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FOREWORD

The recycling of plutonium, minor actinides and long-lived fission products in various types
of fission reactors, accelerator driven systems (ADS) and molten salt reactors is under
investigation in several Member States. The surmised advantages of some of these concepts,
e.g. ADS, are intrinsic low waste production, high transmutation capability, enhanced safety
characteristics and better long-term resources utilization (e.g. with thorium fuels). Important
R&D programmes are being undertaken by various institutions in many Member States to
substantiate these claims and advance the basic knowledge in this innovative area of nuclear
energy development. For these groups there is the clearly perceived need for coordinating
their efforts and also for getting access to information from nationally and internationally
coordinated activities.

While long term objectives for developing novel nuclear systems for energy production and
transmutation may not be unanimously agreed upon by the different groups participating in
this effort, it is clear that the short-term goals are similar. Thus, it is useful to exchange
technical information developed in the different approaches and to identify areas of co-
operation.

Indications as to the needs of the Member States for co-operation and information exchange
in this area emerged from various Agency meetings, and are documented in meeting reports
and other publications (e.g., Special Scientific Programme on “Use of High Energy
Accelerators for Transmutation of Actinides and Power Production”, in conjunction with the
38" TAEA General Conference; Vienna, September 1994; the “Second International
Conference on Accelerator-Driven Transmutation Technologies and Applications”, Kalmar,
Sweden, 1996; The “Eighth International Conference on Emerging Nuclear Energy Systems
(ICENES '96)”, Obninsk, Russia, June 1996; the “Ninth International Conference on
Emerging Nuclear Energy Systems (ICENES '98)”, Tel-Aviv, Israel, June-July 1998; and the
“Third International Conference on Accelerator-Driven Transmutation Technologies and
Applications, Prague, Czech Republic, June 1999.

The Technical Committee Meeting (TCM) on “Core Physics and Engineering Aspects of
Emerging Nuclear Energy Systems for Energy Generation and Transmutation” was held from
28 November to 1 December 2000 at Argonne, Illinois, U.S.A. The meeting was hosted by
the Argonne National Laboratory, and was convened by the IAEA on the recommendation of
its Technical Working Group on Fast Reactors (TWG-FR).

The objectives of this TCM were threefold: to review the status of R&D activities in the area
of hybrid systems for energy generation and transmutation, to discuss specific scientific and
technical issues covering the different R&D topics of these systems; and to recommend to the
IAEA activities that would be specifically targeted to the needs of the Member States
performing R&D in this field.

The TAEA would like to express its appreciation to all the participants in the TCM, the
chairpersons, and the hosts at Argonne National Laboratory.

The TAEA officer responsible for this publication was A. Stanculescu of the Division of
Nuclear Power.
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SUMMARY

The Technical Committee Meeting (TCM) on Core Physics and Engineering Aspects of
Emerging Nuclear Energy Systems for Energy Generation and Transmutation was held
28 November—1 December 2000 at Argonne, Illinois, USA. The meeting was hosted by the
Argonne National Laboratory, and was convened by the IAEA on the recommendation of its
Technical Working Group on Fast Reactors (TWG-FR).

The objectives of this TCM were threefold: to review the status of R&D activities in the area
of hybrid systems for energy generation and transmutation, to discuss specific scientific and
technical issues covering the different R&D topics of these systems; and to recommend to the
IAEA activities that would be specifically targeted to the needs of the Member States
performing R&D in this field.

The TCM had not called for broad overview papers of the various R&D fields. Apart from a
rather brief presentation by each delegation of the general issues and the status of the R&D in
the respective country, the IAEA had called for in-depth technical papers addressing one or
more of the following topics: accelerator driven systems (ADS) concepts, requirements and
features of ADS accelerators, target development, experiments and validation, sub-critical
core studies, technology of heavy liquid metals, fuel and fuel processes development, and fuel
cycle studies.

