN
on Nine by Nine MOX
BWR Fuel
SCKxCEN, BN (Belgium)
VGB (Germany)
EdF (France)
Reactivity Tests for a
ORNL (US)
REBUS-PWR
Direct Evaluation of
JNES (Japan)
the Burn-up Credit on
SCKxCEN, BN (Belgium)
Selected Irradiated
JNES (Japan)
LWR Fuel Bundles
RWE/E.ON/KGG (Germany)
REBUS-BWR
SCKxCEN, BN (Belgium)
CEA, EDF (France)
PSI (Switzerland)
NFI (Japan)
Radiochemical Analysis of
SCKxCEN, BN (Belgium)
MALIBU
MOX and UOX LWR fuels
STUDSVIK (Sweden)
Irradiated to High Burn-up
ORNL (US)
RWE (Germany)
KKG (Switzerland)

Begin

End

1994

2000

1998

2006

2000

2005

2003

2006

2003

2007

* Represented parties not listed.

MALIBU
MALIBU is an extension of the previous ARIANE programme, addressing higher burn-up (up to
~80 GWd/t) and providing scope improvements as compared to ARIANE, e.g. samples coming only
from standard NPPs, reduction of the decay time between end of life (EOL) state and radiochemical
analysis. The basic scope of MALIBU comprises different fuel types irradiated in German and Swiss
NPPs: PWR UO2, PWR MOX and BWR MOX. The programme was further extended to additional
fuel: PWR UO2 from Swedish NPP and BWR UO2 from Swiss NPP.
The radiochemical analyses are performed as much as possible by at least two independent
laboratories, among which SCKxCEN, PSI, CEA and STUDSVIK. The nuclides list (actinides +
fission products) addresses the needs of the reactor physicist community as well as those relevant for
waste management (source term).
The MALIBU programme is in progress and should be completed in 2007, taking into account
the scope extension.
For all the MALIBU samples, 35 nuclides are measured, including major and minor actinides as
well as fission products. For some samples, 15 additional nuclides are measured as well, including
mainly metallics.
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The use of WIMS at BN
BN has been using the multi-purpose neutronics code WIMS for quite some time [4]. WIMS is a
deterministic and modular software package developed by the ANSWERS group of Serco Assurance
(UK).
WIMS is fed by a 69- or 172-group library based on JEF2.2 data. Although it was of common use
to choose between the 69- or 172-group library, respectively for UO2 or MOX fuel, there is a growing
use of the 172-group library, whatever the fuel type considered.
A WIMS input file generally begins with the HEAD module that deals with the model geometry
and the material data, and also with the resonance treatment. There are two methods of calculating
resonance shielding effect in WIMS: equivalence theory and subgroup theory. Equivalence theory for
both homogeneous and heterogeneous geometries is implemented in the HEAD module. Subgroup
theory is implemented by following the calculation of HEAD by the sequence PRES – CACTUS –
RES, that allows the collision probability calculation to take into account the explicit geometry.
The CONDENSE module performs the flux and cross-section condensation, up to a few energy
groups chosen by the user. This step aims at saving computer time in the following main transport
calculation. Few collapsed group structures are recommended according to the kind of fuel considered.
The neutron flux distribution with respect to the given geometry is solved by the transport module
CACTUS. This uses a characteristic line method and allows to compute the few-group flux within an
explicit 2-D geometry. Let us quote that much effort is presently devoted by ANSWERS to set up a
3-D transport module using the same method.
The DIFF modulus of WIMS is used to allow the depletion of each rod in a different manner,
according to the flux level and to the condensed (6, 8 or 21 groups) spectrum obtained in the main
characteristic transport calculation CACTUS.
The BURNUP module computes the irradiation of the fuel according to the flux distribution in
the geometric model. The resulting fuel composition is fed into the HEAD modulus for the next time
step. This leads to a cyclic calculation in which resonance treatment is performed at several time steps,
since the composition of the fuel has an important impact on self-shielding. About 20 actinides and
80 fission products are considered by WIMS, as well as a pseudo fission product that covers the
residual reactivity weight.
Due to the modular nature of WIMS, several schemes may be defined in order to compute the
spent nuclear fuel inventory. Much effort was provided towards such a definition in the framework of
the FP-5 European Project VALMOX [5] that was focused on the validation of spent fuel inventory
for high burn-up MOX fuel. Several routes were identified that are illustrated in Table 3.
The coarse scheme is a FA depletion calculation well suited to get reactivity values and assembly
averaged fuel material inventory after irradiation. In a certain sense, this calculation is similar to the
simpler pin cell calculation, as it can provide the same information, being unable to assess correctly
the pin-wise power distribution.
The fine scheme is a limit methodology wherein each pin of the assembly has been defined as a
separate WIMS rod type, the resonance treatment being performed on every rod type filling the
geometrical model. This is not standard procedure, as the computation time and the input data are
longer, although it can facilitate the data post-processing.
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Table 3. The various WIMS schemes for fuel assembly (FA) or supercell irradiation calculation
Coarse scheme

Fine scheme

HEAD
1 wims rod
per rod type
1 annulus*
for the pellet

HEAD
1 wims rod per
rod in the model
1 annulus*
for the pellet

PERSEUS
PIP
CONDENSE
6 groups PWR
8 groups BWR

PERSEUS
PIP
CONDENSE
6 groups PWR
8 groups BWR

CACTUS

CACTUS

BURNUP

BURNUP

Reference UOX
scheme
HEAD
1 wims rod
per rod type
1 annulus*
for the pellet

Reference MOX
scheme
HEAD
1 wims rod
per rod type
1 annulus*
for the pellet

PERSEUS
PIP
CONDENSE
6 groups PWR
8 groups BWR
DIFF
CACTUS
DIFF

PERSEUS
PIP
CONDENSE
21 groups

BURNUP

BURNUP

DIFF
CACTUS
DIFF

Subgroup
scheme
HEAD
1 wims rod
per rod type
4 annuli
for the pellet
PRES
CACTUS
RES
PERSEUS
PIP
CONDENSE
6 groups PWR
8 groups BWR
DIFF
CACTUS

DIFF
BURNUP

* Except for UGd pins for which 7 annular regions of equal surface are defined in the pellet.

The reference schemes for UO2 and MOX fuels are similar as they both request the use of the
DIFF option, differing only by the number of groups in the energy condensation process, prior to the
CACTUS calculation.
Finally we call the subgroup scheme the WIMS scheme using the PRES – RES sequence for
resonance cross-section treatment. The latter scheme is the more general one, since it can be applied in
a wide range of situations. For instance, PRES – RES should be selected as soon as one is interested in
the radial dependence of the material inventory.
Most of the validation efforts were undertaken with version 8a, though the first steps of validation
analysis are presently being performed with the brand new version 9.
The major part of the results is obtained with the reference scheme and the 172-group library, but
some assessments of the 69-group library and of the subgroup scheme are also available.
WIMS can also be coupled to ORIGEN2 [6] in order to take benefit of the specificities of both
codes: accurate neutron transport and spectrum determination from WIMS and exhaustive nuclide list
and decay time calculation capability from ORIGEN2. The FORTRAN home-made software allows
the introduction of the actinide one-group cross-sections processed by WIMS in place of the default
pre-processed ORIGEN libraries. Such a WIMS-ORIGEN coupling is therefore a powerful tool for
accurate fuel source term determination.
Validation database management
So far the validation calculations were performed on a UNIX workstation, on a local directory
belonging to a user. The WIMS calculation results were then processed on an EXCEL worksheet that
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served as table results for a validation document registered internally at BN. Time going on, the
traceability of the various files generated in this validation work, physically located at different places,
reveals to be a concern.
It is thus felt that it was needed to improve the validation process management, strengthening the
overall BN QA management. The validation database is presently under construction. It consists of
gathering the relevant files on an intranet BN area and updating the validation master file document [7],
dealing with all those validation calculations.
The validation input and output files are of utmost importance and their traceability must be
preserved, in order to be able to consult them for additional checking or modification or running the
same problem with a new WIMS version or a new library.
The validation intranet area should gather, for each sample and for each analysis, at least three
files, which are the input and output WIMS files, and the EXCEL file providing the (C-E)/E numerical
treatment. The EXCEL file should comprise a sheet or some lines giving the conditions according to
which the results are obtained. In this way there is a straight correspondence between the three files.
The relevant identification information that the EXCEL file should comprise includes:
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

name of the sample;
sample burn-up;
type of fuel: UO2/MOX;
type of reactor: PWR/BWR;
name of assembly;
name of rod;
number of irradiation cycles;
position of the rod in the assembly and position of the assembly in the core;
project within which the sample was measured;
laboratories involved in the measurements;
version of WIMS code;
library and cross-section data;
calculation scheme;
collapsed groups structure;
geometrical model;
other comments;
references to corresponding irradiation report and other related documents.

In the near future, it is being considered to set up a standard template for the treatment and
reporting of the isotopic (C-E)/E results. Such a template should take into account that it is often of
interest to report the calculation to measurement comparisons at different decay times: let the
radiochemical be achieved after 3 to 4 years decay, there is a strong interest to know the (C-E)
discrepancy at end of life (EOL) in order to provide information about nuclide cross-sections, free
from the possible influence of decaying parent nuclides.
The template should also incorporate information on calculation and measurement uncertainties.
Developing such a template should also make easier the statistical treatment of the sample
(C-E)/E results. Such a statistical treatment allows identifying the average (C-E)/E trends for each
kind of fuel, depending on the chosen calculation scheme and on the code and library versions.
It could also help to determine whether some trends are burn-up dependent.
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The database would exist both as electronic files and paper documents, in order to make it visible
and available for external organisms, as a safety authority, a QA organism or a customer.
Examples of validation results
Data processing
The (C-E)/E values are generally provided at the end of life (EOL), in order to provide feedback
on the accuracy of the neutron cross-section data (here JEF2.2 data) and on the transport and
resonance treatment methods. However in practice, the experimental programme needs to deal with
decay times of a minimum of two years and sometimes more than five years. This is a significant time
interval for the rapidly decaying nuclides. The spent fuel inventory determined at EOL is associated
with a significantly higher experimental uncertainty due to the calculated decay corrections applied.
For the relevant nuclides, the inventory is therefore provided at two dates: the EOL and the date at
which the inventory measurements were performed.
Prior to (C-E)/E analysis, measured and calculated mass concentrations are also reduced to the
common denominator 238U mass, thus expressing milligrams of nuclide X per gram of 238U nuclide, at
the same moment, e.g. 15 mg 239Pu/g 238U. This prevents affecting C/E values of any nuclide with the
uncertainty of the initial 238U content and, to a lesser extent (since 238U reaction rates are well
calculated), final concentration.
The power rating of the sample may be tuned somewhat in such a way that the calculated sample
burn-up matches the one measured by radiochemistry. For such purpose, BN chooses the nuclide(s)
145
Nd (+ 146Nd) as burn-up indicator, in agreement with the CEA choice.
Calculation uncertainties
Several uncertainties impact the calculated fuel inventory. The WIMS code has been used to
assess the sensitivity of nuclides inventory according to the following uncertainties (2V values,
i.e. 95% confidence interval):
x
x
x
x
x
x
x

r 2% for the burn-up;
r 50°C for the fuel temperature;
r 2°C for the moderator temperature;
r 0.05 mm for the clad diameter (technological uncertainty);
the methodological uncertainty;
the uncertainty due to uncertainty in initial composition;
the uncertainty due to uncertainty ion void fraction (r 3%), only relevant for BWR reactors.

Collecting the sensitivity of the nuclides inventory to the various parameters, the global
calculation uncertainty is evaluated for each nuclide by a quadratic sum:
'C C

HC

2
2
2
2
H 2Bu  H TFuel
 H T2 mod  H Techno
 H 2Method  H Comp
 H Void

The uncertainty in burn-up is the major contributor to the total calculation uncertainty.
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Overall uncertainty
The uncertainty affecting the C/E or the (C-E)/E ratio is obtained by a quadrature summation of
the calculation and the measurement uncertainties:
H TOT

H C2  H 2E

Let us quote that the latter often dominates the calculation uncertainty, all the more when the
nuclide inventory is measured by several independent laboratories. Indeed, in such a case, it is not
surprising to observe dispersions exceeding the declared uncertainty, i.e. it happens that there are no
error bars overlapping between two reported values, which also reflects that some declared uncertainties
are still much too optimistic.
Calculation to calculation benchmarking
Both calculation-to-calculation and calculation-to-measurement validations are practised, in order
to provide a better insight on whether a (C-E) discrepancy is to be attributed to the cross-section data
or to the calculation methodology.
For instance, such a calculation-to-calculation comparison exercise was performed within the
VALMOX group [5] on the basis of the NEA BUC IVB benchmark [8], and considering JEF2.2
cross-section data. Such a benchmark proposes, a.o., the calculation of the spent fuel inventory of
MOX fuel assembly (FA) surrounded by three UO2 FA and irradiated up to 48 GWd/t.
For the 239Pu isotopic inventory, a discrepancy of ~4% was found, compared to the value predicted
with the continuous Monte Carlo ALEPH code, which is a coupling of MCNP with ORIGEN developed
at SCKxCEN [5]. This was also the case of 241Pu and 241Am, but to a lesser extent (~3%). Such an
exercise tends to show that the calculation methods (resonance treatment, transport calculation)
implemented in WIMS8a are subject to improvement.
Calculation-to-measurement benchmarking, examples of results
Table 4 summarises the (C-E)/E trends for the actinide spent fuel inventory, obtained through the
analysis of ARIANE, REBUS and, to a lesser extent, MALIBU data. Three kinds of fuel are presented,
and it is expected to complete our knowledge of the BWR UO2 fuel type using the forthcoming
MALIBU data.
Some (C-E)/E were found unexpectedly large, even taking into account the calculations
intercomparison. That is, it is possible to identify trends associated to JEF2.2 cross-section data, trends
which are going to be eliminated in the JEFF3 database. Let us quote the following trends:
U is underestimated o attributed to an underestimation of

x

U is overestimated whereas
the 235U capture cross-section.

x

239

x

The discrepancies with 241Pu, 242Pu and overestimation of 241Am probably originate from a too
low capture rate of 241Pu, associated to inaccuracies of 241Am data (included branching ratio).
It was thus encouraged to launch a differential measurement campaign in the framework of
JEFF3 project [9].

235

236

Pu is overestimated o attributed to an overestimation of the 238U resonant capture.
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x

The underestimation of 243Am is correlated to 242Pu underestimation.

x

The 244Cm and 245Cm contents follow the 243Am trend.

x

237

Np constitutes a difficult matter since it is produced by both chains
and (n,2n) reactions on the 238U nuclide.

Uo

235

Uo

236

237

Np

Table 4. (C-E)/E trends (%) for the actinides spent fuel inventory
Nuclide
234

U
U
236
U
237
Np
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu
241
Am
242m
Am
243
Am
242
Cm
243
Cm
244
Cm
245
Cm
235

PWR-MOX

BWR-MOX

PWR-UO2

-2.0 o 7.9
3.0 o 3.9
-11.6 o -5.9
-31 o -26
-5.9 o -4.1
7.8 o 8.8
~0.5
1.5 o 2.3
-3.1 o -1.8
24 o 52
-29 o -19
-4.2 o 5.60
-5.3 o -3.4
-22 o -4.4
-19 o -14
-13 o -11

~ -33
2.4 o 9.1
-13 o -11
-25 o -21
~2
17 o 23
-0.8 o 2.8
5.2 o 9.2
-5.1 o -4.1
37 o 55
-17 o -12
-3.8 o -3.4
~ -1
-3.6 o (25)
-9.7 o 7.0
-0.9 o 7.3

19 o 51
9.4 o 18
-3.3 o 2.0
~-20
-16 o -11
10 o 11
1.1 o 5.0
~7
-11 o -7.1
-8.9 o 24
~10
~0
~-6.0
~26
-33 o -20
-30 o -16

Calculation
uncertainty
2o8
5o8
3
6
2 o 10
5 o 10
2o6
2o6
3o5
15 o 15
10 o 20
2o6
5
20
15
15

Experimental
uncertainty
20
2
4
2
10
2-4
5
2
1.5
10
10
3.5
4
20
10
5

Concerning the fission products (no table presented here), the validation analysis generally
reveals a good agreement for the burn-up indicators (144Ce, Nd, Cs), whereas the situation is less good
for the other nuclides. The lanthanides are foreseen within r10% with the exception of 154Eu, 155Eu and
155
Gd nuclides for which the results were either good or dramatic (up to a factor 2 discrepancy). The
metallic FP are generally overestimated, especially for MOX fuel for which discrepancies up to a
factor 2 can be observed. However, so far, it is still difficult to establish whether this is to be attributed
to the calculation or to the radiochemical measurement.
Some trends are common to what is observed in open literature [10,11], although the codes and
their cross-section data may differ.
Conclusions
This paper summarises the WIMS validation work with respect to spent nuclear fuel inventory, at
BELGONUCLEAIRE (BN). It is shown that BN manages several international programmes giving
access to spent nuclear fuel inventories measured by radiochemistry method.
As programme designer, BN has to simulate the irradiation of the samples, which subsequently
allows performing the comparisons between the calculations and the measurements and such a work
serves as validation for the defined WIMS calculation schemes.
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The paper provides an overview of the samples constituting to the validation database and of the
calculation schemes that were defined for the irradiation calculations. It then explains how the validation
database is to be built on an intranet BN area, strengthening QA management.
BN is now considering the set-up a standard template for the (C-E)/E assessments and the extension
of the database, in order to cover all kinds of fuel and all the defined calculation schemes. Much
expectation relies on the international programme MALIBU. This should bring valuable data and
clarify some trends observed in ARIANE and REBUS, especially for the 154Eu, 155Eu and 155Gd
lanthanides and for the metallic FP. MALIBU will also bring the information currently lacking for the
BWR UO2 fuel type and will complete the existing data in such a way that it could be possible to
identify burn-up dependent (C-E)/E trends.
From the calculation side, one can expect that the newly arrived WIMS9 code, associated with
a new library processed upon JEFF3, will drastically reduce the WIMS bias observed in the
calculation-to-calculation benchmark exercises.
Finally, the BN validation intranet area should be further organised to incorporate other types of
validation calculations, dealing for instance with criticality [12].
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Abstract
The XT-ADS is an experimental accelerator-driven system (ADS) that is being developed within
the framework of the European FP6 EUROTRANS project that runs from 2005 to 2009. In this paper
the current level of the design of the XT-ADS spallation target and the status of corresponding
R&D topics with respect to LBE handling, thermal-hydraulics and spallation product confinement
are discussed.
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Introduction
The technology of accelerator-driven systems is an important track to be investigated with regard
to transmutation of high-level nuclear waste. An ADS basically consists of a subcritical core to which
neutrons from a accelerator-driven spallation neutron source are fed. Because the operation of the
“reactor” system is no longer based on reaching criticality in the core but rather on the intensity of the
neutron source, operation with any kind of fissile material is in principle possible. This feature makes
an ADS particularly suited for waste transmutation.
The European project EUROTRANS is dedicated to the advancement of nuclear transmutation
techniques [1]. The project aims to reach two main goals. On the one hand EUROTRANS will launch
the conceptual design of the lead alloy European Transmutation Demonstrator (ETD) loaded with fuel
especially dedicated for transmutation. The aim of the ETD, which would represent a modular unit of
a large power system able to handle the European high-level nuclear waste, is to demonstrate the
feasibility of transmutation at an industrial scale. The second major goal of the EUROTRANS project
is the detailed design of the small-scale experimental XT-ADS aiming at the short-term realisation of
the system.
The XT-ADS will serve a twofold function. First, it will be an ADS concept demonstrator and
component test bench for the industrial-level nuclear waste transmuter ETD. Secondly, the XT-ADS
will be designed as a flexible experimental irradiation device for fuel, materials and radioactive isotope
studies for present and future nuclear energy concepts. Because of its function as an experimental
irradiation device, the XT-ADS subcritical core will need to be designed with a very compact geometry
so as to achieve high flux levels (ITot = ~3.1015 n/cm2.s) [2] within a reasonably small core (~0.5 m3).
Evidently, the spallation target design must match the requirements determined by the general concept
of the XT-ADS. It should produce a sufficient amount of neutrons to feed the subcritical core at its
specific keff value (|0.95). For this purpose the spallation target must accept the appropriate high-power
proton beam that is currently set at 2.5 mA at 600 MeV. Because the thermal energy of about 1 MW
that is deposited by the proton beam requires forced convection cooling, liquid lead-bismuth eutectic
(LBE) is chosen as target material. LBE is likewise the coolant of the main vessel although both
circuits are separated. In addition, the target must fit into the space that is available in the subcritical
core. The target space is created by removing three of the hexagonal fuel assemblies in the centre of
the core. Furthermore, the design of the target should not hamper the fundamental role of XT-ADS as
a flexible high-intensity experimental irradiation device. Finally, although a replacement of the spallation
target within the envisaged lifetime of the XT-ADS is unavoidable, this operation should not be
required too often. Thus, the spallation target unit should be able to survive operation within the ADS
system for a sufficient amount of time.
Spallation target design concepts
Due to the functional similarity between the XT-ADS and the MYRRHA concept developed
earlier at SCKxCEN [3], the design of the latter spallation target was chosen as a starting point for the
development of the XT-ADS target loop. As was the case with MYRRHA, the functional and spatial
constraints mentioned above compel the selection of some fundamental design concepts. First, the
limited space available in the core and the high proton current lead to very high proton beam densities
of about 150 PA/cm2. No structural material is expected to withstand these conditions at elevated
temperatures during a reasonable lifetime of the spallation target (t 1 y). Thus, the spallation target is
being designed without a hot window between the target area and the vacuum of the beam line, though
a cold window further upstream is envisaged. It may be noted here that the focus of the EUROTRANS
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project on a windowless design is complementary to the work that was carried out in the FP5
programme PDS-XADS and the MEGAPIE initiative in which a window concept for a high-power
spallation target was studied.
A result of the windowless target option is that at the interaction point, the spallation target is
formed by a free liquid surface that must be properly shaped by careful design of the LBE flow.
As before, the limited space is responsible for the choice of a vertical confluent flow as formation
mechanism for the target free surface (Figure 1). The liquid LBE is fed to the target nozzle via a
vertical three-lobed annular pipe to optimise the use of the available space in the core. The target
nozzle itself is designed to ensure a stable free surface flow. In addition, monitoring of the free surface
level is needed. The design and R&D efforts on this topic will be discussed below. The compact core
of the XT-ADS only allows a passage of the LBE target material in one direction from top to bottom
with the feeder line passing above the core and the return line underneath it thus interlinking the core.
In this configuration the spallation target loop has off-axis housing for all active components. A split
core base plate is necessary to allow removal of the spallation loop from the main vessel. The off-axis
design of the spallation loop leaves the top and bottom of the subcritical core accessible for fuel
manipulations and the installation of irradiation experiments. In addition, the main part of the spallation
loop is moved away from the high radiation zone which is beneficial for its lifetime.
Figure 1. A schematic drawing of the vertical confluent flow concept

The common vacuum of the target zone and the proton beam line puts requirements on the vacuum
system. First, the pressure directly above the spallation target should be below the 10–5-10–6 Pa range
to guarantee compatibility with the vacuum of the proton beam line and to avoid plasma formation
caused by the interaction between the rest gas above the target and the proton beam. The pressure
condition implies that the outgassing of the spallation target material must be limited and that care
should be taken in the design of the vacuum system to ensure sufficient vacuum conductance and
pumping capacity. The second essential function of the vacuum system is the confinement of volatile
radioactive spallation products. Due to the spallation interaction of the proton beam with the target
material, radioactive elements with a high vapour pressure (e.g. Hg isotopes) are produced. These
products are likely to emanate from the free surface of the target and should be confined, either within
the spallation loop or in the vacuum system. For this purpose the latter is equipped with a closed
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back-end composed of sorption and getter pumps. In order to minimise emanation of spallation
products into the proton beam line, a large second free LBE surface is foreseen in the servicing vessel,
directly underneath the main vacuum pumps.
The heat deposited in the spallation target by the proton beam amounts to about 975 kW for the
present target configuration and a 2.5 mA, 600 MeV proton beam [4]. Forced convection by circulating
liquid target material is used to evacuate the heat to the spallation target heat exchanger that is situated
at the bottom of the off-axis part of the loop. The secondary side of the heat exchanger is cooled by the
main vessel coolant. The flow rate of the LBE is about 10 l/s. The lower limit of this value is determined
by the maximum temperature allowed in the target. In order to limit LBE evaporation and corrosion of
structural materials in the target loop, this temperature is set at about 430°C. Because the spallation
target material is cooled against the main vessel coolant, the lowest achievable temperature during
normal operation of 330°C is mainly determined by the inlet temperature of the core (300°C).
The XT-ADS spallation target system has been designed to be compatible with the remote handling
scheme envisaged for the entire XT-ADS. The full loop can be removed from the main vessel after
unloading of the core. The prior unloading of the core is to avoid criticality issues, for general safety
and to allow in situ commissioning of the target unit. In addition, all active elements are placed in a
separate sub-unit which allows servicing of these parts without removal of full the spallation loop. The
closed outer housing allows regular (yearly) replacement of the spallation target zone that will be
required because of radiation-induced embrittlement and possible replacement of the heat exchanger.
Maintenance, inspection and repair of the spallation unit are foreseen to be performed in the XT-ADS
hall outside the main vessel pool under the cover of a protective inert atmosphere. This includes
disconnection and reengagement of all service jumpers, replacement of the embrittled loop parts close
to the target zone and removal and re-installation of the interior column with all active parts. Also the
replacement of the heat exchanger fits into the scheme. Before and after maintenance the LBE loop is
drained and later refilled into and from a special container. This allows safe storage of the LBE during
maintenance and simultaneously permits conditioning of the material in a dedicated off-line system.
Spallation loop layout and operation
Figure 2 shows the sub-unit and outside housing of the spallation loop. In Figure 3 a cut of the
interior of the spallation loop together with a schematic layout is shown. All components are indicated.
The target LBE is fed from the off-centre spallation unit and traverses to the central axis of the
subcritical core. It comes down through the three feeders surrounding the beam transport line. The
target free surface is formed at the confluence point of the target nozzle in the centre of the subcritical
core. Here the proton beam impinges from the top. The LBE subsequently flows away from the beam
impact zone through the central tube, the lower U-bend and the heat exchanger to the pumping unit in
the spallation housing.
For proper operation of the liquid target, the formation of the target free surface and a firm control
over the size of the recirculation zone that is formed in the centre of the target free surface is essential.
When the recirculation zone is too small, LBE droplets are ejected from the LBE confluent zone that
may cause metal evaporation when hit by the beam. If the recirculation zone is too large, it will be
directly heated by the proton beam causing the temperatures to increase very rapidly, which would
also lead to excessive evaporation of LBE and other volatiles. The size of the recirculation zone can be
determined indirectly by its height. The latter is measured by a LIDAR positioned in line with the
beam. The laser light is reflected from the central recirculation zone of the target free surface. The
LIDAR output is used to control the mechanical and MHD pump. The reason for this is that the target
free surface is given by the balance between the nozzle in- and outflow.
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Figure 2. Spallation sub-unit and outside housing of the spallation loop

6XEXQLW
YDFXXPIODQJH
$EVRUEHUSXPSV
5HJHQHUDWLRQ
YROXPH

&U\RSXPS
&RQGLWLRQLQJXQLW
6XEXQLW
PHFKDQLFDOVXSSRUW
0+'SXPSRXWOHW
VXEXQLWFRXSOLQJSRLQW

9DFXXPJDWHYDOYH
%XR\DQF\
FRXQWHUZHLJKWV

6KLHOGLQJEORFN
YHVVHOOLG 
/%(OHYHO0DLQYHVVHO
7DUJHW
(OHFWURPRWRU
SULPDU\K\GUDXOLFGULYH
5HPRWHKDQGOLQJ
FXWWLQJOLQHV
(OHFWULFDOKHDWHUXQLW

/%(IHHGHUKHDG
6HFWRURIFRUH
EDVHSODWH
7DUJHW
3ULPDU\KH[
LQOHW KLGGHQ 
3ULPDU\
KH[RXWOHW

Figure 3. A schematic layout of the spallation loop and its interiors
6RUSWLRQ
SXPS

6KLHOGLQJOLG
&U\RSXPS
7XUER
SXPS

%HDP
OLQH

(OHFWULFPRWRU
/%(FRQGLWLRQLQJ
+\GUDXOLFGULYH

7DUJHWIHHG

7DUJHW
9DFXXP
SXPSLQJGXFW
0+'SXPS
0DLQSXPS
&RUH

/%(/%(KH[

535

The free surface level is particularly difficult to maintain under the dynamics changes caused by
beam trips and during the start-up/shut-down procedures. In order to cope with these dynamics, a
second free surface in the spallation loop main unit is maintained at about 2.5 m above the target free
surface. The mechanical pump lifts the LBE that has passed the heat exchanger to the level of the
second free surface. From here, the LBE flows through the feeder-line to the target nozzle by gravity.
The MHD pump in the feeder-line provides the fine-tuning of the gravity-fed inflow in two-quadrant
acceleration/deceleration operation. Normal operation of the pump, however, is slightly biased towards
an accelerating action to avoid frequent reversal of the travelling wave. The three feeders are drag
limited, exceeding the minimum drag of 1 bar/m necessary to compensate for the hydrostatic pressure,
to prevent the spallation LBE to tear off and reach the target nozzle in free fall.
Spallation target nozzle design
Within the XT-ADS spallation target design work of the EUROTRANS project, a specific effort
is placed on the development of the target nozzle. In the MYRRHA Draft 2 [3] that serves as the input
for the XT-ADS, the target nozzle was designed to have a straight LBE flow without detachment of
the LBE from the nozzle walls. However, real size water flow experiments performed at the Université
Catholique de Louvain (UCL) and LBE flow experiments that were done at the KALLA laboratory of
the Forschungszentrum Karsruhe (FzK) have shown that a more stable flow is achieved if some
detachment of the LBE flow is allowed. Also, introducing a mild swirl has a stabilising effect. These
results are now used as input for further development of the target nozzle. In this respect, three tracks
are investigated. First, the feasibility of a target nozzle that explicitly forces flow detachment is studied.
In order to achieve detachment at the right position and nowhere else, a rig in the nozzle wall is
created. In addition, the nozzle shape and the in- and outflow cross-sections must be optimised. For
this purpose, several nozzle proposals are looked into with CFD calculations (Figure 4), followed by
experimental tests using water flow experiments at UCL. A similar strategy is being followed for the
investigation of the influence of swirl on the LBE flow. Here, CFD calculations indicate that in the
current geometry, 5% swirl, corresponding to a 1/20 ratio of the tangential relative to the axial LBE
velocities, stabilises the position of the recirculation zone whereas at 10% swirl the onset of the creation
of a hollow vortex in the centre of the nozzle is observed [5]. In water flow experiments similar results
are obtained albeit that already at 5% swirl vortex formation is found. In the near future, water flow
experiments with a target nozzle introducing less swirl will be carried out. The third modification in
the target nozzle that is being studied in more detail is the three-feeder option for the LBE downcomer
which has the advantage that optimal use is made of the available space in the ADS core. The strategy
of the project is to investigate the three design modifications separately before they are integrated in
one nozzle. The combined nozzle will be further studied using the water flow experiments and
fine-tuned in LBE flow experiments at KALLA.
LBE pumps
In the present design the mechanical pump is powered by an indirect hydraulic drive that avoids
the use of a long shaft. A canned electric motor drives a pump that transmits its power to the hydraulic
drive/hydraulic pump in the lower part of the column. The hydraulic transmission fluid is taken to be
the same as the LBE that it is circulating in the spallation loop (although at higher pressure). One
option for the design of the pump-drive tandem is based on common impeller technology. The impeller
direction of drive and pump are opposite in order to ease the axial bearing requirements. This design is
shown in all pictures of the spallation loop. Another option is to design the pump/drive tandem based
on a screw spindle technology. In this option the fluid smoothly follows the spindle motion without
being subject to the accelerating or decelerating phases of impeller pumps. Such a smooth flow is
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Figure 4. Different design options for target nozzle shapes with flow detachment

assumed to be less bothered by corrosion and cavitation problems. Although the hydraulic drive pump
is at present the reference design, the long shaft option has not been ruled out. Here however, the
proper design and testing of the shaft bearings is the most crucial point.
The basic concept for annular linear induction pump or magneto-hydrodynamic (MHD) pump is
similar to the one used for the MEGAPIE Project at PSI (CH). The MEGAPIE pump is constructed at
IPUL (University of Latvia). The MHD pump envisaged for the XT-ADS differs from this pump in
certain respects in order to obtain the pressure gain of 1.2 bars as required by the spallation loop
dynamics. The pump efficiency is almost doubled by better matching the LBE velocity to the mean
magnetic field velocity thus decreasing the slip ratio. Furthermore, the pump length is increased to
1.2 m, including an integrated annular magnetic flow meter and the number of poles is increased
accordingly. Taking into account the MEGAPIE model findings, the efficiency could be increased
even more by grading the magnetic core flux over its length.
Vacuum system
The absence of the window implies that the target needs to be under vacuum to accommodate the
vacuum of the accelerator. Thus a vacuum system must be provided that maintains sufficiently low
pressures to avoid plasma formation. In addition, it must ensure sufficient confinement of volatile
radioactive spallation products that may emanate from the target. In the present design the spallation
unit is connected to the central beam line via a duct and is being pumped an integrated vacuum system
to a pressure of less than 10–5 Pa. At the back-end of the system all radioactive volatile emanations are
collected in absorption pumps from where they can be batch-wise removed. Because of the target
vacuum, the LBE flow is optimised to keep the temperature of the free surface low in order to prevent
excessive LBE evaporation into the beam line.
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During target nozzle experiments it was observed that the fast-flowing LBE in the spallation target
zone has a significant vacuum pumping effect since the pressure in the target module was reduced to
two orders of magnitude below the minimum pressure reachable by the vacuum pump installed at that
time. Although the effect has not been duly quantified in the present target geometry, it does open
possibilities for a modification of the vacuum system design. Indeed, the vacuum pumping effect of
the LBE may be sufficient to reduce the vacuum pressure in the target zone during normal operation to
below the level required. In that scenario, the confinement of the spallation products can be improved
by abandoning the vacuum duct between the beam line tube and the servicing vessel. In this way the
vacuum chamber above the free surface in the main vessel has no contact with the beam line and thus
migration of volatile radioactive spallation products that were emanated from this free surface to the
beam line is prevented. Separation also allows operating the vacuum vessel at higher pressures of the
order of 1-100 Pa which would simplify the vacuum system without changing the LBE flow behaviour
significantly. In addition, the higher operating pressure allows envisaging a room temperature vapour
trap in the vessel that would immobilise the bulk of the volatile spallation products, so that the load on
the absorption pumps is reduced.
LBE conditioning
Conditioning of the LBE eutectic in the spallation loop is required for two main reasons: corrosion
inhibition and the need to prevent conglomeration of insoluble impurities that may lead to a blocking
of the flow. In the design of the MYRRHA ADS the main corrosion inhibition strategy followed is by
controlling the oxygen content in the LBE target material to the level of ca 1.10–6 wt.%. For this a
hydrogen and water vapour gas treatment system is foreseen to reduce the amount of oxygen in the
LBE when required. However, since the spallation unit is a vacuum system the treatment is only
possible during maintenance times. Because of the generally reducing nature of the spallation products
and the hydrogen from the proton beam, the opposite reaction for adding oxygen is also included. For
this purpose a dedicated conditioning unit is foreseen. Its active component is a heated basket with
PbO pebbles housed in an insulated vessel. The exchange rate between the pebbles and the bypass
LBE flow is governed by controlling the temperature of the basket. In addition, magnetic filtering is
foreseen at the entrance of the MHD pump to extract magnetic corrosion products (mainly Fe and Ni
compounds) that could otherwise block the MHD pump. Finally, at the top of the second free surface
filtering/skimming is envisaged to remove floating debris.
Summary
The design of the XT-ADS spallation target is performed within the European integrated project
EUROTRANS that was started in April 2005. At the current status of the spallation target design
process, the boundary conditions for the spallation target loop with respect to the XT-ADS performance
requirements and the design of the subcritical core and primary system have been established. The
next steps will concentrate on further development of the spallation target nozzle, the vacuum and
spallation product confinement system and the pumping system.
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Abstract
The results of assessment of the transmutation performances of two experimental channels situated in
the active and reflector zones of ADS MYRRHA, under design at SCKxCEN, are presented. The
evolution of the composition of two types of the IMF targets – one with MgO matrix and another with
Mo matrix, both containing the incorporated (Pu0.4Am0.6Cm0.1)O1.88 fuel – are modelled during an
irradiation period of about three years (810 efpd), followed by a storage period of three years. The
dependence of the actinide composition on time is practically the same in both IMF(Mo) and IMF(MgO)
targets, but neutron multiplication performance of the fuel cell with the first is 30% lower. A higher
disappearance of americium in the targets disposed in the reflector zone channel (-1.63 g cm–3) is
penalised by a relatively high build-up of curium (+0.41 g cm–3 at the end of the irradiation). The
long-life isotopes 245Cm and 246Cm present about 80% of the built-up curium. Less than +0.1 g cm–3
amounts the curium increment after irradiation in the targets placed in the active zone channel; it
becomes seven times smaller after the storage period. The amount of helium, produced mainly by
D-decay of 242Cm, is at least 1.5 times larger than the sum of the amounts of xenon and krypton
produced by fission of all actinides within the fuel. In the fast spectrum channel, a supplementary
amount of helium (~2% at the end of irradiation) is generated within the MgO matrix.
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Introduction
Accelerator-driven subcritical systems (ADS) with uranium-free inert matrix fuels (IMF) are
potentially considered as one of the most effective and safest facilities for transmutation of the minor
actinides (MA): neptunium (Np), americium (Am) and curium (Cm), and long-life fission products
(LLFP). Various neutron spectra and fuel options are under consideration in different countries. The
possibility of Am and Cm transmutation using IMF containing MA oxides in different matrices is being
studied at SCKxCEN in the frame of the FP6 EURATOM integrated project EUROTRANS [1].
To address this need, a multi-purpose ADS called MYRRHA (Multi-purpose hYbrid Research Reactor
for High-tech Application) has been under design at SCKxCEN since 1998 [2]. MYRRHA aims to serve
as a basis for the European experimental ADS for MA transmutation demonstration (XT-ADS [1]),
and to provide neutrons and protons for various R&D applications.
The capacity of the MYRRHA ADS to transmute MA and LLFP in special assemblies during a
one-year operation period of the dedicated core was discussed in [3]. Later, a more detailed study was
performed on americium transmutation within magnesia (MgO) based IMF-targets situated in the
different experimental channels of the MYRRHA core [4], where a three-year irradiation period,
followed by two years of the fuel storage, was modelled.
This communication presents the results of modelling of the Am and Cm transmutation within
small IMF targets with different matrices in two experimental channels of ADS MYRRHA situated in
the fast and epithermal neutron spectra zones. Two types of IMF are studied – one IMF(MgO) with the
ceramic magnesia matrix and another IMF(Mo) with the metallic molybdenum matrix, both containing
the same (Pu0.4Am0.6Cm0.1)O1.88 oxide fuel. The main purpose of this study is to analyse differences
between the two targets in the evolution of the actinide isotopic composition and in the helium (He)
production, taking into account that Mo has a relatively high neutron absorption cross-section and that
supplementary He can be produced within MgO matrix by (n,D) reaction. A typical configuration of
the MYRRHA subcritical core [5] is used in these calculations. The total irradiation period of 810 efpd
followed by a storage period of about three years is considered. Most of the calculations are performed
with the ALEPH code system developed at SCKxCEN [6].
Calculation tools
The main tool used in these studies is the code system ALEPH, which was developed at SCKxCEN
in collaboration with Ghent University [6]. This code was conceived by coupling of one of the last
versions (2.5e) of the MCNPX code [7], the NJOY 99.90 code [8], the modified SCKxCEN version of
the code ORIGEN 2.2 [9] and the evaluated nuclear data files from the standard libraries in their original
ENDF6 format to perform burn-up calculations. The JEF2.2 library is used for these calculations [10].
The modelling capability of the MCNPX 2.5e code allows developing a rather complete and detailed
model of the MYRRHA ADS core and also taking into account the problem-dependent neutron spectra.
In principle, a spectrum in the cells containing material to be burned can be determined for every
burn-up step. These spectra are then used to calculate burn-up dependent one-group cross-section
libraries for ORIGEN along with the power and flux history required for depletion calculations. The
microscopic point-wise continuous cross-sections used by ALEPH to calculate the one-group
cross-sections are generated by NJOY. The same nuclear data are used in the MCNPX code to perform
the required core calculations. After the depletion calculation, the material compositions of the burned
cells are updated.
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Irradiation conditions
A typical configuration of the MYRRHA subcritical core [Figure 1(a)] was used for the modelling.
The active zone (60 cm active length) is composed of 45 hexagonal fuel assemblies loaded with
(Pu,U)O2 MOX fuel. It surrounds a liquid lead-bismuth eutectic (LBE) spallation target driven by a
350 MeV u 5 mA proton beam. In order to obtain the fast neutron spectrum, the core is cooled by
LBE. The MOX is made of plutonium from reprocessed UO2 light water reactor fuel with 30 wt.% of
Pu in heavy metal. The reflector zone consists of two rings of “dummy” assemblies filled with LBE.
The core is within the core barrel and surrounded by LBE filling the reactor pool, which has a diameter
of 4.4 m. The normal operation power of the core is about 50 MW(th). The major requirement for the
core at start is to keep the keff value close to 0.95. About 12 experimental channels with different
irradiation conditions are foreseen for advanced fuel testing and material research irradiation in the
active zone and in the reflector. (More details on the MYRRHA design can be found in Ref. [11].)
The neutronic performances of the reference core [Figure 1(a)] were previously calculated with
the MCNPX-2.5.e code [3]. The typical neutron spectra within the two experimental channels
considered – one (A) situated in the active zone close to the spallation target, and another one (Q)
situated within the reflector – are shown in Figure 1(b), where the normalised relative neutron flux per
unit lethargy is presented as function of neutron energy. The spectrum in channel A is typical for a fast
core. The two spectra overlap quite well in the energy range of 0.01 to 5 MeV, but differ at higher
and lower neutron energies. The neutron spectrum of channel A has a high-energy spallation tail at
En > 10 MeV. This high-energy tail becomes negligible in other channels disposed at a larger distance
from the spallation target. In the case of channel Q (the reflector channel), the number of fast neutrons
with energy above 1 MeV is about by one order of magnitude lower than in channel A. On the other
hand, the number of neutrons with energy below 10 keV is for 2-3 orders higher. The calculated total
neutron flux is 3.17 u 1015 cm–2 s–1 in channel A and 8.88 u 1014 cm–2 s–1 in channel Q.
Figure 1. Typical configuration of the MYRRHA core (a)
and neutron spectrum (b) in the studied irradiation positions
(a)

(b)

At this stage of the MYRRHA design, it is expected that the ADS will operate on 90-day cycles
with 30-day shutdown periods in between; after each sequence of three operation cycles, a 90-day
maintenance period is foreseen. A loss of reactivity is compensated by adding fresh driver-fuel
assemblies and by the core reconfiguration performed during the shutdown periods.
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Target specifications
Two types of IMF transmutation targets are analysed: IMF(MgO) – with ceramic MgO-matrix,
and IMF(Mo) with metallic Mo-matrix, both containing dispersed (Cm0.1Am0.5Pu0.4)O1.88 fuel particles
of 100 microns. A matrix volume fraction of 60 vol.% and an oxide fuel particle fraction of 40 vol.%
are chosen to satisfy some basic criteria of fabricability and matrix continuity. The MgO-matrix has
95% of the theoretical density (TD), i.e. 3.22 g cm–3; the Mo-matrix density is 10.18 g cm–3 (99% TD).
The oxide fuel particles are of 90% TD (10.36 g cm–3). The fuel composition and the initial isotopic
vectors of Pu, Am and Cm in the studied IMF are summarised in Table 1.
Table 1. Initial isotopic composition and decay time of the fuel in the IMF samples [12]

The IMF and their specifications are chosen based on the recommendations of the EURATOM
FP5 project FUTURE [12], where different inert matrices and oxide fuels were analysed for MA
transmutation in fast spectrum ADS. The geometrical sizes of the IMF targets in these studies are
chosen small ( 5.4 u 20 mm), in order to neglect the neutron spectrum perturbation related to their
presence in the driver core.
Results
The results presented below have been obtained in the framework of the extension of our previous
studies [3,4], performed only with the IMF targets and fuel assemblies containing MgO matrix, to the
targets with Mo matrix. This matrix is also considered as one of the promising candidates for IMF
fuels dedicated to MA transmutation in ADS [12,13]. Moreover, both cases are considered in more
detail than in [3,4], taking into account the helium production within MgO matrix.
At this stage of study, similar to [4], the unperturbed neutron spectra of the core loaded with the
driver MOX are used to perform the transmutation calculations in channels A and Q, because the
targets are sufficiently small that their influence on the global spectrum will be negligible. Obviously,
the perturbation will be mainly due to the actinides contained within the targets (the matrices will
play a secondary role), therefore, this effect will be the same for both IMF(Mo) and IMF(MgO).
Preliminary estimates show that this approximation is rather reasonable for such small targets. This
assumption allows reducing significantly the calculation time. The perturbation effect will be estimated
at the next stage of the modelling when a driver MOX assembly will be replaced with a special fuel
assembly completely loaded with IMF. Moreover, the regime of the ADS operation at a constant
neutron flux has been considered in order to simplify the calculations. In this case, the loss of core
reactivity within a cycle is assumed to be compensated by an increase in the proton beam current and
by core reloading.
The neutron multiplication factor of a fuel cell with the considered IMF, the actinide content and
isotopic composition within IMF and of the produced amounts of helium, xenon and krypton have
been calculated as a function of time. Figures 2 to 7 summarise the main results of these calculations.
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Figure 2 displays the time-evolution of the amount (g-at cm–3) of the initially loaded actinide
elements (Pu, Am, Cm) within the targets over the total operation and storage periods. No remarkable
difference between IMF(Mo) and IMF(MgO) has been found. Pu content decreases in all targets
during the irradiation cycles. This change is not so large in the targets disposed in the fast core channel
A (-8.3% at the end of the last ninth cycle), but it is very strong (-44.9%) in the targets situated in the
reflector channel Q. The fission cross sections of fissile Pu isotopes in the spectrum of channel Q is by
order of value larger than in channel A.
During the shutdown and storage periods, the total Pu-content increases due to the production of
Pu and 242Pu by D-decay of 242Cm and 244Cm (see below). By the end of the storage period, the
overall change of the Pu content becomes -4.2% in the channel A and -41.0% in Q.