Forty-five participants from eleven countries and one international organization attended the
TCM, and thirty papers were presented.

The status information presented in the delegates’ general statements and in some of the
papers is as of the time of the TCM. Thus, other later material should also be referenced for
more current information. One such source of information is the Web Site of IAEA’s project
on Technology Advances in Fast Reactors and Accelerator Driven Systems for Actinide and
Long lived Fission Product Transmutation (http://www.iaea.org/inis/aws/fnss/). However, the
technical information provided in the papers, representing the bulk of the information
presented, remains valid.

1. GENERAL STATEMENTS
1.1. Belgium

Approximately 60% of Belgium’s electricity is from nuclear energy. The nuclear installed
capacity is nearly 6 GW(e). The total heavy metal used per year is 114 t UO, (with an average
enrichment of 4.5%) and 8.4 t MOX (with an average Pu enrichment of 6.4%). For the time
being, the interest for ADS development, and for partitioning & transmutation (P&T) in
Belgium is driven by waste [minor actinides (MA) and long lived fission products (LLFP)]
management considerations. The waste management body (ONDRAF/NIRAS) is considering
P&T as an option for waste management that deserves to be studied at an international level,
and Belgium should play a role in this activity. The SCK*CEN Board of Directors has agreed
on the proposal made by SCK*CEN Management to consider the transmutation as a research
topic for the backend of the fuel cycle.

Nearly all the Belgian activities in this area are concerned with the development of the
MYRRHA concept, a multi-purpose ADS for R&D. The facility should replace the BR2
reactor for material and fuel research, and radioisotopes production, but will be also useful for



transmutation research and medical applications. The main parameters of the accelerator (H"
or HH" cyclotron) are:

E, = 350 MeV, I, = 5 mA. The spallation source is a liquid Pb-Bi windowless target. The
sub-critical blanket is made of two zones: an innermost fast spectrum zone made of fast
reactor MOX fuel cooled by Pb-Bi, and a thermal spectrum zone made of various in-pile
sections located at the fast core periphery.

The ongoing activities are focused on establishing the pre-design of the facility, identifying
the R&D needs to support this design, and performing a cost estimate of the project based on
the pre-design meeting the scope of application given above. A first evaluation of the overall
cost of the facility is around € 100 million (not including the SCK*CEN manpower effort), of
which less than half is due to the accelerator. On the basis of a pre-design, SCK*CEN will ask
the Belgian Government for funding. SCK+CEN is ready to cover 50% of the project. Other
international partners should cover the rest). A more accurate cost estimate of the facility will
be available mid 2001.

SCK<CEN participates in the EU 5™ Framework Programme (FP5) in activities that are in line
with the MYRRHA project (i.e. the projects SPIRE, TECLA, and MUSE, for the time being).
Existing collaborations are with CEA (France), PSI (Switzerland), ENEA (Italy), NRC Soreq
(Israel), IPUL (Latvia), FZR and FZK (Germany), NRG (Netherlands), IBA, Belgatom, and
UCL (Belgium). MYRRHA is not considered to be an ADS demonstration (DEMO) plant,
but has its place on the roadmap, as a first step, towards a DEMO.

More specifically, and apart from the activities of SCK*CEN concerning the projects of FP5,
the activities related to ADS development presently conducted at SCK*CEN, UCL, IBA,
Belgatom and Belgonucléaire are summarized hereafter:

1.1.1. SCK*CEN & UCL

SCK<CEN is willing to design and build an ADS system dedicated to R&D purposes. The
applications foreseen in this facility will be on material and fuel research, MA and LLFP
transmutation demonstration, ADS technological demonstration, and radioisotope production
for medical applications. As complementary applications we foresee neutron and, possibly,
proton beam applications for applied physics purposes and also for medical applications. The
latter uses depend on establishing collaboration contracts with the academic and medical
communities. In support of the MYRRHA project, SCK*CEN is conducting or preparing
R&D programmes in the following areas:

- Basic spallation data: An experiment is presently conducted at PSI (Switzerland) in
collaboration with PSI and NRC Soreq (Israel) consisting in bombarding a solid Pb-Bi
target with protons produced by PSI’s 590 MeV cyclotron. The parameters to be assessed
are the spallation neutron yield (n/p) at 300, 350, 400 and 590 MeV, the spallation neutron
energy spectrum, the spallation neutron angular distribution, and the spallation products
induced by protons of 300, 350, 400 and 590 MeV.