240

Similar to plutonium, the amount of americium in the IMF-targets decreases continuously during
the irradiation periods, while it changes very weakly during the shutdown and storage periods
(Figure 2). In total, 29.1% of Am disappears in the targets placed in channel A. In the case of channel
Q, the amount of Am is reduced more significantly: 89.3%. Neutron capture is obviously the dominant
mechanism for Am transmutation in this channel, as only 0.5% of all interactions at the beginning of
the irradiation are fission events; by the end of the last cycle, fission gives 10%. The neutron capture
cross-section of Am in channel Q is 30 times higher than in A, while the fission cross-section remains
roughly the same. A very small increase in Am-content happens during the storage.
Figure 2. Evolution of the contents of Am, Pu and Cm within
the Mo-target placed in the active zone (A) and the reflector (Q)

A slight Cm build-up is observed in the targets of channel A during the irradiation periods
(Figure 2) due to E decay of the Am-isotopes produced by the neutron capture. The generated Cm
undergoes D decay and yields Pu, mainly due to the following channel:
241

W 16 h
W 162 d
Am  no 242 Am 90% 
o E   242 Cm 

o D  238 Pu
W 141y
W 162 d
o 242 m Am 10% 

o E   242 Cm 

o D  238 Pu

(1)

The second-order contribution comes from:
243

W 10.1h
W 18.1y
Am  no 244 Am 

o E   244 Cm 

o D  240 Pu

During the shutdown and storage periods, the accumulated Cm continues to decay.
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(2)

In the IMF samples disposed in the reflector channel Q, a more rapid build-up of Cm takes place
during the first three cycles (the capture cross-section of Am in the thermalised spectrum of channel Q
is significantly higher than in the channel A). However, the Cm content in this target starts to decrease
slowly at the beginning of the fourth cycle, and this decrease continues to the end of the operation
period. This effect is explained by the fact that after three cycles of irradiation about half of the Am
disappears and the amount of Cm generated through E decay of Am becomes smaller than the amount
of Cm consumed due to other nuclear reactions. Nevertheless, at the end of the last cycle, the net
production of Cm reached 110.7% in channel Q compared to 25.9% in channel A. After three years of
storage, these figures decrease to 87.7% in Q, and only 3.5% in A.
More detailed information about the time evolution of the isotopic composition of Pu, Am and
Cm in the considered targets is presented in Figures 3-5.
Figure 3. Evolution of the Pu isotopic content within
the IMF(Mo) targets placed in the channels A and Q

Figure 4. Evolution of the Am isotopic content within
the IMF(Mo) targets placed in the channels A and Q
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Figure 5. Evolution of the Cm isotopic content within
the IMF(Mo) targets placed in the channels A and Q

Figure 3 shows the time evolution of the amounts of different Pu isotopes. An important build-up
of the fertile isotope 238Pu occurs in both channels, mainly due to D decay of the 242Cm generated in
the result of E decay of 242Am – Eq. (1). To a lesser extent, 238Pu is also produced from 239Pu in the
(n,2n) reaction. During irradiation in the thermalised reflector channel (Q), 238Pu is partially converted
into 239Pu after capture of a neutron. In the cycles from 7 to 9, when the content of 242Cm has already
decreased significantly (see Figure 5), this mechanism becomes more efficient than the production of
238
Pu by D decay of 242Cm, and the amount of 238Pu decreases in channel Q during irradiation. The
fissile isotope 239Pu is efficiently burnt in both channels, A and Q.
The fertile 240Pu disappear during irradiation in both channels (because of fission in A and in the
result of the radiative neutron capture in Q). It is partially reproduced by D decay of the 244Cm
generated in the result of E decay of 244Am – Eq. (2) – and in the radiative capture of neutrons by 239Pu
(in the channel Q). Its content increases during shutdown periods and storage.
The content of the fissile isotope 241Pu in channel A decreases monotonically with time. It is
efficiently fissioned during the irradiation periods and decays with the time constant of W1/2 = 14.4 y to
241
Am. In the targets disposed into the reflector channel Q, its content very rapidly increases during the
first and the second cycles due to the 240Pu(n,J)241Pu reaction. This reaction dominates over fission up
to the third cycle. At that time, about 75% of 240Pu has disappeared, and the 241Pu fission becomes
dominant.
The amount of 242Pu increases in channel A during all irradiation cycles. It is generated after EC
decay of 242Am (W1/2 = 16 h) produced in the 241Am(n,J)242Am reaction. In the Q channel, the
disappearance of 242Pu due to the radiative neutron capture becomes dominant after the third cycle, and
its content decreases.
The time evolution of the Am isotopic composition in the targets of channels A and Q is
quantitatively similar (Figure 4). The initially disposed in the target isotopes 241Am and 243Am are
rapidly consumed during the irradiation periods (3-6 times more efficiently in the reflector channel Q).
During the shutdown and storage periods, the content of 241Am slightly increases due to E decay of
241
Pu. A relatively small amount of 242mAm (W1/2 = 141 y) is accumulated during irradiation. In the
thermalised spectrum of channel Q, it begins to disappear after three irradiation cycles due to conversion
to 243Am. Neutron capture is the dominant mechanism for Am transmutation in this channel.
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However, the higher efficiency of channel Q in the americium transmutation is penalised by a
higher generation of curium (Figure 5). In both irradiation positions (A and Q), almost the entire
amount of 242Cm produced during irradiation (by the radiative capture of neutrons on 241Am followed
E\ -decay) disappears during the three-year storage period (due to D decay with W1/2 = 162.8 d).
A small amount of 243Cm (W1/2 = 28.5 y) is produced in the 242Cm(n,J)243Cm reaction and is partially
converted to 244Cm through the radiative capture of neutrons. This isotope is also generated by E decay
of 244Am (W1/2 = 10.1 h) produced in the result of the radiative capture of neutron by 243Am – Eq. (2).
The content of 244Cm increases during all the irradiation periods within the targets placed in the
fast spectrum position A. In reflector channel Q, its content increases in the first three cycles and then
decreases practically to the initial level. During the shutdown and storage periods, 244Cm experiences
D decay with W1/2 = 18.1 y. The D decay of 242Cm and 244Cm produces the fertile plutonium isotopes
238
Pu and 240Pu – Eqs. (1) and (2). This results in an increase in the total plutonium content during
shutdown and storage. The facts that the half-life of 242Am and 244Am is significantly shorter than that
of 242Cm and 244Cm, respectively, that the capture cross-section of Am in channel Q is very high
(compared to channels A and I) and that the fission to capture ratio is very low, explain a rapid
build-up of Cm in the IMF of the channel Q during the first few cycles.
As a negative effect of the thermalised spectrum, important amounts of the long-lived isotopes
Cm (W1/2 = 8 500 y) and 246Cm (W1/2 = 4 780 y) are produced in the targets of the Q channel. By the
end of the last cycle, the content of 245Cm increases by a factor of 6. At the same time, the content of
246
Cm (absent at start) reached almost 30% of the amount of 245Cm. These two isotopes provide the
main contribution to the final increase of the curium content in the targets of the reflector channel Q.
245

Most of the isotopes mentioned above experience D decay, i.e. generate He atoms. In the case
considered here, the most important He producers are 242Cm (W1/2 = 162.8 d), 241Pu (W1/2 = 14.4 y),
244
Cm (W1/2 = 18.1 y), 243Cm (W1/2 = 28.5 y), 238Pu (W1/2 = 87.7 y). In Figure 6(a), the production of He
within the fuel particles of IMF(Mo) is compared with the production of xenon (Xe) and krypton (Kr),
which are major contributors to fission gas in the classical MOX.
In both channels A and Q, the amount of He produced begins to be higher than that of X+Kr after
the second cycle [Figure 6(a)]. At the end of the ninth cycle it is about 1.5 times larger in Q and almost
1.7 times larger in A. The generation of He continues during the shutdown and storage periods. After
three years of storage, the ratio of the amounts of He and Xe+Kr rises up to 1.6 in Q and up to 2.4 in A.
Figure 6. Production of He, Xe and Kr within the targets with Mo-matrix (a)
and the excess of the He-production within the target with MgO-matrix (b)
(a)

(b)
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Due to the Mg(n,D)Si reaction, a supplementary amount of helium is produced within the MgO
matrix. At the beginning of the irradiation, when the part of He generated by D decay is still small, the
share of He produced within MgO in the fast channel A is about 15% of that produced in the fuel
particles [Figure 6(b)]. However, after six cycles of the irradiation this number decreases to about 2%.
In the reflector channel Q, the generation of He within MgO is practically negligible.
Figure 7 presents the neutron multiplication factor kf for the infinite medium, the composition of
which is equivalent to the composition of a fuel cell containing one of the two IMF targets, as a function
of the operation time. One can see that in both positions, A and Q, kf is significantly lower for the
IMF with Mo matrix. This is explained by a higher neutron absorption cross-section of molybdenum
in comparison with magnesia. In the fast spectrum channel A, the kf is larger than unity: 1.07 for
IMF(MgO) and about 1.35 for IMF(Mo) at start. It slightly increases with irradiation time for both
targets and reaches 1.09 and 1.42, respectively, by the end of the irradiation. A very small value of
kf = 0.29-0.33 is observed at the start in the partially thermalised neutron spectrum (channel Q).
However, it increases rapidly with the irradiation time, reaching a sort of plateau at the level of 0.72
and 0.92 after three to four cycles of irradiation and then begins to decrease very slowly. The low
value of kf in thermalised spectrum at start and its increasing with irradiation is mainly explained by
very high thermal neutron absorption cross-section of the initial americium isotopes 241Am and 243Am
and by their efficient disappearance at the considered irradiation conditions. This effect strongly limits
the amount of americium that can be loaded for transmutation in the critical reactors with thermal
spectrum.
Figure 7. Time-evolution of the neutron multiplication factor in the IMF cells

Conclusion
The transmutation of plutonium, americium and curium within IMF targets, containing 60 vol.%
Mo or MgO matrix and 40 vol.% (Cm0.1Am0.5Pu0.4)O1.88 fuel, was modelled with the code system
ALEPH under representative irradiation conditions of the MYRRHA ADS active zone and reflector.
The evolution of the fuel composition within small IMF targets during the total fuel life (810 efpd
of irradiation, 360 days of the shutdown periods and 1 080 days of the storage) does not practically
depend on the matrix type. In all the studied cases, a net mass decrease is observed for Pu and Am,
whereas a mass increase is observed for Cm. A higher disappearance of americium in the targets
disposed in the reflector zone channel (-1.63 g cm–3 or -89%) is penalised by a relatively high build-up
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of curium (+0.41 g cm–3 at the end of the irradiation). The long-life isotopes 245Cm and 246Cm
represent there about 80% of the built-up curium. Curium build-up within the targets placed in the
active zone channel is only +0.013 g cm–3 after the storage period, but the americium disappearance is
lower: -0.53 g cm–3 or -29%.
The amount of helium produced within fuel particles, mainly by D decay of 242Cm, is at least
1.5 times larger than the sum of the amounts of xenon and krypton produced by fission of all actinides
within the fuel. In the fast spectrum channel, a supplementary amount of helium (~2% at the end of
irradiation) is generated within the MgO matrix.
The neutron multiplication performance of the considered IMF is very low in the thermalised
channel: kf = 0.29-0.33 at start and 0.7-0.9 by the end of irradiation, when 89% of Am has
disappeared. This indicates that IMF with significantly lower Am content should be used for burning
Am in thermal spectra reactors. In the fast channel kf > 1 for both fuel cells and slightly increases with
the irradiation time, but the multiplication performance of the fuel cell with IMF(Mo) is about 30%
lower than for the cell with IMF(MgO).
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FISSION CROSS-SECTION MEASUREMENT PROGRAMME AT LANSCE

F. Tovesson, T.S. Hill
Los Alamos National Laboratory
P.O. Box 1663, Los Alamos, NM 87545, USA
Abstract
The Advanced Fuel Cycle Initiative (AFCI) is funding a fission cross-section measurement programme
at LANSCE. Large uncertainties in the performance of transmutation systems and future generation
reactors can be traced to uncertainties in published fission cross-sections. The fission measurement
programme at LANSCE aims to aid evaluators who are developing new nuclear reaction evaluations
for certain minor actinides. Fission cross measurements are carried out over ten decades in incident
neutron energy by combining data from two complimentary facilities – the Weapons Nuclear Research
(WNR) facility and the Lujan Center. A fission cross-section measurement of 237Np has been completed
over the full available energy range, and preliminary results obtained for 240Pu and 242Pu.
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Introduction
There is a number of initiatives in different parts of the world to develop partitioning and
transmutation technology done with advanced nuclear reactors. However, the future reactors require
basic and applied research in a range of areas. The Advanced Fuel Cycle Initiative (AFCI) was funded
to address the research needed for advanced reactor systems and waste treatment. One area of research
is nuclear reaction cross-section data. Most of the future reactors concepts are based on fast neutron
spectra, which will require accurately measured nuclear data for higher energies than was needed in
the past.
The fission cross-section programme at Los Alamos Neutron Scattering Center (LANSCE) aims
at measuring a number of minor actinide of importance for advance nuclear power applications. The
first isotope for which measurements has been completed is 237Np, and partial results have been
obtained for 240Pu and 242Pu. An overview of the programme will be given in this paper, and the status
of current projects will be reported.
Experimental method
The 800 MeV proton accelerator at LANSCE delivers beam to two spallation neutron facilities [1]:
the Lujan Center and the Weapons Neutron Research (WNR) (Figure 1). The former provides
moderated neutron beams, while the latter deliver un-moderated spallation neutrons to different flight
paths at LANSCE. Two different experimental stations are used in the fission measurement programme
in order to take advantage of the full energy range available when combining the two facilities. In so
doing, the differential fission cross-section is obtained continuously from 10–2 eV to 200 MeV with an
overlap between 100 and 200 keV. The neutron energy is determined using the time-of-flight method,
where the neutron velocity is used to deduce the incident energy.
Figure 1. Schematic view of the Los Alamos Neutron Scattering Center

Parallel plate ionisation chambers [2] are employed for the fission counting. The chambers register
fission events by detecting one or both of the fission fragments as they escape the thin samples and
ionise the detector gas. Each chamber holds up to four different samples, which can be simultaneously
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read out by the data acquisition system. The timing of the events relative to the accelerator pick-off
signal, which marks the arrival of a proton beam near the spallation target, is stored in order to
determine the neutron time-of-flight. The energy collected by the ionisation chamber is stored as well
and is used to discriminate background events.
The cross-section measurements are performed relative to the 235U(n,f) reaction, which is a
commonly used nuclear measurement standard up to 20 MeV. Background from neutron-induced
charged-particle emission produced in the sample-backing material is monitored by a blank backing
foil. For the high-energy measurements a 238U sample is placed in the chamber, in order to profit from
its insensitivity to low-energy neutron background. By comparing its fission rate to that of 235U, the
low-energy neutron background is monitored. For the low-energy measurements, fissile contaminants
can be a considerable source of background in measurements, particularly for non-fissile isotopes.
In order to correct for this effect, pure samples of the contaminants are measured to obtain the data
needed for correcting the principal data.
Data analysis
The experimental data is analysed using the ROOT [3] software package. The fission fragments
are distinguish from D particles by setting a software threshold for the chamber signals, which together
with the thickness of the samples determines the detection efficiency for each sample. The pulse
height responses from each channel of the chamber are calibrated, so that the same threshold can be
applied to all of them. Samples of similar thicknesses are used, so that the efficiency for fission
fragment detection is almost the same for the different samples.
The total dead time of the data acquisition system is monitored by counters that register all signals
from the chamber above the hardware threshold, and different sets of counters that register only those
events accepted by the data acquisition system. This provides a precise value for the total dead time,
but the dead time dependence on the time-of-flight has to be calculated. For high-energy measurements
the fission rate variation with time-of-flight is relatively small, and the dead time is assumed to be
independent of it. For the low-energy measurements, however, the fission rate varies more with
time-of-flight, and a differential dead time correction is required. This is performed with an algorithm
described in Ref. [4], which calculates a correction function based on the experimental event rate as a
function of time-of-flight and the fixed dead time. This algorithm is exact under the assumption that
the events are Poisson (beam is stable). This is ensured by performing the correction for each 10-second
interval of collected data, during which time the beam current variations are known to be small.
In the high-energy measurements (performed at WNR) it is necessary to correct for out-of-time
neutrons in fissile isotopes. This effect is caused by the close proton pulse spacing; when fast neutrons
from one pulse reach the ionisation chamber, slow neutrons from the previous pulse are still coming
down the beam pipe. For non-fissile isotopes the fission cross-section for the slow neutrons is typically
so low that the background produced by this effect is negligible. However, for fissile isotopes this
background can be significant and has to be corrected for. The wrap-around contribution to the fission
rate is measured after the last proton pulse in each pulse-train from the accelerator. This fission rate is
then fitted by assuming that each proton pulse adds a tail of wrap-around neutrons that can be described
as the sum of three exponential functions. Another source of background is referred to as dark current.
This background is caused by protons between pulses from the accelerator. The level of dark current
varies with the settings of the accelerator, and is monitored by 238U fission rates at long times-of-flight.
Since 238U is non-fissile, the fission rate should go close to zero after a certain time-of-flight. The events
measured after this time are attributed to dark current, and the measured level is used correct the fissile
isotopes as well.
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Measurements of cross-sections of non-fissile isotopes even at very low levels of contamination
might effect the measurement in the resonance and thermal energy region. In the 237Np measurement,
for example, contamination of 239Pu (0.07%) and 233U (5·10–4%) in the samples strongly limits the
measurement below the unresolved resonance region. In fact, at thermal energies only about 1 event in
50 is fission of 237Np. In the 240,242Pu samples the fissile contaminants are 239Pu and 241Pu. The fission
rate of the fissile contaminant is measured with dedicated samples and the resulting data used for the
corrections. The normalisation of the contamination background is determined to a high degree of
accuracy using known resonances of the contamination isotopes.
For isotopes such as 240Pu and 242Pu there is a significant spontaneous fission decay branch which
has to be corrected for during the analysis. Since the spontaneous fission rate is constant in time and
independent of the neutron time-of-flight, it is trivial to separate out the spontaneous fission rate from
the neutron-induced fission rate.
The measured cross-sections are reported as ratios to 235U(n,f). In this way the data is independent
of which 235U evaluation is used to deduce the cross-sections, and it is left to the user of these data to
convert the ratio to a cross-section using his or her method of choice.
Results
The first isotope completed over the full energy range was 237Np. This isotope was chosen a
benchmark case since a large number of data sets of its fission cross-section has been performed in the
past [5-11], and this cross-section should thus be well known.
The resulting cross-section ratio up to 20 MeV 235U is shown in Figure 2. When comparing the
experimental result to the evaluations from the JENDL-3.3 [12] and ENDF/B-VII [13] libraries a
generally good agreement is observed, although the evaluations are discrepant in certain energy regions.
Figure 2. The 237Np(n,f) cross-section as a ratio to 235U(n,f).
The ENDF/B-VII and JENDL-3.3 evaluations are also shown.
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In the unresolved resonance region the experimental data favours the JENDL-3.3 evaluation,
although the evaluation seems to slightly over estimate the cross-section up to the reaction threshold.
Above the fission threshold energy the ENDF/B-VII evaluation is in better agreement with the
experiment. The discrepancy with the JENDL-3.3 seems in part to be the result of an underestimation
of the second-chance fission threshold energy in the evaluation. Above 30 MeV the experimental data
show a constant cross-section ratio up to 200 MeV (Figure 3), the highest energy measured. This result
is consistent with that of Shcherbakov, et al. [8], which shows the same trend. The experimental
cross-section ratio obtained in this work has been used to update the ENDF/B-VII evaluation of the
fast region for 235Np(n,f), which will be reflected in the next release.
Figure 3. The 237Np(n,f) cross-section as a ratio to 235U(n,f) up
to 200 MeV. Also shown is the data from Shcherbakov, et al. [8].

The systematically uncertainties of the measurements have been extensively studied, as well as
the associated covariance. In the unresolved resonance region the total systematic uncertainty is about
2%, 0.5 to 10 MeV it is below 1%, and from 10 to 20 MeV it is below 2%. It is important to note that
this is not taking the overall normalisation uncertainty into account. This uncertainty comes from the
fact that the total sample masses are not well known in the 237Np measurement. A mass ratio between
237
Np and 235U is instead obtained by adjusting this parameter so that the ENDF/B-VII cross-section
ratio at 14 MeV is reproduced. The systematic uncertainty associated with this procedure is an open
question, and left to the cross-section evaluators to assign.
Preliminary results have also been obtained for the 240Pu(n,f) and 242Pu(n,f) cross-section ratios
from 10–2 eV to 200 keV. The measured data has been corrected for fission from 239Pu, but still need to
be corrected for 241Pu fission. A sample of this isotope is being prepared by Idaho National Laboratory,
and the measurements needed to finalise the analysis are planned for late 2006. The preliminary results
are shown in Figures 4 and 5, together with the ENDF/B-VII and JENDL-3.3 evaluations, which have
been modified to reflect the presence of a 0.01% contamination level of 241Pu in the samples.
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Figure 4. The 242Pu fission cross-section ratio

The experimental fission cross-section ratio obtained for 242Pu(n,f) is in good agreement with the
JENDL-3.3 evaluation, but points out some shortcomings of the ENDF/B-VII evaluation. At 1.5 eV
there is a relative strong resonance observed in the data, and this resonance appears in the JENDL-3.3
evaluation. However, in ENDF/B-VII the resonance is missing. Another discrepancy is found at
9 keV, where there is an un-physical “step” in the ENDF/B-VII evaluation. The evaluation agrees with
the measurement above this energy, but below it seems to significantly overestimate the cross-section.
For 240Pu both the ENDF/B-VII and JENDL-3.3 evaluations are in good agreement with the
measurement. It is interesting to note, however, that the broad structures in the unresolved resonance
region of the JENDL-3.3 evaluation are in perfect agreement with the measurement.
The 240,242Pu measurements will be extended to include the above threshold energy region up to
200 MeV. These measurements are planned for the late part 2006.
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Figure 5. The 240Pu fission cross-section ratio

Conclusion and outlook
The capability of measuring differential fission cross-sections from sub-thermal energies up to
200 MeV has been developed at LANSCE. These capabilities were first demonstrated for 237Np, and
an ongoing project is in place to measure the 240Pu and 242Pu fission cross-sections. The capabilities at
LANSCE can be used to systematically study fission of minor and major actinides over a large energy
region available at very few facilities around the world. This will strongly benefit applications in both
nuclear technology and basic science.
The systematic uncertainty of the measurements has been extensively studied. It has been shown
that 1-2% systematic uncertainties can be achieved in the energy region of most interest to fast nuclear
reactor technology. This is in an acceptable range for many nuclear data requests for reactor applications.
The next step in this programme will be to develop capabilities to measure on more radioactive
samples. Further detector development is planned to handle higher radioactivity, and will be
implemented in steps as the half-lives of the measured isotopes get shorter.
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Abstract
The EUROTRANS project is an integrated project in the 6th European Framework Programme in the
context of partitioning and transmutation (P&T). The objective of this project is the step-wise approach
of a European Transmutation Demonstration. This project aims to deliver an advanced design of
a small-scale accelerator-driven system (ADS), XT-ADS, as well as the conceptual design of a
European Facility for Industrial Transmutation, EFIT. The design of both machines is co-ordinated in
Domain 1 (DM1) “Design” of the project. The main objectives of the XT-ADS are: demonstration of
the ADS concept, providing a test facility for transmutation and providing irradiation possibilities in
conditions representative of EFIT operating conditions. The latter allows the use of the XT-ADS as a
materials testing facility as well as an aid for the fuel qualification of EFIT and for the qualification of
candidate structural materials. The XT-ADS core is based on MOX fuel relatively high in Pu content
and is cooled using a lead-bismuth eutectic (LBE). The combination of these two components results
in a fast spectrum core. During the first 18 months of the project, the core of the XT-ADS has been
developed starting from the MYRRHA DRAFT2 file [1]. The XT-ADS core has only been fixed at the
end of last June, so the calculations relating to this reference core are ongoing. There have been some
scoping studies in the MYRRHA project on the capabilities as an irradiation facility (in-pile sections).
As with the modified fuel pin and fuel assembly design, we started from the work done in the
MYRRHA project to define the respective capabilities for the XT-ADS.
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The objectives and main characteristics of XT-ADS
In the first phase of the project, the objectives of both XT-ADS and EFIT were fixed. For XT-ADS
three main objectives have been stated: 1) demonstration of the ADS concept; 2) demonstration of
transmutation; 3) providing a fast spectrum irradiation facility with irradiation conditions close to the
operating conditions of EFIT. The latter requirement allows EFIT component and fuel testing in
XT-ADS. Based on these objectives and other boundary conditions, mainly related to material limits,
the main characteristics of both machines have been drawn up (see Table 1) [2]. In order to profit from
work already done, it was agreed upon within the DM1 that the MYRRHA design should be the
starting point for the XT-ADS design. With respect to the core, several modifications of the MYRRHA
core have lead to the current XT-ADS reference core design. The main difference is the pin pitch that
was enlarged in the XT-ADS design to reduce the pressure drop over the core and thus improve the
passive safety characteristics of the plant.
Table 1. Summary of XT-ADS and EFIT characteristics

Proton energy
Spallation target concept
Fuel
Power (MWth)
Power density (W/cm³)
Presence of absorbers
Vessel structural material
Vessel type
Primary coolant
Primary system temperature
range (°C)
Secondary coolant
Fuel loading
Fuel handling
Seismic design

XT-ADS
600 MeV u 2.5 mA/
350 MeV u 5 mA
Off-centred
MOX, some minor actinide
(MA) FA accepted
50-100
700
Yes
T91 and 316L
Standing (hanging under
consideration)
LBE
Inlet: 300
Outlet: 400
Low pressure boiling water
From bottom (alternative
from top was reviewed)
Oriented remote handling
Seismic spectrum specific to
the Mol site

EFIT
800 MeV u 20 mA
Centred
(Pu, AM)O2 + MgO (or Mo)

450-650
No
To be defined
Hanging
Pure lead
Inlet: 400
Outlet: 480
Superheated water cycle
From top
To be defined
Horizontal anti-seismic
supports

The reference pin and fuel assembly design
As in MYRRHA, the XT-ADS is designed to use MOX as fuel material. Both designs start with
30 wt.% of plutonium MOX. However, the composition of this MOX, i.e. the uranium and plutonium
vectors, is different in both cases. MYRRHA was designed using a reactor grade plutonium vector,
while for XT-ADS we opted for a plutonium vector coming from the reprocessing of PWR fuel with
an initial enrichment of 4.5% in 235U, a burn-up of 45 GWd/t and a cooling period of fifteen years.
Table 2 gives the isotopic vectors for both uranium and plutonium.
The pin itself consists of a fuel pellet column of 60 cm with a neutron reflector on both ends to
increase the neutron economy, a fission gas plenum and a closing cap. The fuel pellets are of the hollow
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Table 2. Isotopic vectors
Pu isotope
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu

Weight %
02.33
56.87
27.00
06.10
07.69

U isotope
234
U
235
U
236
U
237
U
238
U

Weight %
00.005
00.400
00.000
00.000
99.595

type. This reduces the centreline temperature and hence gives larger margins to fuel melting limits.
Figure 1 shows this reference design. The fuel assembly contains 90 of these fuel pins in a hexagonal
lattice together with one “instrumentation pin” in the centre of the assembly (see Figures 2 and 3).
This instrumentation pin contains no fuel but is foreseen to carry instrumentation for on-line
measurements.
Figure 1. The XT-ADS fuel pin

Lower reflector

Fuel pellets

Upper reflector

Top-cap

6.55

1.6

Bottom-cap

Spring

Cladding

Gas plenum

300

100

600

100

1200

Figure 2. The hexagonal fuel pin lattice
hole 1.6
fuel pellet
cladding
coolant
6.55

20

9.23
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Figure 3. The fuel assembly
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The major difference with the MYRRHA design is the larger fuel pin pitch. This increase was
needed to reduce the pressure drop over the core. It was very clear from the beginning that the T91
cladding material would be the weakest link and hence defining the operational limits of the XT-ADS
core. This reference design was the result of several iterations between neutronics calculations and
thermo-hydraulic calculations with the most important feedback parameters being the pressure drop
over the core and the needed coolant speed to keep the inlet and outlet temperatures fixed to the ones
fixed in the characteristics (300-400°C). Mechanical calculations showed that a wall thickness of
2 mm was sufficient for the wrapper. The clearance between the assemblies was fixed to 3 mm, which
is the double that of MYRRHA. The motivation for this came from working experience of members of
the design team indicating that this was indeed needed for the easy withdrawal of an irradiated (and
often deformed) fuel assembly. The final result is an assembly total width (flat-to-flat) of 93.2 mm and
an assembly pitch (centre-to-centre) of 96.2 mm.
The reference core layout
As a result of both the degrading of the MOX fuel and the enlargement of the fuel assemblies and
assembly pitch (the fuel density has been reduced significantly) the keff of the core dropped. Three
options were open to get back to the reference value of keff = 0.95: 1) increase the active length; 2) use
more fuel assemblies; 3) allow for a higher Pu ratio (more than 30 wt.%). Increasing the active length
of the core has as a main consequence that the coolant sees more power, hence the outlet temperature
will be higher (unless this is, of course, compensated by higher coolant speeds) and this was clearly a
road we did not want to take. The second option has two major drawbacks: putting more fuel assemblies
will increase the power of the system, hence increasing the dimensions of all components of the primary
system and surely, room inside the vessel is limited so putting more fuel assemblies reduces the
number of experiments that can be loaded. During the DM1 general meeting of last June [3], it was
decided to go for the third option: the core layout was fixed to 72 fuel assemblies encircling a “gap” of
three emptied positions to allow for the placement of the spallation target module [4]. Figure 4 shows
this core layout.
The proton beam characteristics
In MYRRHA, the proton energy is fixed at 350 MeV with a current of about 5 mA. As a side
study in the MYRRHA Draft 2 design, the benefits and drawbacks of a 600 MeV beam have been
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investigated [5]. This showed that the Bragg peak, significantly present for 350 MeV protons, is more
smeared out and hence a more distributed source is created. Also the neutron yield is quite a bit higher
(6 neutrons per proton for 350 MeV and about 16 neutrons per proton for 600 MeV) which allows us
to reduce the needed beam current (to about 2.5 mA). The advantage for the group designing the
spallation target [4] is that in the case of the 600 MeV u 2.5 mA the power to be evacuated is noticeably
lower. During the last DM1 meeting, it was decided that we preferentially would go for the 600 MeV
option unless there is serious objection from the Work Package 1.3 dealing with the accelerator with
respect to the cost of the installation.
The core neutronics results
The XT-ADS reference core has been studied using the MCNPX 2.5.0 Monte Carlo code using
the JEFF3.1 nuclear libraries. Figure 4 shows the micro cell, macro cell and core layout used in the
MCNPX calculations. In order to fix all parameters, the design group decided to fix the proton beam
current in order to have a fuel power density of 700 W/cm3. This results in a total power of about
57 MWth. Table 3 displays the most important results.
Figure 4. Micro cell, macro cell and core cut at midplane

Figure 5. Axial core model

Irradiation facilities foreseen
The reference core described above is the basis for the first objective of the XT-ADS facility: the
demonstration of the ADS concept and the gathering of knowledge in the operation and control of
such a machine. The second objective of the XT-ADS is the demonstration of transmutation. In order
to do so the characteristics of XT-ADS clearly state that the machine must be able to load some fuel
assemblies loaded with uranium-free minor actinide fuel, i.e. close to or even the same fuel as EFIT.
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Table 3. Core neutronics results
Proton energy (MeV)
Beam current (mA)
Core active height (cm)
Number of FA
Pu ratio (wt.%)
keff
Total power (MW)
Fuel power density (W/cm3)
Total flux (peak pellet) n/(cm2.s)

600
2.33
60
72
31.5
0.95324
56.86
700
3.0e15

The third objective, performing as a fast spectrum irradiation facility requires the development of
in-pile sections (IPSs) to be loaded in the core. Of course, the replacement of a fuel assembly located
in the centre of the core by such an in-pile section has to be compensated by the addition of several
fuel assemblies in the periphery. This is, as mentioned before, the main reason to limit ourselves to
72 fuel assemblies in the reference core leaving some free positions for additional fuel assemblies if
needed. Another requirement was the fact that irradiation conditions should be close to the EFIT
operating conditions. It was decided that a good criterion for this would be the ratio of dpa in the
structural material and the burn-up of the fuel [2].
Scoping studies for a core loaded with several of these IPSs have been done in the MYRRHA
project and were presented to the XT-ADS core design team at the so-called Bologna meeting. These
need to be transferred to the recently repaired XT-ADS core. Figure 6 shows the MCNPX model of a
fully loaded MYRRHA core. It is clear that with 72 fuel assemblies already present (while MYRRHA
had only 45) it will be difficult for XT-ADS to have the same number of parallel loads. In MYRRHA
three types of IPSs were foreseen for fuel irradiation: 1) an instrumented and conditioned capsule
(ICC); 2) a calorimetric calibration device (CCD); 3) the combination of both the ICC-CCD. For
material irradiations, an IPS was pre-designed. The MYRRHA project did some scoping studies on
T91 irradiation under lead and helium cooling atmosphere (for application in EFIT), two rigs with SiC
for doping studies. It is the aim to use the MYRRHA modelling as the starting point for the evaluation
of the XT-ADS capabilities as an irradiation facility, as was done for the fuel pin and assembly.
Figure 6. MYRRHA core loaded with in-pile-sections
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Conclusions
The reference core of the XT-ADS has been fixed during the last DM1 co-ordination meeting
held in Mol last June 2006. This design is the result of several iterations in which different fuel pins
and assemblies were evaluated on their neutronic and thermo-hydraulic behaviour. Details of the
capabilities of the XT-ADS as an irradiation and transmutation facility are currently evaluated on the
basis of the findings for the MYRRHA core design.
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Abstract
The scientific feasibility of long-lived waste transmutation has been studied for the past several years
by the scientific community. This review summarises not only “a state of the art” subsequent to
studies carried out over a fifteen-year period at the CEA, but also gives conclusions on the scientific
feasibility from the CEA point of view. Different neutron spectra and core physic limitations are taken
into account, global efficiency in reactor, means of transmutation, and also the impact on the fuel cycle
issue. The studies aimed to determine the most adapted field of neutron energy for the transmutation
of minor actinides and long-lived fission products, in order to deeply evaluate the capabilities and
possibilities of recycling those elements in nuclear reactors.
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Introduction
The purpose of minor actinide transmutation is to reduce the mass and radiotoxicity inventory of
long-lived nuclear waste. In France, the law voted in 1991 on this issue has generated much R&D on
the subject.
The scientific feasibility of long-lived waste transmutation has been studied since for several
years by the scientific community (including at CEA). This review summarises not only a “state of the
art” subsequent to fifteen years of study at the CEA, but also provides conclusions on the scientific
feasibility from the CEA point of view. Different neutron spectra and core physics limitations are taken
into account, global efficiency in reactor, means of transmutation (homogenous or heterogeneous), and
also the impact on the fuel cycle issue. The studies aimed to determine the most adapted field of
neutron energy for the transmutation of minor actinides (americium, curium and neptunium) and
long-lived fission products (iodine, caesium, technetium), in order to deeply evaluate the capabilities
and possibilities of recycling those elements in nuclear reactors.
A first part, based on cross-section analysis and neutron potential, addresses the performances of
long-lived nuclear waste transmutation (minor actinides and long-lived fission product) according to
the neutron spectrum, independent of the type of system considered.
Measurements and evaluations of the nuclear data carried out specifically for long-lived waste,
which represents an essential component with respect to the quality and to the relevance of the
transmutation studies, are presented.
Physical assessment and neutronic characteristics of MA and LLFP
The principle of transmutation applied to nuclear waste management consists in modifying the
long-lived nucleus elements in order to transform the isotopes concerned into stable ones or with
half-lives definitely shorter or having less radiotoxicity. The preferred method is transmutation by
neutrons directly produced in a nuclear reactor; other possibilities of transmutation (photons, protons)
are not retained due to a weak output. However, neutron production by protons (spallation) in
subcritical systems give a pretty good output, but remains at the same level as neutron transmutation
from the scientific feasibility point of view.
Physical basis of transmutation
The interaction neutron-nucleus leads mainly to two types of reactions, the reaction of neutron
capture by the target nucleus and the reaction of fission.
For fission products, the capture in general makes it possible to generate, after successive
transformations, a stable element. The typical example is technetium-99 (210 000 year period) which
by neutron capture is transformed into technetium-100, which has a very short radioactive half-life
15.8 seconds) ending up by beta disintegration at stable ruthenium-100 (see Figure 1).
For minor actinides, the capture reaction is to be avoided because it results in the generation of
other actinides, displacing the problem rather than solving it.
For example, in the case of 241Am the reaction of capture gives 242Am and mainly 242Cm (by beta
disintegration). The half-life of this isotope is only 163 days. Initially, it seems to be a good operation,

570

Figure 1. Technetium-99 decay vs. (n,J) reaction

but in fact the 242Cm decays on 238Pu and so on up to stable lead. The comparison of the radiotoxicity
induced from 241Am and 242Cm (and their sons) shows that the results are not as successful as could be
hoped (see Figure 2).
Figure 2. Radiotoxicity for 1 kg of 241Am and 242Cm
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It is obviously the fission which it is necessary to support for the destruction of minor actinides,
because on the one hand fission leads to residues (fission products) with shorter lives than stable, less
radiotoxic in the long term than destroyed actinides, and on the other hand fission produces additional
neutrons usable to destroy other waste or to take part in the maintaining of the chain reaction while
producing energy.

Neutronic characteristics
The capacity to obtain a process of effective actinide transmutation depends on the competition
between the two reactions of fission and neutron capture. The probability of occurrence of each
reaction is characterised by the cross-section of the isotope considered. The analysis of the corresponding
cross-section shape according to the energy of the incidental neutron is for this reason essential. These
data, for few minor actinides, extracted from the European nuclear data library JEFF3.0, are presented
in Figure 3.
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Figure 3. Capture (red) and fission (black) cross-sections for 241Am, 237Np and 244Cm

241

Am is weakly fissile. The probabilities of neutron capture are 100 to 1 000 times higher than
those of fission. It is the same for 237Np. The even isotope of curium, 244Cm, also presents the same
behaviour, the capture/fission ratio being weaker (factor approximately 10). Those isotopes are called
capturing. In comparison the cross-sections of 238U (not presented here) show to be appreciably lower
in absolute values than those of minor actinides. The replacement of uranium by these minor actinides
will thus tend to increase the rate of absorption in the thermal zone and thus to reduce the neutronic
flux level in this energy range.
The odd isotopes of curium have closer levels of capture and fission. The probability of fission is
5 to 10 times higher than that of capture. The shapes of the curves are very close, in form with those of
235
U. The absolute values of the section of fission appear slightly higher than those of 239Pu.
In the epithermal zone (energy beyond 1 eV) a similar overall behaviour is noted, only the
capture/fission ratio is reduced.
In fast spectrum, in the zone of resonances and beyond, differentiation between the probabilities
of capture and fission remains noticeable until the threshold of fission to energies of the order of MeV
for capturing isotopes, but overall the ratio capture/fission is clearly decreased.
These observations are quantified in Table 1, where the values of average cross-sections integrated
on the spectra of definite neutrons are indicated, representative as the distribution in energy of the
neutron population present in the nuclear reactor: a “thermal” PWR spectrum with a UOX fuel, an
“epithermal” PWR spectrum with a MOX fuel and a spectrum of fast reactor (Na coolant, EFR type).
These various spectra are presented in Figure 4.
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Figure 4. Spectra (172 energy groups) PWR (UOX & MOX) and FR
0,26
0,24

Fast Reactor (Na coolant)

0,22

MOX PWR

d PHI / d u (intégral = 1)

0,20

UOX PWR

0,18
0,16
0,14
0,12
0,10
0,08
0,06
0,04
0,02
0,00
1,E-03

1,E-02

1,E-01

1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06 1,E+07 1,E+08
Energy (eV)

Table 1. One-group MA cross-sections from PWR and FR

D = Vc/Vf
Global efficiency and neutron balance
The examination of only the cross-sections makes it possible to determine the methods of interest
(see Table 1). The evaluation of the cross-sections alone, although a good indicator, is not sufficient.
It is also necessary to consider the neutron potential in order to be able to quantify the number of
neutrons available for transmutation (see Table 2). This approach (D method) was described in
Ref. [1] and allows to asses the capability to work at critical conditions and to produce the excess of
neutrons for transmutation. It is based on the probabilistic approach applied to the cores at the
“equilibrium” state.
We can notice the advantage of the fast spectrum, because all the MAs give a positive neutron
balance, but also that it is possible to transmute Cm in thermal spectrum.
For LLFP the balance is negative for the two spectra: a neutron source (internal or external) is
needed to transmute.
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Table 2. D values for MAs in thermal and fast spectrum

237

Np
Am
243
Am
243
Cm
244
Cm
245
Cm
AM
Pu + AM
LLFP element
PFVL isotopes
241

Thermal
spectrum
-1.4
-1.4
-0.7
+1.6
+0.4
+2.0
-1.2
-0.2
-2.3
-0.6

Fast
spectrum
+0.3
+0.3
+0.3
+1.8
+1.1
+2.2
+0.4
+0.9
-2.2
-0.6

For on standard irradiation time in reactors, like PWR type and RNR, the disappearance rates of
the elements considered, expressed in per cent of the mass present initially, are indicated in Table 3.
The rates of fission, integrated over the irradiation time, are also indicated. These fission rates integrate
the contributions to fission, not only of the father isotope present initially, but also those of the
daughter isotopes produced during the irradiation [2].
Table 3. MA fission and disappearance rates for PWR and FR
Reactor
Burn-up
Flux level
Irradiation time
Fission (F) and
disappearance (D) rate
237

Np
Am
243
Am
244
Cm
241

PWR
60 GWd/t
2.5 1014 n/cm2/s
1 500 EFPD
F
D
(%)
(%)
46
70
65
44

4
10
6
16

FR
140 GWd/t
3.4 1015 n/cm2/s
1 700 EFPD
D
F
(%)
(%)
63
69
63
50

24
24
15
27

From the analysis of these results, the following principal points emerge:
x

Under the standard conditions of reactor irradiation, it is not possible to reach a complete
disappearance of the elements considered only once-through irradiation. It is necessary to
carry out a multi-recycling.

x

From the contributions of the fissile isotopes produced during irradiation, the ratios integrated
of the fission rates on the disappearance rates, are increased, compared with the same ratios
relative only to the initial isotope.

x

The fission rates obtained in FR are higher, about a ratio 2 to 6 with those obtained in PWR.

x

In PWR, the transmutation of the elements considered being done primarily by successive
captures, the production of higher elements will be very clearly accentuated.
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Impact of transmutation on core safety criteria
The main restriction to introducing minor actinides into critical reactors is connected to their
direct impact and their daughters’ impact via transmutation on the core’s reactivity and kinetic factors.
This would produce:
x

a drop in the temperature factors (Doppler effect);

x

an increase on reactivity linked to the coolant;

x

a lower drop in reactivity during the reactor cycle;

x

a reduction in the effectiveness of the control rod efficiency.

The studies were carried out so as to quantify these changes to the safety factors in the PWR
standard version and in versions with an increased moderation ratio, hereby allowing for the neutron
spectrum to be adapted to acceptable values for the safety factors when actinides are present in the
core. The increased moderation ratio in a PWR is achieved either by removing a few rods in the
assembly (which increases the volume of moderating water) or by reconsidering its design. The most
recent studies have looked at the EPR reactor which, due to its design, offers additional margins on
some of the core’s safety parameters in comparison to current PWRs.
The main limitation for actinide loading is due to the negative impact on the coolant void for the
liquid metal reactor. Other safety parameters also decrease with the increase of the MA loading (see
Figure 5).
Figure 5. Impact of the MA loading on the safety parameters for LMFR
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For FRs, in case of a large core the limit is around 3% of total heavy nuclides (in a homogeneous
way) (EFR, SUPERPHENIX type), for smaller cores like PHENIX or PRISM the limit of MA loading
increases. The gas-cooled fast reactor allows a higher loading in MA than liquid metal fast reactor due
to the disappearance void effect constraint, 5% of MA seems acceptable even for large core.
The void effect is also actually the most restricting criteria of MA loading in PWR for the physics
and safety impact point of view. When the coolant disappears, the neutron spectrum moves on higher
energy (see Figure 6), and the capture contributions of the thermal and epithermal resonances vanishes
and that we saw before (II 2), the MA actinides like Am or 237Np have large resonances of capture in
those energy ranges.
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Figure 6. Neutronic spectrum in PWR SA in nominal condition and partly voided
PWR nominal case
PWR part ly voided (30%of nominal coolant density)
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Transmutation of long-lived fission products
The isotopes of long-lived fission products whose possibilities of transmutation have been assessed
are 99Tc, 135Cs and 129I. These isotopes are pure neutron capturers. In PWRs, their transmutation proves
very difficult and would require the fuel’s overbreeding. The FNRs can be used with specific assemblies
in which the neutron spectrum is changed locally to benefit from large thermal neutron cross-sections.
Caesium is mainly made up of a mixture of two isotopes 135Cs (16% content), long-lived, and
Cs (non-radiotoxic), for which only transmutation of the radiotoxic 135Cs is useful. However, under
irradiation, 133Cs is mostly transformed into 135Cs and isotopic partitioning of the two isotopes, as a
preliminary stage to their transmutation, is therefore essential to avoid recreating at least as many 135Cs
as we destroy. Such partitioning must allow for a level of at least 70% of 135Cs to be reached. Various
enriching methods were assessed. However, none provided satisfactory results for large-scale enriching.
Caesium transmutation is therefore not realistically foreseeable. No work to choose the caesium
component suitable for reactor irradiation was undertaken.
133

The destruction of technetium and iodine is possible in FNRs by subjecting them to a moderated
neutron spectrum in targets. Nevertheless, calculations show a low transmutation performance, even in
optimal neutronic conditions. For example, for technetium’s most favourable case, 18 to 33 years of
irradiation are needed to reduce the quantity of technetium by half. To reach a worthwhile performance
(reduction by a factor of ten), the targets would have to be recycled several times over hundreds of
years. Technetium and iodine transmutation is therefore hardly realistic when the goal is to reduce
their radiotoxicity.
Nuclear data and numerical simulation for transmutation
The transmutation systems’ feasibility, design and safety studies are based on calculation results
obtained through numerical simulation software programs. This software draws on data libraries,
physical and numerical models and qualification experiments whose quality dictates the level of
uncertainty associated with the various studies. To assess the transmutation systems, reliable nuclear
data must be available so as to allow for results which are as accurate and consistent as possible.
Nuclear data is obtained through a long and complex process which combines theoretical nuclear
physics measurements and calculations and assessments performed by groups of specialised physicists.
The data is kept in nuclear data libraries, i.e. JEFF-3 (Europe) or ENDF/B-VI (USA) international
576

files. Various numerical simulation software programs can be used. Those which are most often used
in the CEA are: Apollo2/Cronos2 [3] for water reactors, ERANOS [4] for fast spectrum reactors,
Darwin [5] for the material inventory calculations and Tripoli4 [6] codes for complex geometry
calculations. The purpose of the qualification experiments, carried out in nuclear physics test facilities
and power reactors, is to produce experimental data which is compared with the simulation software
results, allowing for the software results to be validated.
As long as long-lived nuclear waste transmutation was not considered an aim of core design, the
neutronic calculation codes were based on libraries and development chains which only covered a
relatively limited number of nuclei and reactions. To include the missing nuclei, several nuclear
measurements of interest to transmutation have been undertaken over the past years. Most of these
measurements formed part of a co-operation project involving the CEA, the CNRS, universities or
international projects. With regard to calculation codes, extensions to existing software programs,
which had been developed and qualified for applications in classical reactors, were made so as to
cover the specificities of waste transmuting reactors.
In-reactor qualification experiments have either been undertaken or are in progress. Actinide
fission measurements were taken in the Muse cores of the Masurca test reactor and others are planned
for the Minerve facility in Cadarache. The Profil 1, Profil 2 and Métaphix experiments, performed in
Phénix, were essential to provide a single database on plutonium, neptunium, americium and curium
isotopes. The Profil-R, currently in progress in Phénix, and Profil-M experiments, both in preparation,
consist in irradiating actinide and fission product samples either with a fast neutron spectrum or
with epithermal neutrons. These experiments shall contribute important information on the capture
cross-sections and the daughters of the nuclei in question. Furthermore, the interpretation of the
analyses of high burn-up irradiated fuels has meant that uncertainties linked to the isotopic inventory
calculations of the PWR UOX and MOX fuels could be specified.
Table 4 shows the impact of nuclear data uncertainties on the mass inventory at the end of
irradiation for a dedicated core at equilibrium.
Table 4. Impact of cross-section variations on mass inventory for a dedicated core
+10% Vc 241Am
+3% Pu
-5% Am
-2% Cm

+10% Vc 243Am
+1% Pu
-5% Am
-2% Cm

-10% Vf 245Cm
+1% Pu
-0.5% Am
+7% Cm

Nuclear data and simulation software have gradually improved, rendering the assessment of the
various transmutation systems increasingly reliable. Efforts made over the past years have translated
into considerable progress achieved in the simulation of cores loaded with long-lived radionuclides.
The level of reliability and accuracy of the results obtained is sufficient to design the reactor cores and
calculate the related inventories after transmutation. Detailed calculations for an effective performance
shall require precise data. Some highly specific measurements to be carried out through the appropriate
experimental programmes are still pending.
Conclusions
The efficiency of waste transmutation depends initially on two key parameters: cross-sections and
neutronic flux level. The elementary analysis carried out on the cross-sections of actinides shows that
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independent of the type of reactor considered (critical, subcritical, type of coolant,…) the fast neutron
spectrum makes it possible to minimise the reactions of neutron capture and favours the reactions of
fission for the whole actinides. In the thermal spectrum on the contrary, the elements considered are
primarily capturing, and fission can be obtained only for one number more limited of isotopes
achieved after a succession of neutron captures, which penalises the overall neutron balance. The level
of neutron flux present in the core determines the speed of transmutation and thus the performances
obtained at each passage of fuel in-reactor. In standard reactors, the MA fission rate reached is about
5 to 10% in PWRs and from 15 to 30% in FRs. In both cases multi-recycling is necessary to reach
satisfactory overall performances. In PWRs, curium recycling is to be avoided as it produces
californium 252, an intense source of neutrons. In FRs, curium recycling undoubtedly produces upper
elements. However they stabilise at a far lower level than in the PWRs and therefore do not pose any
specific problems.
For LLFP the conclusions are:
x

Transmutation of long-lived fission products was assessed for technetium-99, iodine-129 and
caesium-135.

x

As long-lived fission products are pure neutron capturers, their reactor transmutation
consumes a very large amount of neutrons.

x

The studies have shown that transmutation in PWRs and FNRs appears to be impossible for
caesium-135 without prior isotopic partitioning, which is very difficult to implement.

x

For iodine-129 and technetium-99, the most appealing option would be to incorporate them
into targets on the periphery of a fast neutron spectrum core. Even so, the transmutation rates
remain low and the transmutation of iodine and technetium requires a large number of
recycling operations over long periods of time to achieve a modest radiotoxicity result.

To assess through simulation the nuclear reactor’s transmutation capacities, calculation software
programs which reproduce the physical phenomena occurring in the core are used. These neutron
calculation programs rely on three large subsets whose quality determines the level of uncertainty of
the calculations’ results:
x

“data libraries”, elaborated on the basis of large international files of nuclear data;

x

programs or calculation codes integrating various physical and numeric models;

x

qualification experiments.

On the basis of existing calculation tools, which have been developed and qualified for applications
in classic reactors, developments and additions were made to each subset to cater for the specificities
of waste-transmuting reactors. Several nuclear measurements of interest to transmutation have been
performed over recent years, most as part of co-operation projects involving the CEA, the CNRS and
some universities or as part of international projects. This work meant that considerable progress in
the simulation of cores loaded with long-lived radionuclides could be made. Some very specific
measurements are still expected from the relevant experimental programmes. The nuclear models and
data used for calculations will require more detailed validation in order to guarantee the reliability of
an engineering project. However, these models and data make it possible today to perform preliminary
calculations, whose results and tendencies are relevant and credible for scenario studies [7].
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Nomenclature
CNRS: French National Centre for Scientific Research
EFR: European Fast Reactor
FR: Fast reactor
LLFP: Long-lived fission product
LMFR: Liquid metal fast reactor
MA: Minor actinide
MOX: Mixed-oxide (uranium, plutonium)
PWR: Pressurised water reactor
UOX: Uranium oxide
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Abstract
The paper presents the results of the transmutation efficiency of fast accelerator-driven subcritical
systems (ADS) for targets of minor actinides or fission fragments contained in the nuclear wastes from
the present nuclear power plants. The LBE-cooled ADS from the PDS-XADS EU project is studied in
several scenarios for the target design and position in the ADS, to evaluate transmutation capabilities,
options to enhance these capabilities and consequences of the introduction of the targets in the core.
The list of scenarios includes the irradiation in the global fast neutron spectrum and the preparation of
irradiation areas with different level of thermalisation of the neutron spectra.
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Introduction
Spent nuclear fuel contains heavy isotopes of the actinides series, with long lives and high
radiotoxicity. The non-consumed uranium and plutonium generated by neutron capture in the 238U are
included among them. We also can find the isotopes called minor actinides: Np, Am and Cm. The
irradiated fuels also contain long-lived fission products such as 99Tc and 129I, among others. In some
countries, the uranium and plutonium might be used to fabricate MOX fuels, and the rest of the
isotopes produced in the irradiation are considered long-lived high-activity waste. In other countries
all of the spent fuel is considered to be long-lived high activity waste. The waste isotopes can be
converted to others through fission, capture or combinations of these and other nuclear reactions.
These processes are called transmutation. The objective of transmutation is to convert the waste
isotopes into others with shorter lives and/or lower long-term radiotoxicity.
This paper analyses several scenarios of minor actinide (MA) and long-lived fission product
(LLFP) transmutation in the lead-bismuth cooled experimental accelerator-driven system of the
PDS-XADS EU project [1]. Particular attention is dedicated to the option of special targets with
locally moderated neutron spectrum. The irradiation time and conditions were selected to represent, on
one hand, possible experiments in the PDS-XADS, and on the other hand, to describe the
transmutation performance of industrial-scale transmutation-dedicated ADS.
XADS-LBE description
The XADS-LBE [2], proposed for the 5th Framework Programme, has been simulated as a
subcritical accelerator-driven system, cooled by lead-bismuth eutectic, with a power output of 80 MWth
and a MOX-fuelled core. The spallation target has been simulated as a windowless LBE target in the
centre of the core. The system has a fast neutron spectrum. The accelerator intensity is limited to 5 mA
and the proton energy is 600 MeV. The fuel and geometry designs are based on the SPX concept. The
core contains 120 fuel assemblies (FA), with the honeycomb arrangement typical of fast reactors,
distributed in 5 rows around the spallation target. Each FA contains 90 fuel rods in a 5-row hexagonal
arrangement around a central hole for a driving fastening bar.
Special fuel assemblies have been defined by substituting several selected MOX pins on standard
FA by special pins. These special pins have been designed to include special fuels. For irradiation of
MA, oxide fuels are proposed [26% of minor actinide oxide AmO2, CmO2 or (Am+Cm)O2] inserted in
a ZrO2 matrix (74%), with an assumed density of 6.6 g/cm3. The isotopic composition of standard fuel
discharge of LWR has been used to describe the minor actinide isotopic composition. Concerning the
LLFP, the metallic form of pure isotope 99Tc, with a density of 11.5 g/cm3, is proposed for technetium
irradiation. CeI3, with a density of 5.3 g/cm3, is proposed to irradiate the iodine.
In the preparation of Deliverable 35 [3] of the PDS-XADS project, the effect on Keff of adopting
special assemblies with MA and LLFP in the XADS system under controlled conditions has been
simulated. The simulation also evaluated the isotopic evolution of the special fuel assemblies during
irradiation and the following cool down.
To analyse the effect of local neutron spectrum on the special fuel isotopic evolution during
the irradiation, two possibilities were simulated: Pins irradiated by MOX fuel rods, designated SFA
MOX-moderated, with a fast fission spectrum; and pins irradiated by a spectrum thermalised by
moderator rods placed around the special pins. The special pins in the SFA were always surrounded by
MOX or moderator rods, to minimise their effect on the general system flux. For the second
possibility, two levels of moderation were studied by selecting graphite moderator rods or ZrH2
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moderator rods in the SFA positions not occupied by special fuel pins. These are designated SFA
graphite-moderated and SFA ZrH-moderated. This option pretends to join the advantages of a high
flux with a global fast spectrum and that of a locally thermal spectrum.
Three possibilities concerning the core position have been assessed to allocate the SFA, one on
the external core ring substituting FA (in-core), another on the first dummy ring close to the FA
(dummy) and the third on the second dummy ring (dummy2) not as close to the standard fuel
assemblies. Figure 1 shows the pin distribution in the SFA and the SFA arrangement in the core.
Irradiation time up to 50 years has been simulated, so all possible times of irradiation are considered
including those of possible experiments in XADS and also times more representative of realistic
industrial waste transmutation.
Figure 1. Pin arrangements in the SFA and SFA distributions in
the core periphery. Distributions used for MOX or ZrH moderator.
Special Fuel Assembly for
MA and LLFP irradiation
MOX or moderator pins
Special pin with
MA or LLFP
LBE coolant

12 – incore - SFA
12 – dummy - SFA
12 – dummy2 - SFA

Special pins and assemblies
SFA have been designed having the standard FA structural geometry and materials, to avoid
thermal-hydraulic problems and incompatibility with the coolant. Special fuel pins preserve the
cladding geometry and material choice. For MA, the pellet geometry is also preserved in SFA. The
same geometry, but using cylindrical instead of annular pellets, has been used for CeI3. For metallic
99
Tc, the fuel pellet stack has been substituted by a hollow cylinder of metallic technetium, 1 mm
thick, surrounding a graphite inner cylinder to provide structural strength and to increase the neutron
moderation. Moderator rods are described as solid cylinders of the same external dimensions of the
standard rods.
Calculation tools
EVOLCODE [4] has been used, to evaluate the isotopic evolution of the transmutation targets in
the SFA. There, MCNPX 2.4.k [5] and ENDF6 release 8 cross-sections were used to determine the
neutron transport and to calculate the neutron multiplication factor. Specific EVOLCODE modules
were used to convolute the cross-section with the flux spectrum calculated by MCNPX to one-group
effective cross-section for depletion calculations. The ORIGEN [6] code was used to calculate the
isotopic evolution with the ad hoc produced libraries. Several steps of burn-up were carried out with
specific cross-sections evaluated for each one on each reactor material to be depleted.
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Scenarios and results
The standard fuel pins were substituted with special fuel pins following two different distributions
in the SFA: The first one, tentative, with 6 special pins to prove the viability of the irradiation; the
second one with 18 special pins to obtain better statistics. Concerning the SFA arrangements in the
core, the substitution of 6 FA per SFA was initially proposed. Subsequently, the substitution of 12 FA
per SFA was used. A number of scenarios with a large range of irradiation possibilities was analysed
to assess the effect on the system criticality of the special fuel in the proposed positions. Ten selected
scenarios have been fully simulated, including depletion and secular decay isotopic evolution, and
analysed from the point of view of inventory mass reduction.
Effect of the special pins on Keff
The reference value in the standard MOX core of the LBE-XADS configuration is Keff = 0.971.
In all the cases studied, the introduction of special pins reduces the criticality of the system, and the
higher the amount of MA, the lower the Keff value.
For a same special pin arrangement and SFA distribution, Cm generates a smaller reduction of
Keff, whereas Am configuration corresponds to a higher Keff than those of LLFP transmutation. The
LLFP and MA follow the same trend in relation to thermalised spectra. Keff corresponding to ZrH2
moderated spectrum is lower than that corresponding to graphite moderated spectrum, as was seen for
Tc and for I. The use of graphite moderator only allows achieving a small thermalisation, whereas the
ZrH2 option produces much more thermalised neutron fluence (Figure 2). The Keff of the XADS is
progressively reduced as the thermalisation increases. The Keff reduction for the ZrH2 moderated SFA,
however, decreases when the SFA are moved from the in-core positions to the first dummy ring, and
even more going to the second dummy ring.
Figure 2. Average neutron fluence on Am special pin (neutron/cm2/proton)

ZrH

Graphite

MOX
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Isotopic changes of the MA and LLFP targets by transmutation
Detailed isotopic evolution studies are concentrated on two sorts of scenarios for each isotope:
i) The transmutation in fast spectrum inside SFA with MOX pins located in the border of the fuel
region (SFA MOX-moderated); ii) the transmutation on ZrH2 moderated SFA located in the first dummy
ring (SFA ZrH-moderated). In each of the selected cases, EVOLCODE has been used to evaluate the
isotopic evolution of the transmutation targets in the SFA. The power and isotopic content of the rest
of the reactor and of the moderator pins is assumed constant during the complete irradiation period.
In the depletion calculation, the evolution has been computed with intermediate points at 1, 3, 5,
15 and 50 years of irradiation. The first three points will represent realistic irradiation times in the
XADS, whereas the 15 and 50 years could be realistic irradiation times for a full-scale industrial ADS
for transmutation with a power and flux level ranging from 5 to 20 times larger than XADS.
Two scenarios of americium transmutation were analysed: Am irradiated in-core in a fast
spectrum during 50 years irradiation and 1 million year decay time, is shown in Figure 3. The analysis
of the irradiation period shows a reduction of the total transuranics (TRU) content negligible up to
5 years, where it reaches 3.2%, and even after 50 years only 48% of TRU had been eliminated.
Figure 3. Evolution of actinide isotopes for Am 50-year irradiation in
MOX-moderated in-core position, followed by one million years decay
1 ,E + 0 0

TH 2 3 0
TH 2 3 2
U233
U234
U235
U236
U238
NP237
PU238
PU239

1,E - 0 1

PU240
PU241
PU242
A M 2 41
A M 2 42 M
A M 2 43
C M 24 2
C M 24 4
C M 24 5
TO T A L

1,E - 0 2
1 ,E -02

1,E -0 1

1 ,E +0 0

1 ,E + 01

1 ,E + 0 2

1,E + 0 3

1 ,E + 04

1 ,E + 0 5

1 ,E + 0 6

Tim e (y )

During irradiation a substantial amount of 238Pu [decay of the 242Am(g,m)] is observed, but it
decays quickly to 234U during the decay. The target after irradiation contains mainly Pu and Am and
only 9% of Cm. Figure 4 describes the isotopic evolution of Am irradiated in the first dummy ring
with a ZrH2 thermalised spectrum for the same time intervals. The TRU mass reduction is substantially
larger than in the fast case, reaching reductions of more than 21% at 5 years and of 97.6% after
50 years of irradiation. This means that the TRU reduction factor, defined as the ratio of initial to final
TRU mass, has been enhanced 22 times for 50 years irradiation in the ZrH2 moderated assemblies in
relation to the MOX case. During the irradiation there is a large production of Pu and Cm but they are
nearly fully consumed during the same irradiation. At the end of irradiation the target main TRU
components are 249Cf and the 246,247,248Cm. Then the 249Cf decays to 245Cm with a half-life of 350 years.
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Figure 4. Evolution of actinide isotopes for Am 50 years irradiation in
ZrH2-moderated dummy position, followed by one million years decay
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A total of four cases of curium transmutation were studied. Reductions on the TRU mass of 6%,
26% and 83% were obtained for irradiations of 1, 5 and 50 years in-core in fast spectrum. During the
irradiation, Pu and higher-mass Cm isotopes are produced and partially incinerated, resulting after
50 years in a TRU composition of the target dominated by 71% of Pu (240,239,241) and 22% of Cm
(246,245,243). The results for the Cm transmutation in the first dummy ring with ZrH2 moderation
show that, as in the Am case, the thermalisation of the neutron spectrum increases the transmutation
efficiency, reaching reductions in the total TRU mass of 73%, 93% and 98.8% at 1, 5 and 50 years.
The ZrH2 enhancement of the TRU reduction factor at 50 years is 14, close to the Am case. During
irradiation some Pu, higher mass Cm isotopes and 249Cf (after 15 years) are produced and partially
consumed, and after 50 years irradiation 98% of the remaining TRU mass is 249Cf and 1.2% 246Cm;
this makes the decay period dominated progressively by the decay chain 249Cf to 245Cm and this to
237
Np. Very similar results are obtained for the Cm transmutation in-core with ZrH2 moderation; the
mass reductions are in this case slightly smaller despite the larger flux intensity reaching values of
32%, 77% and 98.6% at 1, 5 and 50 years.
The final TRU mixture after 50 years irradiation includes only 57% of 249Cf, but up to 39% of
high mass Cm isotopes (246-248). Finally, the results for the Cm transmutation in-core in graphite
moderated SFA show that the TRU mass reduction is slightly larger than in the fast spectrum but
smaller than with ZrH2 moderation: 10%, 39% and 93% at 1, 5 and 50 years respectively. During
irradiation, Pu and high mass Cm isotopes are produced and partially consumed, and at the end of
50 years irradiation 43% of the TRU are Pu (mainly 238 to 242) and 40% Cm isotopes (mainly with
mass higher than 244).
Two scenarios of 99Tc transmutation were analysed: The 99Tc transmutation in-core in fast
spectrum during a 50-year irradiation and 1-million-year decay time. Results show that no significant
amount of new radioactive isotopes is produced, but rather modest reductions of the 99Tc are achieved,
5% after 5 years and 43% after 50 years. The results for the 99Tc transmutation in the first dummy ring
in ZrH2-moderated SFA, show larger radioactive material mass reduction factors of 15% and 81%
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respectively for 5 and 50 years. The ZrH2 enhancement on the LLFP reduction factor is only 3 for the
99
Tc transmutation. In this case several Ru isotopes are produced, but all the isotopes having substantial
mass are stable.
The same scenarios are studied for 129I transmutation: The isotopic evolution results of the CeI3
target (simulated I is 100% 129I) for the in-core fast spectrum also during a 50-year irradiation and
1-million-year decay time, show that no significant amount of new radioactive isotopes is produced.
Rather modest reductions of the 129I are achieved, 3.5% after 5 years and 30% after 50 years. Several
Xe isotopes (from I) and 141Pr (from Ce) are produced at the end of the irradiation, but all the isotopes
with substantial mass are stable. There are, however, a few short-lived isotopes that produce substantial
radioactivity and radiotoxicity on the target during irradiation, particularly 134Cs, 144Ce and 147Pm, but
their short life makes them decay in few years. Indeed, it takes nearly 3 years of decay to reach the
original level of radioactivity and nearly 1 to reach the original level of radiotoxicity, but after 25 years
both indexes have nearly reached a 30% reduction, corresponding to the 129I mass change. The results
for the irradiation in the first dummy ring in ZrH2-moderated SFA show larger radioactive material
mass reduction factors of 14% and 79% respectively for 5 and 50 years. This corresponds to a ZrH2
enhancement on the LLFP reduction factor at 50 years of 3.3. In this case the same Xe and Pr isotopes
are produced plus some Ba (from Xe) and Nd (from Pr), but all the isotopes with substantial mass
are still stable. There are, again, a few short-lived isotopes (more than in the fast case) that produce
substantial radioactivity and radiotoxicity on the target during irradiation, particularly Cs (134,135 and
137) and some Eu and Pm, and again the short life of most of them makes them decay in few years.
Indeed, it takes nearly 25 years of decay to reach the original level of radioactivity and nearly 3 to
reach the original level of radiotoxicity, but after 50 years both indexes have nearly reach the 79%
reduction level, corresponding to the 129I mass change.
Zr contribution to the radiotoxicity evolution of irradiated 99Tc SFA
A question arises from the possible production of some radiotoxic isotopes, like 93Zr, when
irradiating the Zr contained in the ZrH2 moderator. This production would reduce the efficiency of
LLFP transmutation. The 99Tc simulation was analysed to evaluate the global radiotoxicity balance
taking into account the isotopes produced by the irradiation of Zr. While 99Tc is being irradiated, very
radiotoxic isotopes are produced, 100Tc being the most radiotoxic during the first 6 years of irradiation.
After 6 years of irradiation, 103Ru becomes the most radiotoxic isotope produced. After irradiation,
these very radiotoxic isotopes decay very fast, and the remaining radiotoxicity corresponds to 99Tc
again. Obviously, the 99Tc radiotoxicity after irradiation is proportional to the remaining 99Tc mass.
The irradiation of the Zr contained in the ZrH2 moderator pins produces very radiotoxic isotopes, 97Zr
being the highest contribution to the radiotoxicity followed by 95Zr and 95Nb. The radiotoxicity value
due to the activation of the Zr contained in ZrH2 moderation pins of the SFA18ZrH is around 250 times
the value corresponding to the 99Tc, during irradiation. But the isotopes produced on the Zr irradiation
have very short half-lives, decaying very fast after irradiation. After irradiation, SFA18ZrH radiotoxicity
is dominated by the 99Tc, with a contribution of the Zr activation products lower than 2%. Similar
considerations and conclusions apply to the CeI3 case.
Discussion of the results
In this study the possibility of heterogeneous transmutation of MA (Am or Cm) and LLFP (99Tc
and 129I) in special fuel assemblies of the XADS-LBE system has been evaluated. Two main options,
SFA irradiated in fast flux or MOX-moderated and SFA irradiated in thermalised flux, with two
possibilities of moderator (graphite or ZrH2), have been analysed. A large number of tentative simpler
simulations have allowed optimising the proposals and our simulation time.
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We observe an approximate linearity on the reactivity loss with the number of SFA introduced,
for a given scenario. The graphite moderation is not sufficient to produce significant change on the
reaction rates, and so the ZrH2 moderation option is selected for further analysis. We compare three
positions for the moderated SFA: in-core, first ring of dummies and second ring of dummies. When
the actual depletion calculations are performed, results indicate that the highest transmutation rate is
observed in the first dummy ring (global TRU or LLFP mass in the target and always with ZrH2 SFA
at nominal power). The small difference in spectra in the first dummy ring is able to compensate the
higher intensity of the in-core position, but the further moderation of the second ring does not
compensate the additional intensity reduction.
Detailed isotopic evolution calculations have been performed for Am, Cm, 99Tc and 129I targets in
selected scenarios. The transmutation is evaluated at times representative of possible experiments in
XADS (1, 3 and 5 years) and at times more representative of realistic industrial waste transmutation
ADS with higher flux levels (15 and 50 years).
From the absolute transmutation rate, we observe that the low flux level on XADS produces small
transmutation in 5 years. In the Am, 99Tc and 129I cases, the mass (of all TRU on the target not only the
Am mass and of all LLFP not only Tc or I) is reduced between 3% and 5% in the MOX/fast case,
improving to 21.3% for the Am and to 14%-15% for the LLFP with the ZrH2 thermalisation. The Cm
transmutation is significant even at 5 years, with reductions of 26% and 93% for the fast and moderated
cases respectively.
The transmutation process is fully observed after 50 years of irradiation. The Am target reaches,
after 50 years, a transmutation of 48% in the MOX/fast case and of 97.6% in the ZrH2 case. This
second value corresponds to a reduction on the TRU mass of more than 42 times. After 50 years, the
fast Cm transmutation reaches 83% or a factor of 5.9 for the MOX/fast case and 98.8% or a factor of
more than 83 with thermalisation. For the two LLFP only limited transmutation is obtained even after
50 years. In the 99Tc case 43% and 81% (a factor of 5.3) reductions are obtained in the MOX/fast and
the ZrH2 thermalised cases, and 30% and 79% (a factor 4.8) are the reductions predicted for the same
cases in the 129I transmutation.
In all the cases studied, there is a substantial enhancement of the target transmutation using the
ZrH2 thermalisation. This enhancement is very similar for the Am and Cm, close to a factor 20.
However the enhancement for the LLFP is only close to a factor 3. On the other hand, the effect on
criticality is much larger for the ZrH2-moderated SFA. In the Am case, only 3 of the ZrH2 SFA could
be installed before the reactivity level with 12 MOX SFA was obtained. The final balance is still
favourable to the ZrH2-moderated option by a factor 5.5 (22*3/12). The situation is also favourable for
the ZrH2-moderated option in the case of Cm transmutation, as 5 moderated SFA reduce the reactivity
by the same amount as 12 MOX SFAs, and the improvement factor is 5.8 (14*5/12). In the two cases
of the LLFP, 6 moderated SFA produce the same reactivity drop as 12 MOX SFA, and the resulting
final improvement is only a factor 1.5. The negative side of the thermalised transmutation is the
isotopic content of the irradiated target, particularly for the MA transmutation. In fact, whereas the Am
target irradiated on the MOX/fast spectra contains mainly Pu and Am isotopes at the end of irradiation,
the results of the thermal irradiation are dominated by Cf and high mass Cm isotopes. Similarly, the
Cm target after irradiation in the MOX/fast spectra contains mainly Pu and Cm isotopes, whereas the
irradiation in the ZrH2-moderated spectrum produced nearly only 249Cf.
All the previous conclusions apply to the TRU/LLFP mass reduction, however, the radiotoxicity
reduction is as important as the mass reduction. In the case of the MA the evolution of the radiotoxicity
is very different from the evolution of the mass. For example in the Am transmutation in the ZrH2
moderated case, the radiotoxicity increases during irradiation, reaching factors as large as 6 000 (this
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factor is later on reduced as the TRU are being consumed). In any case, the radiotoxicity at discharge
is still a factor 30 larger than that initially loaded. This factor is reduced to a factor 2 in 1 year. This
excess of radiotoxicity is completely dominated by the fission products, FP, and finally, after 300 to
1 000 years, when these FP have decayed, the radiotoxicity will be reduced to a factor close to the
mass factor, indeed a factor 260 at 1 000 years. Similar behaviour but with scaled factors are observed
in the MOX/fast transmutation of Am and Cm cases. In all cases the gain on radiotoxicity reductions is
only achieved after the 300 years of the FP decay, and then the radiotoxicity reduction is close to the
mass reduction.
In the case of LLFP transmutation there is no FP effect, however the target itself or the moderator
matrix can be activated. It has been shown that the target activation is negligible in the 99Tc case, but
the 129I (CeI3) targets become activated mainly by the production of short-lived Cs isotopes (notably
134
Cs). In any case, after a maximum of 50 years, the radiotoxicity reduction matches the 129I mass
reduction. Finally, the radiotoxicity produced by the ZrH2 activation during irradiation has been shown
to be larger than that from the 99Tc target, but becomes negligible (2%) in comparison with the 99Tc
target radiotoxicity shortly after the irradiation.
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FAST SPECTRUM TRANSMUTATION IN A BWR
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Abstract
We propose an innovative fuel design for boiling water reactors, where the use of metallic alloy fuel
and hafnium clad results in a fast neutron spectrum, suitable for transmutation of minor actinides.
Monte Carlo calculations made with the JEFF3.1 data library show that in the top of an uprated BWR,
it is possible to achieve fission probabilities for even neutron number nuclides similar to those of
sodium-cooled reactors. Thus, from a strict neutronic perspective, multi-recycling of americium and
curium could be performed in the top of BWRs. Fuel and coolant temperature feedbacks remain within
acceptable ranges, but control rod worths are reduced to the extent that enriched boron might have to
be used to ensure sufficient shutdown margins.
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Introduction
Multi-recycling of americium and curium, in addition to plutonium, may reduce the long-term
radiotoxic inventory of geological repositories by a factor of 100 [1]. If curium is not recycled, the
long-term reduction in radiotoxic inventory is much more modest. Transmutation of minor actinides is
preferably performed in a fast neutron spectrum, since the equilibrium concentration of californium
and the corresponding neutron activity of fresh fuel is reduced by 2-3 orders of magnitude, compared
to a case where thermal spectrum reactors are used [2]. The introduction of americium leads to
deteriorated safety parameters, setting an upper limit for the americium concentration in the fuel of
fast reactors of 3-5%. A rather large fraction of the power would therefore have to be produced in
advanced systems, in order to achieve equilibrium between minor actinide production in LWRs and
their destruction in fast reactors. The corresponding cost penalty has been estimated at 20±5% [3].
Using accelerator-driven systems as dedicated minor actinide burners, a smaller fraction of nuclear
power would be produced in innovative reactors, but the cost penalty would probably be of the same
order of magnitude. The major cost for nuclear electricity is capital cost. Therefore, it is of interest to
investigate to what extent existing commercial reactors could be modified to provide a fast neutron
spectrum suitable for transmutation.
Light water reactors are classified as thermal spectrum systems, since most fissions are induced
by thermal neutrons. Looking at the neutron spectrum as a whole, neutron absorption in coolant and
fuel makes it inclined towards the epithermal range, especially so in MOX fuel bundles. Further,
boiling water reactors feature a high coolant void fraction in the top of the core which results in a
double peak spectrum with an average neutron energy of a few keV. Therefore, it was suggested that
locating transmutation fuel in the top of BWRs could improve the transmutation performance for
minor actinides [4].
Reducing uncertainties in the calculated margin to dryout has allowed increasing the coolant void
fraction in commercial BWRs. Today, operation with a void fraction of 70-75% in the upper quarter of
the core is not uncommon, and uprated cores may attain a void fraction of 80%. The average neutron
energy in this part of the core then reaches 3 keV, compared to a value of about 1 keV in the bottom of
the core. This hardening of the spectrum is unfortunately not sufficient for achieving a significant
increase in the fission probability of even neutron number nuclides. Due to the moderation of neutrons
on residual water coolant and oxygen nuclei in the fuel, most neutrons slow down to energies below
the fast fission threshold of the relevant actinides before being absorbed by them.
In order to achieve a true fast spectrum one would have to apply further means to reduce the
population of neutrons below the fast fission threshold. Here, we propose to introduce two major
design innovations for BWR fuels that permit to attain a spectrum suitable for the transmutation of
minor actinides:
x

use of metallic alloy fuel, to reduce moderation on light nuclides;

x

use of hafnium-based clad, to shield slow neutrons from being absorbed by actinides.

In the following section, we describe in detail how these innovations may be implemented in
practice. Then we present results from Monte Carlo simulations of neutronics in a four-assembly
model of a modern BWR lattice, showing the effect of the proposed design on the fission probability
of even neutron number nuclides. Finally we discuss the impact on temperature feedbacks and control
rod efficiency and consider issues related to material compatibility.
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Fuel pin design
As a direct consequence of the reduced concentration of light nuclides, metallic fuels provide
harder neutron spectra than corresponding oxide fuels [5]. Metallic fuels have been or are used in
MAGNOX reactors, materials test reactors and some sub-marine reactors. Their application in
commercial light water reactors was never realised, due to exceedingly large swelling rates which
limit their burn-up. In the United States, metallic alloy fuels were successfully developed for the fast
reactor programme [6]. By filling the fuel pin with liquid sodium, it may be designed with a large gap
between the fuel slug and the clad, allowing for up to 33% swelling of the metal alloy. Such an
increase in volume occurs already after a few per cent burn-up, but then the fuel is so porous that all
fission gases are released, and remaining solid fission product swelling is easily accommodated.
Sodium is obviously not compatible with water, but low melting lead alloys do not exhibit violent
chemical reactions with water, and have been considered as bonding material for light water reactor
fuels [7].
Recently, uranium-free Pu12Am-40Zr alloy fuels have been fabricated within the US Advanced
Fuel Cycle Initiative [8]. By application of arc casting methods, a rapid fabrication process could be
implemented to reduce losses of volatile americium. Zirconium acts as a stabilising element, raising
the melting temperature of the alloy up to 1 760 Kelvin [9]. The first irradiation tests of such fuels
have been conducted in the Advanced Test Reactor in Idaho, showing the expected behaviour with
high initial swelling rate followed by fission (and helium) gas release [10].
Scoping calculations on a pin cell model showed that the removal of light nuclides from the fuel
still was not sufficient to obtain spectral indices of fast reactor quality. We therefore suggest the
introduction of hafnium-based cladding for the part of the BWR fuel dedicated to transmutation.
Hafnium is chemically very similar to zirconium, and it is only with great effort that nuclear-grade
(hafnium-free) zirconium can be fabricated. Therefore, one may expect that hafnium alloys should
perform equally well as zircaloy in terms of corrosion resistance. The higher melting temperature of
hafnium (2 500 Kelvin) is an additional advantage. Experience of hafnium as neutron shielding
material in material test reactors is available, and its very high cross-section for neutron capture in the
resolved resonance region makes it suitable for our purpose.
Modelling approach
Figure 1 shows a cross-cut of the four-assembly model used for simulating the neutronics of our
proposed design. A detailed MCNP input file for a modern BWR, including half-length pins, axial
enrichment zones, burnable poison pins and control rod internal structure was modified to include the
above presented metal alloy fuel with lead bond and hafnium clad in the upper part of the core.
Figure 2 shows the void profile adopted for the present study, being representative for that of an
uprated BWR. The geometry of the water channels was divided into 26 axial zones to properly reflect
the void profile everywhere in the core. Using MCNP version 4c3 [11] in conjunction with the
recently released cross section-library JEFF3.1, the hot state k-eigenvalue calculated with reflective
boundaries and a standard fresh oxide fuel configuration was equal to 1.087 for a withdrawn control
rod, and 0.815 with a fully inserted control rod. These values were cross-checked with a POLCA
calculation and found to be in good agreement.
In this first investigation, the high enrichment fuel zone in the upper part of the core was
substituted with PuAm-40Zr fuel having 75% smear density. The coolant void fraction in this position
ranges from 75 to 79%. The plutonium and americium vectors adopted are displayed in Table 1 and
correspond to those of spent UOX fuel after four years of cooling. The ratio of plutonium to americium
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Figure 1. Cross-cut of the BWR lattice model used for the
MCNP simulations. Half length pins are denoted by empty circles.

Figure 2. Axial fuel structure and coolant void fraction adopted in the
present study. The location of the transmutation fuel is denoted by PuAm-40Zr.