- Windowless spallation target design: An experimental and theoretical programme is
presently conducted by SCKeCEN in collaboration with the Department of
Thermalhydraulics of the Catholic University of Louvain-la-Neuve (UCL), FZR
(Rossendorf, Germany), IPUL (Riga, Latvia), and NRG (Netherlands) aiming at
establishing a reliable design of a windowless spallation target made of liquid Pb-Bi. The
programme foresees hydraulic experiments with water to simulate the Pb-Bi flow (UCL +
FZR) (1999-2000), numerical simulation studies using the FLUENT, FLOW-3D, and
STAR-CD CFD (UCL, SCK+CEN, NRG) (1999-2001), confirmation experiments of the
MYRRHA windowless spallation module design using a heavy liquid metal (HLM),



namely mercury (SCKeCEN, IPUL, FZR) (2000-2001), and, ultimately, Pb-Bi
experiments to be completed in 2001 (SCK*CEN, FZK, ENEA).

Validation of the windowless concept in connection with the proton beam vacuum tube:
An experiment called VICE (Vacuum Interface Compatibility Experiment) is presently
under preparation at SCK*CEN. The experiment aims at demonstrating the feasibility of
connecting a MYRRHA windowless target concept to a vacuum environment compatible
with the characteristics of the proton beam delivered by the cyclotron, i.e. the out-gassing
of the HLM and the structures, and the assessment of the Pb-Bi evaporation rate in the
MYRRHA operating conditions (Pb-Bi at 500°C, vacuum 10™° to 10™° bar).

Structural material research: A research programme is already going on at SCK*CEN
based on irradiation in the BR2 MTR, to study the behaviour under high neutron dose
irradiation of HT9 (martensitic steel) and EUROFER (reduced activation ferro-martensitic
steel, comparable to the F28H Japanese steel) as potential material candidates for
MYRRHA structures.

THOMOX fuel research: An R&D proposal in collaboration with TUI (EU) and
Belgonucléaire (Belgium) on a comparative study of (Th-Pu)O, fuel behaviour as
compared to classical MOX or advanced MOX (large grain) is presently under preparation
by the partners. The programme foresees fuel fabrication, irradiation in the BR2 MTR
under well-characterised conditions (power level, burnup, central temperature, neutron
flux), irradiation in stationary and later on in transient conditions, and Post Irradiation
Examinations (linear power, burnup, TOP-18 FP, profilometry, SEM, FG punction,
gamma scanning, X radiography).

1.1.2. IBA

IBA is a partner of SCK*CEN working on the development of a reliable proton accelerator
operating in CW mode and fulfilling the required beam availability specifications for ADS.
The present design of the sub-critical core requires the accelerator to deliver a 350 MeV,
5 mA proton beam. This 1.75 MW CW beam has to satisfy a number of requirements, some
of which are unique in the world for presently existing accelerators. At this level of power it is
compulsory to obtain an extraction efficiency above 99.5% and a very high stability of the
beam, but on top of that the ADS application needs a reliability well above that of common
accelerators, bringing down the beam trip frequency (trips longer than a few tenths of a
second) to below 1 per day. The design principles are based on the following lines of thought:

Statistics show that the majority of beam trips are due to electric discharges (both from
static and RF electric fields). Hence the highest reliability requires minimizing the number
of electrostatic devices, which favours a single stage design.