Table 1. Isotopic composition (at.%) of Pu and Am used in the present study
Nuclide
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu
241
Am
243
Am

Fraction
03.5
51.9
23.8
12.9
07.9
66.6
33.4
594

was adjusted to achieve the same reactivity with the metallic transmutation fuel as with the standard
oxide fuel in hot start-up condition. For the particular configuration studied here, a ratio of 88:12 was
found to yield the desired reactivity, which incidentally is about the same ratio as that found in spent
UOX fuel.
Results
In Figure 3, the calculated neutron spectrum in the PuAm-40Zr fuel slug is compared to that in
the bottom of the core. The latter is characterised by the typical double peak of the BWR, corresponding
to a neutron average energy of 1 keV. In the hafnium-clad transmutation fuel, the thermal peak is
remarkably absent. The average neutron energy in the transmutation fuel ranges between 50 and
80 keV, which is more than 20 times higher than in a standard oxide fuel with zircaloy clad located in
the same position. The quality of the neutron spectrum can be quantified in terms of the probability for
a neutron to induce fission once it is absorbed by an actinide nucleus. This probability may with good
accuracy be approximated by Vf/(Vf + Vc). Thermal and epithermal spectra typically yield fission
probabilities close to zero for even neutron number nuclides. Using oxide fuel, the fission probability
for these nuclides remains close to zero, even in the high void part of the uprated BWR used as basis
for the present calculations. The spectrum in the hafnium-shielded metallic fuel however yields fission
probabilities that are characteristic for a fast neutron reactor, as can be seen in Figure 4. It is interesting
to note that the transition from a “thermal” to a fast spectrum takes place in discontinuous manner. In the
present configuration, an average neutron energy of at least 40 keV is required to obtain significant
fission probabilities for neptunium and americium. Once the energy is above this threshold, the fission
probabilities increase rapidly to values similar to those found in sodium-cooled breeder reactors. Table 2
compares the fission probability at different axial locations with those reported for the European Fast
Reactor (EFR) design [12]. Although the values were obtained with different nuclear data libraries
(JEF2.2 in the case of EFR), it is evident that multi-recycling of plutonium and minor actinides in the
top of BWRs using the fuel design proposed here will keep californium production rates at similar
levels as in oxide-fuelled sodium-cooled fast reactors. From Table 2 one may note that the fission
probabilities for 238Pu and 244Cm are relatively sensitive to the coolant void fraction even in the lower
part of the core, while other nuclides require the reduced moderation provided by the here-proposed
fuel design to significantly deviate from zero.
Figure 3. Neutron spectrum in the PuAm-Zr40 fuel slug, compared
to the spectrum in the oxide fuel at the bottom of the core
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Figure 4. Fission probabilities for transuranium nuclides in the metal
alloy transmutation fuel, compared to those in the standard oxide fuel

Table 2. Axial dependence of fission probabilities for even neutron number
nuclides in the present BWR design, compared to values reported for EFR [12]
Position
000-022 cm
022-124 cm
124-245 cm
245-260 cm
260-275 cm
275-320 cm
320-338 cm
338-368 cm
EFR

238

Pu
0.05
0.09
0.15
0.56
0.58
0.59
0.56
0.11
0.61

240

242

Pu
0.00
0.00
0.00
0.38
0.42
0.43
0.38
0.00
0.47

Pu
0.01
0.01
0.02
0.38
0.41
0.42
0.39
0.02
0.31

241

Am
0.01
0.01
0.01
0.15
0.17
0.18
0.15
0.01
0.13

243

Am
0.01
0.01
0.01
0.12
0.13
0.14
0.12
0.01
0.14

244

Cm
0.05
0.06
0.06
0.37
0.39
0.39
0.37
0.06
0.39

Safety coefficients
One might at first glance believe that by removing a significant fraction of the 238U present in
ordinary LWR fuel, the Doppler feedback should be reduced proportionally. Pure plutonium fuels may
however retain a considerable temperature feedback, if the macroscopic cross-section for resonance
capture in 240Pu is large enough [13]. We calculated the k-eigenvalue for the suggested design using
cross-section libraries Doppler-broadened with NJOY at 600 and 900 Kelvin. The corresponding fuel
temperature coefficient DD was then obtained as:
DD

1

k T1  k T2

'T k T1 k T2

(1)

For the reference configuration with fresh UOX fuel, DD = í   SFP. ZKLFK LV UHGXFHG WR
DD = íSFP.ZLWK3X$P-40Zr in the top of the core. The calculated change is less than
expected from the removed fraction of 238U, but statistics should be improved to make definite
conclusions.
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The coolant temperature coefficient DMTC was calculated by assuming a relative density change of
0.3% per Kelvin. The reference configuration yields DMTC = í   SFP. D W\SLFDO YDOXH IRU DQ
LWR with fresh UOX fuel. Inserting the transmutation fuel leads to a statistically insignificant
reduction to DMTC = í pcm/K.
Hence, it appears that temperature feedbacks would remain within acceptable ranges. The control
rod worth however appears to be significantly affected by the presence of the strong absorbers in the
top of the core. With standard UOX fuel, the control rod worth in hot conditions is 27 000 pcm, which
is reduced to 9 600 pcm with the design proposed here. In order to ensure a sufficient shutdown
margin in the cold state, one would most certainly have to improve the control rod efficiency, for
instance by using enriched boron when fabricating the control rods.
Discussion and conclusions
We have proven that by innovative fuel and clad design it is possible to achieve a fast spectrum
in the top of an uprated BWR, suitable for transmutation of minor actinides. Several issues would
however have to be investigated before one could claim the practical feasibility of this approach.
Among these are:
x

Impact on Eeff. The introduction of plutonium and minor actinides would clearly decrease the
effective delayed neutron fraction, since the fission yield of important delayed neutron
precursors like bromine isotopes is reduced.

x

Spectrum gradient. The rapid shift in spectrum at the transmutation fuel boundary will affect
the dynamic behaviour of the reactor in a way that is not easily predictable. Detailed dynamic
simulations of transients involving under- and over-cooling events would have to be performed
to validate the stability of the core.

x

Shutdown margin. The transition from hot to cold state will feature an enlarged reactivity
increase that might not be possible to compensate for by revising the control rod design.

x

Materials compatibility. The lead bond assumed for the present study may cause problems
with dissolution of the metallic alloy fuel.

x

Severe accidents. Although metallic fuels are regularly used in gas-cooled reactors and
water-cooled materials test reactors, fuel-coolant chemical interaction at high temperature
may result in violent reactions, releasing large amounts of hydrogen.

Thus, several obstacles would have to be overcome if the proposed fuel design should ever be
implemented in practice. It is still of interest as an exercise showing that water-cooled reactors of
conventional type could be converted into fast spectrum systems, with a certain bit of innovation in the
fuel design.
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TRANSMUTATION CAPABILITIES OF GENERATION IV REACTORS
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Abstract
The Generation IV reactors all have the potential to play a significant role in future scenarios dealing
with transmutation of spent fuel from LWR power reactors. The nature of the flux spectrum, thermal
or fast, is the major factor in the effectiveness of transmuting various transuranic isotopes. We conclude
that each Generation IV reactor concept could have a role, if properly co-ordinated and supported by
significant development programmes.
The fast reactor concepts (liquid metal and gas-cooled) are the most effective in consumption by fission
of unwanted actinides (plutonium, neptunium, americium and possibly curium). Thermal spectrum
concepts (water-cooled reactors with and without inert-matrix cores, high-temperature gas-cooled
reactors with and without inert-matrix cores, and liquid-salt-cooled thermal reactors) all can potentially
reduce some of the minor actinides, even if only used in a single pass. When teamed up with subsequent
fast-reactor irradiations to reduce higher minor actinides (specifically americium and curium), their
use could result in reducing the number of fast burner reactors required, per spent-fuel-producing
LWR, compared to a system of only LWRs and fast burner reactors.
After listing the six main Generation IV candidates with attributes, benefits and viability concerns
(Figures 1-6), this presentation will focus on one example of fast spectrum systems and two thermal
spectrum systems to indicate transmuting capabilities of both types of systems. These will be used for
illustrative purposes only and are not meant to give any indication of the relative importance of these
systems to concepts not mentioned.
Likewise, the figures and graphs in this paper are presented without alteration from the originators (see
acknowledgements), and are for illustration purposes only.
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Generation IV energy systems
Figures 1-6 summarise the attributes of the six Generation IV nuclear energy systems described in
A Technology Roadmap for Generation IV Nuclear Energy Systems [1]. These systems were selected
by the Generation IV International Forum (GIF) [2] and the US DOE Nuclear Energy Research
Advisory Committee (NERAC) [3] as most promising from over one hundred concepts on the basis of
postulated performance in the areas of safety, economics, sustainability and proliferation risk
reduction and physical protection. The roadmap includes research and development plans for each of
the six systems with the conceptual design of a prototype as the endpoint.
Figure 1. Gen IV next-generation nuclear plant
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Figure 2. GEN IV super-critical water-cooled reactor
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Figure 3. GEN IV gas-cooled fast reactor
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Figure 4. GEN IV lead-cooled fast reactor
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Figure 5. GEN IV sodium-cooled fast reactor
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Figure 6. GEN IV molten salt reactor
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Transmutation scenarios
As an example of fast spectrum reactor transmutation capability, two sodium-cooled liquid-metal
fast reactor cases are discussed as representative of possible future equilibrium situations wherein the
fast reactors destroy all the transuranic actinides produced by the light water reactors for a total installed
generating capacity of 100 GW(e). This capacity is representative of both the current US situation and
of a no-growth situation in which a certain number of retiring thermal reactors have been replaced by
fast spectrum actinide burners. Two cases of differing conversion ratios,* presented in Figures 8 and 9,
are compared with the case of Figure 7, a once-through base case. The important observation is that in
both cases most of the transuranic material is being consumed in the electricity-producing system
rather than going to the repository.
To consider the potential of thermal reactor systems to provide significant actinide consumption,
the following potential GEN IV systems are considered:
x

“deep-burning” high-temperate gas reactor;

x

molten salt reactor operating in a continuous recycle mode.

These systems have only been chosen as representative of what a good deep-burning thermal
system might be able to accomplish if the technical design and development hurdles are overcome.
Figure 7. US base case (once-through)
*: H /:5RQFHWKURXJKRSWLRQ² 865HIHUHQFH

LWR Fuel Fab –
1,950 tons/yr

U

100 GWe - 300 GWth

100 ton/yr Fission Prod.
25 ton/yr TRU
+ 1,825 U

LWRs

33% efficient power conversion
50,000 MWD/MT

11

* Ratio of transuranics created to transuranics destroyed.
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Figure 8. UUS CR = 0.5 case with 40% advanced burner reactors
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Figure 9. US CR = 0.25 case with 30% advanced burner reactors
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Their potential to consume comes from the recognition that most transuranics of interest have
much higher reaction cross-sections in the thermal end of the spectrum than in the fast end, although
fissioning efficiency is higher in the fast spectrum (Figure 10). The price that must be paid for the
americium target consumption in the thermal reactor is that more neutrons are needed per americium
atom consumed in the thermal system (primarily by absorption of a neutron) versus the fast system
where consumption is mainly due to fissioning. In addition, multi-recycling beyond the single recycle
of present-day MOX is needed to realise significant thermal consumption of transuranic actinides,
with attendant reprocessing and re-fabrication challenges. The price is the need for higher enrichment
and needs to be carefully evaluated if thermal recycle is considered.
Figure 10. Americium target behaviour in fast and thermal neutron flux
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As an illustration of a potential multi-recycle thermal case the following HTGR “deep burn”
related cases are presented, courtesy of General Atomics:
x

once-through HTGR reference case (Figure 11);

x

LWR feeding a deep burn HTGR (Figure 12);

x

LWR, followed by HTGR deep burn feeding a liquid-metal-cooled fast reactor (Figure 13).

Note that the General Atomics “deep burn” HTGR design is a fertile-free, or “inert-matrix”
concept with a fuel burn-up capability of up to 600 000 MWd/Mt assumed. In all the cases, significant
reduction in the transuranic waste to the repository is postulated. This example illustrates the potential
benefits to waste management of considering the value of “inert-matrix” fuelled (fully or partially)
reactor core concepts. For the HTGR case, the combination of higher operating efficiency and higher
fuel burn-up leads to the postulated reduction of transuranic material reporting to the repository, even
for a single-pass, non-recycling situation. The LWR base case of 114 t/yr fission products and 24 t/yr
transuranic actinides (TRU) produced is “pencilled-in” in each figure. The larger amounts of waste
and TRU are a consequence of the lower burn-up achieved in LWR fuel.
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Figure 11. A once-through HTGR base case
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Figure 12. An HTGR deep burn case
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Figure 13. An HTGR/deep burn/advanced burner case
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Another GEN IV-type case presented deals with a molten salt reactor concept in which the fuel is
integrated with the coolant and only heat and fission products are extracted.
Attributes
x

Molten salt fuel mixture.

x

Large net power capability.

x

Efficient electricity generation.

Benefits
x

No solid fuel fabrication (no Am and Cm handling problem).

x

Homogeneous fuel salt that allows actinide burning without the need to blend before being
fed to the reactor.

x

Large specific power with a small fissile inventory per GW(e).

x

Inherently safe (low pressures, passive decay heat removal, etc.).

x

Potential for hydrogen production.

x

Efficient fuel utilisation.
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Figure 14. A molten salt actinide-consuming reactor
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Viability issues (different mission than the original MSR breeder mission)
x

Molten salt chemistry, process scale-up, and control.

x

Reactor physics and safety analysis.

x

Optimum system design.

A schematic of a 100 GW(e) equilibrium material balance for a MSR burner reactor equilibrium
cycle is given in Figure 15. This example illustrates a case where a thermal system on its own, if
successfully developed and deployed, has the potential of making major reductions in the yearly
amount of transuranic material sent to a repository.
Summary
The Generation IV reactors all have the potential to play a role in future scenarios dealing with
transmutation of spent fuel from LWR power reactors, assuming successful research, development,
and demonstration. The “devil is in the details” of solving all the viability issues. In no case, here or in
any of the national programmes that we are aware of, has the nuclear energy phase-out scenario on
material needing repository disposal been evaluated.
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Figure 15. 100 GW(e) equilibrium material balance for a MSR burner reactor equilibrium cycle
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CRITERIA DERIVED FOR GEOLOGIC DISPOSAL CONCEPTS*
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Abstract
As part of the Advanced Fuel Cycle Initiative (AFCI) programme conducted by the Department of
Energy in the United States (US), analyses are being performed to quantify the benefits of a geologic
repository that may accrue as a result of processing spent nuclear fuel and recycling several of the
recovered chemical elements. Previous work identified and quantified the benefits to utilising the
available space in a repository like the one proposed for Yucca Mountain in the US, and demonstrated
that large gains in utilisation were possible by reducing the decay heat of the emplaced materials. The
results identified a group of chemical elements, including certain actinides and fission products, that
needed to be removed from the spent fuel and either recycled or placed in interim storage, with only
processing waste being sent to the repository. For example, as a result of the lower decay heat, removal
of 99.9% of the plutonium, americium and curium, along with removal of 99.9% of the caesium and
strontium, would allow the waste from 225 times more spent fuel being placed in the repository, as
compared with the direct disposal of spent fuel. The actinides would be recycled, while the fission
products would be placed in interim storage for 200-300 years to allow sufficient time for decay
before ultimate disposal. The recent focus of the analysis effort has been to examine the impact of
greater utilisation of the repository space on the estimated peak dose rate for releases from a repository
such as Yucca Mountain. The results show that, while many of the same elements responsible for the
decay heat are also contributors to the dose rate, there are other elements that are not significant
contributors to the decay heat but that are very important in determining the dose rate. In addition,
changing the form of the emplaced materials from directly disposed spent fuel to a high-level waste
form alters the relative importance of some of the chemical elements in affecting the estimated peak
dose rate. The potential reduction in dose rate by removing individual elements, or groups of elements,
is quantified. The results are used to provide additional specifications for separations at the processing
plant as well as to potentially impose limits on increased space utilisation in the repository.

* Credit for Argonne National Laboratory, USA.
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Introduction
The impact on geologic disposal of nuclear waste from the reprocessing of spent nuclear fuel and
the recycling of hazardous radionuclides for transmutation is being evaluated as part of the Advanced
Fuel Cycle Initiative (AFCI), a programme being conducted by the United States Department of
Energy. The proposed Yucca Mountain repository was selected as an example of a geologic repository,
since the proposed repository is well-characterised as a result of many years of study and development
by the Yucca Mountain Project. Previous studies in the AFCI programme have concentrated on
improving the utilisation of space in a geologic repository by addressing the thermal constraints imposed
on repository design and the decay heat generated by the emplaced materials [1,2]. The results
demonstrated the importance of separating several of the actinide elements from spent LWR fuel and
recycling the recovered actinides in reactors for further transmutation and fissioning, along with
isolating some of the shorter-lived fission products from the waste stream destined for the repository.
In principle, large improvements in the utilisation of space in a geologic repository are possible with
suitable separations and recycling strategies as a result of the reduction in decay heat. As useful as
such approaches might be in optimising repository resources, though, a geologic repository will be
licensed based on the potential for releases to the environment from such a repository that result in
radiation dose to the public, and whether or not the estimates of such radiation doses are below the
applicable limits. Regulations on acceptable dose rates have been suggested for the Yucca Mountain
repository. While at this time there is no accepted regulation, the latest proposal contains two
requirements: first, that the estimated dose rate for releases from the repository should not exceed
15 mrem/year for 10 000 years after repository closure, and second, that the estimated peak dose rate
should not exceed 350 mrem/year for 1 million years. The second part is based on the concept that the
total dose rate for individuals in the vicinity of the repository should not exceed dose rates typical of
the natural environment in other parts of the United States.
Given the importance of estimated dose rate on the acceptability of a geologic repository and its
intended contents, a study is being performed as part of the AFCI programme to estimate the impact
on the potential dose rate to the public from proposed reprocessing and recycling activities. The contents
of the repository would be processing waste instead of spent nuclear fuel. However, in this study, the
chemical elements that need to be removed from the waste stream would be the most hazardous with
respect to dose rate, rather than those in previous studies that focused on the chemical elements that
generated the most decay heat and thus limited utilisation of repository space. In consideration of the
continuing uncertainty surrounding the licensing basis for the allowable dose rate for releases from the
Yucca Mountain repository, it was decided that the study would only examine the relative changes in
estimated dose rate arising from any specific processing and recycling approach, rather than on the
absolute value of the estimated dose rate. This approach was also judged to be prudent based on the
past history of repository performance assessments made by the Yucca Mountain Project. As the
Yucca Mountain Project has matured, estimates of the peak dose rate have varied due to improvements
in, and modifications to, modelling and data. Using the relative change in peak dose rate reduces the
sensitivity of the conclusions of this study to such changes in modelling and data, and provides greater
assurance that the conclusions can be used as a basis for evaluating processing and recycling strategies
in the AFCI programme.
Total System Performance Assessment
The modelling approach developed by the Yucca Mountain Project for assessing the performance
of a geologic repository and providing an estimate of the peak dose rate that might result from the
repository is the Total System Performance Assessment (TSPA) [3]. Such a model includes all of the
phenomena judged to be relevant to the potential release of hazardous radionuclides from the repository.
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Results from detailed calculations of infiltration of water into the mountain under various climatic
conditions are used to develop models for the seepage of groundwater into emplacement drifts. Models
of the engineered barrier system (EBS) then use these seepage rates along with the chemical and
thermal conditions in the repository drifts (tunnels) to estimate the degradation rates of drip shields,
waste packages and the waste forms (spent nuclear fuel and defence high-level waste glass) within the
waste packages and thus calculate the rate at which radionuclides are released from the EBS into the
unsaturated zone below the repository. Flows from detailed calculations of water movement within the
unsaturated zone are then used to calculate the transport of radionuclides from the EBS to the water
table within the saturated zone approximately 300 m below the repository. Transport of radionuclides
from below the repository to wells approximately 20 km from the repository is calculated to estimate
radionuclide concentrations within the wells. Finally, the concentrations in the wells are used to
evaluate the annual radiation dose received by an individual using water from the wells.
A simplified TSPA model was developed by Golder Associates for the United States Department
of Energy [4]. Development of the model served as a mechanism for an independent review by Golder
of the site recommendation model developed by the Yucca Mountain Project [5] and, in addition,
provided a faster running version of the site recommendation model which could be used to simulate
the behaviour of the more detailed model. In both the simplified model and the site recommendation
model, 26 radionuclides are explicitly modelled. In addition, the models include six species representing
colloids onto which 238Pu, 239Pu, 240Pu, 242Pu, 241Am, and 243Am are irreversibly sorbed. The colloids
carrying irreversibly sorbed radionuclides are formed only for high-level waste glass. Curium is not
modelled explicitly, but is represented by instantaneously decaying the inventory of each curium
isotope to its longer-lived decay product. For example, each atom of 244Cm would be replaced by an
atom of 240Pu. Given the relatively short half-lives of the curium isotopes compared to the time scale
of interest for repository performance, this provides an accurate representation, but it is important to
recognise that when chemical elements are removed from the proposed waste streams through
reprocessing, any curium parent isotopes are removed as well.
Both the simplified model and the site recommendation model are implemented using the
GoldSim computer code. Among the more important differences between the two models is the
treatment of the unsaturated and saturated zones. In the Site Recommendation TSPA model, transport
in the unsaturated zone is calculated using a detailed finite element particle tracking code. In the
simplified model, the unsaturated zone is represented using various parallel and series arrangements of
GoldSim pipe elements. Within the saturated zone, the convolution integration model used in the Site
Recommendation TSPA model for the transport of long-lived radionuclides is replaced by a series of
GoldSim pipe elements. The simplified model and the Site Recommendation TSPA model differ
considerably in the level of detail used in representing the EBS. In the simplified model, there are
separate models for commercial spent nuclear fuel, commercial spent nuclear fuel with stainless steel
cladding, and for co-disposal waste packages. For each type of waste, there are only two transport
paths, one in which there is no water seepage and one in which there is water seepage. In contrast,
for co-disposal waste packages and commercial spent nuclear fuel waste packages, the Site
Recommendation TSPA model considers five water infiltration zones. Within each zone, waste
packages never, intermittently, or always experience water seepage. Thus, 15 distinct transport paths
are modelled for each waste type. Waste packages containing commercial spent nuclear fuel with
stainless steel cladding are placed in only one of the infiltration zones.
Dose rate estimates
Using the DOE simplified model, the transient behaviour of the Yucca Mountain repository has
been modelled and estimates of the dose rate obtained for the direct disposal of spent PWR fuel. The
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analyses begin with an assumed disposal of 70 000 MTIHM of PWR spent fuel with 51 GWd/MTIHM
burn-up as the reference case, rather than the mixture of spent fuel and waste forms that are planned
for disposal in Yucca Mountain. The calculated results are shown in Figure 1. The estimated dose rate
is normalised to the peak dose rate for this reference case, which occurs at about 350 000 years. The
contributions from each radioactive isotope are also shown in Figure 1. The main contributors are
237
Np along with 226Ra, 230Th and 210Pb. The latter group of isotopes represents decay products of
uranium and other higher actinide isotopes, as listed in the following decay chain:
238

U
214
Bi

234Th
214Po

234Pa 234U 230Th 226Ra
210Pb 210Bi 210Po 206Pb

222Rn

218Po

214Pb



For example, 238Pu contributes to the decay chain by decaying into 234U. This highlights one of the
main difficulties with trying to reduce the dose rate from PWR spent fuel, in that the main contributing
isotopes have their origins in more than one chemical element as a result of radioactive decay.
Figure 1. Estimated dose rate for the assumed reference case of direct disposal of 70 000 MTIHM
of PWR spent fuel in the Yucca Mountain Repository, normalised to the peak dose rate
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The degradation of the waste forms and the dissolution and transport of elements in the repository
environment are affected by the local chemical conditions within the waste package, and later by
the conditions within the mountain. Considering the waste package environment, it is important to
adequately account for the impact of using waste forms instead of disposing of spent fuel assemblies,
i.e. a waste form such as glass instead of Zircaloy clad fuel pins. The effect of the using a waste form
is shown in Figure 2, where the entire inventory of PWR spent fuel is placed in a glass waste form
instead of fuel pins. As the figure shows, there are some significant changes in the relative importance
of certain isotopes, as well an approximately 50% increase in the peak dose rate. The time of the peak
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Figure 2. Estimated dose rate for the disposal of 70 000 MTIHM of PWR spent
fuel as processing waste in glass in the Yucca Mountain Repository, normalised
to the peak dose rate for direct disposal of 70 000 MTIHM of PWR spent fuel
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dose rate has also shifted, to about 250 000 years. Most notable is the decrease in importance of 237Np,
along with the increase from 226Ra, 230Th and 210Pb. (239Ic on the figure refers to 239Pu permanently
sorbed to colloidal particles.) Overall, the transient behaviour is very similar to the case for direct
disposal of the PWR spent fuel.
Removal of uranium from PWR spent fuel
With the major dose contributors in Figure 2 being part of the decay chains involving 238U and
U, the first example considered the removal of uranium from the glass waste that contains the entire
inventory of the 70 000 MTIHM of PWR spent fuel. The results of this calculation are shown in
Figure 3, where 99.9% of the uranium has been removed from the process waste. All of the results are
still normalised to the peak dose rate for the reference case with direct disposal of PWR spent fuel.
The peak dose rate has dropped to about 85% compared to this reference case, and drops faster in the
long term. The cause of the difference is the change in the contribution from the three main isotopes in
the uranium decay chain, 226Ra, 230Th and 210Pb. However, even though 99.9% of the uranium was
removed, the reduction in peak dose rate was small, about a factor of 2 compared to the case where the
entire PWR spent fuel inventory is placed in the glass waste form, as shown in Figure 2. The reason
that the decrease in peak dose rate is not greater is that there are other higher actinide isotopes that also
contribute to the same decay chain, providing another source for 226Ra, 230Th and 210Pb.
234
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Figure 3. Estimated dose rate for the disposal of processing waste in glass from
70 000 MTIHM of PWR spent fuel with 99.9% removal of uranium, normalised
to the peak dose rate for direct disposal of 70 000 MTIHM of PWR spent fuel
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Removal of plutonium from PWR spent fuel
This example considers the removal of plutonium from the glass waste containing the entire
inventory of the 70 000 MTIHM of PWR spent fuel. The plutonium inventory also includes all of the
curium that decays into plutonium. It is assumed that 99.9% of the plutonium has been removed, and
the remaining inventory has been disposed as a glass waste form. The results of this calculation are
shown in Figure 4, where the results are again normalised to the peak dose rate for the reference case
of direct disposal of 70 000 MTIHM of PWR spent fuel assemblies. With the removal of plutonium,
the peak dose rate has been reduced to about 83% of that for the direct disposal of PWR spent fuel
assemblies. This is very similar to the result obtained with the removal of uranium as shown in Figure 3,
although the dose rate does not decrease as rapidly after the peak. This is caused by the presence of the
238
U and 234U in the uranium in the PWR spent fuel which has not been removed in this case.
As these two examples show, the ability to affect the dose rate associated with releases from the
repository is quite limited if one only deals with individual chemical elements because the isotopes
that contribute most to the dose rate have multiple actinide sources.
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Figure 4. Estimated dose rate for the disposal of processing waste in glass from
70 000 MTIHM of PWR spent fuel with 99.9% removal of plutonium, normalised
to the peak dose rate for direct disposal of 70 000 MTIHM of PWR spent fuel
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Removal of groups of elements from PWR spent fuel
In this section the effect of removing groups of elements from PWR spent fuel is reviewed. The
results of the analyses are summarised in Table 1. For the removal of individual chemical elements,
the dose rate reduction is greatest for either uranium or plutonium, since they dominate the dose rate.
Removal of either americium or neptunium separately is not effective in reducing the peak dose rate.
When two elements are removed, the combination of uranium and plutonium is the most effective,
providing a dose reduction factor of 5.03 compared to the direct disposal of PWR spent fuel. Similarly,
with groups of three elements, the greatest reduction occurs when uranium and plutonium are part of
the group, achieving a reduction factor of 10.9 when uranium, plutonium and americium are removed
together. A large reduction in peak dose rate was only achieved when all of the actinide elements were
removed from the PWR spent fuel inventory. As a result, in order for reprocessing and recycling to
have a significant impact on the estimated peak dose rate, it is essential for all actinide elements to be
removed from PWR spent fuel, including uranium.
Estimated dose rate for process waste with all actinide elements removed
It is instructive to examine the case where all actinide elements are removed with 99.9% efficiency
from the PWR spent fuel, as this case provides the greatest potential reduction in peak dose rate
associated with releases from the repository. The estimated dose rate is shown in Figure 5. The peak
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Table 1. Estimated peak dose rate normalised to the direct disposal
of PWR spent fuel; elements separated at 99.9% efficiency
Normalised peak
dose rate
1.550
0.852
0.835
1.473
1.525
0.199
0.765
0.823
0.749
0.806
1.395
0.092
0.163
0.700
0.666
0.011

Element(s) removed
None
Uranium
Plutonium
Americium
Neptunium
Uranium and plutonium
Uranium and americium
Uranium and neptunium
Plutonium and americium
Plutonium and neptunium
Americium and neptunium
Uranium, plutonium and americium
Uranium, plutonium and neptunium
Uranium, americium and neptunium
Plutonium, americium and neptunium
All actinides

Peak dose rate
reduction factor*
0.65
1.17
1.20
0.68
0.66
5.03
1.31
1.22
1.33
1.24
0.72
10.9
6.13
1.43
1.50
91.0

* The reduction factor is for the peak dose rate in each case compared to the peak dose rate for the
reference case of direct disposal of PWR spent fuel assemblies. Reduction factors less than 1.0
indicate that the peak dose rate is higher than the reference case due to the change from spent fuel to
a glass waste form.

Figure 5. Estimated dose rate for the disposal of processing waste from
70 000 MTIHM of PWR spent fuel with 99.9% removal of all actinide elements,
normalised to the peak dose rate for direct disposal of 70 000 MTIHM of PWR spent fuel
0.1

Total
0.01

99

Tc
129

I

237

Normalized Dose Rate f

Np

0.001

226

Ra

230

Th
210

Pb

0.0001

242

Pu

239

Pu
234

U
229

Th

233

U

0.00001

236

U
227

Ac

231

Pa
238

U

239

Ic

0.000001
0

200,000

400,000

600,000

Time, years

620

800,000

1,000,000

dose rate is now dominated by the fission products 99Tc and 129I instead of the actinide elements,
although the actinide elements still contribute about 10% of the peak dose rate. With lower recovery of
the actinide elements, such as 99%, the actinide elements would again dominate the dose rate. Since
the contribution to the dose rate from fission products becomes more important with increasing
efficiency in removal of actinide elements, these results can be used to define separation requirements
for the PWR spent fuel processing facilities. The present calculations indicate that the optimum
separations efficiency for the actinide elements is between 99% and 99.9%, but is likely closer to 99%.
Effect of alternate repository modelling and data
One of the main concerns associated with estimating the peak dose rate is the large uncertainty in
both modelling and data for predicting repository performance far into the future. This was the reason
that relative change in peak dose rate has been used as the measure of effectiveness, rather than an
absolute value of the peak dose rate. To verify the extent to which using relative measures are less
sensitive to changes in modelling assumptions, analyses are being performed using an updated version
of the simplified model. The preliminary results from this model indicate that the overall conclusion is
still correct, i.e. one needs to have high separation efficiency (between 99% and 99.9%) for all actinide
elements in order to achieve large reductions in the estimated peak dose rate. Greater separation
efficiency is not effective as the peak dose rate for the process waste is dominated by fission product
isotopes. As such, it is likely that this requirement of actinide separation efficiency between 99% and
99.9% is sufficient for specifying operations in a PWR spent fuel processing facility for the removal of
actinide elements unless options are developed which would also address the remaining fission products,
especially 99Tc. Whether or not 99Tc removal and treatment is desirable would depend on the added
benefit associated with such an approach. The potential for greater dose rate reduction would also
depend on the ability to remove actinides with separations efficiencies better than 99.9%. The feasibility
of achieving this in a large separations facility treating PWR spent fuel is unknown at this time.
Implications for AFCI and future repository options
Given that it is possible to greatly reduce the estimated peak dose rate from the repository by
reprocessing and recycling the actinide elements from PWR spent fuel, there are several options for
using this capability. While Yucca Mountain was used as the example of a geologic repository for this
study, the conclusions should apply to other repositories of a similar nature, especially where the same
radioactive isotopes dominate the dose rate.
First, it is possible to decide to take advantage of the much lower peak dose rate to decrease the
hazard associated with the geologic repository that would contain the waste from 70 000 MTIHM of
PWR spent fuel instead of 70 000 MTIHM of PWR spent fuel assemblies. The estimated peak dose
from such a repository would be about 100 times lower than for the direct disposal of PWR spent fuel.
The desirability of this approach would depend on any benefit that might accrue for siting such a geologic
repository as compared to siting a repository for the direct disposal of PWR spent fuel assemblies.
Alternately, if the estimated peak dose rate from a repository with direct disposal of 70 000 MTIHM
of PWR spent fuel assemblies is acceptable, one could take advantage of the much lower peak dose
rate associated with the process waste, along with the much lower decay heat, to greatly increase the
amount of process waste that could be placed in the repository. Based on the example shown in Figure 6,
it would be possible to dispose of the waste from 7 000 000 MTIHM of PWR spent fuel and have
essentially the same peak dose rate as for 70 000 MTIHM of PWR spent fuel assemblies. The repository
temperatures would also be slightly lower for the case of disposing of the process waste from
7 000 000 MTIHM.
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A third option would be to take some advantage from both possibilities, providing for some
increase in the amount of waste while also reducing the estimated peak dose rate. As an example, one
could place the waste from about 700 000 MTIHM of PWR spent fuel and place it in the repository,
while reducing the estimated peak dose rate by about a factor of 10.
Overall, the removal of actinide elements at a separation efficiency of between 99% and 99.9%
would offer a range of opportunities for alternate management of a geologic repository instead of
using direct disposal of PWR spent fuel assemblies.
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NEA STUDY ON THE IMPACT OF ADVANCED FUEL
CYCLES ON WASTE MANAGEMENT POLICIES

Jean-Marc Cavedon
Paul Scherrer Institute, Switzerland

Abstract
This study was carried out by the ad hoc Expert Group on the Impact of Advanced Fuel Cycles on
Waste Management Policies convened under the auspices of the NEA Committee for Technical and
Economic Studies on Nuclear Energy Development and the Fuel Cycle (NDC); the Integrated Group
on Safety Case from the Radioactive Waste Management Committee provided support in the field of
waste repository issues; the Nuclear Science Committee Working Group on Flowsheet Studies also
provided some input data. The full report on this study is published as the NEA Report n° 5990 –
OECD 2006 by OECD Publications – ISBN 92-64-02296-1. The following text is extracted from the
Executive Summary of the report.
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The study broadens the scope of the analyses carried out in previous Nuclear Energy Agency
(NEA) studies on advanced fuel cycle schemes focusing on partitioning and transmutation (P&T) and
accelerator-driven fuel cycle schemes (ADS). It addresses waste management issues, providing for the
first time a performance assessment for several examples of high-level waste (HLW) repositories. The
impact of different HLW isotopic compositions on repository performance is analysed. In addition,
although current repository concepts have not been optimised for the new type of waste, the effect of
advanced fuel cycle schemes on HLW repository capacity is assessed.
The overall findings from the present study confirm the vision outlined by previous NEA studies.
In particular, they show that it is possible to establish a strategic progression towards a maximal
reduction of the waste source term and a maximal use of uranium resources. The nine fuel cycle
schemes and four variants investigated in the study illustrate the possibility to reduce the activity of
the waste by burning plutonium, then minor actinides, and then to reduce specific uranium consumption
(per unit of electricity generated) as the fraction of fast reactors in the mix is increased to 100%.
Given the wide range and flexibility of advanced fuel cycles under development – represented in
this study by a limited number of representative schemes – it should be feasible to design and implement
safe and economic nuclear energy systems which efficiently address natural resource and waste
management issues. Strategic choices will be based on the priorities of policy makers which reflect
country specific criteria such as characteristics of available waste repositories, access to uranium
resources, size of the nuclear power programme, and social and economic considerations.
The results of the study complement the analysis of effects of advanced fuel cycles on uranium
use and transuranic losses by a description of their impact on waste management policies. The issues
addressed include the activity of HLW after 1 000 years, their decay heat after 50 and 200 years of
cooling, their volume and the maximum dose originating from underground repository concepts in
four different host rocks, namely clay, granite, salt and tuff.
The set of fuel cycle schemes considered covers a broader spectrum than was the case in previous
studies, including present industrial practices, partially-closed cycles and fully-closed cycles with fast
reactor systems. Fuel cycle schemes are analysed with emphasis on primary and secondary waste
generated at each step. The compositions, activities and heat loads of all waste flows are tracked and
their impact on the waste repository concepts mentioned above is assessed. The study also investigates
economic aspects based on parametric calculations relying on best available cost data and expert
judgements.
The data used in the study regarding processes and material flows for each fuel cycle scheme
considered are drawn from published literature complemented by expert judgments whenever needed,
e.g. because published data were scarce, uncertain, inconsistent or lacking. Qualitative comparisons
with current technologies were used for relative assessments of innovative processes when reliable
data were not available, in particular concerning secondary waste. Ranges of values have been used in
the assessments to reflect uncertainties on the characteristics of advanced processes. In some cases,
e.g. for unit costs of processes not yet fully developed at the industrial and commercial scale, sensitivity
studies were carried out. In those cases, the width of the range reflects the level of technology
preparedness and the nominal value adopted reflects the most likely value to be reached by mature
technology, according to expert judgements. The sensitivity study approach provides insights on the
impact of various assumptions on the findings from the analysis.
The fuel cycle schemes considered in the study pertain to three main families. The first family,
based on current industrial technology and its possible extensions, includes the current once-through
fuel cycle in pressurised water reactors (PWRs) and schemes with only one fuel recycling.
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The second family includes schemes with partially-closed fuel cycles, all fully closed for plutonium,
while neptunium is always transferred to waste. The schemes differ, however, with regard to the
treatment of americium and curium. The study shows that these schemes are useful for managing the
plutonium, but cannot qualify as transmutation strategies, defined as strategies that meet the customary
hundredfold transuranic elements (TRU) reduction goal. Partially-closed fuel cycles cannot achieve
high TRU reductions but they are reasonably easy to implement and are useful for reducing the
amount of plutonium and minor actinides (MA) disposed of in the repository.
A key feature of the third family of schemes is that the advanced reactors have fully-closed fuel
cycles, meaning that all actinides are recycled continuously until they fission. As only reprocessing
losses go to waste, fully-closed fuel cycles produce nearly actinide-free waste.
The analyses were performed for schemes at equilibrium because the fuels and processes
(reprocessing and fuel fabrication) considered in the study – and hence the resulting waste streams –
are not sensitive to transient phenomena. However, in a holistic approach, the lead times necessary to
reach equilibrium should be taken into account in the assessment of alternative schemes.
The main findings from the study are summarised in Figure 1 on a logarithmic-scale spider graph
which provides 11 representative indicators for illustrative schemes representative of the 3 families,
including the reference once-through PWR fuel cycle scheme.
The indicators selected for comparative assessment purpose are:
x

uranium consumption;

x

TRU loss/transfer to waste;

x

activity after 1 000 years;

x

decay heat after 50 years;

x

decay heat after 200 years;

x

HLW, including spent fuel, volume;

x

maximum dose for repositories in granite;

x

maximum dose for repositories in clay;

x

maximum dose for repositories in tuff;

x

fuel cycle cost;

x

total electricity generation cost.

The uranium consumption is driven essentially by the fraction of fast reactors in the mix. While
all the schemes based on light water reactors have uranium consumptions differing by less than 15%,
schemes based on fast reactors reduce uranium consumption by more than two orders of magnitude.
TRU loss is the indicator which is the most sensitive to the details of the schemes. Multi-recycling
can divide the TRU flow to waste by six and deeper burning schemes allow for a further reduction of
up to two orders of magnitude of this flow.
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Figure 1. Comparison of 11 representative indicators for various fuel cycle schemes
1a – once-through PWR scheme (reference); 1b – 100% PWRs, spent fuel reprocessed and Pu reused once;
2a – 100% PWR, spent fuel reprocessed and multiple reuse of Pu; 3cV1 – 100% fast reactors and fully closed fuel cycle
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The activity of HLW after 1 000 years describes the radioactive source term after decay of heat
generating isotopes. At this horizon, the short-lived fission products have decayed strongly and the
removal of actinides from the waste flux is very efficient in decreasing the “cold” source term. Indeed,
the fully-closed fuel cycle schemes reduce by almost two orders of magnitude the activity of HLW
after 1 000 years.
Decay heat is a major input for the design of underground repositories. For disposal in granite,
clay and tuff formations the maximum allowable disposal density is determined by thermal limitations.
HLW arising from advanced fuel cycle schemes generates considerably less heat than the spent fuel
arising from the reference PWR once-through scheme. This lower thermal output of HLW allows a
significant reduction in the total length of disposal galleries needed. Separation of caesium and
strontium reduces even further the required repository size. For example, in the case of disposal in a
clay formation the gallery length needed in the HLW disposal is reduced by a factor 3.5 through a
fully-closed cycle scheme as compared with the reference PWR once-through scheme and by a factor
of 9 through a scheme including separation of caesium and strontium.
After 50 years of cooling, variations in decay heat of HLW do not exceed a factor of 4 for any of the
fuel cycle schemes considered in the study. After 200 years, the decay heat of HLW would be reduced
by a factor of up to 30 in all MA-burning schemes as compared to the reference PWR once-through
scheme. Extending the cooling time from 50 to 200 years will result in a drastic reduction of the thermal
output of HLW from advanced fuel cycle schemes and, consequently, of the repository size needed.
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The volume of HLW to dispose of is a driving factor to determine the total capacity of a given
repository site. This volume is reduced significantly by closed fuel cycle schemes as compared with
the reference PWR once-through scheme. Further HWR volume reductions, by an order of magnitude,
are achievable by progressing towards deeper burning of minor actinides and lesser use of uranium.
Differences in heat load and waste volume may have a major impact on the detailed concept of
the repositories. This in turn has technical and economic impacts. For example, a given repository
could receive the waste issued by the production of 5 to 20 times more electricity if the electricity
were produced by advanced reactors associated with advanced fuel cycle processes than if it were
produced by light water reactors operated once-through.
The maximum dose released to the biosphere at any time in normal conditions remains well
below authorised limits for all the schemes and all the repositories considered. For all the repositories
considered in the study, the maximum dose resulting from the disposal of the high-level waste does
not differ significantly for any of the various fuel cycle schemes envisaged.
The doses resulting from the disposal of HLW from fuel cycle schemes with reprocessing are at
most a factor of 8 lower than those from the reference PWR once-through scheme. However, the lower
dose mainly results from the removal of 129I from the liquid HLW during reprocessing; should it be
captured and disposed of in the HLW repository, the doses resulting from all scenarios would be about
equal. In the very long term, i.e. after a few million years, the total dose is lower in the case of the
fully-closed fuel cycle schemes, because much smaller amounts of actinides have to be disposed of in
the repository.
The economic analysis carried out in the study aims mainly at illustrating through parametric
sensitivity cases the impacts of different cost elements, and moreover of the uncertainties on those
elements, on the total fuel cycle costs of the various schemes considered. Therefore, the economic
indicators displayed in Figure 1 are indicative only.
The fuel cycle costs are directly correlated with the number of recycling operations. However, the
large costs conservatively ascribed to the more innovative processes, such as pyrochemistry, have a
small impact on the total fuel cycle cost due to the very small mass flows being processed. For all the
schemes considered fuel cycle costs vary at most by a factor of two.
The share of waste management costs, including repository, in the total is low enough for
uncertainties regarding the costs of this step of the fuel cycle to have no significant impact in total
costs. However, it should be noted that, in absolute value, waste management costs represent sizeable
amounts which justify cost reduction actions.
Fuel cycle cost is only a small fraction of total nuclear electricity generation cost. Nuclear power
is a capital intensive technology and the investment cost – associated with building, refurbishing and
eventually dismantling the reactor – exceeds by far the fuel cycle cost. Therefore, the impact of
various fuel cycle schemes on the economics of nuclear electricity remains marginal under any set of
assumptions. The total electricity generation costs vary by no more than 20% from one scheme to the
other and the uncertainties on unit costs and other parameters which increase with the degree of
innovation in the fuel cycle scheme are of the same order of magnitude.
The Monte Carlo simulation carried out in the study illustrates the impact of the large uncertainties
on unit costs on the comparative economic assessment of various schemes. It confirms that fuel cycle
cost differences have a very modest impact on total electricity generation costs. It also shows that the
range of uncertainties is broad enough to allow for the possibility that advanced schemes with
recycling would have lower total generation costs than the reference PWR once-through scheme.
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ISSUES RELATED TO PUBLIC PERCEPTION OF
RADIOACTIVE WASTE MANAGEMENT OPTIONS

Derek M. Taylor1
Energy Advisor, European Commission

Abstract
Public perceptions about radioactive waste are generally rather – or even strongly – negative. They are
also very poorly informed. This is rather unfortunate as it is these perceptions that appear to greatly
influence the Public’s views on nuclear energy in general. This, in turn, has had an influence on
political decisions. On the other hand, in a very clear majority of the Member States of the European
Union, the Public have already indicated that they would be ready to accept the important role of
nuclear in their future energy mix as long as all the radioactive wastes can be safely managed.
However perceptions about nuclear energy and radioactive waste should be seen in the context of the
Public’s wider perceptions on energy and, in particular, the role in the future of different sources. It
may be wrong for political decisions on nuclear energy in the future to rely to heavily on the Public’s
perceptions.

1

The opinions expressed in this paper are those of the author and may not necessarily reflect those of the
European Commission.
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Introduction
Way back in my schooldays, in our more advanced science classes we learned that often it was
not really possible to measure something without actually changing it in some way. Putting a cold
thermometer into a hot liquid to measure a temperature would, for example, alter the temperature of
the liquid and could even cause some very small changes in its composition. Putting ammeters and
voltmeters into electrical circuits were other simple examples.
Often the changes introduced were minor and well within the “normal” experimental error of
schoolboy experiments. Besides, the results of the experiments had very little measurable impact on
the advance of scientific knowledge and even less on the future of mankind.
What, you may ask, has this to do with the public’s perception of radioactive waste management
options? The results of our scientific experiments almost certainly had none – but the concept that you
could modify things by trying to measure them has a lot. Especially when what you are trying to measure
is the opinion of the public on something they know very little about – and think about even less.
Unfortunately, the perception of the public about radioactive waste is thought by many – in
particular politicians – to be the crucial issue in the future development of the nuclear energy option. It
is a widely held belief that nuclear cannot develop further without “public acceptance” and, furthermore,
that this acceptance depends on if the public perceive that radioactive waste can be safely managed.
It is hardly surprising that, when one of our main lines of defence against climate change depends
on the public’s perception of radioactive waste management, there will be many attempts to measure
the “opinion” of the public of this issue.
However, the likely “accuracy” of these measurements – as opposed to the very spurious
“precision” of them – must always be kept in mind when looking at the information collected. This is
especially true if it is to be used in any way in the decision making process concerning future energy
sources. We might be safer proposing that e = mc2 based on my schoolboy experiments than using
some surveys to guide our energy choices.
This is a “serious health warning”. Inappropriate use of public opinion surveys about nuclear
energy could lead to global warming!
That being said, there is a lot of interesting information that can be gleaned from studying public
opinion and/or perceptions of radioactive waste – but we need to view them alongside their views on
nuclear energy in general and other energy options. We also need to see how the opinions on energy
fit into a wider picture of public perceptions on other important issues. Of course, we should not just
look at the answers to the questions – but also at the actual questions themselves and the information
available to the person giving the answers.
Some of you might have seen the BBC television series “Yes, Minister”. There is one classic
programme where the permanent head of the government department – Sir Humphrey – gets the
advisor to the Minister – Bernard – to give two totally opposed answers to the same major policy
question simply by changing the earlier questions in the list.
This paper cannot do all that in a few pages. All it can hope to do is give some flavour of the
public’s perception of these issues and, hopefully, help in the future interpretation and use of such
information.
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Eurobarometer surveys – on radioactive waste
In 1998, 2001 and most recently in 2005, the European Commission conducted public opinion
surveys on the subject of radioactive waste. The first two surveys covered EU-15 (the fifteen member
states before the latest enlargement) and the other EU-25 (the twenty-five member states after
enlargement). On the first two occasions, over 16 000 people across the EU were interviewed on the
subject. For the third survey it was over 25 000 people. The information from these three surveys is
supplemented in this part of the paper by data from a Eurobarometer survey (spring 2002) covering all
energy sources that included a number of questions about nuclear energy and its wastes. A list of
Eurobarometer surveys used in the preparation of this paper is included in the bibliography).
The results of these surveys have been published by the Commission and presented in a number
of papers. To set the scene they may be briefly summarised as follows:
x

If asked, around three-quarters of the population would profess to be worried about
radioactive waste.

x

Similarly, three-quarters of the people questioned thought they were not well informed on the
subject. It was clear that only a very small minority of people had any knowledge of radioactive
wastes and very few understood there were different types of waste or levels of radioactivity.

x

Very few – only one person in eight – realise that the large majority of low-level radioactive
waste is disposed of by shallow burial. Even in France – where disposal sites have been in
operation for many years – only 16% of those questioned identified “at or near surface burial”
as the technique used for disposal of such wastes.

x

For information on how radioactive waste is managed in his/her country, the average European
trusts independent scientists (32-38%), NGOs (31-39%), government bodies (19-29%), waste
agencies (27%) with the media (13-23%) and international organisations (22-30%) also
playing a role. The nuclear industry is the least trusted source of the options proposed – with
only 10% support. (However, this latter percentage should be compared with the general level
of trust for companies concerning information on the environment – between 1-2%!)

x

Up to 10% of the population spontaneously said they did not trust anybody when it came to
information about radioactive waste.

x

About 50% of the people think that the media are fair in its reporting of nuclear issues.

x

When asked why they thought high-level waste had not yet been disposed of, on around half
(50%) chose the response “because there is no safe way to do it”. On the other hand, only
around 20% believe that the delay was caused by “the authorities carefully assessing all the
risks before taking a decision”, with a similar percentage believing that a decision might not
have been taken because “it is politically unpopular”.

x

In the earlier surveys, nearly half the people interviewed thought nuclear power is a significant
cause of climate change, with only a little over one quarter believing nuclear power is not a
contributing factor.

x

When asked whether nuclear power should remain an option for electricity production in the
EU if all the waste were safely managed, the majority of those questioned agreed while only
25% disagreed.
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Some of the questions were common to all three papers and the answers in these “trend” questions
did show some variations. The numbers presented here are more illustrative than an exact representation
of the percentages that might be obtained if the questions are asked today. However, with one exception,
the changes between surveys are not regarded by the author as being of great significance in the
context of this paper.
The one major change between the surveys is that in the 2005 survey, a much higher percentage
of people were aware of the fact that nuclear energy produces less greenhouse gas emissions than the
fossil fuel sources. Over 60% of the people agreed that this was an advantage of nuclear power, with
only 19% disagreeing and the same percentage saying they did not know. While the level of knowledge
had clearly improved on this issue, it was interesting to note that the geographical pattern had
remained – with the people of north-east Europe being far more aware (by a factor of 2) than those of
south-west and southern Europe.
It is worth noting that the public do not distinguish between high-level and low-level waste and
that they have very little idea as to how the wastes are managed or are planned to be managed. Therefore
the existence or possibility of future alternative management options is very unlikely to have any
significant impact on the public’s opinion of radioactive waste management.
Putting the “concerns” into some perspective
A review of earlier Eurobarometer surveys (back to 1982) on both energy and environmental issues
reveals that concerns about nuclear energy and about radioactive waste are certainly not new. In the
following surveys, multiple replies were possible to each question – so the totals far exceed 100%.
In a 1982 survey, people were asked if they were very worried about a number of issues. Top of
their list came “damage caused by oil tankers” very closely followed by “disposal of nuclear waste”
and “disposal of industrial chemical waste”. Climate change came at the bottom of the list of concerns.
There were nine items to choose from in the list.
In surveys carried out in 1992, 1995 and 1997 nuclear waste was identified by around 40% of the
public as capable of “causing serious environmental damage”. During this period it routinely came
behind “factories”, “global pollution” (undefined) and “oil”. Interestingly it was overtaken by “industrial
waste”, “agriculture” and “cars” in the 1997 survey. “Rubbish in the streets” was also identified by
between 20 and 30% of the people. There were 12 items to choose from in these lists.
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Then in 1999 – a somewhat different question – “are you worried about nuclear power stations
and radioactive waste processing”. Those answering “very worried” numbered at 39% – behind
“pollution” (in general) (47%), “destruction of the ozone layer” (44%) and “disappearance of tropical
forests” (also 39%). Global warming came next with 36% and then genetically modified organisms
(32%). There were only nine items in the list of options.
In 2002 there was a longer list to choose from with 25 items and “nuclear power and radioactive
waste” came top of the list with half of the population saying they were “very worried”. Climate
change came eleventh on the list with 39%. The geographical breakdown for this was rather interesting
with Greece (72%) and Luxembourg (65%) being the most worried about nuclear – followed by
France and Italy (both with 60%). The Belgians were the least worried on this issue with only 31%.
In the 2005 survey, four issues stood out clearly as concerns: “water pollution”; “man made
disasters” (oil spills, industrial accidents, etc.); “climate change”; and “air pollution”. All these scored
between 45 and 47%. People could chose up to five items from a list of fifteen. Nuclear did not appear
in the list of options – but it does not appear to have been missed. Very few people said “do not know”
or “none of these”. From the information we have available, there was not a huge outcry from people
asking where a nuclear item was.
Year
1982
1992
1995
1997
1999
2002
2005

Position in list
of nuclear item
2nd
4th
4th
7th
4th
1st
Not in list

Items in list
9
12
12
12
9
25
15

I personally believe that if a nuclear point appears in a list as a “possible concern” a lot of people
will identify it as something that worries them. But if a nuclear point is not included in the list – it is
not missed. People have been conditioned to accept that nuclear is dangerous or risky and will
promptly identify it as such if given the option. How many people would put it on their list of “the top
five things to worry about” if given a blank sheet of paper to start with? My personal feeling is that it
would be fewer than one in a hundred.
In the Eurobarometer survey on radioactive waste in 2005, over 70% of the people identified the
transport of low-level radioactive waste as high risk. In the same survey 74% identified storage of
low-level waste as a high risk. Why does the public have this view when there are so few data or
reasons to support their concern? It cannot be because they know there is a risk – but purely because
they have been almost indoctrinated to associate the words nuclear or radioactive with “risk”, to the
extent that many people now believe that they should be concerned about all things nuclear. But how
many actually think about the subject from one month to the next?
This brings me back to measuring public opinion on the subject. Simply be asking the question
“what concerns you out of the following list?” we already bias the answers by identifying a fixed,
often very limited, number of items. Then we invited them to identify several of the item – maybe
30% of them. Finally the inclusion of the word nuclear or radioactive – a word they have been
conditioned to associate with risk – would further skew and opinion. How many people might express
concern over “nuclear magnetic resonance” if it were to be included in the list?
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Nuclear in the context of other energies
The nuclear sector, in spite of such advantages as not producing carbon dioxide or the very small
volume of its waste product, seems to have an image of itself as the most unloved and unwanted of the
energy sources from the point of view of the environment. It is now very sensitised to the issue of
public opinion and, in particular, to the need for “public acceptance”. In contact with the public the
sector often finds itself on the defensive, more often that not even before it is attacked.
But nuclear energy is not seen as the main source of environmental problems. Admittedly, it falls
well behind renewables in the “least pollution” stakes in our surveys between 1984 and 1991 and even
behind natural gas, but it is seen by the public as less polluting than oil and generally less polluting
than solid fuels. Five to ten per cent of the public identified it as the least polluting energy source –
surprisingly high, especially as the period included the Chernobyl accident.
25
20
1984
1986
1987
1989
1991

15
10
5
0
Solid fuels

Oil

Natural gas

Nuclear

In the same surveys it was seen as falling well behind solid fuels and oil in causing acid rain and
climate change (though ahead of natural gas!).
In 1993 and 1996 we asked people what is the most important aspect of energy: stable prices,
reliable supplies or low risk of pollution? The clear majority – close to half of the people questioned –
opted for low risk of pollution. Stable prices (25-30%) were more looked for than reliable supplies
(around 20%). Rather interestingly, we asked which energy source would be expected to give the most
stable price over the period 1996 to 2006. Gas came out top of the list followed by renewables. Gas,
again followed by renewables, was also seen to give the greatest supply security.
Period 1996 to 2006
Gas
Renewables
Nuclear
Oil
Solid fuels

Most stable price
32%
21%
12%
09%
10%

Most secure supply
29%
25%
15%
09%
08%

Given the clear difficulties in predicting the benefits of energy sources over the next 10 years – no
easier now than it would have been in 1996 – you might wonder how useful it is to ask the public what
they think what will happen by 2050. But we did it in 2002.
We gave a choice of seven sources of energy and asked which people thought would be best for
the environment, give the most energy in the year 2050 and also be the cheapest. “Other renewables”
(i.e. excluding hydropower) came out first in every case. Solid fuel or oil came last in every case.
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The most interesting was the fact that 40% of the people thought “other renewables” would be the
cheapest form of energy. Of course, many people regard renewables as “free energy” as we do not pay
for the wind, the waves or the sunshine. Unless they actually buy their own wind turbines or solar
panels – and do the arithmetic about the costs – they are not really aware of the investment costs
(especially if they are protected from the real costs by subsidies).
Such a view about the benefits of renewables in the future would almost certainly have influenced
opinions in the survey we conducted in 2005 on European attitudes towards energy. When asked to
identify which options governments should chose to reduce our dependency on imported energy
resources (given five options and a maximum of two answers), 48% opted for the development of
solar power, 41% for the promotion of advanced technologies (such as hydrogen or clean coal) and
31% for development of wind power. The other two options were “regulate to reduce dependence on
oil” (23%) and, finally, develop the use of nuclear power (12%). There was an 8% “don’t know” to
this question.
Many of the people in France might be interested to know that 63% of the French population
would have opted for develop solar power (second only behind Greece) and as few as 8% wanted to
develop nuclear energy! The most “pro-nuclear” country was Sweden (32%).
In the same questionnaire, we asked if people would be willing to pay more for energy produced
from renewable sources and, if so, how much more. Over half (54%) said “no”, there were not willing
to pay more and 5% said they were willing to pay “up to 5%” more. Only 2% of the people were
willing to pay over 10% more for energy from renewable sources.
In the 2002 survey when we asked people’s views of energy sources in 2050 we included both
nuclear fission and nuclear fusion as options. Nuclear fusion was seen as producing the cheaper energy
of the two and also the most energy by more people. If we exclude the sun from our predictions, I do
not know of one person working in the fusion area who would expect fusion to produce any significant
amounts of energy by 2050. Certainly the cost of any such energy produced would be very much
higher than that produced from fission.
How can policy makers interpret this information to guide them in their decisions on future sources
of energy? Clearly renewables are very popular with the public – they are not only environmentally
friendly but are also seen as given a secure source of supply and a stable, relatively low, price. Oil and
solid fuels, on the other hand are seen as most polluting, with unstable prices and insecure supply. Gas
and, to a lesser extent nuclear, fall between the two extremes. Therefore policies which favour renewable
energies will be popular with the public – an important yard-stick for nearly every politician – but not
always for the right reason.
How important is energy anyway?
Because we work in the energy sector, we tend to believe that not only is our work important, but
that it is seen as such by the public at large. Undoubtedly at this moment in time it has moved up the
political agenda – high oil and gas prices and interruptions in gas supplies to certain countries combined
with climate change mainly brought about by energy production and use. But energy is not an
overwhelming concern of the population.
The main – by far the greatest – concern facing European citizens is “unemployment”. Nearly
half the population expressed this as one of their two most important issues (from a list of ten).
In second and third place – with around 25% of the population identifying them – are the “economic
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situation” and “crime”. Health care (around 16%), immigration and rising prices (both around 14%)
come before terrorism (10% in 2006). Then pensions, taxation and, finally, the educational system
completed the list. Prior to the most recent survey earlier this year, “protecting the environment” was
included as a concern. It was identified as a main concern by only 3 or 4% of the public. Energy has
not been included in any lists in recent years.
Subject
Unemployment
Economic situation
Crime
Rising prices/inflation
Terrorism
Health care system
Immigration
Educational system
Protecting the environment

Ranking in 2005 Survey
1
2
3
4=
4=
4=
7
10
12

Percentage of public
46%
27%
24%
16%
16%
16%
13%
6%
3%

In October 2005 we conducted a survey on “risk”. This was mainly related to public perceptions
of risks related to foodstuffs. But asked about risks in general, 61% of the public believe that
environmental pollution is likely to damage their health while 31% think they risk being the victim of
a crime and 20% believe they could be a victim of terrorism. So here there appears to be very little
correlation between perceived risk and actual concerns.
The most recent survey that I found that compared concerns about energy with other concerns
dates from 1989. In this survey – which focused on energy issues – energy supply was in fourth place
(out of a short list of six) well behind “nature protection”, unemployment and poverty, but before
“regional development” and “helping Third World countries”.
It is something of an extrapolation but, lacking more recent information, an unfortunately
unavoidable one that energy issues fall well behind the environment in the eyes of the public and that
the environment is only seen by a relatively minor percentage of the population as one of their main
concerns.
Of course energy is a very important issue – just as the environment is – but it falls very well
short of being something that the average man in the street is concerned about. What we clearly need
is an energy source that can reduce the risk of unemployment and improve the economic situation. If it
could also reduce the crime rate at the same time….
Conclusion – can we draw any?
There are a few very simple conclusions that can be drawn from the above:
x

Energy is not a major preoccupation of the public.

x

Protecting the environment is perceived as more important than energy supply and stable prices.

x

The public is unwilling to pay more money for less polluting energy.

x

Nuclear energy is not seen as the most polluting form of energy.
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x

The majority of the public express concern about radioactive waste but clearly know very
little about it or how it is managed.

x

If the public believed that there is a solution to the waste issue, a majority would accept that
nuclear continues to be an option for electricity production.

In addition to these simple conclusions, we need to take into account the following when using
information about public opinion on nuclear energy in general and radioactive waste in particular:
x

People’s expectations about future energy supply (next ten years and to 2050) are unrealistic
or simply too optimistic.

x

The likely future role of nuclear energy is underestimated (while those of some other sources
such as renewables and fusion appear to be overestimated).

In other words, people want a clean environment and secure supplies of energy at a reasonable
price – but we will not be able to supply it with the sources they expect.
The public’s perception of nuclear energy is very closely linked to their perception of radioactive
waste. Can this be changed?
x

The public is not well-informed about radioactive waste.

x

Those poorest informed about nuclear issues are most likely to react most negatively to
questions concerning questions on nuclear or radioactive wastes.

x

The public say they want to know more about waste.

x

Those countries where nuclear has been very well discussed and debated have the least
concern over radioactive waste.

In other words, changing the public’s perception about nuclear energy and radioactive waste
management will involve a lot of information. To be effective, this information will mainly have to be
delivered in person or to very small groups. A great deal of good information is already available to
people – including through the Internet – but most people’s desire to learn more is not so strong that
they will search for it.
Should the nuclear sector make special efforts to change the public’s perception of radioactive
waste? The answer to this question has to be in two parts. In general, the answer is “no”, but for
specific sites the answer is “yes”.
x

The only real importance of the general public’s negative perception of radioactive waste is
the impact it has on their perception of nuclear energy and how this could influence the future
development of the option. My personal opinion is that while the citizens of several European
states do not favour further nuclear development, their “concerns” are not strong or
particularly focused. More people think oil and coal are more expensive, less secure and more
polluting as energy sources. It is not surprising they want more renewable energies as they
think they view them as secure, clean and inexpensive. The important thing is that decision
makers know all the facts about the different energy options and choose wisely – without
being influenced by often incorrect public perceptions of the options.
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x

The site specific issue is very different. When you wish to construct a new nuclear facility
you do need the understanding and support of the local authorities and the population. Here
you really do need to address not just the general perception of nuclear in general or waste in
particular but very specific issues. The people will not support a project if they are not
convinced that the benefits to them – and possibly to society as a whole – far outweigh the
costs or possible “risks”. I would be very wrong to use wide sampling opinion measuring
techniques, such as the Eurobarometer surveys, to predict the possible concerns of local
people. They may well be more concerned about increased traffic due to heavy lorries during
construction that to the very long-term radionuclide release rates. Be ready to address fully all
concerns.

Finally, be aware – be very aware – of the severe limitations, potential errors and possible
misinterpretations of opinion surveys when taking any decisions.
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THE IMPACT OF SPENT FUEL REPROCESSING FACILITIES DEPLOYMENT RATE ON
TRANSURANICS INVENTORY IN ALTERNATIVE FUEL CYCLE STRATEGIES
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Abstract
The depletion rate of transuranic inventories from spent fuel depends on both the deployment of
advanced reactors that can be loaded with recycled transuranics, and on the deployment of the
facilities that separate and reprocess spent fuel. In addition to tracking the mass allocation of TRU in
the system and calculating a system cost, the fuel cycle simulation tool CAFCA includes a flexible
recycling plant deployment model. This study analyses the impact of different recycling deployment
schemes for various fuel cycle strategies in the US over the next hundred years under the assumption
of a demand for nuclear energy growing at a rate of 2.4%. Recycling strategies explored in this study
fall under two categories: recycling in thermal light water reactors using combined non-fertile and UO2
fuel (CONFU) and recycling in fast reactors (either fertile-free actinide burner reactors, or self-sustaining
gas-cooled fast reactors). Preliminary results show that the earlier deployment of recycling in the
thermal reactors will limit the stored levels of TRU below those of fast reactors. However, the avoided
accumulation of spent fuel interim storage depends on the deployment rate of the recycling facilities.
In addition, by the end of the mid century, the TRU in cooling storage will exceed that in interim
storage.
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Introduction
The accumulation of transuranic inventories in spent nuclear fuel depends on both the deployment
of advanced fuels that can be loaded with recycled transuranics (TRU), and on availability of facilities
that separate and reprocess spent fuel. Three recycling strategies are explored in this study: 1) recycling
in thermal light water reactors (LWRs) using combined non-fertile and UO2 (CONFU) [1] fuel
technology; 2) recycling of TRU in fertile-free fast cores of actinide burner reactors (ABR) [2];
3) recycling of TRU with UO2 in self-sustaining gas-cooled fast reactors (GFR) [3]. For all three
strategies, the reactors allowing TRU recycling (designated advanced reactors in this paper) are
operated in conjunction with traditional once-through UO2-fuelled LWRs. The CONFU, ABR and
GFR strategies differ from each other in terms of TRU loading in the reactor, net TRU incineration,
capacity of recycling facilities needed, time for technology option availability, flexibility of fuel
loadings and cost. The CONFU and GFR have been designed to achieve zero net TRU balance, while
the ABR is a net consumer of TRU. The TRU core loading is the largest in GFR and the smallest in
CONFU reactors. While both CONFU and ABR require separation (of TRU from U) and reprocessing
(recycling of TRUs from fertile-free fuel), the GFR is designed to, in equilibrium, recycle TRU+U
after extraction of fission products only. Finally, thermal recycling is more flexible as either CONFU
batches or regular uranium batches can be loaded in LWRs; the issue of running out of TRU fuel is
therefore irrelevant for this option.
A fuel cycle simulation tool – Code for Advanced Fuel Cycle Assessment (CAFCA II) – has been
developed [4]. This code is a significant advancement over its first version, CAFCA I [5]. The
CAFCA II code tracks the mass distribution of heavy metals (HM) including TRU in the system and
the construction of reactors and recycling facilities. The code includes models for the deployment of
fuel partitioning plants and fast reactors, as their forecasted needs are high enough to justify
investment requirements. The deployment of these facilities is also constrained by a user-specified
ability to add industrial capacity within a given time interval.
The nuclear fuel cycle is simulated in the US context and over the 21st century, using CAFCA II
for the three fuel cycle strategies introduced above. Total installed nuclear capacity is assumed to grow
at a 2.4% annual growth rate. It is assumed that thermal recycling in LWRs will become available in
the short term (2015), but in fast reactors at a later date (2040). For the three fuel cycle strategies
explored in this case study, we consider four scenarios, defined by the choice of recycling plant unit
capacity and by the possible industrial construction capacities of advanced reactors and recycling
plants. The implications of these choices are quantified in terms of evolution of infrastructure
implications for advanced reactors and spent fuel recycling plants, and TRU balance.
Reactors and fuel technology options modelled in CAFCA II
Light water reactors loaded with traditional UOX batches
In the once-through cycle used in this work, all reactors are traditional light water reactors (LWRs)
loaded with all UO2 fuel enriched at 4.2% 235U and with the following specifications: their net electric
output is 1 GWe, the mass of the three-batch core is 77.2 MTIHM and the refuelling interval is 1.5 years.
On the basis of a 90% capacity factor, at equilibrium, the transuranic (TRU) net generation in the
whole core is 0.28 MT/GWe/yr and the U net consumption is 1.28 MT/GWe/yr. A spent LWR fuel
batch irradiated during three cycles, i.e. 4.5 years, is therefore composed of 23.81 MT of uranium with
235
U content of 0.83% 235U and 0.42 MT of TRU, of which 80%w is plutonium. Due to the radiotoxicity
it emits and the decay heat it generates right after discharge, LWR spent fuel needs to be stored in
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cooling pools for at least six years before it can be handled and transported away from reactor sites;
we label this six-year period the cooling time of LWR spent fuel. Finally, LWRs have a 60-year
lifetime; note that the same lifetime will be used for all reactors used in this study.
Light water reactors loaded with UOX or CONFU batches
The LWR-CONFU scheme is an advanced fuel cycle for light water reactors that have the same
specifications as traditional light water reactors described above, except that CONFU batches can
be loaded in addition to UOX batches. In the same core, CONFU batches can co-exist with UOX
batches, and the whole reactor core can be constituted of CONFU batches only. Therefore, the power
characteristics and fuel cycle length for traditional LWRs are also applicable here. Because of the
spontaneous neutrons and gamma emissions due to the accumulation of 246Cm, 248Cm and 252Cf with
multi-recycles, pins from recycled fertile free fuel (FFF) fuel with one or more recycling loops need to
cool for 18 years. Therefore the FFF fuel is divided into two categories that are handled separately:
“young” FFF pins made with TRU obtained from UO2 spent fuel separation, and “old” FFF pins made
with TRU obtained from reprocessed FFF spent fuel. FFFn pins are made with TRU that has been
irradiated n times in FFF pins; FFF0 designates young FFF pins and FFFn, for n greater than 1, are old
FFF pins. We define two types of CONFU assemblies: young CONFU assemblies made with a mix of
UO2 pins and young FFF pins, and old CONFU assemblies are made with a mix of UO2 pins and old
FFF pins. CONFU batches are made with CONFU assemblies of either type. For the purpose of this
study, we consider two types of batches: young CONFU batches made of young CONFU assemblies
only, and old CONFU batches made of old CONFU assemblies only. TRU for young FFF pins
fabrication comes from UO2-LWR spent fuel separation and UO2-CONFU spent fuel separation.
Based on fuel management calculations in [1], young CONFU batches contain 21.0 MT of UO2
pins, where uranium is enriched at 4.2% 235U, and 0.98 MT of TRU coming from UO2 spent fuel
separation. At equilibrium, young CONFU batches discharged from light water reactors consist of
spent UO2 pins and spent FFF pins. Spent UO2 pins are composed of 19.50 MT of U with a 235U
content of 0.83% and 0.29 MT of TRU; these pins need to cool for at least six years in cooling pools
on reactor sites before they can be handled and transported away. Spent FFF pins are composed of
0.65 MT of TRU; they also need to cool for at least six years. Equilibrium old CONFU batches are
made with 21.0 MT of UO2 pins, where uranium is enriched at 5%, and 0.98 MT of TRU coming from
UO2 spent fuel separation. The composition of equilibrium old CONFU batches discharged from
reactors is the same as that of young CONFU batches discharged from reactors. In this work, the
LWR-CONFU technology is introduced in 2015.
Actinide burner reactors
Lead-cooled actinide burner reactors [2] are fed with fuel batches of a non-fertile metal containing
only TRU separated from UO2 spent fuel and reprocessed from ABR spent fuel. Actinide burner
reactors were designed to be loaded with fertile-free fuel composed of plutonium and minor actinides
in the proportion of the TRU composition discharged from light water reactors at a burn-up of
33 GWd/MTIHM. In this work, UO2 spent fuel comes from the irradiation of LWR batches in light
water reactors at a burn-up of 50 GWd/MTIHM; we ignore this difference in this study. ABRs loaded
with FFF pins have the following specifications: their net electric output is 0.315 GWe, the mass of
the two-batch core is 3.2 MTIHM, and ABR refuelling occurs every 1.2 years. TRU for fabrication of
FFF pins comes from UO2 spent fuel separation and FFF reprocessing. For the LWR/ABR cycle, we
neglect the impact of the number of recycles on the TRU quality in ABR spent fuel. This is equivalent
to assuming that TRU from UO2 spent fuel separation and TRU from FFF spent fuel reprocessing
(after any given number of recycles) have similar proprieties in terms of ABR fuel requirements.
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Furthermore, accumulation of curium with its spontaneous fissions is much less than for LWR
recycling, hence there is no need to wait 18 years before spent fuel recycling and thus no need to
distinguish between different sources of TRU. An ABR batch is made of FFF pins and its total mass is
3.2/2 = 1.6 MTTRU. At equilibrium, the TRU net consumption in an ABR core is 0.76 MT/GWe/yr.
Thus, after 2.4 years of irradiation, the mass of a spent ABR batch is 1.31 MTTRU; spent ABR fuel has
a required cooling period of six years before it can be recycled in FFF reprocessing plants. In this
work, the ABR technology is introduced in 2040.
Gas-cooled fast reactors
The gas-cooled fast reactor (GFR) [3] is a self-sustaining fast reactor (conversion ratio = 1.0)
initially loaded with batches containing TRU from UO2-LWR spent fuel separation and GFR spent
fuel treated to remove fission products. GFRs loaded with U-TRU carbide fuel have the following
specifications: their net electric output is 1.128 GWe, the mass of the three-batch core is 59.3 MTIHM,
and GFR refuelling occurs every 2.5 years. As opposed to the CONFU multi-recycling schemes,
where the TRU quality degrades, the number of recycles has no impact on TRU features of GFR spent
fuel; hence there is no need to distinguish between TRU from UO2 spent fuel separation and TRU
from GFR spent fuel separation. At equilibrium, the mass of a GFR batch is 59.3/3 = 19.77 MT of
heavy metals, comprised of 3.66 MT of TRU and 16.11 MT of natural or depleted uranium (note that
the choice of natural or depleted uranium has a small effect on reactivity). As GFR is self-sustaining,
the mass of TRU in a spent GFR batch is the same as that in a fresh GFR batch, i.e. 3.66 MT; the mass
of depleted U is 14.13 MT. In this study, we assume that GFR spent fuel could be separated in the
same spent fuel separation plants as the ones used for UO2-LWR spent fuel separation, although the
mass percentage of minor actinides in the GFR spent fuel is around 4%w, which is much higher than
the 0.2%w figure for UO2-LWR spent fuel. In this work, the GFR technology is introduced in 2040.
Fuel cycle system model in CAFCA II
Power growth model
The demand of nuclear energy installed capacity is a driving parameter in our model; an
exponential model for installed capacity is used: the installed capacity Pt at time t (in years) is given
by Pt = P0 u (1 + r)t, where r is the annual growth rate. In 2005, the US installed capacity was about
100 GWe. The capacity is assumed to grow at 2.4% per year. The 2.4% growth rate of nuclear
installed capacity is the same as that used in the MIT study for the US fleet [6].
System model for the front-end
The installed nuclear plant capacity is a driving parameter of the entire fuel cycle system. Growth
rates of installed capacity are met in part by building light water reactors. Among the parameters that
constrain the growth of LWR nuclear power are the capacities of getting large components manufactured
and the need for regulatory permits. Estimates of installed capacity profiles take into account these
potential limitations. Here, it is assumed that available fuel cycle capacities at the front-end equate
front-end requirements for the once-through cycle. Hence, as long as less uranium ore is needed in
advanced cycles than in the once-through cycle, uranium ore production will not constrain the
deployment of advanced technologies. It is possible to show that front-end fuel cycle steps (uranium
ore mining, conversion, enrichment and UO2 pin fabrication) are not constraining the introduction and
deployment of advanced technologies. There is therefore no need to have a model for the construction
of front-end fuel cycle facilities.
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System model for spent fuel storage, recycled masses storage and repository
First, in advanced strategies, storage discharged from reactors must cool down for a required
amount of time (in “cooling storage” facilities) before it is sent to storage areas (which we label
“interim storage”) upstream of recycling facilities and downstream of recycling plants, and HLW
storage. We assume that these storage capacities are not constraining factors for the deployment of
advanced nuclear technologies. Second, the amount of legacy LWR spent fuel is an input to CAFCA II.
Its composition is assumed to be the composition of discharged LWR spent fuel. In reality, the
composition of the legacy LWR spent fuel depends on the burn-up at LWRs before the beginning of
the simulation. In that time, burn-up was mainly 33 GWd/MTIHM and not 50 GWd/MTIHM. These
differences in fuel composition are neglected in the CAFCA II model. For this case study, a UO2 spent
fuel inventory of 50 000 MT is assumed in 2005. [7] Third, in CAFCA II, there are no storage facilities
of recycled masses because we wanted to maximise the proliferation resistance by not recycling prior
to the need to supply TRU fuel to reactors. Outputs of recycling facilities immediately proceed to
advanced fuel fabrication plants.
System model for reactors fleet
The existing LWR fleet, with its associated construction schedule, is an input to CAFCA II. The
age of the initial LWR fleet (100 GWe) is derived from the historical construction schedule in the
US [7]. The constraints on the construction of fast reactors (both ABRs and GFRs) are three-fold. First,
it is constrained by the availability of recycled materials for the first core loading. Second, a fast reactor
in CAFCA II would not be built unless forecasts show that fuel will be available to be loaded in its
core during its entire lifetime. Note that the situation of temporary reactor shutdown because of lack of
fuel is not acceptable to the utilities because of large financial losses that would incur from lost
electricity production. Finally, the construction capability of fast reactors in the system can be limited.
The CAFCA II user can specify the maximum number of fast reactors that can be built at each time
step. It is indeed expected that, in reality, construction of the first fast reactors will mainly be constrained
by other considerations than availability of fuel in the future, such as licensing requirements for fast
reactors and their fuels or unexpected technical constraints. In this study, the rate of construction of
fast reactors is constrained by 10 GWe/yr at 2040 and 30 GWe/yr at 2100 with linear interpolation in
between.
System model for spent fuel recycling and advanced fuel fabrication plants
In CAFCA II, recycling plants, i.e. spent fuel separation plants and FFF reprocessing plants, are
characterised by their lifetime and their nominal capacity. Spent fuel recycling plants have a 40-year
lifetime. By default, “large” (resp. “small”) separation plants (for UO2 spent fuel and GFR spent fuel
reprocessing) have a capacity of 2 000 MT per year (resp. 1 000 MT per year) and “large” (resp.
“small”) FFF spent fuel reprocessing plants have a default capacity of 100 MT per year (resp. 50 MT
per year). In addition, 0.1% losses in the recycling and manufacturing plants are assumed. These
losses from product streams are captured in the waste streams destined for the repository.
The pace of spent fuel recycling is constrained by the capacity of the system to build recycling
plants. This capacity is measured in MT/yr/yr. For instance, if the maximum construction capacity of
separation plants is 250 MT/yr/yr and each separation plant has a capacity of 1 000 MT/yr, then only
one plant every four years can be built. If the maximum construction capacity of separation plants is
2 000 MT/yr/yr and each separation plant has a capacity of 1 000 MT/yr, then two plants can be built
every year. Note that when a 40-year old spent fuel recycling plant is decommissioned, construction of
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a new plant to replace it requires additional construction effort that needs to be accounted for. Hence,
replacement of decommissioned plants is not considered different from construction of “new” recycling
plants. We chose a time-independent cap for the construction of spent fuel recycling facilities before
2040 and after 2040 (the cap doubles). In this work, we assume that the industrial construction
capacity of separation plants is 250 MT/yr/yr before 2040 and double that after 2040. We use a 0.1
factor to calculate the maximum construction capacity of reprocessing plants, based on the data for
separation plants costs [8].
A minimum expected capacity factor of spent fuel recycling plants is introduced to limit periods
of over-capacity; indeed, a long period of over-capacity is unlikely to be accepted in the private capital
world. Our model forecasts the load factor and requires it to be above a user-specified floor. The
construction of additional recycling capacity is authorised in forecasts showing that new recycling
facilities would operate during their whole lifetime at a capacity factor above the minimum allowed
capacity factor; in this study, a minimum 60% capacity factor is used.
The output of spent fuel recycling plants goes to the plants for advanced pin fabrication and to
storage of recycled uranium. As there is total correlation between the input to advanced pin fabrication
plants and the output from spent fuel recycling plants, we assume that the mass input to advanced pin
fabrication plants would be smooth enough, thanks to the minimum capacity factor constraint, to make
it unnecessary to have a separate constraint for advanced pin fabrication plants. Advanced pin
fabrication plants are then treated as “throughput boxes” in CAFCA II.
Forecast models for the construction of fast reactors and spent fuel recycling plants
Forecasts are used as a decision tool for the construction of fast reactors, which should not run out
of fuel during their whole lifetime, and for the construction of recycling facilities, which should not
operate below a given capacity factor during their lifetime. The following assumptions are made about
the behaviour of investors in both fast reactors and spent fuel recycling plants: 1) All investors use the
same prediction for the growth of nuclear installed capacity. These forecasts perfectly match the future
growth of nuclear power. 2) All investors in a given technology (fast reactor, separation plant or
reprocessing plant) follow the same decision process to undertake construction projects. Because their
behaviour is perfectly homogeneous, investment decisions in a given technology are similar to what
they would be if they were taken collegially. 3) All investors in a given technology have perfect
knowledge of the behaviour of investors in other technologies. Consequently, all the actors that are
involved in spent fuel recycling activities and fast reactor construction make investment decisions
collegially. The CAFCA II forecast model is based on perfect knowledge of the future, and total
co-ordination of investment decisions in spent fuel recycling activities. In CAFCA II, TRU is loaded
as quickly as possible in reactors at each time step at which constraints on fast reactors and recycling
plants are satisfied. The issue remaining is to define an optimal construction schedule of fast reactors
and recycling plants, for which all constraints on the system are satisfied. Under these assumptions, we
were able to develop a method that does not require forecasting the future every time a fast reactor or a
recycling plant may be built; a simulation with systematic forecasts at each time step would run in
O(n2), to be compared with the O(n) complexity with a simulation without the constraints on recycling
plants and fast reactors.
CAFCA II evaluation of fuel cycle options and choices of recycling plant capacities
For the three fuel cycle options modelled in this study, the results relating to recycling capacity
choice with “small plants” (resp. “large plants”) are displayed in figures on the left-hand side (resp.
right-hand side).
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Reactors
This section describes the population of new reactors and the distribution between traditional light
water reactors and fast reactors. In the LWR-CONFU strategy, only light water reactors are built; the
relevant corresponding graph is the distribution of CONFU batches in reactors cores. Figure 1 shows
that, for the LWR-CONFU strategy, increasing the size of UO2 spent fuel separation plants delays the
first loading of CONFU batches in light water reactors: for the choice of “small plants”, the number of
CONFU batches in the system becomes positive and increases as soon as 2020, while for the choice
of “large plants”, the number of CONFU batches loaded starting after 2015 is larger than zero but
stays constant until 2050, and is lower than for the case of “small plants”. The reason for this delay
phenomenon is the constraint on minimum capacity factors: the larger the plants, the larger the
minimum spent fuel input needed per plant. Thus, the UO2 spent fuel inventory must increase before it
is large enough to satisfy the constraint of capacity factors during plant lifetime. Figure 1 also shows
that the long-term proportion of CONFU batches to the total number of batches in the system is
around 50%, while the number of young CONFU batches and the number of old CONFU batches are
roughly equal. In the short run, after the loading of the first CONFU batch, the two graphs show that
the number of CONFU batches in the system is higher than the number of LWR batches; the existence
of the initial spent fuel inventory explains this transient: before equilibrium is achieved, i.e. spent fuel
inventory is depleted, there is enough TRU in spent fuel to have a proportion of CONFU batches in
the system much higher than the equilibrium proportion.
Figure 1. Distribution of CONFU batches in the LWR-CONFU strategy

For the LWR/ABR strategy, Figure 2 shows that the ABR installed capacities are comparable for
the large and small capacity cases in the short run, until 2080 where fewer actinide burner reactors are
built in the “small plants” case than in the “large plants” case. This is because building larger plants
helps depleting spent fuel inventories faster as long as plant throughputs are guaranteed. In such case it
is better to build one 2 000 MT/year plant at t = 0 than one 1 000 MT/year at time t = 0 and one at
t = 1. For the choice of “small plants”, the proportion of ABR grows linearly from 2040 to 2080, when
it reaches a 20% value, much higher than the a15% long-term value. For the choice of “large plants”,
the proportion of ABR grows between years 2040 and 2075 at a faster rate than for the choice of
“small plants”, when it reaches an 18% value. After 2075, the proportion is reduced to little less than
15%. Figures for HM balance will later show that for these two scenarios equilibrium is only achieved
temporarily: in 2100 the long-term proportion for both scenarios is lower than the equilibrium value
(between 15% and 16% according to simulations without constraints on the construction of fast
reactors and recycling facilities). The reason for departing from equilibrium at the end of the century is
the limited construction capacity of spent fuel recycling plants. Indeed, having larger recycling plants
is more efficient with the same construction constraints.
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Figure 2. Power generation in the LWR-ABR strategy [MWe]

Figure 3 shows that, for the LWR/GFR strategy, the construction of the first GFR occurs in 2040,
as soon as the technology is introduced. By 2100, the proportion of GFR installed capacity in the
system is 35% for the choice of “small plants”, and 40% for the choice of “large plants”. For all
recycling capacity choices, the proportion of GFR at year 2100 is close to the equilibrium proportion
(which is around 40%, based on CAFCA II simulations without constraints on recycling capacity and
fast reactor construction). It does not entail that equilibrium be “almost” achieved. Indeed, for
equilibrium to occur, one needs first to deplete spent fuel inventories, which requires a higher than
equilibrium proportion of fast reactors in the system.
Figure 3. Power generation in the LWR/GFR strategy [MWe]

Reprocessing and separation plants
Recall that spent LWR fuel, spent UO2 pins from CONFU batches, and spent GFR fuel are recycled
in separation plants, while spent FFF pins from CONFU batches and ABR batches are recycled in FFF
reprocessing plants. Results for the LWR-CONFU, the LWR/ABR and the LWR/GFR strategies
illustrate the phenomenon of delay mentioned earlier due to increasing the size of reprocessing plants
and the impact of the constraint on capacity factors on the construction schedule of recycling plants.
Table 1 gives, among other results, the construction date of the first recycling plant for all fuel cycle
options and choices of recycling capacities.
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Table 1. CAFCA II results for recycling facilities

Small
Large

Small
Large

Small

Large

Separation
Reprocessing
Separation
Reprocessing
Separation
Reprocessing
Separation
Reprocessing
Separation
Reprocessing
Equilibrium?
Separation
Reprocessing
Equilibrium?