In order to obtain the very high extraction efficiency, two extraction principles are
available: through a septum with well-separated turns, or by stripping.

The beams are dominated by space charge. Therefore one needs careful transverse and
longitudinal matching at injection, and the avoidance of cross talk between adjacent turns
(by an enhanced turn separation) if a separated turn structure is required for the extraction
mechanism.

The space charge dominated proton beam needs a 20 mm turn separation at 350 MeV if a
septum extraction has to be implemented. This solution requires the combination of a
large low-field magnet and of very high RF acceleration voltages for realizing such a large
turn separation, and also an electrostatic extraction device.

In view of what precedes, this solution is not well suited for very high reliability
operation. Extraction by stripping does not need separated turns. It may be obtained by the
acceleration of H™ ions, but the poor stability of these ions makes them extremely sensitive
to electromagnetic stripping (and hence beam loss) during acceleration. The use of H



would, therefore, lead to the use of an impracticably large magnetic structure. The other
solution is to accelerate 2.5 mA of HH" ions up to 700 MeV, where stripping transforms
them into 2 protons of 350 MeV each, thus dividing the magnetic rigidity by 2 and
thereby allowing extraction. This solution reduces the problems related to space charge
since only half the beam current is accelerated. However, the high magnetic rigidity of a
700 MeV HH' beam imposes a magnetic structure with a pole radius of almost 7 m,
leading to a total diameter of the cyclotron of close to 20 m. The cyclotron would consist
of 4 individual magnetic sectors, each of them spanning 45 degrees.
- At the present stage of R&D the last option appears to be the most appropriate one.

1.1.3. BELGATOM

BELGATOM has joined the European Industrial Partnership for developing the ADS DEMO
and has expressed its interest in investing some manpower on the ADS topic in the coming
years. An implication of BELGATOM in MYRRHA project is expected in the engineering of
the auxiliary system and integration of the different components of MYRRHA.

1.1.4. BELGONUCLEAIRE (BN)

Over the recent years, Belgonucléaire’s (BN, Brussels) transmutation activities were mainly
concerned with the possibilities of recycling Pu and minor actinides (MA) in presently
existing LWRs, either in the homogeneous mode (in an extended MOX fuel) or in the
heterogeneous one (MA placed in target pins). A concept was developed, in which target pins
loaded with Am, or with Am and Cm, could be put on the corner positions of the MOX
assemblies in the core. Attention was paid to the approach to equilibrium in a multiple
recycling scheme. The dose rates associated with the fabrication and handling of target pins
were determined, and the protections needed were derived. A study considered the
incineration of long lived fission products (LLFP), more specifically *’Tc and '*°L in these
reactors, but showed that LWRs were not suitable for this. BN also examined, in co-operation
with EDF, the multiple recycling of Pu and MA in fast reactors of the EFR (European fast
Reactor) type. The following longer term scenario was found to be advantageous: nuclear
power plant park consisting of LWRs fuelled with UO, (producers of Pu and MA) and of
LMFRs of the EFR type without fertile blanket (incinerators of Pu and MA); MA target pins
could be loaded on special, moderated positions of the LMFRs, with the objective of reaching
90% burnup, with no further reprocessing of the spent targets. So far, BN did not participate
in ADS studies but is intending to participate in the fuel and core design of the MYRRHA
project.

1.2. China

The China Institute of Atomic Energy (CIAE) is pursuing a long term scientific and technical
project for the development of national, sustainable fission energy, including the construction
of an experimental fast reactor (CEFR), the investigation of the MA transmutation capacity of
a medium size fast reactor, and basic research in the area of the innovative technical option
‘ADS’.