LWR-CONFU
LWR/ABR
LWR/GFR
Construction date of the first recycling plants
2015
2040
2040
2030
2050
–
2015
2040
2040
2070
2050
–
Saturation periods for the construction of recycling plants
2015-2030/2060-2080
2040-2080/2090-2100
2040-2100
Never
2075 and 2090
–
2050-2065/2075-2090
2040-2050/2080-2100
2040-2100
2090-…
Never
–
Spent fuel recycling capacities by 2 100 (MT/yr)
12 000
8 000
9 000
150
400
–
Yes
No
No
16 000
10 000
10 000
200
400
–
No
Yes
Yes

Given the maximum construction capacities used at 1 000 MT/year separation plants, the waiting
time between two new recycling plants is four years up to 2040 and two years after 2040. Waiting
periods are twice as high for 2 000 MT/yr separation plants. For 50 MT/year FFF reprocessing plants,
the waiting time between two new plants is therefore two years before 2040 and one year after 2040;
for 100 MT/year reprocessing plants, waiting periods are twice as high. Construction capacities of
recycling plants are designated “saturated” when the actual construction pace is equal to the maximum
construction pace. Table 1 shows the periods when recycling plant construction capacities are saturated.
In general, we observe that the construction capacity of separation plants is much more often saturated
than the construction capacity of FFF reprocessing plants. Thus, the construction effort of separation
facilities is a more constraining factor on the fuel cycle system than the construction effort of FFF
reprocessing facilities. Saturation of construction capacities goes along with having a 100% capacity
factor, which occurs under two different conditions: 1) the maximum pace of recycling plant construction
is too low and supply is lower than demand; 2) the maximum pace of recycling plant construction is
fine but there is no construction because building an additional plant would make the capacity factor
of the fleet lower than its required 60% value in the future. The latter situation prevails during the
transient corresponding to the depletion of initial spent fuel inventory, especially with large nominal
capacities, while the first prevails during the last years of the simulation when the (at most) linear
growth of the recycling industry does not catch up with the exponential growth of power demand.
Predicted recycling capacities in 2100 are given in Table 1 and in each case we also indicated,
based on HM mass balances shown in the next sub-section, if equilibrium was achieved in 2100. Total
recycling capacities can be expected to be either lower or higher than recycling capacities at equilibrium.
Indeed, reduction of TRU inventories in interim storage requires more recycling capacity than that
obtained at equilibrium. This is what we observe in Table 1 in the columns corresponding to the
LWR-CONFU and the LWR/ABR strategies. But, if the construction pace of recycling facilities is not
high enough, the equilibrium recycling capacity may not be reached. Indeed, the LWR/GFR has the
lowest separation capacity need to reach equilibrium, the LWR/ABR strategy has a higher FFF
reprocessing capacity need than the LWR-CONFU strategy, and the LWR-CONFU strategy has a
somewhat higher separation capacity need than the LWR/ABR strategy.
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TRU balance
For the LWR-CONFU strategy and the LWR/ABR strategies, the impact of FFF spent fuel on the
total HM balance is almost invisible compared to the impact of UO2 spent fuel. TRU mass balances
show better the impact of the choice of FFF spent fuel reprocessing plant capacities. Figures 4 to 6
present our results for TRU balance for the three recycling strategies.
Figure 4. TRU balance for the LWR-CONFU strategy

Figure 5. TRU balance for the LWR/ABR strategy

Figure 6. TRU balance for the LWR/GFR strategy
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Table 2 summarises the maximum TRU interim storage requirements for the three fuel cycle
options under the different recycling capacity choices. TRU interim storage requirements are three-fold:
TRU in UO2 spent fuel, TRU in advanced spent fuel and TRU that goes to repository as high-level
wastes. Recall that we make a difference between spent fuel undergoing the cooling process and spent
fuel “older” than the required cooling period. Only the latter category can be depleted, as spent fuel
undergoing the cooling process cannot be recycled. The results show accordingly that TRU in spent
fuel undergoing the cooling process increases with installed capacity; at equilibrium, a closed fuel
cycle with multi-recycling reallocates TRU in the system in reactor cores and cooling spent fuel, as
opposed to a once-through cycle, where TRU is located in a repository or interim storage areas. Table 2
also provides the TRU inventory distribution by 2100; it shows that gas-cooled fast reactors have a
much larger TRU inventory than actinide burner reactors and also light water reactors loaded with
CONFU batches. The TRU inventory in reactors depends first on the TRU loading, which is the
greatest for GFR and the lowest for ABR, and second on the proportion of advanced batches in the
system. First, we showed that the equilibrium proportion of GFR batches in the system is 40%, it is
50% for CONFU and 15% for ABR. Second, normalised TRU loading is the highest for GFR and the
lowest for ABR. These two factors explain why GFR has the highest TRU inventory in 2100.
Table 2. CAFCA II main results for TRU balance

Small
Large

Small
Large

Small
Large

Small
Large

Maximum interim storage requirements for spent fuel (MTTRU)
LWR-CONFU
LWR/ABR
LWR/GFR
UO2 sf FFF sf
HLW
UO2 sf FFF sf
HLW
UO2 sf GFR sf HLW
1 000
90
20
2 000
40
30
2 300
<2
30
1 500
1 000
17
2 000
150
35
2 100
<2
35
TRU in cooling storage in 2100 (MTTRU)
LWR-CONFU
LWR/ABR
LWR/GFR
a 3 200
a 3 800
a 3 100
a 3 800
a 3 800
a 3 500
TRU in reactors cores in 2100 (MTTRU)
LWR-CONFU
LWR/ABR
LWR/GFR
LWR cores
LWR cores
ABR cores
LWR cores
GFR cores
a 1 500
a 250
a 750
a 200
a 3 100
a 1 600
a 250
a 800
a 200
a 4 000
TRU avoided in the system by 2100 (MTTRU)
LWR-CONFU
LWR/ABR
LWR/GFR
a 5 600
a 5 000
a 2 000
a 5 500
a 4 800
a 2 500

Instead of using “TRU incinerated”, we chose rather to consider “TRU avoided” as a metric to
assess the reduction of TRU inventories with closed cycle strategies as opposed to an open cycle one.
The definition of TRU avoided is as follows: for the once-through cycle and for an advanced cycle
(CONFU, ABR, or GFR), we calculate, at time t, the total TRU balance in the system, i.e. TRU in
“cooling storage” + TRU in “interim storage” + TRU in cores + TRU in repository and HLW. This
gives TRUOT(t) and TRUADV(t). “TRU avoided” is the difference between the two. This metric is a
way of capturing: 1) the amount of TRU that has been incinerated in advanced design fuel; 2) the
amount of TRU that has not been produced in LWRs. This second component is the one that explains
why advanced reactor technologies with a zero net destruction rate of TRU, such as GFR, make it
possible to reduce total TRU inventories, as compared to the once-through cycle. “TRU avoided” in
2100 are presented in Table 2. The LWR/ABR strategies and the LWR-CONFU strategies allow
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avoiding somewhat comparable TRU masses in 2100. We also observe that the LWR/GFR strategy is
much less efficient than the two other strategies. Indeed, GFR is self-sustaining and does not incinerate
TRU. TRU masses avoided with the LWR/GFR strategy come only from the fact that, for every GWe
produced by GFR instead of LWR, 0.28 MT/GWe/yr of TRU are not produced. 0.28 MT/GWe/yr is
the TRU production rate in light water reactor cores at equilibrium. The late introduction of the GFR
limits TRU avoidance.
Conclusion
Three strategies of TRU recycling have been evaluated for the US nuclear fleet under the
assumption of a nuclear power growth of 2.4% until the end of this century. These strategies involve
TRU recycling in CONFU-LWRs, fertile free ABRs and self-sustaining GFRs, where in each case
these reactors operate together with LWR to satisfy the total power demand. The constraints for each
strategy were adopted on the construction of fast reactors (constrained by 10 GWe/yr at 2040 and
30 GWe/yr at 2100 with linear interpolation in between) and on the construction of spent fuel
recycling facilities (250 MT/yr/yr for separation plants and 25 MT/yr/yr for FFF reprocessing plants
before 2040 and twice as large after year 2040). The main conclusions can be summarised as follows:
1) The constraints on recycling facilities were found to be more limiting than those on fast
reactors with respect to TRU inventory reduction. The actual construction needs of fast
reactors never hit the imposed constraints, while this was often the case for LWR spent fuel
separation plants.
2) Reactor technologies with zero net TRU destruction rate were found to achieve total depletion
of TRU inventories is spent fuel interim storage with fewer recycling facilities than fertile
free burners that has maximum possible TRU incineration rate. This is a very interesting
outcome, since it shows that to manage TRU inventory in a nuclear power growth scenario
does not necessarily require building and operating TRU burners with very low conversion
ratios, which are more challenging to design due to lack of Doppler reactivity feedback and
larger coolant reactivity void coefficients.
3) With regard to the reduction of TRU inventories in interim storage by 2100, the later
introduction date of fast recycling schemes compared to thermal recycling schemes is not
discriminatory, if the construction rate of advanced nuclear technologies is large enough.
4) TRU recycling in CONFU-LWRs can avoid more TRUs in the system than either fertile free
burners or GFR, even though its TRU net generation rate is zero. However, if both the
uranium resource utilisation and TRU waste management are the main goals, self-sustainable
reactors with conversion ratio of 1.0 are the preferred choice.
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Abstract
Two alternative core design options for a specific Generation IV gas-cooled fast reactor (GCFR) have
been investigated using the French code system ERANOS. Both cores use (U,Pu)C fuel (~15 wt.%
PuC in the start-up fuel mixture) and He coolant. The first core is characterised by a higher power
density (~100 versus ~50 MW/m3) and a smaller fraction of structural materials (20 versus 30% vol.
SiC). In comparing the two options, the high-power density core shows enhanced transmutation
capabilities. Additionally, its harder neutron spectrum lowers the reactivity swing but leads to
somewha less favourable reactivity coefficients. As such, the high-density core is seen to need further
optimisation especially as far as the reflector material is concerned (Zr3Si2 in the present layout), and
even more so in the case of minor-actinide-containing fuel.
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Introduction
In previous decades, there has been significant research and development on the gas-cooled fast
reactor (GCFR), while more recently the Generation IV International Forum (GIF) has chosen
promising reactor concepts which could achieve, in the long term, self-sustaining (conversion ratio
~1.0) cores operating at high temperatures within dedicated fuel cycle scenarios [1,2]. Along with
improved economics of the fuel resources, enhanced safety as compared to current-day light water
reactors, as well as proliferation resistance, were key issues in this selection process. It was recognised
that the advanced GCFR is an option to be deployed where the intended closure of the fuel cycle is
consistent with recommendations resulting from other waste-reduction-related initiatives, e.g. on
partitioning and transmutation [3], and the high coolant outlet temperature would allow hydrogen
production, in addition to the high-efficiency generation of electricity.
The advanced He-cooled fast reactor [4] will use a dense CERCER fuel [CERamic fuel, such as
(U,Pu)C encased in a CERamic clad, typically SiC, to provide a barrier against fission gas release], so
that high coolant temperatures of up to ~850°C can be attained. In conjunction with a direct
thermodynamic cycle the thermal efficiency of the plant can be expected to approach 50%, which
would be significantly higher than that of existing sodium-cooled fast reactors employing more
conventional, stainless-steel clad fuel pin designs. Through flexibility of the core design and fuel
composition, advanced GCFRs are additionally foreseen to enable variation of the breeding gain, as
also full recycling of the minor actinides (MAs). With the resulting “actinide management” in place,
there would be a significant reduction of long-lived waste volumes, in comparison to the current-day
situation with exclusive deployment of thermal reactors (mainly light water reactors). Currently, the
core geometry for the reference design is based on honeycomb structured, plate-type fuel
subassemblies; the average target burn-up is ~100 GWd/tHM, the thermal power 2 400 MW and the
envisaged power density is ~100 MW/m3. Depending on the specific “Pu management strategy”, viz.
burning, self-sustaining or breeding, different Pu contents, and possibly also different power levels,
are envisaged.
In this study, a comparison has been made, from the viewpoint of neutronics, between two
alternative GCFR core design options for a power of 600 MW. Investigated thereby are high- and
low-power density, self-sustaining, two-region cores (see Figure 1), both having a smaller size and
target burn-up (~50 GWd/tHM) when compared to the reference design. More specifically, the
high-power density, or efficient core, is characterised by a power density of ~100 MW/m3 and thus
smaller size, and smaller volume fraction of the structural material, SiC, as compared to the low-power
density (50 MW/m3), or robust core. In both cases, the reflector material is Zr3Si2. The fuel used in the
analysis is (U,Pu)C, with ~15 wt.% PuC in the start-up composition, the average content between
inner and outer core regions. The Pu vector corresponds to that of once-through pressurised water
reactor fuel. The reason for considering the lower-power density core is that the thermal response both
during normal operation and transients is less demanding.
Due to the smaller core size and the resulting enhanced leakage effects in the 600 MW cores
considered (compared to the reference 2 400 MW design), the impact of an alternative reflector
material, viz. SiC, was studied in the case of the high power-density core, to investigate possible
improvements to the overall neutron economy and the reactivity coefficients, particularly the coolant
void coefficient. The choice, as alternative reflector, of SiC (a low-activation material which is already
part of the core) is supported by the ENIGMA program being currently planned in the MASURCA
facility [5]. For the high-power density core (with the Zr3Si2 reflector), an examination was made of its
transmutation potential by loading the fuel with 5% MAs.
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Figure 1. Core layout of the two investigated GCFRs

Inner core
Outer core
Reflector

Control rod assembly

Parameter

Low-Density
SiC (30%vol.)
(“robust“)

High-Density
SiC (20%vol.)
(“efficient“)

56

103

Core volume [m3]

10.7

5.8

Fissile height [m]

1.69

1.95

Height/Diameter

0.6

1

4.15

4.41

Power density [MW/m3]

Height generating the
pressure drop [m]

Safety rod assembly
In the next section, the computational methods used are described; the main results are presented
in the sections that follow. The main conclusions are then drawn, and certain recommendations for
future work are presented.
Methods and data
All the calculations were performed using ERANOS-2.0 [6-8] in conjunction with the adjusted
data library, ERALIB1 [9]. Calculations include, as a function of burn-up: 1) keff, neutron spectrum at
the core centre, as well as power distribution; 2) breeding gain; 3) reactivity coefficients, including
fuel Doppler coefficient, i.e. the reactivity change resulting from a decrease of the fuel temperature
from hot, operating conditions at the full power level (990qC) to cold conditions at the decay heat level
(180qC), and coolant depressurisation coefficient, i.e. the reactivity variation induced by a pressure
drop from nominal (70 bar) to atmospheric conditions (1 bar); 4) kinetic parameters, including delayed
neutron fraction, Eeff, and generation time, /.
The required cell calculations were performed with ECCO with the different reactor zones being
assumed homogeneous, to generate self-shielded cross-sections in 33 neutron groups. Thereby, the
so-called “reference route” was used. This approach is based upon slowing-down calculations in 1 968
fine groups, in which the fuel regions are computed in the fundamental mode spectrum, with the
subgroup method being used to treat resonance self-shielding effects within each fine group. In the
non-fuel regions, the slowing-down source corresponded to the average spectrum in the fuel region.
The forward flux calculations needed for computing the multiplication factor keff and the reactivity
effects, which were estimated without the use of perturbation theory, as well as the additional adjoint
flux calculations required for determining the kinetic parameters, were both carried out using the
two-dimensional discrete-ordinates transport-theory code BISTRO in conjunction with the 33 neutron
broad group cross-sections and P1S8 approximations. In the fuel zones, viz. inner and outer core
regions (see Figure 1), 10 meshes of the same size were used in the radial direction, whereas the active
core length was subdivided into 20 meshes of the same thickness; the zones with reflector material
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were modelled with 10 equal subdivisions in each direction. The agreement of keff observed between
forward and corresponding adjoint flux calculation was excellent, viz. within a few pcm (1 pcm = 10–5),
thus giving confidence in this methodology.
In the burn-up calculations, which did not include control rods, the data available for six pseudo
fission products for the main actinides was used. The flux distribution in space and energy and the
one-group microscopic cross-sections were calculated at the beginning and end of 10 periods of the
same duration, in which the average burn-up was increased by ~5 GWd/tHM, thus reaching the target
value of ~50 GWd/tHM. For the purpose of condensation in energy, the core region was subdivided
into 10 cylindrical rings in the radial direction, and 10 layers of equal thickness in the axial direction,
in order to solve the (one-group) burn-up equations in these (100) regions. The required microscopic
cross-sections in 33 groups were those for fresh fuel compositions, i.e. self-shielding calculations for
the resonance cross-sections were not repeated in the different burn-up steps. At the end of each of
10 shorter periods of the same duration within each of the 10 larger steps, i.e. with each period
corresponding to a burn-up increase of ~500 kWd/tHM, the flux was renormalised to keep the original
power of 600 MW.
Neither increasing the number of meshes or time steps, nor changing the options in the transporttheory calculations, was found to modify the following findings.
Results
Comparison between high- and low-power density GCFR cores
The neutron spectra at the core centre for the two cases are displayed in Figure 2, the computed
static parameters are visualised in Figures 3-5, while the kinetic parameters are summarised in Table 1
for beginning and end of life (BOL and EOL, respectively). By simulating, in a simplified manner, the
average fuel residence time in a multi-batch reloading scheme, EOL conditions were assumed to be
reached once the target burn-up of ~50 GWd/tHM was achieved while burning the core completely
loaded with fresh fuel.
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Figure 3. Fuel Doppler and coolant depressurisation coefficients
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Figure 4. keff and breeding gain
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Figure 5. Radial power distribution in the core region, axially centred
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Table 1. Kinetic parameters
Kinetic parameter
Eeff (pcm)
/ (Ps)

High-density core
BOL
EOL
402
379
1.3
1.2

Low-density core
BOL
EOL
391
363
1.3
1.2

Globally, the following observations have been made: 1) The breeding gain is negative at the very
beginning of the cycle (e.g. -0.678 and -0.822 for the high- and low-density core, respectively). This
effect is due to the fact that 239Pu is formed from neutron capture in 238U only after the E decay of 239U
and 239Np, the latter having a half-life of 2.4 days. 2) The reactivity coefficients systematically worsen
with increased burn-up (see Figure 3), primarily due to the fission product build-up. 3) The kinetic
parameters are more or less burn-up independent (see Table 1) since, with this particular fuel, the
major actinide concentrations are quite close to their asymptotic values. In particular, the generation
time, /, is similar for both cores, primarily as a result of compensating effects between the different
neutron spectra and importance (adjoint) functions in the core and reflector regions.
More specifically, by comparing the two systems, the high-density core shows the following main
advantages as compared to the low-density core:
x

The neutron spectrum is harder and faster (see Figure 2), as a result of the lower moderation
caused by the smaller volume fraction of structural material, SiC. As is well known, a harder
neutron spectrum improves the capability of transmuting MAs [10].

x

The breeding gain, which slowly increases with burn-up, is slightly closer to zero in the
high-power density core during the whole cycle (e.g. -0.0357 versus -0.0364 at EOL; see
Figure 4). The main reason for the somewhat less negative value lies in the lower fission
product absorption caused by the harder neutron spectrum. This effect is also primarily
responsible for the overall better burn-up behaviour characterised by:

x

A 20% lower reactivity swing (3 186 versus 3 748 pcm; see Figure 4).

x

Eeff is somewhat larger for high-density compared to low-density (see Table 1), since the
leakage from the core into the reflector region is enhanced due to the smaller core size. For
equal power, the larger leakage rate, mostly occurring in the very fast energy range, thus
favours fissions at lower energies for which the delayed neutron yield is larger.

However, the following drawbacks have been indicated:
x

The power distribution, as indicated in Figure 5, is somewhat less flat since the core is smaller
(the unphysical shape of the radial profile at the core/reflector interface, as seen in the figure,
results from the numerical discretisation used).

x

Primarily as a result of the harder neutron spectrum, the fuel Doppler coefficient is significantly
smaller (e.g. by 30% at BOL: 1 401 versus 1 982 pcm; see Figure 3), which is clearly less
favourable from the safety viewpoint.

x

The ~2 times larger coolant depressurisation coefficient (e.g. 221 versus 138 pcm at BOL; see
Figure 3) leads to an additional penalty in terms of safety; however, in both cases these values
are significantly smaller than Eeff. The main reason for the more unfavourable coolant void
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coefficient lies in the larger volume fraction of the coolant required by the efficient core,
which is 55 instead of 41 vol.%. Correspondingly, in the case of a depressurisation accident, a
larger mass of coolant would be missing per fuel subassembly unit, thus leading, primarily as
a result of the increasingly hardened spectrum, to a further reduction in the absorption.
Leakage effects are seen to play a less important role in this context.
Comparison between SiC and Zr3Si2 reflector for the high-density GCFR core
By replacing the original Zr3Si2 reflector material with SiC, it was found, as a result of the softening
of the neutron spectrum primarily occurring in the proximity of the core/reflector interface, that:
x

The reactivity coefficients improve. At BOL, for example, the fuel Doppler coefficient is 10%
larger (1 550 versus 1 401 pcm), whereas the coolant depressurisation coefficient, though
again positive, is 10% smaller (196 versus 221 pcm). Generally speaking, the coolant void
reactivity is the integral effect of a positive contribution resulting from spectrum hardening
when losing coolant material, and a negative term due to increased leakage from the core into
the reflector. Though the positive contribution still dominates in absolute terms, the use of
SiC tends, relative to Zr3Si2, to enhance the negative component.

x

/ increases significantly by a factor of 10, i.e. from 1.3 to ~15 Ps, which is also favourable
from the safety viewpoint. In addition to the softer spectrum, the generation time increase is
due to the larger importance of the more moderated neutrons inside the SiC reflector. Eeff, as
expected, is almost unaffected by changes in the reflector material.

x

The cycle-average keff value of ~1.02 remains almost unchanged. The BOL value, as expected,
becomes larger (1.057 versus 1.034; see Figure 4), and the reactivity swing increases
significantly (from 3 186 to 6 038 pcm) as a combined result of the higher BOL, and lower
resulting EOL keff-value related to a breeding gain reduction (see below). A somewhat larger
initial excess reactivity might be advantageous, offering more flexibility in optimising the
design, including the control rod system, particularly in view of MA burning.

However:
x

The breeding gain becomes almost twice as negative, e.g. -0.0580 versus -0.0357 at EOL.

x

Strong power peaking occurs near the core/reflector interface (factor of ~2 in the radial
direction; see Figure 6).

Minor actinide transmutation in the high-density GCFR core (Zr3Si2 reflector)
In the (Pu,U,MA)C fuel being considered, we have assumed, based on current technology, 5 at.%
MAs in the fresh fuel composition (homogeneous approach). The total number of actinide atoms, as
well as the number of atoms of the individual Pu-isotopes, were kept unchanged as compared to the
original (Pu,U)C fuel, thus resulting in lower U content. As for the Pu, the MA vector, viz. 17% 237Np,
77% Am (80% 241Am, 20% 243Am) and 6% Cm (80% 244Cm, 20% 245Cm), corresponded to that of
once-through pressurised water reactor fuel. Within a simple approach, no cooling time has been
accounted for. This is consistent with the comparison studies presented in the earlier paragraphs,
which have been carried out without the explicit use of a multi-batch reloading scheme which would
lead to equilibrium cycle conditions.
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Figure 6. Radial power distribution in the core region, axially centred (SiC vs. Zr3Si2 reflector)
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It has been found that an ideal reactivity swing close to zero is achieved, primarily resulting from
a significantly larger breeding gain of ~0.2 as compared to the fuel without MAs. However, the excess
reactivity, reactivity coefficients, as well as kinetic parameters, are all less favourable (see Table 2),
and, as expected, the power peaking is found to become significantly stronger.
Table 2. Neutronic parameters at BOL (high-density core with 5 at.% MAs)

(Pu,U)C
(Pu,U,MA)C

keff
1.0343
1.0100

Doppler (pcm)
1 401
0 828

Full depress. (pcm)
221
310

Eeff (pcm)
402
364

/ (Ps)
1.3
1.0

The Pu and MA inventories along with their relative changes are displayed in Table 3. It appears
that:
x

The masses of the undesirable isotopes of Am and Np are reduced by ~25%; however,

x

Cm isotopes are built-up.

x

Considerable amounts of 238Pu are generated.
Table 3. Mass balance (high-density core with 5 a% MAs)

Nuclide
BOL (kg)
EOL (kg)
(EOL-BOL)/EOL (%)

237

Np
-130
-960
-260

238

Pu
066
151
127

239

Pu
1 377
1 396
00001

240

Pu
637
677
006

241

Pu
-182
-137
-240

242

Pu
180
189
005

241

Am
-495
-346
-300

243

Am
-123
-100
-190

242

Cm

16

243

Cm
001
002
175

244

Cm
41
60
46

245

Cm
10
10
00

Conclusions and recommendations
The neutronic characteristics of high- and low-power density (~100 MW/m3 and 50 MW/m3),
self-sustaining cores of a 600 MWth Generation IV gas-cooled fast reactor (GCFR) together with a
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Zr3Si2 reflector have been investigated. In the present study, both cores used (U,Pu)C fuel (~15 wt.%
PuC as the start-up fuel) and He coolant. The first core is characterised by a smaller size and a lower
fraction of structural material.
In comparing the two options, the high-density core shows enhanced transmutation capabilities;
additionally, the harder neutron spectrum lowers the reactivity swing and limits the build-up of
undesirable Cm isotopes, although reactivity coefficients are somewhat less favourable; the kinetic
parameters are similar. The use of an alternative reflector material, viz. SiC, is seen to significantly
improve the neutron economy. The reactivity coefficients and kinetic parameters (with the generation
time increasing by a factor of ~10) are more favourable; however, stronger power peaking occurs at
the core/reflector interface. The larger initial excess reactivity (due to the softer neutron spectrum in
the outer core region) offers additional flexibility to the design; in-depth optimisation studies are
clearly required.
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OVERVIEW OF THE AMOUNTS OF PLUTONIUM
GENERATED AGAINST THE BACKGROUND OF THE FIXED
ELECTRICITY AMOUNT REGULATED BY LAW IN GERMANY

B. Merk, C.H.M. Broeders
Institut für Reaktorsicherheit, Forschungszentrum Karlsruhe, Germany

Abstract
Plutonium production in the German reactor park under the actual political guidelines is studied. The
influence of different options (once-through scenario, single and double MOX recycling scenario) on
the residual plutonium masses are analysed and compared to a close-to-reality scenario. Additionally
an insight into the consequences of a postulated lifetime extension on the residual plutonium mass is
given and the plutonium reduction and the change of the plutonium composition due to double
recycling are demonstrated.
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Introduction
The actual situation in Germany is characterised by a phase-out scenario and the shut-down of all
reactors after a theoretical life period of 33 years regulated by law since 2003. Reprocessing is stopped
by 2005 according to this law and the lifetime is fixed via the net amount of electricity (roughly
220 TWd) to be produced. The overall thermal energy produced can be calculated to 666 TWd gross
in about 32 years [1,2]. These strictly defined boundary conditions offer the possibility for a good
estimation of the accumulated amounts of burnt fuel and the resulting amounts of plutonium and
minor actinides. The influence of the variation of different parameters on the residual plutonium mass
can be studied very well on this basis. The influence of different scenarios (once-through, idealised
single and double plutonium recycling and close-to-reality plutonium recycling) on the residual
plutonium mass is studied.
Besides these scenarios the changes due to a postulated extension of the overall energy
production up to 900 TWd thermal accordant to a 10-year lifetime extension will be analysed.
Cycle study
Calculation methods used
The calculations are preformed with the standard software KAPROS (KArlsruher PROgramm
System) [3]. The special procedure KARBUS (KARlsruher Burn-up System) [4], see Figure 1, is used.
The flux and k calculations are performed using 69-energy-group cell calculations for best-estimate
weighting function determination. The calculation is based on the methods of the cell code WIMS [5]
and uses collision probability method. The cross-sections are taken from a KAPROS master library
based on ENDF/B-6.5. The calculated neutron fluxes are used for group collapsing to create the
one-group fluxes and cross-sections needed for the burn-up calculations in the module BURNUP
which is based on KORIGEN [6]. The calculation scheme shown in Figure 1 is stopped when the
criticality limit k = 1.03 is reached [7]. Then the end-of-life burn-up for the number of core burn-up
stages (cycles) is then calculated by:
BU EOL

2 u cycle

BU 1.03

cycle  1

to take into account the fuel reshuffling in a real reactor core [8]. An additional calculation up to the
end-of-life (EOL) burn-up is used for the evaluation of the material composition at EOL. These
material compositions are finally used for the scenario design performed in MS EXCEL.
The scenarios
The plutonium production will be investigated for four different scenarios. The once-through
scenario (direct disposal) is the upper limit for the plutonium production. Idealised single and double
plutonium recycling scenarios provide the lower limits. Additionally a close to reality scenario which
represents the situation in Germany is presented. This situation is characterised by an average MOX
use of about 15% in the core and a limited reprocessing of roughly 40% of the used UOX fuel due to
the stop of reprocessing in 2005.
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Figure 1. Schematic diagram of the calculation process
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The scenarios are characterised by the following boundary conditions:
x

Once-through scenario (OT). The burn-up over the complete reactor operation period rises by
roughly 1 GWd/tHM per year [9] and the starting value at the end of the seventies was
between 27 and 33 GWd/tHM [10]. This leads to an estimated time-averaged burn-up of
41 GWd/tHM over the complete reactor operation period. This burn-up is achieved with an
initial enrichment of 4% in the reactor use in 949 days in 3 cycles. The average linear pin
power is 200 W/cm. This value is varied over the 949 days from 150% at begin of life (BOL)
to 50% at end of life (EOL).

x

Single plutonium recycling (MOX1). The burn-up structure, the cycle data and the average
linear pin power are identical to the once-through scenario. The following times are defined
for the reuse of plutonium in MOX1 fuel: 3 years for storage in the nuclear power plant for
cooling, the transport to the reprocessing plant and the storage in the reprocessing plant;
2 years for reprocessing, MOX fuel production and the storage in the nuclear power plant
until the insertion into the reactor. This adds up to a period of 5 years until reuse. The MOX
fuel is produced from roughly 5.4% Pufiss in depleted uranium with a fraction of 0.3% 235U.
The average linear pin power is varied from 140% (BOL) to 60% (EOL).

x

Double plutonium recycling (MOX2). The burn-up structure, the cycle data and the average
linear pin power are identical to the once-through scenario. The following times are defined
for the reuse of plutonium in MOX2 fuel: 10 years for storage in the nuclear power plant for
cooling, the transport to the reprocessing plant and the storage in the reprocessing plant;
2 years for reprocessing, MOX fuel production and the storage in the nuclear power plant
until the insertion into the reactor. This adds up to a period of 12 years until reuse. The MOX
fuel is produced from roughly 6.9% Pufiss in natural uranium with a fraction of 0.7% 235U. The
use of natural uranium instead of depleted uranium is necessary to avoid an increase of the
Pufiss content above 7% which could lead to problems in the safety parameters [8]. The
average linear pin power is identical to MOX1.

x

Close-to-reality plutonium recycling (rMOX). The burn-up structure, the cycle data and the
average linear pin power are identical to the once-through scenario. The following times close
to reality are defined for the reuse of plutonium: 8 years for storage for cooling, the transport
to reprocessing and storage in the reprocessing plant; 5 years for reprocessing, MOX fabrication
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and the storage before insertion into the reactor. This adds up to a period of 13 years until
reuse. The MOX fuel is produced from roughly 5.8% Pufiss in depleted uranium with a fraction
of 0.3% 235U. The average linear pin power is identical to MOX1. The starting time of the
MOX use is calculated and averaged from the German reactor operation data to 13.5 years.
The average MOX content in the reactor park is 17.5% in every core. The available separated
plutonium amount is roughly 70 t from the reprocessing of 6 970 t burnt uranium oxide fuel.
This separated plutonium amount will be burnt in roughly 10 years of MOX use under the
given conditions.
The time-dependent behaviour of k versus burn-up for the different used fuel materials is shown
in Figure 2.
Figure 2. Burn-up dependent k evolution for the different fuel materials
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To collocate the different fuels in one core all curves for k versus burn-up have to meet at
k = 1.03 at an identical burn-up. Only under this condition can all fuels be mixed in one hypothetical
reactor core in the scenario design and calculation in EXCEL. If this conditions were not fulfilled a
full core calculation would be needed to care for the burn-up behaviour. The difference between
criticality and the used limit k = 1.03 accounts for the losses in a real core configuration.
Lifetime by law
The following amounts of the residual plutonium are created during the regular operation of the
German reactor park to produce the net electric energy amount of roughly 220 TWd fixed by law or
the resulting thermal energy amount of 666 TWd gross.
The time dependent accumulated plutonium mass for the different scenarios is shown in Figure 3.
In the once-through (squares) scenario the plutonium mass rises linearly due to the approximation
used, time-averaged burn-up. After the regular lifetime when 100% of the fixed electric energy is
produced there are about 160 tonnes of plutonium accumulated. The plutonium mass rises similarly in
the single MOX scenario (circles) for roughly the first 20% then the slope is (due to the reuse of
plutonium) smaller than for the once-through scenario. At the end of the reactor operation period the
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Figure 3. Residual plutonium mass for the different scenarios with identical energy production
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plutonium amount is reduced by 25% or more than 40 tonnes. In the case of the double plutonium
(MOX2 scenario) recycling (triangles) the plutonium amount is reduced by roughly 35% or more than
50 tonnes. In the close-to-reality MOX scenario (diamond) the MOX use starts when already about
40% of the electricity is produced. At this point there is a break in the slope of the plutonium
production due to the reuse. The next break is at about 70% of produced electricity where the reuse of
plutonium is stopped because no separated plutonium is available anymore due to the termination of
reprocessing in the year 2005. The residual plutonium amount is reduced for the close-to-reality MOX
scenario by about 15% or more than 20 tonnes in the German reactor park. This result could be
improved by re-entry into the reprocessing of burnt uranium oxide fuel and a result close to the result
for the idealised single MOX scenario could be reached (see extrapolation, dotted line).
Lifetime extension
A postulated lifetime extension for 10 years for the German reactor park is defined as follows:
The electric energy produced in the five years between 2000 and 2005 in the 17 still-operating nuclear
power plants (at the end of 2005) is doubled. This definition leads to an additional energy production
of roughly 80 TWd net. The thermal energy production increases from 666 TWd in 32 years to 900 TWd
in 42 years. The average burn-up increases to 49 GWd/tHM instead of 41 GWd/tHM due to the
already-mentioned increase in burn-up of about 1 GWd/tHM per year [9].
Energy production is increased by roughly 35%. The accumulated plutonium masses after this
time period of plutonium are changed in the following way: In the once-through scenario an additional
22% or roughly 36 tonnes of plutonium are created, in the single MOX scenario (MOX1) 20% or
24 tonnes more plutonium. In the double MOX scenario (MOX2) only 13% or 15 tonnes of plutonium
are created additionally. Finally, there is a 27% or 38-tonne plutonium increase for a close-to-reality
German scenario with termination reprocessing. Due to these numbers especially in the case of a
lifetime extension a re-entry into reprocessing should be discussed. All scenarios show the identical
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tendency of under proportional plutonium production compared to the additional energy production.
This is a direct consequence of the higher averaged burn-up in the case of a lifetime extension. Only
the minor actinide production is over proportional. There will be about 50% more americium for all
scenarios and about 50% more curium. Only in the MOX case both values are a little bit lower.
Plutonium reduction and quality
Finally, the reduction of plutonium and the change in the plutonium composition due to a double
reuse of plutonium in the form of MOX fuel will be discussed.
The time-dependent evolution of the relative plutonium mass for the production of 1 tonne of
MOX2 fuel is indicated in Figure 4. This 1 tonne of MOX2 fuel contains about 120 kg plutonium of
the composition indicated by the different colours. The plutonium amount is burnt to 100 kg during
the use of the MOX2 fuel in the reactor. For the production of the 1 tonne of MOX2 fuel about 130 kg
of plutonium resulting from the MOX1 use is needed due to the decay of 241Pu during storage. These
130 kg are the result of about 170 kg of plutonium which was put into the MOX1 fuel before using it
in the reactor core. For the production of this MOX1 fuel is due to the 241Pu decay roughly 175 kg of
plutonium resulting from the use of 4% enriched UOX fuel with a required cycle time of 949 days.
Adding it all up, about 175 kg of plutonium produced in the UOX fuel of the once-through scenario is
reduced to about 100 kg after a double reuse at the end of the MOX2 scenario. Consequently the
plutonium produced in the once-through scenario is reduced by more than 40% by the double reuse in
MOX fuel. This fact shows the overall potential of plutonium reduction in the case of unlimited
double (or multiple) MOX use.
Figure 4. Relative plutonium mass needed for the production of 1 tonne of MOX 2 fuel
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Additionally, the content of 239Pu is reduced by about 60% in this time compared to the plutonium
composition resulting from the once-through scenario with 4.0% enriched UOX fuel. Thereby the
proliferation risk is reduced significantly because of the reduction of the content of fissile plutonium
isotopes.
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Conclusions
Basically it has to be mentioned that all presented calculations apply averaging over the German
reactor park where every reactor core composition and every cycle is individual. The investigated
scenarios are nevertheless reliable estimations of the plutonium production in the German reactor park
under changing boundary conditions. The estimation of the accumulated plutonium mass for a scenario
close to reality in Germany shows the benefit of reprocessing and MOX fuel use. A significant
reduction of the plutonium amount by roughly 20 tonnes is achieved during the limited time period of
MOX use. A part of the possible achievement is lost due to the termination of reprocessing by law in
2005. Without this limiting condition a reduction of about 40 tonnes would be achievable.
A postulated lifetime extension leads for all scenarios to an under-proportional amount of plutonium
produced compared to the additionally produced amount of energy. While the energy production rises
by about 35% the plutonium amount is only increased by 13 to 27% depending on the scenario used.
An additional overview on the results for the different scenarios is given in Table 1. One fact should
be highlighted: Lifetime extension and simultaneous re-entry into reprocessing and the continuation of
single MOX use leads to an identical final plutonium amount as for the close-to-reality scenario
defined by the actual situation in Germany.
The plutonium mass is reduced by roughly 40% with the double recycling of the MOX2 scenario
compared to the plutonium amount resulting from the UOX fuel use in the once-through case.
Additionally the plutonium composition is changed in such a way that the proliferation risk is
significantly reduced due to the reduction of the fraction of the fissile plutonium isotope 239Pu to
roughly 40%. The amount of 239Pu is reduced by about 60% compared to the plutonium composition
remaining at the end of life of the UOX fuel.
However, all recycling scenarios lead to over proportional increases in the amounts of americium
and curium, as well as in the case of a lifetime extension with increasing discharge burn-ups.
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Table 1. Overview on the resulting actinide amounts for the different scenarios
Once-through
(OT)

Single MOX
(MOX1)

Double MOX
(MOX2)

Close-to-reality
MOX (Creal)

Plutonium tonnes
compared to OT

~160
100%

~120
-25%

~110
-35%

~140
-15%

Americium tonnes
compared to OT

~14
100%

~15
+7%

~16
+15%

~18
+30%

Curium tonnes
compared to OT

~0.9
100%

~2.3
+150%

~2.7
+190%

~1.7
+80%

Plutonium tonnes
compared to LL

~36
+22%

~24
+20%

~15
+13%

~38
+27%

Americium tonnes
compared to LL

~7
+50%

~7
+47%

~8
+50%

~5
+30%

Curium tonnes
compared to LL

~0.6
+67%

~1.1
+50%

~1.3
+50%

~0.5
+30%

Plutonium tonnes
compared to Creal LL

~196
+40%

~144
+3%

~125
-10%

~178
+27%

Americium tonnes
compared to Creal LL

~21
+17%

~22
+22%

~24
+33%

~23
+28%

Curium tonnes
compared to Creal LL

~1.5
-12%

~3.4
+100%

~4.0
+135%

~2.2
+30%

Lifetime by law (LL)

Lifetime extension

Overall after 42 years
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THE ORION FUEL CYCLE MODELLING CODE

C.H. Zimmerman1, R.G. Moore1, C. Robbins2
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Abstract
ORION is a flexible, time-dependant fuel cycle modelling code with a graphical user interface. The
capabilities of ORION are presented in this paper together with some example nuclear scenarios which
are currently undergoing analysis and previous results.