As the first step of the fast reactor engineering development in China, the CEFR is a sodium
cooled pool type experimental fast reactor of 65 MW thermal power, matched with a 25 MW
turbine generator. By now, the CEFR is just at the beginning of its construction marked by the
completion of the reactor building base foundation. It is expected that its first criticality will
be at the end of 2005. The second step is to design and build a 300 MW(e) prototype fast
breeder reactor (PFBR). It is intended to use the PFBR to burn PWR’s MA waste (named



MPFR). With MA content in the fuel of up to 5%, the support ratio of 2 could be reached,
provided that acceptable dynamic parameters will be proven.

A five-year programme (Phase 1) of basic research on some physical and technical problems
related to ADS is being implemented. A preliminary evaluation of the main performance
parameters of the following three ADS has been performed:

- 1 GeV/16 mA accelerator driven fast sub-critical system with a lead spallation target (AD-
FBR) could get a support ratio of approximately 4 for the transmutation of MA from
PWRs;

- As the previous system, but with a PHWR type sub-critical core (AD-PHWR): the main
result is that with the requirement of fissile self-sustainability, U-Pu fuelled sub-critical
cores would require a higher beam current compared to the Th-U fuelled case;

- The analysis of a fast-thermal coupled ADS showed that for these systems the required
accelerator beam power could be reduced.

Further, some target physics studies have been conducted. The neutron double-differential
cross-sections of lead have been measured by irradiating a lead thin target with 1.5 GeV
protons at 15°, 30°, 60°, 90°, 120°, and 150°. The theoretical analyses have been performed
with the help of the SHIELD code. The results of these calculations agree very well with the
experimental data. The neutron yields from lead and tungsten standard thick targets
(220 cm x60 cm) have been calculated with both a code based on the Monte Carlo method

and the SHIELD code. The results are rather consistent. Further, for the 20 ¢cm x 60 c¢cm
target as well as for thin targets containing various materials, the proton energy deposition and
the irradiation damage cross-sections have been calculated with the help of the SHIELD code.
Based on the results of Phase 1, an ADS based on a 300 MeV/3 mA LINAC, using a 0.9 MW
lead spallation source driving a uranium-water sub-critical lattice is the proposed design for
an ADS verification facility in China. This will be the work scope for Phase 2 of the Chinese
ADS R&D programme, planned up to the year 2007.

1.3. Czech Republic

The Czech Republic has been operating PWRs for more than 15 years with the total installed
capacity of 1760 MW(e). Just recently (October 2000), the first block (1000 MW(e)) of a new
NPP has been started. The regular operation of this block and the startup of the second one
(also 1000 MW(e)) has been planned for the year 2001. This means that the amount of spent
fuel that is stored in an intermediate storage at the NPP site will be increasing significantly,
and, simultaneously, public awareness of the issues linked to spent fuel management will be
increasing, too. Therefore, the Czech Republic is very much interested in the development of
innovative nuclear energy systems for energy generation and, more importantly, for the
transmutation of the accumulated long lived radwaste. The Czech efforts in that direction are
focused on a system with liquid fuel, namely in the form of molten fluorides. The
developments so far, as well as the current state of the art of this technology are summarized
in the following.

After a preparatory study stage in the first half of the 90s, the national consortium
TRANSMUTATION has been established at the and of 1996 by four leading institutions in
the nuclear R&D field in the country, namely by the Nuclear Research Institute Rez plc (NRI
Rez), the Nuclear Physics Institute of the Academy of Sciences, SKODA Nuclear Machinery
Ltd., and the Czech Technical University. The consortium proposed an R&D Programme for
the ADS with molten fluorides as liquid fuel that was approved and has been supported by



national governmental authorities since the FY 1998. As of 2000, the first 3-year stage of this
R&D Programme has been completed. The main results of this first stage are as follows:

(1) Verification, through computational analyses, of an adopted sub-critical blanket design.
Preparation of the basis for the experimental validation of the concept, represented by the
experimental reactors LR-O in the NRI Rez and VR-I at the Czech Technical University, as
well as a series of technological loops with molten fluorides and the FREGAT pyrochemical
line

The theoretical and experimental studies of kinetics of the sub-critical blankets started with
different composition of fluorides including fissionable component (UF,).

(2) A second 3-year stage (2001-2003) was proposed on the basis of the results of the first
stage of the R&D Programme. The studies in this second stage will concentrate on
experimental verification of the design parameters of a demonstration transmuter with liquid
fuel (molten fluorides). The proposal has been approved in September 2000 for financial
support by both the Government and the Radwaste Repository Agency.

1.4. Germany

In Germany, 19 Nuclear Power Stations are in operation. One large power station — Miilheim
Kiérlich — is shut down because of formal reasons. The total capacity is about 22 GW(e). The
operation of the power stations is extremely satisfactory. About 5 to 6 of the German power
stations are regularly among the worldwide top ten leading stations, with respect to the
number of MWh produced per year, and with respect to operational availability. The annual
amount of TWh's produced in German nuclear power stations is about 160 TWh/a, i.e. about
1/3 of the total German electricity production.

The present two-party coalition German government is supported by the Socialist Party and
the Green Party. The government was elected in late in 1998. From the very beginning, it
declared the firm intention to phase out nuclear energy. First attempts to stop reprocessing
failed. It soon became very clear that an immediate stop of operation of the German nuclear
power plants was to be excluded, both because of technical and legal reasons. Lengthy
negotiations between the government and the utilities followed. This lead to a “consensus
agreement” in June 2000. The basic elements of this agreement are as follows:

- For each nuclear power plant the amount of electricity which can be produced from
1 January 2000 on is limited. The operation license will cease when this amount of
electricity has been produced. In total, 2600 TW(h)'s will be produced (assuming
160 TW(h)/a, this means continuation of nuclear power plant operation in Germany for
another 16 years).

- German government and utilities confirm the high safety standard of German nuclear
power plants.

- From 2005 on direct disposal — no reprocessing.

- Gorleben is suited to be a final repository. But further evaluations of other sites will be
initiated. Evaluation of Gorleben will be interrupted for at least 3, and for a maximum of
10 years.

Taking into account the existence of the “consensus agreement”, it becomes evident that from
the government side there is no strong support for the development of new reactor concepts.
However, in the “consensus agreement” it is clearly stated that R&D shall not be regulated
but shall stay free. In an “evaluation report” which has been prepared by the leading research
centers dealing with nuclear and by the federal ministries in charge of nuclear energy related



issues, it is clearly stated that the international development of foreign innovative concepts
shall be followed. In particular P&T is mentioned, since it is considered as a possible
alternative in the area of waste management. FZK has prepared a limited programme in this
area. Because of limited resources, the programme can only be performed within an
international cooperation framework, in particular the European cooperation, but also
cooperation with the Russian Federation, Japan and the USA. Some important projects FZK is
participating in are the CAPRA/CADRA project, the MEGAPIE project, and the MUSE
project. The main elements of the programme are:
- Theoretical studies (thermal hydraulics, neutronics, safety, development of new models,
new data etc);
- Development of lead / lead-bismuth-technology (KALLA: 3 lead / bismuth loops,
maximum capacity 4 MW / 4 m’/h);
- Target development (participation in the MEGAPIE project, ISTC #559, and international
benchmark problems).
All the activities of the FZK programme, as already mentioned, are embedded into
international activities, such as the 5" Framework Programme of the EU, or the “Enlarged
Technical Working Group” (ETWG), chaired by Professor Rubbia.

1.5. Italy

From 1995 on, a growing interest in ADS concepts has taken place in Italy and has given
origin to several basic R&D activities and to an industrial programme involving ENEA (the
Italian national research body for energy, environment and new technologies), INFN (the
Italian national research institute for nuclear physics), and various industrial partners.

Accelerator driven systems, coupling an accelerator with a target and a sub-critical reactor,

could simultaneously burn minor actinides and transmute long lived fission products, while

producing a consistent amount of electrical energy. As a first step, this interest