673

Introduction
The analysis of fuel cycle scenarios for radioactive waste management is best accomplished by
dedicated computer codes. Although many analyses can be carried out by, for example, spreadsheets,
there can be a major problem in the quality assurance of such methods. In addition, modification of
fuel cycle information analysed in such a way can be costly and time consuming.
In general, fuel cycle modelling codes come in two varieties: equilibrium (or steady state) and
time-dependent. Equilibrium studies can yield a useful initial guide to the performance of a particular
radioactive waste reduction scenario (e.g. P&T) and are relatively easy to construct [1]. As they do not
consider start-up or shutdown of various reactors within the cycle they are therefore valid only when
continuously operating reactor parks are considered over long time scales.
There are, however, some shortcomings in using a steady-state approach, the most important of
which is the fact that long time scales and multiple recycling are required to validate the approach and
to produce the desired reduction in radiotoxicity. This essentially means that in this infinite steady-state
approach no account is taken of the scenario shutdown. If the assumption is made that at some point
operations must end then the total reduction factor achieved must take into consideration what is in the
cycle in addition to waste already generated. Under equilibrium operating conditions this can represent
a significant inventory which will seriously erode the toxicity reduction factor achieved for the cycle
as a whole [1]. Given these shortcomings it seems sensible to perform time-dependent studies to allow
explicitly for shutdown and to allow for a physically correct comparison of inventories from a common
time origin.
ORION1 is a time-dependant fuel cycle modelling code with a graphical user interface. It was
originally developed to analyse advanced fuel cycles but is now also being used to study non-reactor
radioactive material disposition scenarios. The capabilities of ORION are presented in this paper along
with some example nuclear scenarios which are currently undergoing analysis and previous results.
ORION functionality
ORION tracks material flow through a system, taking into account the fact that the inventory in
general is dynamic due to radioactive decay. The primary variable tracked is material mass for the
48 nuclides (22 fission products + 26 actinides) shown in Table 1. Several other metrics can be
calculated from the mass, including: activity, radiotoxicity, toxic potential, spontaneous neutrons, heat
production, electricity, cost and volume.
To model material flow through a system a number of basic modelling elements must be defined.
The most basic of these is a process and can take an amount of material as an input and produce one or
more outputs that represent either diversion or transmutation of the material fed in. A process can
receive from and send material to other processes via a link which is defined as a stream. A process
only acts on the material that is fed to it and therefore requires no memory of previous material
throughput. A process may operate in two modes, unlimited throughput and limited throughput. The
first mode simply means that all material fed to the process is utilised. The second means that some
upper limit on mass input is defined thus limiting throughput. The second definition of process
operation, above, could lead to a situation where a high throughput process feeds a low throughput
process. To make such a situation viable, these two processes are connected via a buffer element.
A buffer takes material fed to it and releases material to downstream processes as required. It therefore
1

ORION was originally developed under the name of MEEMS.
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Table 1. The nuclides tracked in ORION

3

H
14
C
36
Cl
60
Co
59
Ni
79
Se

Fission products
85
99
Kr
Tc
87
106
Rb
Ru
90
107
Sr
Pd
93
126
Zr
Sn
94
125
Nb
Sb
93
129
Mo
I

135

Cs
137
Cs
147
Sm
151
Sm

226

Ra
227
Ac
229
Th
230
Th
232
Th
231
Pa

232

U
233
U
234
U
235
U
236
U
238
U

Actinides
237
Np
238
Pu
239
Pu
240
Pu
241
Pu
242
Pu

241

Am
242m
Am
243
Am
242
Cm
243
Cm
244
Cm

245

Cm
Cm

246

has memory of material. To construct a model that keeps track of mass in the system without loss, all
processes must eventually send material to buffers that may represent a repository, a storage facility or
an environmental sink such as the atmosphere. Buffers may also be used as a source of all feed
material. This would be adequate if full cradle-to-grave analysis is always made. However, there may
be situations where a known and well characterised source is used. In this case it would be inefficient
to insist on full modelling and a known source term, or external feed, could be used instead.
ORION allows reactors to be modelled in one of two ways. The first and most simple is to assume
that the nuclide mass arisings are a function of the total mass fed to the reactor. Such fractions can be
obtained through an inventory code such as FISPIN [2] or ORIGEN [3]. This is only applicable when
the results are for an inventory that is close to the feeds considered in ORION. The second approach is
through the use of an internal reactor model to predict arisings based on any feed fuel composition.
The former approach (using inventory code data) is suitable for simple cases and cases that are
in equilibrium so that a single inventory code run adequately covers the range of feeds and arisings.
However, for non-equilibrium cases and particularly those using a large degree of recycling, as
envisaged in P&T using accelerator-driven (ADS) and fast reactor (FR) systems, it is more appropriate
to construct a reactor model that explicitly models nuclear reactions to predict fuel composition on
discharge. This is achieved through the ORION Pseudo Reactor model (MPR). MPR tracks number
densities throughout an irradiation step.
An example of the ORION user interface with a simple model can be seen in Figure 1. The various
processes, buffers and feeds can be dragged from the left of the interface (Flow Objects) and dropped
onto the construction canvas where they can be linked together as required. Double clicking on each of
the icons brings up pop-up windows which allow the various details of each object to be defined.
Wastes arising from each process can be tracked as a new stream to a defined buffer or they can
be internally tracked by ORION. Six streams are pre-defined for each ORION object to represent
solid, liquid and gaseous wastes that are either accumulated or discharged. A bulking mass is supplied
for each of the possible waste streams that bulks up the diverted mass tracked by the ORION nuclides
(to allow for conditioning, packaging, etc.). The stream density can also be recorded allowing the volume
of waste generated to be determined. The properties of each stream are tested against user-defined
criteria and in this way the waste arisings can be categorised into waste levels (e.g. high, intermediate
or low).
ORION allows scenarios to be driven by mass or energy demand. For mass demand, the reactor
objects demand a certain mass of material each year. If energy demand is employed, a reactor object
now represents a reactor park and new stations are built to meet demand or replace retired stations.
The mass that is then required from the feeding objects is defined by the mass needed to meet the
energy demand.
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Figure 1. The ORION user interface, showing a simple MOX burning scenario

Once a scenario has been set up and run it is possible to view the results graphically (Figure 2) or
export them as ASCII files. It is possible to view the content of each buffer (totals or for selected
nuclides) on a year-by-year basis. The flow through each stream can also be plotted. The data can be
displayed up to large time scales to allow the long-term environmental impacts to be determined.
The plots can show the results for any of the calculated metrics (mass, activity, radiotoxicity, heat
generation, etc.). Economic results can also be viewed. ORION can also be used to perform an internal
sensitivity analysis (allowing the relative importance of each nuclide to be determined).
The use of a graphical interface gives an intuitive visual description of the scenario being
considered and allows rapid construction and process flow verification. However, it does not give
information relevant to the detailed operation of each flow object. To facilitate this in the methodical
manner required for model quality assurance (QA), ORION produces a detailed document listing all
parameters and stream connections for QA checking. In addition, run-time error checking is performed
to ensure that, where possible, models are self-consistent and valid.
Software development follows QA procedures with new documentation produced for each update
or addition to the code. This includes a user manual, a technical manual and release notes. Further QA
of implementation is carried out by performing test case comparisons with known scenarios. Upon
installation ORION runs a set of validation cases based on a library of eight pre-defined scenarios
which make use of all aspects of ORION calculation possibilities. The results are checked against a
reference set and any differences displayed.
ORION is currently being developed in order to increase the number of nuclides which it is
capable of handling.
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Figure 2. The ORION results viewing window

P&T studies
ORION has been used to investigate a number of finite time scale P&T studies with regard to the
achievable inventory and toxicity reduction factors and time scales involved [1]. In addition to these,
operational impacts, such as neutron emission and heat production in fresh fuel, and long-term
variation of reduction factor relative to direct disposal were also investigated. A typical model is
shown in Figure 3.
Figure 3. Typical ORION P&T model
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Variations in operational parameters such as material recovery during reprocessing and losses
during manufacturing were shown to have a large impact on reduction factors, and indeed set upper
limits achievable over any time scale. Typical results are shown in Figure 4 for operational and
long-term reduction. The operational reduction evolution shows the asymptotic limit achievable and
also highlights that toxicity reduction lags mass reduction by several generations. The reason for this is
that although actinide mass is being removed from the system with each generation, the high recycling
in the system ensures the inventory remaining has a larger proportion of higher activity nuclides.
Figure 4. Comparison of cumulative mass and toxicity reduction factors (left) and long-term
mass and toxicity reduction factors (right) for 99.85%, 99.90% and 99.95% process efficiencies
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Plutonium disposition
The UK Nuclear Decommissioning Authority (NDA) is funding a project investigating the various
methods for dealing with UK generated civil plutonium [4]. As part of this project, ORION is being
used to model various processes. Five basic plutonium disposition scenarios have been identified:
1. disposal in vitrified glass;
2. disposal in a ceramic matrix (Figure 5);
3. disposal in un-irradiated MOX pellets (Figure 5);
4. MOX burning in PWR reactors (Figure 1);
5. inert-matrix fuel burning in PWR reactors.
Figure 5. The ORION models of the ceramic and MOX disposal scenarios
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Each of these is being modelled in ORION to determine the short- and long-term effects of the
scenarios. The data generated by ORION is also being used as base data in other models and
evaluations, such as repository modelling codes and biosphere modelling codes.
Advanced fuel cycle scenarios
Figure 6 shows a fast reactor cycle scenario. In this scenario axial and radial blankets are modelled
independently. Figure 7 shows the ORION model for a complex double strata scenario (this model is
currently under development). The scenario incorporates current commercial reactor technologies (UOX
and MOX burning in LWRs) with the inclusion of fast reactors (FR) to represent the development of
this technology in the future. The scenario also includes ADS to burn the minor actinides generated by
the other reactors, hence reducing the long-term environmental impact of the generated waste. This
scenario represents a possible means for the current nuclear reactor fleet to develop into the future
and is one of the scenarios being considered in the Red-Impact project [5]. Red-Impact is an EC
6th Framework project with the aim of assessing the effects of (P&T) on geological disposal, waste
management, economic, environmental and social issues. This work covers the current fleet of nuclear
reactors and the evolution of reactor and reprocessing technologies and advanced fuel cycles.
Summary
The ORION fuel cycle modelling code is a time-dependant tool for use in the analysis of a variety
of nuclear scenarios ranging from simple to extremely complex. In addition to the quality assurance
capabilities of the code, it has the advantage of flexibility and ease of use.
Figure 6. Fast reactor scenario (with axial and radial blankets)
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Figure 7. Double strata scenario
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FUEL CYCLE. STRATEGIES AND NATIONAL PROGRAMMES IN RUSSIA*

A.V. Bychkov
FSUE “SSC RIAR” of Federal Agency for Atomic Energy (ROSATOM)
Dimitrovgrad-10, Ulyanovsk region, Russia, 433510
-mail: bav@niiar.ru, Web site: http//www.niiar.ru

Abstract
A necessary condition to solve the problem of the balanced development of nuclear power capacities is
to increase the potentialities of the adequate response to the changes that continuously take place in
society and nature.
This condition can be realised provided that nuclear power engineering is built as an interrelated,
dynamically developed system. To establish this system it is necessary to determine the tasks of the
nuclear reactor fuel cycles. And, undoubtedly, the most urgent problems of fuel cycles are related to
spent nuclear fuel management.
How to store? Or why reprocess? In any case, it becomes more difficult to set these problems aside.
Possible ways to reduce the impact of long-lived minor actinides and fission products from spent
nuclear fuel on the environment are related to separation technologies for partitioning (fractioning) of
hazardous components and their transmutation.
Russia has gained significant experience in the development these types of technologies.
Some problems of minor actinide separation and burning can be solved using non-aqueous regeneration
methods for spent oxide nuclear fuel. The granulated regenerate produced by this technology is
applicable to vibropacking of fuel elements and irradiation targets that make it possible to consider the
current safety requirements and ecological compatibility of the processes and to significantly improve the
technical and economical parameters of the fuel cycle as a whole.
The aqueous technologies, which are widely studied, can be applied to removal of minor actinides and
long-term fission products from reprocessing wastes of the LWR SNF that was demonstrated in the
RT-1 Russian plant. Using the unique processes developed at present the “classical” PUREX process
can be modified for fractioning minor actinides.
The study of other methods aimed at the target removal of individual components from SNF, e.g.
extraction in liquid CO2 or gas fluoride technology is also under way.
Further progress in this area will be considered in Russia’s national programme, “New Technological
Platform of Nuclear Power Engineering”, which is currently being developed. New investigations and
high-tech developments in this area will contribute to solving the problem of the balanced development
of nuclear power facilities.
* P&T Programmes Within Fuel Cycle Strategies.
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PROGRESS IN FUELS FOR FAST REACTORS*

Philippe Martin1, Martine Tourasse1, Nathalie Chauvin1, Philippe Brossard2, Dominique Warin2
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Abstract
The main developments in France for fast reactor fuels have been devoted to their utilisation in
sodium-cooled fast reactors (SFR) and gas-cooled fast reactors (GFR). Compared to current reactors
and associated with a closed fuel cycle, these future systems should allow an enhanced economic
competitiveness, a further enhanced safety, the use of proliferation-resistant technologies and processes,
a flexible and efficient use of natural resources and a significant reduction of long life radioactive
elements in ultimate waste.
Concerning the SFR, MOX fuel remains the reference option based on the long and large experience
gained in France and abroad for this kind of fuel. The main issue is the incorporation of minor actinides
in the U-Pu fuel. For long term applications, alternative options are carbide, rather than metal or nitride.
Thanks to the very unique properties of helium as a coolant (almost transparent to neutron, no phase
change, workable at very high temperature, …), the GFR is seen as one of the most attractive concepts
for Generation IV nuclear systems. On the basis of the main features of a selected 2 400M Wth core,
the development of possible new types of fuel is discussed. They imply innovative design and materials.
Options for related technologies for the fuel cycle are then studied with the aim of fitting Gen. IV goals.
A set of specifications for the fuel element has been established; the most important ones being a high
heavy nuclei concentration (for plutonium self-generation) and consequently a high power density, all
the actinides recycled in the fuel, a high temperature of the coolant and fission products retention up to
1 600qC. Three different fuel concepts have been considered to meet these specifications: a local
confinement pellet fuel plate, a pin-type fuel and a coated-particle fuel. While the latter appears to be
very challenging with poor performances, the two first options exhibit very promising features with
the possibility to reach up to 9 at.% burn-up (pin type) or even higher (plate type).
The development of a new fuel cycle is needed for a compact and simple spent fuel treatment and
re-fabrication that allows all the actinides to be recycled. In fact, fabrication of GFR fuel from the
reprocessed actinides, with new materials, geometry and microstructure, as well as dissolution and
partitioning treatments, are not available and must be developed. The grouped actinide separation, the
absence of radial blankets, the plutonium isotopic composition and the presence of minor actinides
(Am, Cm, Np) provide a concept with good non-proliferation characteristics. The potential advantages
of hydrometallurgical and pyrochemical processes need to be assessed with a view toward selecting
the most appropriate.
* Technical Session I.
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OXIDE FUELS AND TARGETS FOR TRANSMUTATION*

F. Sudreau, J.M. Bonnerot, D. Warin, G. Gaillard-Groléas, M.P. Ferroud-Plattet
CEA Cadarache, Nuclear Energy Division
F-13108 Saint-Paul-lez-Durance, France

Abstract
Direction 1 of the French Act dated 30 December 1991 on the management of high-level, long-lived
radioactive waste involves exploring solutions designed to separate long-lived radionuclides from the
spent fuel and to transmute them under neutron flux into shorter half-lives or stable elements. In the
French research programme conducted by CEA, these radionuclides are mainly minor actinides
(americium, neptunium and curium) and fission products (particularly caesium, iodine and technetium).
Within this context, this paper aims at illustrating the vast programme that CEA has performed in order
to demonstrate the scientific and technical feasibility of minor actinide transmutation. An important
part of the research was carried out in collaboration with French research (CNRS) and industrial (EDF,
AREVA) organisations, and also in the framework of international co-operation programmes with the
European Institute for Transuranium Elements in Karlsruhe (ITU), the US Department of Energy
(DOE), the Japanese Atomic Energy Research Institute (now JAEA) and Central Research Institute of
Electric Power Industry (CRIEPI) and the Russian Ministry for Atomic Energy (ROSATOM).
Such research made it possible to evaluate the capacity of MOX fuels to be used as a support for minor
actinide transmutation (homogeneous method). Simulations of pressurised water reactor (PWR) fuels
have revealed the limits of this transmutation method, which are mainly related to the pressurisation of
the fuel rods and the formation of high active californium. On the contrary, for sodium-cooled fast
reactor fuels – possibly designed with large expansion plenums – a first experimental demonstration of
the transmutation of americium and neptunium has been successful in the Phénix reactor.
Various studies designed to demonstrate the theoretical and experimental feasibility of transmutation
using an inert support (heterogeneous method) have been carried out in HFR (EFTTRA collaboration),
and also in OSIRIS, BOR60 and Phénix reactors. Such studies have made it possible to design, fabricate
and perform experimental irradiations in order to validate solutions. The first irradiation experiments
completed since the restart of the Phénix reactor in 2003 are currently being examined, and preliminary
post-irradiation results of the MATINA 1A experiment concerning inert matrix behaviour under fast
flux will be presented.
Finally, the experimental programme intended to select a fuel capable of meeting particularly stringent
specifications related to subcritical accelerator-driven ADS systems dedicated to transmutation is also
presented.

* Technical Session I.
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METALLIC FUELS FOR TRANSMUTATION*

B.A. Hilton, J.R. Kennedy, S.L. Hayes*, D.C. Crawford
Idaho National Laboratory
Nuclear Fuels & Materials Department
P. O. Box 1625, Idaho Falls, ID 83415-6188 USA

Abstract
Metallic alloy fuels are easily fabricated both in the laboratory as well as in a remote hot cell
environment. When designed with low smear densities and large plenum volumes, they have proven to
be a reliable fuel form over a wide range of uranium and plutonium compositions. In recent years,
fertile and non-fertile metallic fuels incorporating modest neptunium and americium fractions, in
addition to large plutonium fractions, have been fabricated and tested with a view toward their use as
an actinide transmutation fuel. The volatility of americium in the metallic form has been a challenge in
fabrication, but has been overcome at the laboratory scale by the use of rapid melting and casting
techniques. A sizable number of miniature fuel pins, with a spectrum of actinide compositions, have
been fabricated and irradiated in the Advanced Test Reactor at the Idaho National Laboratory;
post-irradiation examination of discharged fuels at up to 8% burn-up has been completed, with
additional fuels still under irradiation at over 20% burn-up. This paper reviews the recent experience
in fabricating, characterising and irradiation testing of metallic transmutation fuels.

* Technical Session I.
* Mr. Hayes made the oral presentation. Contact information is as follows:
Dr. Steven L. Hayes
Idaho National Laboratory
Materials & Fuel Complex
P.O. Box 1625, Idaho Falls, ID 83415-6188 USA
Tel.: (208) 533-7255, Fax: (208) 533-7863, E-mail: steven.hayes@inl.gov
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PRELIMINARY DESIGN FOR THE AFC-2 TRANSMUTATION NUCLEAR FUEL TEST*

Jon Carmack, Rory J. Kennedy, Steven Hayes, Debra Utterbeck, Gray Chang, Bruce Hilton
Idaho National Laboratory, USA

Abstract
The United States Advanced Fuel Cycle Initiative (AFCI) is tasked with providing advanced nuclear
fuels for the purpose of utilisation of plutonium and transmutation of the minor actinides. A number of
non-fertile and fertile fuel compositions containing various combinations of U, Pu, Zr, Am and Np
have been tested or are currently under irradiation in the US Department of Energy Advanced Test
Reactor or planned for insertion in the French Phénix fast spectrum reactor. The AFC-2 test will
further the understanding of transmutation fuels by incorporating additions of the lanthanide series
elements expected to be present in recycle nuclear fuels. Lanthanides are expected to be present in
various quantities in recycled nuclear fuel due to the use of specific separations processes. The
lanthanides are known to effect nuclear fuel performance. The AFC-2 test will provide feasibility data
on the performance of lanthanide-bearing fuel. The incorporation of lanthanide series elements in
nuclear fuels for fast spectrum reactor systems will be presented and discussed.

* Technical Session I.
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UPDATE ON THE FUTURIX-FTA EXPERIMENT IN PHÉNIX*
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Abstract
In support of the European and American programmes to investigate the use of nuclear reactors and
accelerator-driven systems for transmutation of transuranic elements recovered from spent nuclear
fuels, a joint irradiation test, named FUTURIX-FTA, is planned for the last two power cycles of the
Phénix fast reactor. The objective of the experiment is to provide important data on the fast-spectrum
irradiation performance of oxide, nitride, metallic and cermet fuels loaded with very high concentrations
of plutonium, neptunium and americium. Both uranium-bearing and uranium-free compositions are
included in the experimental test matrix, as well as helium and sodium-bonded fuel pin designs. The
eight fuel compositions to be included in FUTURIX-FTA are shown in Table 1.
Fabrication of the fuels is now complete and irradiation is scheduled to begin mid-2007. The latest
results and revised experiment design are presented in this paper.
Table 1. Experimental fuels in FUTURIX-FTA
Pin ID

Fuel type

Composition

Am/TRU content (g/cm3)

DOE 1

Metallic low-fertile

35U-29Pu-4Am-2Np-30Zr (wt.%)

0.5/4.0

DOE 2

Metallic U-free

48Pu-12Am-40Zr (wt.%)

1.2/5.8

DOE 3

Nitride low-fertile

(U0.5,Pu0.25,Am0.15,Np0.10)N

1.7/5.7

DOE 4

Nitride U-free

(Pu0.21,Am0.21,Zr0.58)N

2.7/5.3

ITU 5

CERMET U-free

(Pu0.8,Am0.2)O2 + 86 vol.% Mo

0.3/1.3

ITU 6

CERMET U-free

(Pu0.23,Am0.25,Zr0.52)O2 + 60 vol.% Mo

1.0/1.8

CEA 7

CERCER U-free

(Pu0.5,Am0.5)O2 + 80 vol.% MgO

1.0/2.0

CEA 8

CERCER U-free

(Pu0.2,Am0.8)O2 + 75 vol.% MgO

2.0/2.5
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UPDATE ON THE CAMIX-COCHIX EXPERIMENT IN PHÉNIX*

P. Jaecki1, D. Warin2, J.P. Ottaviani3, E. Abonneau3,
R. Soule4, Y. Peneliau4, E. Brunon5, D. Haas6, A. Fernandez6
1
CEA/DEN/DEC/SESC, Bât. 315, F-13108 Saint-Paul-lez-Durance, France
2
CEA/DEN/DDIN, Bât. 125, F-91191 Gif-sur-Yvette, France
3
CEA/DEN/SPUA, Bât. 717, F-13108 Saint-Paul-lez-Durance, France
4
CEA/DEN/SPRC, Bât. 230, F-13108 Saint-Paul-lez-Durance, France
5
CEA/DEN/DCP Centrale Phénix, Bât. 213, BP 17171, Bagnols-sur-Cèze, France
6
Institute for Transuranium Elements, Joint European Research Center, Germany

Abstract
The CAMIX-COCHIX experiment is part of the CEA programme on transmutation fuels and targets.
Three targets will be irradiated in the Phénix reactor, in a neutron spectrum locally moderated to
accelerate the transmutation of americium. The compositions are shown in Table 1.
The objective of this experiment is to test:
x

a solid solution of Am in cubic yttria-stabilised zirconia;

x

MgO-based cercer fuels, produced by SOL-GEL techniques in comparison with powder
metallurgy;

x

the effect of the size of fissile particles on matrix degradation of cercer fuels under irradiation
effects.

Fabrication of the fuels (carried out by ITU) is now complete, the fuel pins have been shipped to
Phénix, and irradiation is scheduled to begin in 2006. In this paper, the latest results and a revised
experiment design are presented.
Table 1. Experimental fuels in CAMIX-COCHIX
Pin ID

Fuel type

Composition

CAMIX 1

Solid solution
Cercer composite
Micro-dispersed
Cercer composite
Macro-dispersed

(Am0.06, Zr0.78,Y0.16)O2-x
(Am0.2, Zr0.66, Y0.14)O2-x + 70% vol. MgO
40 d particle d 60 Pm
Am0.2, Zr0.66, Y0.14)O2-x + 70% vol. MgO
100 d particle d 125 Pm

CAMIX 2
COCHIX 3
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Am content
(g/cm3)
0.7
0.7
0.7

RESULTS FROM THE CHARACTERISATION OF THE
FUTURIX-FTA METAL ALLOY TRANSMUTATION FUELS*

J. Rory Kennedy, Thomas O’Holleran, Dennis Keiser
Idaho National Laboratory, Idaho Falls, Idaho, USA

Abstract
Idaho National Laboratory has been developing and irradiation testing a number of fuels and fuel
types for actinide transmutation as part of the Advanced Fuel Cycle Initiative (AFCI). Fuel types
under consideration include both fertile (fast reactor systems) and fertile-free (accelerator-driven
systems) metallic alloys. Most recently, fuel fabrication was completed and the fuel pins shipped to
the fast flux Phénix reactor in Marcoule, France for irradiation testing as part of the FUTURIX-FTA
experiment: an international experiment involving the USA, France, the European Commission and
Japan. The metal alloy fuels for this experiment are the low-fertile U-29Pu-4Am-2Np-30Zr and the
non-fertile Pu-12Am-40Zr. The fresh fuels have been fully characterised for chemical composition,
phase, microstructure, thermal behaviour and fuel-cladding-chemical-interaction (FCCI). Preliminary
FCCI results raised some safety concerns with respect to the formation of low melting phases and
cladding degradation, which could preclude a fuel from consideration. Results from diffusion couple
experiments between the non-fertile fuel Pu-12Am-40Zr and the ferritic HT9 and 422 stainless steels
(SS) used in the AFC experiments in the ATR reactor (USA) compared to the austenitic AIM1 SS used
in the FUTURIX-FTA experiments in the Phénix reactor (France) indicate significant inter-diffusion
with the AIM1 SS. Up to about a 30-fold increase in the diffusion of iron (and accompanying Ni and
Cr) into the fuel at 650qC was observed compared to the 422 SS studies. Comparable studies between
the low-fertile U-29Pu-4Am-2Np-30Zr fuel alloy and the AIM1 SS show virtually no inter-diffusion.
The Fe (along with small amounts of Ni and Cr) appears as small precipitates in the fuel alloy with
only minor concentrations identified in the fuel alloy matrix. These results will be discussed in terms
of mechanisms of the inter-diffusion and the difference in behaviour between the different cladding
and fuels will be addressed. General fuel characterisation results will also be presented.
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SOL-GEL CHEMISTRY APPLIED TO THE SYNTHESIS OF
Am-BEARING CUBIC STABILISED ZIRCONIA: REACTIVITY
AND STRUCTURE FROM SOLUTION TO SOLID STATE*

Stéphane Lemonnier1, Stéphane Grandjean1, Anne-Charlotte Robisson1, Jean-Pierre Jolivet2
1
Commissariat à l’Énergie Atomique, Nuclear Energy Direction, Valrhô Research Centre
BP 17171, F-30207 Bagnols-sur-Cèze, France
2
Laboratoire de Chimie de la Matière Condensée,
UMR CNRS 7472, Jussieu, Université Pierre et Marie Curie
4, place Jussieu, F-75005 Paris Cedex, France

Abstract
In the frame of the transmutation of minor actinides, recent concepts of nuclear targets imply the
elaboration of inert host phases. Wet chemical routes are under investigations for their synthesis as
alternative ways to the powder metallurgy. The main advantages of these methods are a minimisation
of the dissemination of contaminating dusts when elaborating nuclear materials and a better
accessibility to very homogenous compounds and interesting nanostructures. Among these routes, an
innovative synthesis by sol-gel process is reported here to synthesise yttria-stabilised zirconia, an inert
ceramic phase candidate for the transmutation of americium: (AmIII,YIII,ZrIV)O2-x.
Starting from an initial solution containing Zr(IV), Y(III) and Am(III) [or Nd(III)], the main aim of
this work is to adjust the reactivity of different metallic cations in aqueous media using a complexing
agent, in order to initiate a favourable interaction for the repartition of homogeneous elements in the
forming solid phase. Investigations on several complexants to control the reactivity of these cations
with a view to making them react simultaneously have been performed. Among them, the use of
acetylaceton led to the formation of a stable and monodisperse nanoparticle dispersion under controlled
conditions. The main reaction mechanisms implied in the sol formation were identified using different
techniques: IR and UV-visible spectroscopies, quasi-elastic light scattering, electrokinetic measurements
and potentiometric studies. The sol stabilisation may result from an original interaction between the
three compounds (ZrIV, trivalent cations and acetylaceton): hydrous zirconia nanoparticles (homogenous
in size and around 5 nm) are formed and stabilised by surface complexation with acac and trivalent
cations. This sol corresponds to a structured system at the nanometer scale for which zirconium and
trivalent cations are homogeneously dispersed, before the sol-gel transition.
Furthermore, preliminary studies were carried out with a material view. They have demonstrated that
numerous innovative and potential applications can be developed by taking advantage of the direct and
controlled formation of the sol and by adapting the sol-gel transition. Using this approach, zirconia
doped with neodymium microspheres have been elaborated and the most illustrating result is the
preparation of a sintered pellet with the composition Am0,13Zr0,78Y0,09O1,89.
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ACTINIDE NITRIDE CERAMIC TRANSMUTATION FUELS
FOR THE FUTURIX-FTA IRRADIATION EXPERIMENT*

Stewart Voit, Kenneth McClellan, Christopher Stanek, Stuart Maloy
Los Alamos National Laboratory, Los Alamos, New Mexico, USA 87545
Tel.: +505-665-4988, Fax: +505-665-4394, E-mail: slv@lanl.gov

Abstract
The transmutation of plutonium and other minor actinides is an important component of an advanced
nuclear fuel cycle. The Advanced Fuel Cycle Initiative (AFCI) is currently considering mononitrides
as potential transmutation fuel material on account of the mutual solubility of actinide mononitrides
as well as their desirable thermal characteristics. The feedstock is most commonly produced by a
carbothermic reduction/nitridisation process, as it is for this programme. Fuel pellet fabrication is
accomplished via a cold press/sinter approach. In order to allow for easier investigation of the synthesis
and fabrication processes, surrogate material studies are used to compliment the actinide activities.
Fuel compositions of particular interest denoted as low fertile (i.e. containing uranium) and non-fertile
(i.e. not containing uranium) are (PuAmNp)0.5U0.5N and (PuAm)0.42Zr0.58N, respectively. The AFCI
programme is investigating the validity of these fuel forms via Advanced Test Reactor (ATR) and
Phénix irradiations. Here, we report on the recent progress of actinide-nitride transmutation fuel
development and production for the Futurix-FTA irradiation experiment. Furthermore, we highlight
specific cases where the complimentary approach of surrogate studies and actinide development aid in
the understanding complex material issues.
In order to allow for easier investigation of the fundamental materials properties, surrogate materials
have been used. The amount of surrogate in each compound was determined by comparing both molar
concentration and lattice parameter mismatch via Vegard’s Law. Cerium was chosen to simultaneously
substitute for Pu, Am and Np, while depleted U was chosen to substitute for enriched U.
Another goal of this work was the optimisation of added graphite during carbothermic reduction in
order to minimise the duration of the carbon removal step (i.e. heat treatment under H2 containing gas).
One proposed solution is to switch to an atmosphere containing hydrogen buffered by either N2 or an
inert gas. Preliminary experiments have suggested that carbothermically reducing and nitriding material
in powder form more effectively removes carbon than in pellet form.
The fabrication of actinide nitride fuel pellets at the Los Alamos National Laboratory (LANL) for the
Futurix-FTA irradiation experiment in the Phénix reactor was performed using improved parameters
for solutionisation and carbothermic reduction developed using surrogate materials. Improved powder
processing techniques identified in previous work were used as the foundation for the process
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parameter development for the Futurix-FTA fabrication; however, several differences exist between
the Futurix-FTA and previous actinide nitride fabrications. These differences are discussed along with
the resolution path leading to fuel pellet production.
The geometric density for each pellet was measured and the average theoretical density for the two
fuel types was 86% and 91% for the non- and low-fertile compositions, respectively. A general but
important observation is that it is more difficult to achieve high density fuel pellets with the non-fertile
(ZrN bearing) composition. Previous studies have proposed that multi-component nitride compositions
exhibiting complete solid solution achieve higher densities than two-phase compositions when sintered
under the same conditions. Although details of the mass transport are not fully understood, we observe
a similar behaviour. XRD patterns of the non- and low-fertile compositions respectively show that the
non-fertile composition is two-phase, while the low-fertile composition forms a complete solid solution.
Through our studies, we have identified several areas where further actinide nitride fuel research is
desirable, as follows: 1) Minor actinide volatilisation: This issue must be addressed if minor actinides
are to be a component of a fuel form. 2) Non-fertile fabrication: Understanding the relationship
between lattice parameter mismatch and solid solution formation will help to address the question of
whether the Zr-based non-fertile composition is a viable fuel form for large-scale production and use in
an AD system. 3) Residual carbon and oxygen: Additional optimisation of the carbothermic reduction
process is needed in order to further reduce the residual carbon and oxygen content. Improvements can
still be made in the area of understanding the effect of CTR atmosphere and the form in which the
material is carbothermically reduced. 4) Fuel pin bonding: At present, the AFCI nitride fuels are
irradiated in sodium-bonded fuel pins. Development of helium-bonded nitride fuel may be of interest,
especially when considering fuel cycle scale-up. 5) Irradiations: Of course, as the above-mentioned
investigations are made and improved, additional irradiations will be necessary to determine in-pile
performance.
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PARTITIONING OF FISSILE AND RADIOTOXIC
MATERIALS FROM SPENT NUCLEAR FUEL*

A.V. Bychkov, O.V. Skiba, M.V. Kormilitsyn
Federal State Unitary Enterprise “State Scientific Center – Research Institute of Atomic Reactors”
Dimitrovgrad-10, Ulyanovsk Region, Russia, 433510
-mail: adm@niiar.ru, bav@niiar.ru, Web site: http//www.niiar.ru
Abstract
The term “partitioning” means separation of one group of radwaste components from another. Such
technological approaches are mainly applied to extraction of long-lived fission products (Tc, I)
and minor actinides (Np, Am, Cm) from the waste arising from spent nuclear fuel reprocessing.
Transmutation of the extracted minor actinides should be performed in a reactor or some accelerated
systems. The combination of these technologies, partitioning and transmutation (P&T), will reduce
the radiotoxicity of radwaste. In recent decades, partitioning has been directly linked to spent fuel
reprocessing. Therefore, the basic investigations have been focused on the partitioning of liquid wastes
arising from the PUREX process. These subjects have been the most developed ones, but the
processes of fine aqueous separation generates an extra amount of liquid waste. This fact has an effect
on the nuclear fuel cycle economy. Therefore, some other advanced compact methods have also been
studied. These are dry methods involving molten chlorides and fluorides, the methods based on a
supercritical movable phase, etc. The report provides a brief review of information on the basic
partitioning process flow-sheets developed in France, Japan, Russia and other countries.
Recent approaches to partitioning have been mostly directed towards radiotoxic hazard reduction and
ecology. In the future, partitioning should be closely bound up with reprocessing and other spent
nuclear fuel management processes. Reprocessing/partitioning should also be aimed at solving the
problems of safety (non-proliferation) and economy in a closed fuel cycle.
It is necessary to change a future “technological philosophy” of reprocessing and partitioning. The
basic spent fuel components (U, Pu, Th) are to be extracted only for recycling in a closed nuclear fuel
cycle. If these elements are regarded as a waste, additional expenses are required for transmutation.
If we consider these elements as fuel components, they could be involved in the recycling together
with the main actinides, and they could be jointly extracted in the partitioning processes. It is also
possible to design some special reactor systems for energy generation. For instance, Np, Am and Cm
could be considered as fuel components for fast reactors. It would be possible to apply similar
approaches even to the burning of uranium isotopes (232,234,236U), which should be produced in a
concentrated form during the re-enrichment.
So the future development of innovative technologies should be directed from a complete reprocessing
towards partitioning of fissile and radiotoxic materials from the spent nuclear fuel. The objectives of
technology optimisation can be stated as follows: (1) reprocessing/partitioning with the view of
non-proliferation, (2) partitioning with a minimal effect on the environment (3) partitioning using
advanced economical methods. The criteria for the partitioning in future (after the year 2050) can be
taken from the INPRO methodology.
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PARTITIONING RESEARCH AT THE JOINT RESEARCH
CENTER-INSTITUTE FOR TRANSURANIUM ELEMENTS*

Michel Ougier1, Jerôme Serp1, Rikard Malmbeck1, Laurent Cassayre1,
Pavel Soucek1, Koichi Uozumi2, Jean-Paul Glatz1
1
European Commission, JRC, Institute for Transuranium Elements
D-76125 Karlsruhe, Germany
2
Central Research Institute of Electric Power Industry (CRIEPI)
11-1, Iwato Kita 2-Chome Komae-shi, Tokyo 201, Japan

Abstract
At ITU both routes, i.e. the hydrometallurgical and the pyrometallurgical route are under investigation
for the advanced reprocessing of nuclear fuels. The fuels used in the new generation reactors will be
significantly different from the commercial fuels of today. Because of the fuel type and the very high
burn-ups reached, pyrometallurgical reprocessing could be the preferred method. The limited solubility
of some of the fuel materials in acidic aqueous solutions, the possibility to have an integrated irradiation
and reprocessing facility with improved economics and the higher radiation stability of the molten salt
media are some additional arguments in favour of pyro-reprocessing. Major drawbacks of the technique
are a far lower degree of development compared to hydrometallurgy, high operation temperature
(>450qC) and the need to work with highly pure Ar.
R&D work at ITU addresses two key issues:
x

minimisation of the amount and long-term radiotoxicity of nuclear waste arising from
commercial LWRs, which may be accomplished by including suitable partitioning and
transmutation (P&T) waste management strategies in the back-end of the fuel cycle;

x

advanced reprocessing schemes for new reactor systems (e.g. Gen. IV).

Aqueous reprocessing
A large number of extractants were tested using genuine irradiated nuclear fuels. Of course most of
these activities were carried out in the framework of the European research projects NEWPART,
PARTNEW and now EUROPART. At present a new solvent based on a TODGA/TBP mixture, an
efficient mixture of ligands for the co-extraction of An(III, IV and VI) was successfully tested in several
counter-current cold experiments using a spiked feed, in collaboration with Forschungszentrum Jülich
(FZJ, Germany). Hot tests will be further implemented in centrifugal contactors or hollow fibre
modules (HFM), also developed in Germany at the Forschungszentrum Karlsruhe (FZK)-Institut für
Nukleare Entsorgung (INE).
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For the first time, a DIAMEX process using high active concentrate has been carried out in a new
16-stage centrifugal extractor battery installed in a hot cell. The first step was the production of a
genuine starting solution through small-scale PUREX reprocessing of MOX fuel. The obtained HAR
solution was successfully subjected to a concentration process, where the volume was reduced by
evaporation, and subsequently to a de-nitration process using formic acid in order to adjust the acidity
for the following DIAMEX process. The high metal concentrations increase the risk of actinide(III)
co-precipitation; the process of concentration and de-nitration was thus optimised to minimise their
losses. The genuine HAC solution produced had a concentration factor of 10 and was 4 mol/L HNO3
in acidity. In parallel, experimental conditions to carry out the hot DIAMEX-HAC test in centrifugal
extractors were established based on results coming from batch extraction experiments, computer code
calculations for the flow-sheet development and a full centrifugal extractor test using a simulated HAC
solution spiked with MA tracers. Finally, the DIAMEX experiment could successfully be carried out.
Pyro-reprocessing
The activities based on pyro-reprocessing started with a joint CRIEPI-ITU collaboration, the main
focus being on metallic fuels.
The metal electrorefining process for irradiated U, Pu, Zr, MA, Ln fuels is being studied. An argon
atmosphere cell using a stainless steel container has been constructed to conduct these experiments.
The argon atmosphere is continuously purified to keep levels of oxygen and water below 10 ppm.
A demonstration of the technical feasibility of electrorefining and reductive extraction concepts is
being undertaken in this installation. The stainless steel box has been equipped either with newly
designed electrorefiner or multi-stage extraction equipment, fabricated and developed by CRIEPI as
based on experience gained in a range of cold experiments mainly in Japan. The electrorefiner consists
of three electrodes and a liquid Cd pool covered by a molten LiCl-KCl eutectic mixture. Electrorefining
tests on U and Pu using solid cathodes and a liquid Cd cathode have already proven the operational
capabilities of the facility. Un-irradiated metal U-Pu-Zr based MA alloy fuel previously fabricated at
ITU in a joint study with CRIEPI on transmutation of TRU targets has been processed. Ma-Ln
separation by multi-stage liquid metal-molten salt extraction has proven to be a promising alternative
separation route. The stainless steel box is at present installed in a lead shielded hot cell and
experiments on conversion of HLW into molten salt chlorides have started. In the coming years the
reprocessing of the above-mentioned fuels at present under irradiation in the Phénix reactor in France
are planned.
Major emphasis is given to the reprocessing of EBRII type metallic alloy fuel with 2% of Am and
5% of lanthanides (U60Pu20-Zr10Am2Nd3.5Y0.5Ce0.5Gd0.5). An excellent grouped separation of
actinides with an almost complete recovery (99.9%) was achieved on solid Al cathodes The major
advantage of Al is its capability to form an alloy with trivalent actinides, thus avoiding a re-dissolution
of the actinide by reaction with the trivalent species in the salt (Am + 2Am3+ = 3Am2+). A good
separation from lanthanides (An/Ln mass ratio = 2 400) – mandatory because of their high neutron
capture and subsequent detrimental effect on the neutron economy in the irradiation process and the
efficiency of actinide fission – was obtained. The results are confirmed in conditions simulating the
accumulation of Ln in the salt corresponding to a long period of electrorefining. These results represent a
first demonstration of an efficient grouped actinide recovery from realistic metallic fuels and are thus
an important step in achieving the sustainability goals of future reactor systems (Gen. IV goals).
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PROGRESS IN PARTITIONING: ACTIVITIES IN ATALANTE*

P. Baron
Commissariat à l’Énergie Atomique DEN/VRH/DRCP
BP 17 171, F-30207 Bagnols-sur-Cèze Cedex, France
baron.pascal@cea.fr

Abstract
In the framework of the French national waste management act of 1991, the CEA had launched
research and development studies on the separation of some long-lived radionuclides (LLRNs) from
high active waste issuing from nuclear spent fuel reprocessing. Six LLRNs are the targets of these
studies; they are: (i) the minor actinides, neptunium, americium and curium, (ii) the fission products,
technetium, iodine and caesium The main route chosen for the separation process development is
hydrometallurgy. This route has been chosen taking into account the industrial experience and the
excellent feedback of the PUREX process operation in La Hague plants (high recovery yields and low
amount of secondary waste).
The reference strategy for separating these elements from the spent fuel is based on an adaptation of
the PUREX process for the separation of Np, Tc and I and the development of new liquid-liquid
solvent extraction processes for the others (Am, Cm and Cs).
Figure 1. Reference strategy for partitioning of minor actinides
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The reference flow sheet for Am and Cm separation from the PUREX raffinate is a flow-sheet with
“two cycles” DIAMEX and SANEX.
The technological feasibility of these processes has been checked within year 2005 in ATALANTE
(in cells equipped with pulsed columns, mixed settlers, centrifugal contactors and Couette Effect
columns), starting from about 13 kg of genuine uranium oxide spent fuel.
The processes studied are subject to new developments and adaptations, since they are the basis of the
“grouped actinide separation concept” named GANEX. This new concept is developed in the framework
of the homogeneous recycling of all the actinides in future nuclear systems. This presentation will also
deal with the studies on co-conversion processes and on pyrochemical processes (attractive alternative
route for the actinides separation).
Figure 2. Reference flow-sheet for the separation of Am and Cm from the PUREX raffinate
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CARBIDE FUEL REPROCESSING AND FAST REACTOR FUEL CYCLE DEVELOPMENT*

Baldev Raj, P.R. Vasudeva Rao, R. Natarajan
Indira Gandhi Centre for Atomic Reseach
Kalpakkam 603102, Tamil Nadu, India

Abstract
Fast reactors will play an important role in the energy scenario of India in the coming decades.
Consistent with this projection, India has initiated a comprehensive programme on the development of
various facets of fast reactor fuel cycle. The commissioning and operation of a fast breeder test reactor
has provided a unique opportunity for India to develop the fuel cycle based on plutonium-rich mixed
carbide fuel. The fabrication of the carbide fuel to stringent specifications has led to the realisation of
excellent fuel performance. The carbide fuel has crossed 154 GWd/t burn-up without any fuel pin failure.
The fuel discharged from FBTR has been reprocessed in the CORAL (COmpact Reprocessing of
Advanced fuels in Lead-shielded cells) facility at IGCAR. These reprocessing campaigns, which have
processed fuel at burn-up values ranging from 25 to 100 GWd/t have provided rich experience in
reprocessing of fast reactor fuel by the Purex process. The CORAL plant has also provided significant
inputs to the design of the process equipment and the reprocessing flow-sheet for the demonstration
facility. Based on the experience gained in this reprocessing facility, a demonstration plant is now under
construction and will be commissioned by 2008. This plant will also reprocess the mixed-oxide fuel
initially discharged from PFBR (500-MWe prototype fast breeder reactor, under construction). In order
to cater to the fuel cycle of PFBR, a fuel cycle facility consisting of fuel fabrication, reprocessing and
waste management plants is being set up at Kalpakkam. The co-location of this fuel cycle facility with
the reactor would reduce the fuel cycle cost, as well as having the advantage of avoiding fuel transport
in the public domain.
In addition to the development of the carbide and oxide fuel cycles, India is presently engaged in the
development of a fuel cycle based on metallic alloy fuel, in order to set up fast reactors fuelled with
metallic fuel which would enable enhancement in the growth of the fast reactor programme through
better breeding characteristics. The present R&D programmes thus focus on the development of
sodium-bonded metallic fuel, irradiation testing in FBTR and development of pyrochemical reprocessing
and waste management schemes for the metallic fuel. Simultaneously, development of innovative
separation processes for reprocessing as well as recovery of valuable fission products and minor
actinides from waste, development of process equipment which will reduce or avoid maintenance are
also being pursued with the goal of making the oxide fuel cycle more robust and economical.
This paper presents some highlights of the fast reactor fuel cycle activities in India emphasising the
above approaches.
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USE OF ELECTROSPRAY IONISATION MASS SPECTROMETRY (ESI-MS) FOR THE
CHARACTERISATION OF COMPLEXES – LIGAND-METALLIC CATIONS IN SOLUTION*

L. Berthon, N. Zorz, E. Leclerc, B. Gannaz, C. Hill
CEA-VRH DEN-DRCP-SCPS
BP17171 F-30207 Bagnols-sur-Cèze Cedex France
Laurence.berthon@cea.fr

Abstract
In the framework of nuclear waste reprocessing, a separation process of minor actinide from fission
product is developed by the CEA. In order to understand the mechanism involved in the extraction
process, the complexes ligand-metallic cations formed in the organic phase has been characterised by
electrospray mass-spectrometry (ESI-MS), which is proving to be an effective technique for studying
metallic complexes in solution. ESI-MS spectra give information about associative properties of the
organic molecule, stoichiometry of ligand-metal complexes in solution. MS2 experiments provide
information about the stability and the structure of the complexes.
This paper deals with the extraction of metallic cations by an organic phase composed of two
extractants: a malonoamide molecule: the N,Nc-dimethyl-N,Nc-dioctyl-2-(2-hexyloxyethyl)-malonamide
(DMDOHEMA) and a dialkyl phosphoric acid diluted in an aliphatic diluent. Several dialkyl phosphoric
acids will be compared.
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DIAMEX SOLVENT BEHAVIOUR UNDER CONTINUOUS
DEGRADATION AND REGENERATION OPERATION*

B. Camès, B. Saucerotte, D. Rudloff, M. Faucon, I. Bisel

Abstract
Industrial implementation of partitioning processes based on solvent extraction requires solvent
recycling with constant separation and physicochemical properties. In nuclear applications, both
radiolysis and acidic hydrolysis leads to degradation products which need to be removed from solvent
before recycling.
The long-term evolution of DIAMEX process solvent (0.65M DMDOHEMA –TPH) separation
performances and physicochemical properties, under continuous degradation by acidic hydrolysis and
J-radiolysis, are studied in the laboratory-scale MARCELJirradiation facility, with or without
alkaline treatment process (AT). Implemented experimental conditions lead to the same order of
magnitude for hydrolysis and radiolysis effect on DMDOHEMA degradation speed. With AT,
gas-chromatographic measurements and potentiometric titration of organic phase only show the
accumulation of MDOHEMA with a rate of 0.3 mmol/L/h of hydrolysis. Surface tension and
refraction index, as well as distribution coefficients of Zr, Pd, Fe and Nd, are constant during the tests.
Radiolysis increases viscosity and, slightly, density, if AT is used or not: TPH radiolysis products are
probably responsible for this behaviour. In addition, radiolysis increases molybdenum extraction
coefficient and decreases its scrubbing, which may be linked with the MDOHEMA accumulation
measured. Moreover, without AT, settling-time increases due to surface-active acid compounds
accumulation, whereas with AT, settling times remain constant. Furthermore, no catalytic effect of
fission and corrosion products is observed.
Concluding this study, J-test results under continuous operation are consolidated by comparative
D- and J-radiolysis batch tests which show that D-radiolysis of DMDOHEMA (without nitric acid
phase) is four times slower than J-radiolysis (with nitric acid phase), leading however to the same
break-down products with a slighter accumulation kinetic. Studies are still in progress to observe the
effect of the nitric acid aqueous phase during radiolysis of the organic phase (part of hydrolysis or
radiolysis of nitric acid).
Overall, the different experimental steps validate the DIAMEX solvent degradation study and alkaline
treatment performances. Continuous operation with solvent recycling, simulating one to two years
industrial operation, has proven the long-term stability of process performances.
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TREATMENT OF WASTE SALTS BY OXYGEN
SPARGING AND VACUUM DISTILLATION*

Y-J. Cho1, H-C. Yang1, H-C. Eun2, E-H. Kim1, I-T. Kin1
Nuclear Fuel Cycle R&D Group, Korea Atomic Energy Research Institute
P.O. Box 105 Yuseong, Daejeon 305-600, Korea
2
Quantum Energy Chemical Engineering, University of Science and Technology
P.O. Box 52, Yuseong, Daejeon, 305-333, Korea
1

Abstract
During the electrorefining process of the oxide spent fuel from LWR, amounts of waste salts
containing some metal chloride species such as rare earths and actinide chlorides are generated, where
the reuse of the waste salts is very important from the standpoint of an economical as well as an
environmental aspect. In order to reuse the waste salts, a salt vacuum distillation method can be used.
For the best separation by a vacuum distillation, the metal chloride species involved in the waste salts
must be converted into their oxide(or oxychloride) forms due to the their low volatility compared to that
of LiCl-KCl. In this study, an oxygen sparging process was adopted for the oxidation (or precipitation)
of rare earth chlorides. The effects of oxygen flow rate and molten salt temperature on the conversion
of rare earth chlorides to the precipitate phase (i.e. oxide or oxychloride) were investigated. In addition,
distillation characteristics of LiCl-KCl molten salt with system pressure and temperature were studied.
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STUDY OF THE EXTRACTING PROPERTIES OF NEW
BIS-MALONAMIDE LIGANDS FOR An(III) AND Ln(III) CO-EXTRACTION*

A.G. Espartero1, P. Prados2, M.T. Murillo2, M. Almaraz2,
J. Sánchez-Quesada2, J.L. Gascón1, J. de Mendoza3
1
CIEMAT-DFN, Avda. Complutense, 22, E-28040 Madrid, Spain
2
Departamento de Química Orgánica, Facultad de Ciencias, Universidad Autónoma de Madrid
Cantoblanco, E-28049 Madrid, Spain
3
The Institute of Chemical Research of Catalonia (ICIQ)
Avgda. Països Catalans, 16, E-43007 Tarragona, Spain

Abstract
The option of partitioning minor actinides from high active liquid wastes issuing from the reprocessing
of spent nuclear fuels represents an opportunity to reduce the uncertainties associated with a deep
underground repository. After the PUREX process, minor actinides are together with the lanthanides
and the fission products as high-level waste (HLW) containing concentrated nitric acid. As a final
disposal method for HLW, the geological disposal concept of vitrified HLW has been proposed and
considered worldwide. Since the radiotoxicity of the vitrified HLW is mainly due to the presence of
minor actinides, an isolation of these elements from HLW is desirable to minimise the long-term
radiological risk and facilitate the management of vitrified HLW.
Malonamide ligands have been established as suitable co-extractants for minor actinides and lanthanides
in advanced reprocessing of spent nuclear fuels [1]. The main “metal:ligand” stoichiometry of the
extracted complexes is ML2(NO3)3, and it was demonstrated that the two malonamide ligands involved
in the extracted complexes are both bidentate and bound to the M(III) ion through their carbonyl
groups [2]. Although the French malonamide DMDOHEMA (N,Nc-DiMethyl-N,Nc-Di-n-Octyl-HexylEthoxy-Malonamide), used in the current French reference DIAMEX process, already meets the
requirements of process flow sheet development, it was assumed that the pre-organisation of two
malonamide moieties linked on a suitable platform (aromatic ring or alkyl chain) would enhance the
extractant efficiency and selectivity.
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In the framework of the FP5 European Project PARTNEW and the FP6 European Integrated Project
EUROPART, a family of new bis-malonamide ligands was developed for the co-extraction of An(III)
and Ln(III). The extraction efficiency of the best bis-malonamide compound is much higher than that
of DMDOHEMA ligand under the same experimental conditions. This proves the benefits of the
pre-organised malonamide structure. This paper presents the studies of the extracting properties of the
new bis-malonamides and their stability against radiolysis and hydrolysis. From the results obtained
potential candidates to be used in the future within the DIAMEX process are proposed.
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EUROPEAN LABORATORIES FOR ACTINIDE
RESEARCH: THE ACTINET POOLED FACILITIES*
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Abstract
The aim of the European Network on Excellence ACTINET is to promote excellence in actinide research
within the European Community. In order to enhance the potentialities for research on radioactive
material, European actinide laboratories are networked and access for scientists is promoted and
supported. Laboratories operated by CEA (France), ITU (Joint Research Centre, EU), INE/FZK
(Germany), SCKxCEN (Belgium), IRC/FZR (Germany) and PSI (Switzerland) are co-ordinated within
ACTINET “pooled facilities”. A broad variety of standard analytical and radioanalytical instrumentation,
hot cell and glove box equipment thus becomes accessible for researchers in universities and national
institutions interested in actinide research. Numerous state-of-the-art speciation and characterisation
techniques are offered for actinide research in the fields of (1) chemistry and physics of actinides in
solution and solid phases, (2) chemistry of actinides in the geological environment and (3) chemistry
and physics of actinide materials under/after irradiation. The ACTINET “pooled facilities” are
introduced in the present contribution and possible research activities are outlined.
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PARTITIONING OF MINOR ACTINIDES:
RESEARCH AT JÜLICH AND KARLSRUHE RESEARCH CENTRES*
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1
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Abstract
The work on minor actinide (MA) partitioning carried out at Karlsruhe and Jülich is integrated in the
EC FP6 programme, EUROPART. Studies include the DIAMEX process (co-extraction of MA and
lanthanides from PUREX raffinate) and the SANEX process (separation of MA from lanthanides).
Aspects ranging from developing and improving highly selective and efficient extraction reagents, to
fundamental structural studies, to process development and testing are covered.
SANEX is a challenge in separation chemistry because of the chemical similarity of trivalent actinides
and lanthanides. The extracting agents 2,6-di(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (n-Pr-BTP),
developed at Karlsruhe, and the synergetic mixture of di(chlorophenyl)dithiophosphinic acid (R2PSSH)
with tri-n-octylphosphine oxide (TOPO), developed at Jülich, are considered a breakthrough because
of their high separation efficiency in acidic systems. Separation factors for americium over lanthanides
of more than 30 (R2PSSH+TOPO) and 130 (n-Pr-BTP) are achieved. To gain understanding of these
selectivites, comparative investigations on the structures of curium and europium complexed with
these SANEX ligands were performed at Karlsruhe [1]. Extended X-ray absorption fine structure
(EXAFS) analysis revealed distinct structural differences between curium and europium complexed
with R2PSSH + TOPO [2], though no such differences were found for n-Pr-BTP. These investigations
were therefore complemented by time-resolved laser fluorescence spectroscopic investigations
(TRLFS), showing complex stabilities and speciation to differ between n-Pr-BTP complexes of
curium and europium [3].
Kinetics of mass transfer was studied for both R2PSSH+TOPO and n-Pr-BTP systems. For the
R2PSSH + TOPO system, diffusion was identified to control extraction rates [4]. For the n-Pr-BTP
system, a slow chemical reaction was identified as the rate-controlling process [5]. These results were
implemented into computer codes for process flow-sheet calculations.
In Jülich, a spiked DIAMEX test using a concentrated PUREX raffinate was performed in centrifuges
with N,Nc-dimethyl-N,Nc-dioctyl-2-(2-hexyloxy-ethyl)malonamide (DMDOHEMA) as the extractant.
Decontamination factors (DF) of > 5 000 were achieved [6]. Prior to this test, conditions were
established for concentrating/denitrating the PUREX raffinate without precipitation of actinides(III) [7].
Two spiked tetraoctyl-diglycolamide (TODGA) DIAMEX tests were also carried out at Jülich [8].
Actinide(III) concentrations in the raffinate were below the detection limit. Several cold and spiked
DMDOHEMA-DIAMEX tests were performed in a special hollow fibre module micro-plant [9] in
Karlsruhe, with DF up to 20 000 (americium) and 1 000 (curium) [10].
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SANEX processes were performed in a centrifugal contactor battery (Jülich) and in single hollow fibre
modules (Karlsruhe). A test with R2PSSH + TOPO was performed in a 24-stage centrifugal contactor.
Americium DF was > 1 000 and only approximately 2% of the lanthanides were found in the product
solution [11]. Several tests with R2PSSH + TOPO in hollow fibre modules were made at Karlsruhe,
with americium DF > 10 000 [12,13]. An n-Pr-BTP extraction test in a single hollow fibre module
gave americium DF > 2 000, with only 1% of lanthanides in the product solution [13].
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ON THE SELECTIVITY OF BTP EXTRACTANTS
FOR Am(III) AND Cm(III) OVER LANTHANIDES*
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Abstract
The separation of Am(III) and Cm(III) from the lanthanides is a key step in minor actinide partitioning.
This separation is not possible using common extractants binding the metal cations via oxygen
atoms; the extractability of Am(III) and Cm(III) is usually within the spread of the lanthanides’
extractabilities [1]. Musikas, et al. were the first to show that N-donor extractants are able to
preferentially extract Am(III) over Eu(III) [2]. Many mostly tridentate N-donor extractants (such as
TPTz and Terpy) were thus developed. However, they were only able to extract from solutions of
rather low acidity.
A breakthrough in this field was the development of alkylated BTPs at the Institut für Nukleare
Entsorgung [3,4]. They extract from up to 1 M nitric acid, with a selectivity for Am(III) over Eu(III)
of approximately 130. Although these extractants still have some drawbacks with respect to process
compatibility, we used them to investigate the reasons behind the selectivities of N-donor extractants.
This understanding is important both from a fundamental point of view, and with respect to the design
of improved separating agents.
It is commonly assumed that N-donor ligands bond more covalently to An(III) than they do to Ln(III).
Iveson, et al. found significantly shorter metal ion-N bonds in the crystal structures of a [U(BTP)3]3+
complex as compared to the analogous Ce(III) complex [5]. This might be seen as experimental
support for the above assumption. However, we could not find any differences in metal ion-N bond
lengths and complex geometries when studying the more relevant [M(BTP)3]3+ (M = Am, Cm, Eu)
complexes in organic solution with EXAFS [6,7]. Quantum-chemical calculations supported these
findings. Obviously, BTP’s selectivity is not related to structural differences of the respective metal
complexes.
On the other hand, when titrating Cm(III) or Eu(III) with a BTP solution, TRLFS spectra indicate
significant differences in speciation: [Cm(BTP)3]3+ formed at a ligand-to metal ion concentrations ratio
of > 3, whereas [Eu(BTP)3]3+ formed only at a much higher ratio (approximately 300) [6]. At lower
ratios, the 1:1 complex, [Eu(BTP)]3+, was identified. This means that BTP’s selectivity in liquid-liquid
extraction is not structural in origin but due to a higher stability of the An(III) complexes as compared
to the Ln(III) complexes.
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A STUDY OF THE RESISTANCE OF SOME N-HETEROCYCLES (BTPS) TO RADIOLYSIS*
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Abstract
One option for the selective extraction of trivalent minor actinides within highly active effluents
coming from the PUREX process could be as follows:
x

firstly, to co-extract trivalent actinides [An(III)= Am(III) and Cm(III)] and also lanthanides
[Ln(III)] from the PUREX raffinates;

x

secondly, to separate An(III) from Ln(III) by means of selective extractants.

Although efficient extractants for the co-extraction of An(III) and Ln(III) have been developed,
selective extractants for An(III) are still required. The various tetra-alkyl substituted BTP molecules,
which have been studied within the FP5 European integrated project PARTNEW have been shown to
be too sensitive towards acidic hydrolysis and alpha-radiolysis for the development of an An(III)/Ln(III)
separation process. Other extracting molecules have been developed within the framework of the FP6
European Integrated Project EUROPART. These molecules include some nitrogen heterocycles.
This paper presents some of the basic research carried out in order to improve the resistance of the
chosen molecules towards radiolytic degradation. Attempts to improve their extraction properties by
the addition of synergists, which usually avoid third-phase formation and improve the kinetics of
extraction, will be outlined.
It appears that some reagents are not only more selective towards An(III) than tetra-alkyl substituted
BTPs, but also more resistant to radiolysis. The carbon atoms on the alpha positions of their triazinyl
rings are fully substituted, thus preventing oxidation and nitration of the alkyl groups.
Although none of the presently studied ligands has yet met the requirements of a process development
strategy, huge improvements have been made in the field of nitrogen heterocyles since the first reference
molecule, tetra-n-propyl-bis-triazinyl-pyridine (nPr-BTP), was first chosen in 1998 to demonstrate
the scientific feasibility of An(III)/Ln(III) separation from highly active waste of medium acidity
([HNO3] > 0.5 mol/L). Many of these developments have taken place within European research
programmes.
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R&D ACTIVITIES ON THE MANAGEMENT OF WASTE CHLORIDE SALTS IN KAERI*

In-Tae Kim, Hwan-Seo Park, Jeong-Gook Kim,
Hee-Chul Yang, Yong-Joon Cho, Eung-Ho Kim
Korea Atomic Energy Research Institute, Republic of Korea

Abstract
Electrochemical treatment of spent oxide fuels has been intensively studied in KAERI to reduce the
volume, heat load and radiotoxicity of high-level wastes. It consists of an electrolytic reduction process
to convert the oxide fuel into a metallic form and an electro-refining process to separate TRU elements
from the electro-reduced metal ingot. Two types of waste salts are expected to generate from the
electrochemical pyro-processes, that is, LiCl salt from the reduction process and LiCl+KCl eutectic
salt form the refining process.
The R&D strategy of the waste salt management in KAERI can be categorised into two parts:
1) enhancement of safety by the stabilisation/solidification of waste salt that is to be finally disposed
of and 2) reduction of the waste generation by the regeneration/recycle of the spent salt after removal
of radionuclides in it. A sol-gel technique and a zeolite occlusion technique are under development to
stabilise the waste salt. The LiCl salt is stabilised by a low-temperature sol-gel process and then the gel
product is solidified into a ceramic-like waste form with an addition of glass frit. Another method uses
Zeolite-4A to occlude the LiCl salt into its cage and adsorption site to immobilise the radionuclides.
The product, salt-occluded zeolite, is fabricated into another type of a ceramic waste form. For the
regeneration and recycle of the spent salt, the radionuclides in the salt are removed by a zeolite process
for the LiCl salt and by an oxidation/distillation process for the eutectic salt. The target nuclides to be
removed in each process are Cs/Sr and rare earth (RE) elements, respectively. In the oxidation/
distillation process, the rare earth chloride nuclides are oxidised by an oxygen sparging method, and
the products are precipitated in the form of oxide or oxychloride REs. After separation of the RE
elements from the precipitates by distillation, the refined spent salt with a low content of radionuclides
is recycled to the main pyro-process.
In the full paper the experimental results of the various salt treatment processes being studied in
KAERI will be presented in detail.
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FLOW-SHEET TESTING OF THE FISSION PRODUCT EXTRACTION PROCESS FOR
THE SEPARATION OF CAESIUM AND STRONTIUM FROM SPENT NUCLEAR FUEL*

Jack D. Law, Dean R. Peterman, Terry A. Todd, David A. Meikrantz, Catherine L. Riddle
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Abstract
The Fission Product Extraction (FPEX) Process is being developed as part of the United States
Department of Energy Advanced Fuel Cycle Initiative for the simultaneous separation of caesium and
strontium from spent LWR fuel. Separation of the Cs and Sr will reduce the short-term heat load in a
geological repository and, when combined with the separation of Am and Cm, could increase the
capacity of the geological repository by a factor of approximately 100. The FPEX process is based on
two highly-specific extractants: 4,4   -Di-(t-butyldicyclo-hexano)-18-crown-6 (DtBuCH18C6) and
Calix[4]arene-bis-(tert-octylbenzo-crown-6) (BOBCalixC6). The DtBuCH18C6 extractant is selective
for strontium and the BOBCalixC6 extractant is selective for caesium. Results of flow-sheet testing of
the FPEX process with simulated feed solution in 3.3-cm centrifugal contactors will be detailed.
Removal efficiencies, distribution coefficient data, co-extraction of metals and process hydrodynamic
performance will be discussed along with recommendations for future testing.
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URANIUM CARBIDE OXIDATION WITH NITROUS ACID IN ACID SOLUTIONS*
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Abstract
High-temperature gas-cooled reactors, which are expected to replace actual PWR are characterised by
high fuel burn-up and by the possibility of minor actinides (Np, Am) and long-lived fission products
(99Tc, 129I, 79Se) incineration during irradiation. UC or mixed (U,Pu)C are considered as a possible fuel
for this type of reactor. The development of the flow-sheet for the carbide fuel reprocessing using
existent PUREX process requires the elaboration of an efficient technique for dissolution of UC
[(U,Pu)C]. The current work presents the results of the study of UC dissolution kinetics in the acid
solutions containing HNO2 and is aimed to provide data on the dissolution material balance and
develop the dissolution kinetic model.
Oxidation of UC powder (50-60 Pm) in 0.5-6.0 M HClO4, containing 0.01-0.1 M NaNO2 at temperatures
20-60qC was studied. In the absence of an oxidising agent in the solution (Eh -0.20-+0.05 V/SCE) the
UC dissolution rate did not exceed 0.004 mg cm–2h–1. The introduction of HNO2 to the solution
increased Eh value to 0.30-0.52 V/SCE, making UC oxidation possible. The UC dissolution rate increased
correspondingly with the increase of the HNO2 and H+ concentrations in the solution. During two hours
of dissolution in 0.5-6.0 M HClO4, containing more than 0.03 M HNO2, more than 80% of the UC was
converted to U(VI). Simultaneously, UC carbon was oxidised with the formation of water soluble
naphtocarboxylic acids. The concentrations of so-called “oxidisable carbon” in the dissolution product
and in insoluble residue after its dissolution in 8.0 M HNO3 were measured. The content of “oxidisable
carbon” in the insoluble residue was about 3.0-7.0 g-eq/mol U, while its content in the dissolution
product did not exceed 0.64 g-eq/mol U. This observation suggests that the insoluble residue may be
enriched in carbon in comparison with the initial UC, i.e. that UC dissolution may be non-congruent.
A kinetic model of the UC dissolution in the presence of HNO2 was developed, taking into account
two possible reaction paths: slow UC oxidation with H+ ions (kH+) and rapid UC oxidation at the
interface with HNO2 followed by the dissolution of the oxidised species in HClO4 (kHNO2). The rate
constants kH+ were found to be in the range 10–5-10–4 min–1, however their incertitude about 100% did
not allow to follow the trends in their variations with the changes of the experimental conditions. kHNO2
were found to increase from 0.02 min–1 to 0.06 min possible 1 with an increase of the HClO4
concentration in the solution. The reaction order vs. HNO2 was close to 3.0. At the same time for
starting HNO2 concentration below 0.03 M, the kHNO2 dependence on the latter parameter was
observed, indicating that the reaction mechanism was apparently more complex than that assumed for
its modelisation.
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PROCESS ANALYSIS OF THE ADVANCED
SPENT FUEL CONDITIONING PROCESS (ACP)*

Byung-Heung Park, Sang-Mun Jeong, In-Kyu Choi, Chung-Seok Seo, Seong-Won Park
Korea Atomic Energy Research Institute, Korea

Abstract
The Advanced Spent Fuel Conditioning Process (ACP) has been proposed and developed by the Korea
Atomic Energy Research Institute (KAERI) for the purpose of reducing the volume, the radioactivity
and the heat load of a spent fuel to be disposed of by reducing the spent oxide fuel to a metal form.
The ACP is based on pyrochemical technology and consists of four main unit processes: a voloxidation,
an electrolytic reduction, a smelting and a salt solidification. The constituents of a SF are distributed
between the phases during each process and, consequently, the radioactivity and the thermal power are
also divided in each phase. Inactive tests of the ACP have been carried out by using natural U3O8 at
KAERI with satisfactory results for the reduction yields. However, the behaviour of major components,
except for the uranium, of SF in the ACP has not been investigated theoretically or experimentally.
In this study, a process analysis of the ACP is performed to determine the stable forms of the SF
constituents in each process and to propose pertinent operation conditions for each process.
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REACTIVITY OF HYDROXAMIC ACIDS IN NITRIC ACID SOLUTIONS*

Alena Paulenova, Peter Tkac
Radiation Center, Oregon State University, Corvallis, OR 97331

Abstract
Hydroxamic acids are salt free organic compounds with the general formula RC(=O)NHOH. They are
weaker acids than carboxylic acids RC(=O)OH, which are structurally related. They are di-oxygen
chelate ligands, and can form stable metal complexes with five-membered chelate rings with hard
cations. Reactivity of hydroxamic acids upon reduction and co-ordination of actinides has been
investigated using a range of experimental techniques (stop-flow/UV-Vis, spectroscopy, extraction)
and chemical speciation modelling. Decomposition and acidic hydrolysis were studied as well. From
the experimental kinetic and solvent extraction distribution data, the effect of hydroxamic acids on
speciation and mass transfer of uranium and transuranic elements in model process solutions has been
evaluated.
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TECHNICAL FEASIBILITY OF THE DIAMEX PROCESS*

Christian Sorel
CEA Valrhô, France

Abstract
The DIAMEX process was developed to facilitate the separation of the trivalent actinides from the
trivalent lanthanides. It consists in co-extracting the trivalent actinides and lanthanides using a diamide
extractant: DiMethyl DiOctyl Hexyl Ethoxy Malonamide (DMDOHEMA).
The flow-sheet comprises:
x

Co-extraction at high acidity (3 M HNO3) of the trivalent actinides and lanthanides by the
diamide;

x

scrubbing of some fission products (Zr, Mo, Fe, Pd) by a mixture of oxalic acid and HEDTA,
followed by de-acidification to prepare for the next step;

x

stripping of the actinides + lanthanides at low acidity;

x

solvent treatment prior to recycling.

This flow-sheet was successfully tested at laboratory scale from 1999 to 2003 in mixer-settlers and
subsequently in ECLHA1 centrifugal extractors on active solutions from the dissolution of actual spent
fuel samples. Actinide recovery factors above 99.9% were obtained with high purification factors for
spurious fission products.
The main objectives of the final “technical feasibility” demonstration tests at the end of 2005 with a
PUREX raffinate solution were to test continuous solvent recycling (not included during the earlier
tests) and to carry out essential operations in continuous contactors representative of pulsed columns
that could be used at industrial scale. We therefore decided to carry out the demonstration in the
shielded process line (CBP) with some of the devices already used for a PUREX test.
During these tests the first two steps in the flow-sheet were therefore carried out in pulsed columns
4 meters high; An+Ln stripping was performed in mixer-settlers and the solvent treatment in ECRAN2.
The americium and curium recovery yield exceeded 99.9% and the decontamination factors obtained
at the end of the test with respect to the fission products Zr, Mo and Fe were 800, 100 and 10,
respectively.
* Technical Session II.
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Figure 1. DIAMEX test flow-sheet
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FABRICATION OF THE LEAD-BISMUTH CORROSION TEST LOOP*

Chungho Cho, Choonho Cho, Woonkyu Lee, Tae Yung Song
KAERI, P.O. Box 105, Yuseong, Daejeon, 305-600, Korea, chcho@kaeri.re.kr

Abstract
Recently, lead-bismuth eutectic (LBE), or lead, has attracted considerable attention as a potential
coolant with more inherent safety. Above all, LBE is preferred as the coolant and target material for an
accelerator-driven system (ADS) due to its high production rate of neutrons and effective heat removal.
However, LBE/lead as a coolant has a challenging problem: it is corrosive to the construction materials
and fuel cladding material. After all, the LBE or lead corrosion has been considered as an important
design-limiting factor of ADS and LMFBR.
The Korea Atomic Energy Research Institute (KAERI) has been developing an ADS called HYPER.
HYPER is designed to transmute TRU, 99Tc and 129I coming from PWRs and uses an LBE as a coolant
and target material. Also, an experimental apparatus for the compatibility of fuel cladding and structural
materials with the LBE/lead is planned to be designed/constructed.
The main objective of the present paper is the introduction of lead-bismuth corrosion test loop which
was built in KAERI.
KAERI recently finished fabrication of the lead-bismuth corrosion test loop. It consists of an
electromagnetic pump, two electromagnetic flow meters, a test section, an oxygen control tank
(an expansion tank), a calibration tank, the magnetic and the mechanical iron trap, and argon or argon
with 5% hydrogen gas system.
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ADVANCED FUELS FOR TRANSMUTATION
SYSTEMS WITHIN EUROTRANS PROJECT*

F. Delage1, D. Haas2, W. Maschek3, J.P. Ottaviani1, V. Sobolev4
1
CEA, Cadarache, F-13108 Saint-Paul-lez-Durance, France
2
JRC-ITU, D-76125 Karlsruhe, Germany
3
FZK, D-76344 Eggenstein-Leopoldshafen, Germany
4
SCKxCEN, Boeretang 200, B-2400 Mol Belgium

Abstract
The main objective of the AFTRA domain in the framework of the Integrated Project EUROTRANS
is the design, development, characterisation and qualification under representative conditions of the
most promising U fuel concepts for an European subcritical accelerator-driven actinide transmutation
demonstrator (ETD/EFIT).
To reach these objectives, an R&D programme has been defined on the basis of the design needs for
EFIT and of the results of the FUTURE programme performed within the 5th European Framework
Programme. A preliminary analysis has thus focused on the pre-selection of two kinds of fuels:
(Pu,Am)O2-x+MgO cercers and (Pu,Am)O2-x+Mo cermets.
The DM3 activities are subdivided into the following four areas:
x

TRU fuel pre-design and performance assessment at normal operation. The objective is to
perform a comparative analysis of the evolution of the neutronic, thermo-mechanical and
burning performances of the core and fuels elements loaded with candidate fuels containing
high fractions of minor actinides. Suitable tools have thus been developed, updated and
validated for the modelling of the behaviour of TRU fuels under normal conditions.

x

Fuel safety assessment. The safety behaviour of the EFIT cores fuelled with the candidate
fuels is analysed under transient conditions, accidents and severe accidents with the potential
for core damage and core disruption. A ranking of the different fuel concepts according to
their basic safety potential based on the defence-in-depth concept will be proposed.

x

Irradiation tests and fuel qualification. The objective is to obtain data on the in-pile behaviour
of the main candidate fuels, which is quite unknown. Irradiations will be conducted in order to
gain knowledge on: the He release mechanisms (BODEX experiment in HFR), the role of the
microstructure and the temperature on the gas release and fuel swelling (HELIOS experiment
in HFR), the in-pile behaviour of U-free oxide fuel in a fast reactor (FUTURIX-FTA
experiment in Phénix).

* Technical Session III.
719

x

Out-of-pile measurements. The objective consists in measuring physico-chemical properties
(thermal conductivity, thermal expansion, heat capacity, melting point, elastic properties,…,
chemical compatibility between fuels and cladding materials – fuels and coolant) of the
different fuel concepts in order to complete a materials database with relevant and accurate
properties needed for the fuel design, fuel performance and safety modelling.

The major outcome of AFTRA will be the recommendation about fuel design and fuel performance of
the most promising candidate for the European Facility for Industrial Transmutation.
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EXPERIMENTAL ACTIVITIES ON THE COUPLING OF AN ACCELERATOR,
A SPALLATION TARGET AND A SUBCRITICAL BLANKET: STATUS
AND RECENT RESULTS FROM DOMAIN ECATS OF EUROTRANS*

G. Granget1, P. Baeten2, M. Schikorr3, W. Gudowski4, R. Rosa5, P. Agostini5
(on behalf of ECATS/IP-EUROTRANS)
1
2
CEA (France), SCKxCEN (Belgium), 3FZK (Germany), 4KTH (Sweden), 5ENEA (Italy)

Abstract
The Domain ECATS is devoted to the physical studies of the coupling of the main components of an
accelerator-driven system (ADS) which are the accelerator, the target and the subcritical blanket. After
the MUSE programme (2000-2004, in the 5th European Framework Programme) that provided the
measurement techniques for the subcriticality determination, ECATS intends to provide validated
experimental results to assist the design of XT-ADS and EFIT.
The ECATS programme is based on three major international programmes, namely the Reactor
Accelerator Coupling Experiments (RACE) in the USA, the Subcritical Assembly Dubna (SAD) in the
Russian Federation and YALINA in Bellarussia.
x

The RACE experiments. The most significant contributions as regards validation of the
dynamics of ADS with power feedback effects are expected to be provided by RACE in a
TRIGA reactor allowing tests to be performed over a wide range of subcriticalities. All the
experiments are planned at the TRIGA reactors UT NETL (University Texas at Austin
Nuclear Engineering Teaching Laboratory) and TAMU (Texas A&M University).
Originally planned for 10 kW core power, using a 20-25 MeV electron linac (yielding ~2 kW
beam power), the power level will be increased within the scope of EUROTRANS to the
100-150 kW power range by utilising a higher-power electron accelerator (yielding ~30 kW
beam power), sufficient to induce power reactivity feedback effects in the two different
TRIGA reactors. The complete design of a high-power target (30 kW) is necessary.

x

The SAD experiments. Experimental checks of theoretical predictions and estimates have to
precede the construction of a large subcritical ADS. An ADS of about 15 kW thermal power
is considered sufficient to resolve this task. SAD uses the existing PHASOTRON (after
refurbishment) with the proton beam characteristics: 660 MeV, 3.2 PA (2.1013 protons/s), and
~2.1014 n/s.
At JINR (Dubna), major activities are to measure the yields of neutrons and their spectra in
lead and uranium targets of various types, neutron cross-sections for a number of isotopes that
are important for an estimation of their transmutation efficiency. JINR has a license for the
operation of nuclear research reactors using metallic plutonium and plutonium oxide. These
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reactors are maintained in a reliable state and have safely operated for more than 35 years.
JINR has also long-term experience in the operation of proton accelerators. The above-listed
experience provides the basis for the construction of an experimental zero-power ADS using
MOX fuel, based on standard fast neutron reactor BN-600 fuel elements.
x

The YALINA Booster experiments. YALINA offers a subcritical medium made of U-enriched
fuels, with various 235U enrichments, 90%, 36% and 10%, that can be introduced into a
polyethylene and/or Pb medium. This arrangement is easy to handle and accepts a lot of
modifications for instrumentation needs or physics purposes as, for example, the presence at
the centre of a fast subcritical zone with lead instead of the polyethylene. This subcritical
medium is driven by an external neutron source due to a deuterons generator inducing (D,T)
or (D,D) reactions on targets. The higher level of the neutron source is 2.1012 n/s.
The proposed YALINA Booster configurations lead to significant adaptations of the present
installation. In particular, in comparison with the present YALINA Booster a maximum
extension of the fast zone and a maximum reduction of the thermal reflector zone are
envisaged to best reflect the conditions in a fast spectrum transmuter.
Considering the ADS monitoring, only the response to an impulse was investigated during
MUSE. In YALINA, the decay after the interruption of a continuous beam will be
investigated. Another key issue to be demonstrated in the YALINA facility is the on-line
subcriticality monitoring by use of the current intensity to core power ratio in CW conditions.

The article will provide an overview of ECATS and the main characteristics of the targets (or neutron
source) to be used in each experiment.
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MATERIAL TESTING FOR LIQUID METAL TARGETS*

Peter Hosemann1,2, Ning Li1, Stuart Maloy1
1
Los Alamos National Laboratory, USA
2
University of Leoben, Austria

Abstract
Liquid metal coolants such as liquid lead-bismuth eutectic (LBE) or liquid lead are considered to be
used as spallation source targets and coolants as well as nuclear reactor coolants. The advantage of
using these systems is high heat transport capability, good radiation properties and high safety due to
low pressure in the system. The difficulty in using them is finding containing materials and beam
window materials which can be used at high temperature, in an irradiation environment and are
corrosion resistant against its containing media. Here, results of corrosion tests on possible window
materials which were performed in the delta loop (LBE loop) at LANL will be presented as well as the
capability of the new high-temperature (800qC) liquid lead loop. The new Irradiation and Corrosion
Experiment (ICE) facility at LANL, where liquid metal corrosion tests can be performed in an
irradiation (proton) environment, is presented as are its recent results.
x

Experimental tests. Possible candidate materials for LBE containments and beam windows
were widely tested in the delta loop under different conditions. These materials were ferritc/
martensitic materials as well as austenitic materials. After testing they were analysed using
XPS, SEM, WDX, nano indentation and optical microscopy.
The most promising materials are also tested in the ICE facility. A thin sample (40-100 Pm)
will be exposed to a 5-6 MeV proton beam while it is also exposed to LBE at elevated
temperatures and different conditions. Therefore the influence of proton irradiation on the
corrosion phenomena can be studied and the most irradiation and corrosion resistant material
can be determined which leads to the optimal window material.

x

Presented results. The SEM and nano indentation results of the LBE tests on T91, HT9 and
316L laser peened and un-peened are presented. The multi-oxide layer composition of these
materials is shown, as are the mechanical properties such as hardness and E-modulus.
The capabilities of the ICE set-up will be presented as well as the first results on tested
materials.
Acknowledgements

Many thanks to Mark Hollander, Yongqiang Wang, Michael Madrid, Eric Pitcher (LANL, USA)
and Gregor Mori (University of Leoben, Austria).
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CONCLUSIONS AND PERSPECTIVES AFTER THE ACHIEVEMENT
OF THE MUSE-4 PROGRAMME AT THE MASURCA FACILITY*

Frederic Mellier, P. Fougeras, J-F. Lebrat
CEA Cadarache, F-13108 Saint-Paul-lez-Durance Cedex, France
A. Billebaud, R. Brissot, E. Liatard
LPSC CNRS-IN2P3/UJF/INPG, 53, av. des Martyrs, F-38026 Grenoble Cedex, France

Abstract
Since 1995, the MUSE experiment series in the MASURCA mock-up constitutes one of the most
important programmes, in the field of experimental neutronics, in support to ADS concept studies. The
fourth phase of these experiments, conducted within the framework of a wide international collaboration,
ended in 2004 and provided a significant contribution to the demonstration of the technical feasibility
of such systems.
This paper reviews the main characteristics of the core configurations that were studied, gives an
overview of the results obtained and summarises the lessons drawn from these experiments. The main
activities carried out in support of the measurement analysis are also described. Based on this experience
feedback, recommendations for the preparation and optimisation of future experiments are proposed.
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EFNUDAT – EUROPEAN FACILITIES FOR NUCLEAR DATA MEASUREMENTS IN
THE INTEREST OF NUCLEAR WASTE TRANSMUTATION AND MINIMISATION*

Arjan Plompen (on behalf of the EFNUDAT consortium)
EC-JRC-IRMM, Retieseweg 111, Geel, Belgium
Arjan.Plompen@cec.eu.int

Abstract
EFNUDAT is an Integrated Infrastructure Initiative (I3) of European experimental facilities for
differenti neutron-induced nuclear data measurements in the interest of nuclear waste transmutation
and minimisation. The EFNUDAT consortium includes ten partners (CNRS/IN2P3, JRC-IRMM, IKI
Budapest, FZK, FZR, PTB, UU-TSL, CEA, CERN and NPI Rez), with research infrastructures for
differential neutron data measurements. The range of experimental capabilities includes measurements
for most nuclear processes of interest using either pulsed white neutron sources, quasi monoenergetic
sources or surrogate neutrons by transfer reactions. The range of capabilities may be expanded further
through interested laboratories and facilities as Associated Partner.
The main objective of EFNUDAT is to provide a convenient platform to integrate all scientific efforts
needed for high-quality nuclear data measurements in support of waste transmutation studies and
design studies for Gen. IV systems, aiming at producing less waste. EFNUDAT emphasises the
promotion of access to and coherent use of the participating infrastructures through three lines of
activity. Four networking activities provide a forum for collaboration between the partners and the
users of the facilities, for training of researchers and fellows in nuclear data measurements, for
dissemination of the results and interaction with the data users, and finally for the management of the
consortium. EFNUDAT will maintain close links with the NUDATRA domain of IP EUROTRANS
and the Co-ordination Action on Nuclear Data for Industrial Developments in Europe, CANDIDE.
Nine of the facilities together offer about 4 000 hours of beam time for external users to carry out
nuclear data measurements. This transnational access activity is co-ordinated by one Project Advisory
Committee that screens proposals for relevance to waste transmutation and minimisation, the feasibility
of the proposed measurements and complementarity with earlier and ongoing work. The PAC advises
on the facility where the request would be served best. Finally, the EFNUDAT partners collaborate
in three joint research activities aimed at improving the measurement services to the user. These
joint research efforts will provide enhanced access to fast digitisers, improved quality control of
measurement new neutron production targets and better access to actinide samples.
EFNUDAT is expected to start in the fall of 2006 and the consortium encourages data users and data
producers to actively involve themselves in expressing their needs and initiatives to the collaboration
board. Suggestions and remarks are welcome and may be forwarded to the above e-mail address or to
the project co-ordinator G. Barreau, Barreau@cenbg.in2p3.fr.
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HIGH-PRECISION AND HIGH-RESOLUTION MEASUREMENTS OF
(n,xnJ) CROSS-SECTIONS ON THE ISOTOPES OF LEAD AND BISMUTH*

Arjan Plompen
EC-JRC-IRMM, Retieseweg 111, Geel, Belgium
Arjan.Plompen@cec.eu.int

Abstract
Recently, sensitivity studies indicated the lack of accuracy of inelastic scattering and (n,xn) data on the
isotopes of lead and on bismuth for an adequate prediction of important reactor parameters in the case
of accelerator-driven systems with Pb or Pb/Bi eutectic as a coolant. As a consequence, the NUDATRA
(NUclear DAta for TRAnsmutation) domain of the EUROTRANS Integrated Project undertook to
establish an improved evaluated data file for these nuclides, which requires the inclusion of new and
accurate measurements. Here, I present the results of these measurements that use the (n,xnJ) technique
employing large high-purity germanium detectors at a 200 m station of the pulsed white neutron
source GELINA of IRMM. High-resolution, quasi-continuous data are obtained from the respective
thresholds to 20 MeV. These results provide valuable additional information for a new evaluation that
may be used directly in the region up to several MeV.
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RED-IMPACT – PROGRESS REPORT*,1

W. Gudowski, R. Odoj, E. Gonzalez, D. Greneche,
L. Boucher, J. Marivoet, C. Zimmerman, W. von Lenza
On behalf of the Red-Impact Project

Abstract
The RED-IMPACT (IMPACT of Partitioning, Transmutation and Waste REDuction Technologies on
the Final Nuclear Waste Disposal) EC FP6 project follows a multi-disciplinary approach by federating
different technical and scientific areas such as specialists from reactor technology, fuel cycle
evaluation, reprocessing (partitioning), waste management, disposal issues, economical assessment
and social science with regard to public and market acceptance aspects. P&T is not understood only as
a very future option but as a strategy which can be stepwise implemented already starting:
x

in the short term by making use of existing reactors and fuel cycle facilities;

x

via more advanced reactor systems (Gen III & Gen IV), fuels, reprocessing and conditioning
technologies, in the mid-term;

x

towards very ambitious special waste transmuter systems like ADS together with the related
partitioning techniques, in the long term.

The objectives of RED-IMPACT, and the reasons why transmutation is considered, are:
x

to assess the effects of P&T on geological disposal and waste management;

x

to assess economic, environmental and societal costs/benefits of P&T;

x

to disseminate the results of the study to stakeholders (scientific, general public and decision
makers) and get feedback during the study;

x

to iterate and refine the work based on stake-holders’ feedback to achieve full impact of this
study on the implementation of the waste management policy of the European Community.

The starting point for the RED-IMPACT Project is the NEA/OECD report Accelerator-driven Systems
(ADS) and Fast Reactors (FR) in Advanced Nuclear Fuel Cycles. A Comparative Study (2002).
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WASTE DISPOSAL FOR PARTITIONING-TRANSMUTATION CYCLE*

Shinichi Nakayama, Yasuji Morita, Kenji Nishihara, Hiroyuki Oigawa
Japan Atomic Energy Agency

Abstract
Partitioning-transmutation (PT) technology will produce radioactive wastes of different physical and
chemical properties and in different amounts from those generated in the current nuclear fuel cycle.
To assess quantitatively the effects of PT on waste disposal and safety, we estimated the repository
area and potential exposure dose from disposal of the PT waste, based on the projected amounts of the
PT wastes and assumed conditioning for each type of the waste. The properties of the “hot” Sr-Cs
waste form are controlling factors in determining the size of the waste replacement area in the
repository. The design of the replacement area can be optimised by the waste form property and
storage period of the Sr-Cs waste. The exposure dose from the PT waste disposal was also assessed for
the groundwater migration scenario.
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ADVANCED NUCLEAR FUEL CYCLES ACTIVITIES IN IAEA*

H.P. Nawada, C. Ganguly
Nuclear Fuel Cycle and Materials Section
Division of Nuclear Fuel Cycle and Waste Technology
Department of Nuclear Energy
International Atomic Energy Agency
P.O. Box 100, A-1400, Vienna, Austria
h.nawada@iaea.org

Abstract
Of late several developments in reprocessing areas along with advances in fuel design and robotics
have led to immense interest in partitioning and transmutation (P&T). The R&D efforts in the P&T
area are being paid increased attention as potential answers to ever-growing issues threatening
sustainability, environmental protection and non-proliferation. Any fuel cycle studies that integrate
partitioning and transmutation are also known as “advanced fuel cycles” (AFC), that could incinerate
plutonium and minor actinide (MA) elements (namely Am, Np, Cm, etc.) which are the main
contributors to long-term radiotoxicity. The R&D efforts in developing these innovative fuel cycles as
well as reactors are being co-ordinated by international initiatives such as Innovative Nuclear Power
Reactors and Fuel Cycles (INPRO), the Generation IV International Forum (GIF) and the Global
Nuclear Energy Partnership (GENP). For these advanced nuclear fuel cycle schemes to take shape,
the development of liquid-metal-cooled reactor fuel cycles would be the most essential step for
implementation of P&T. Some member states are also evaluating other concepts involving the use of
thorium fuel cycle or inert-matrix fuel or coated particle fuel. Advanced fuel cycle involving novel
partitioning methods such as pyrochemical separation methods to recover the transuranic elements are
being developed by some member states which would form a critical stage of P&T. However, methods
that can achieve a very high reduction (>99.5%) of MA and long-lived fission products in the waste
streams after partitioning must be achieved to realise the goal of an improved protection of the
environment. In addition, the development of MA-based fuel is also an essential and crucial step for
transmutation of these transuranic elements. The presentation intends to describe progress of the IAEA
activities encompassing the following subject-areas: minimisation of MA losses in pyrochemical
processes, MA fuel and target, coated particle fuel, MA property data bank, and IMF fuel as well as
highlights of the recent technical meeting on liquid-metal-cooled reactor fuel cycle. In addition, the
necessity for determination of accurate high temperature thermodynamic data of minor actinides for
developing the advanced nuclear fuel cycle would be discussed.
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