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Foreword

The accelerator-driven system (ADS) is a potential transmutation system option as part
of partitioning and transmutation strategies for radioactive waste in advanced nuclear
fuel cycles.

Following the success of the workshop series on the utilisation and reliability of the
High Power Proton Accelerators (HPPA), the scope of this new workshop series on
Technology and Components of Accelerator-driven Systems has been extended to cover
subcritical systems as well as the use of neutron sources.

The second workshop on Technology and Components of Accelerator-driven Systems
was organised on 21-24 May 2013 in Nantes, France, and was hosted by the
SUBATECH/Ecoles des Mines and co-sponsored by the Institut National de Physique
Nucléaire et de Physique de Particules (IN2P3) of Centre National de la Recherche
Scientifique (CNRS) France. The workshop organised by the OECD Nuclear Energy Agency
provided experts with a forum to present and discuss state-of-the-art developments in
the field of ADS and neutron sources.

A total of 40 papers were presented during the oral and poster sessions. Four
technical sessions were organised addressing ADS experiments and test facilities,
accelerators, simulation, safety, data, neutron sources.

These proceedings include all the papers presented at the workshop. 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.

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 3
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Executive summary

Opening and Invited Keynote Speeches
Welcome address

The welcome address was given by A.C. Mueller (CNRS Institut National de Physique
Nucléaire et de Physique des Particules, IN2P3, Scientific Deputy Director, Chair of the
Workshop), who welcomed the attendees to this second edition of the OECD Nuclear
Energy Agency (NEA) International Workshop on Technology and Components of
Accelerator-Driven Systems. The first edition of the workshop was held in Karlsruhe in
2010.

A. Mueller noted that the TCADS workshops followed the success of the workshop
series on the utilisation and reliability of the High Power Proton Accelerators (HPPA)
organised in 1998-2007, with an enlarged scope covering subcritical systems and neutron
sources as well.

Following a brief introduction, A. Mueller informed the attendees that, at the end of
the workshop, the International Advisory Committee (IAC) of TCADS-2 decided to
commemorate Prof. Horst Klein, a Professor Emeritus at the Frankfurt University IAP, a
world-renowned accelerator specialist, who passed away in December 2012.

An ADS perspective on history and physics

The history of ADS was briefly retraced in this paper, pointing out the interest of ADS
with respect to multiple high-ranking objectives including safety and waste
transmutation. The role of the OECD Nuclear Energy Agency in advancing knowledge in
this field was also highlighted.

The European activity on ADS: The EURATOM Research Framework Programme

This paper presents the EURATOM programme relating to minor actinide transmutation
and accelerator-driven systems (ADS) such as partitioning processes, fuel and material
developments, basic neutron data measurements, the support of the MYRRHA project in
Belgium through accelerator development, reactor design and safety studies. The paper
reviews the background and the status of the European research projects in the field as
well as the main conclusion of EC sponsored projects from FP5 to FP7.

Impact of P&T on nuclear scenarios with Generation-IV and ADSs

In its first part, the paper introduces the main principles of the physics of P&T, including
a brief comparison of the performance of different strategies with fast reactors
(homogeneous vs. heterogeneous recycling, ADS vs. fast breeder reactors, which feature
similar performances) and relates the number of ADS in the nuclear fleet with the
requirements for the accelerator. The second part provides a brief overview of recent
activities carried out in this domain at the OECD Nuclear Energy Agency.
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Fuel for ADS: state-of-the-art, requirements, current and future programmes

The paper presents a broad overview of the current state-of-the-art R&D on innovative
fuels for ADS systems, mainly focusing on results from the Sixth FP EU EUROTRANS
Programme in the following domains: basic properties and design issues, safety
requirements, fabrication, reprocessing, behaviour under irradiation. The paper also
provides the main experimental results and related safety assessments from in-pile and
out-of-pile experiments of Ceramic-Ceramic and Ceramic-Metallic composite fuels and
briefly describes the on-going R&D activities in Europe on fuels loaded with large
amounts of MAs.

Session I: Current ADS Experiments and Test Facilities

The MEGAPIE PIE sample preparation

The MEGAPIE Project, which aims to demonstrate that a liquid lead-bismuth-eutectic (LBE)
spallation target can be licensed, planned, built, operated, dismantled, examined and
disposed of, produced samples for post-irradiation examination (PIE) for the analysis of
structural material property changes due to the harsh environment of high temperatures,
contact with flowing liquid metal (LBE), and proton and neutron irradiation. These
samples will be investigated by all partner laboratories (CEA, CNRS, ENEA, KIT, PSI and
SCKeCEN). This paper provides an overview of the PIE sample preparation and highlights
the first results obtained to-date.

Neutron spectrum hardening in critical and subcritical reactors cooled with 2%Pb

This paper deals with neutron spectrum hardening using enriched *®Pb as a coolant. This
feature, which can apply both to critical and subcritical reactors and to pure-lead of Pb-Bi
coolants, aims to improve the transmutation rate of minor actinides, especially **Am.
The paper addresses the spatial distribution of the neutron mean energy and the fission-
to-capture ratio.

Power spectral analysis for a thermal accelerator-driven system at the Kyoto
University Critical Assembly

This paper reports on on-going experiments at the Kyoto University and aims to
investigate, among others, uncertainties of fission and capture cross-section data for
minor actinides, with special emphasis on the power spectral analyses for these
experiments.

Current progress and future plans of the FREYA Project

The paper describes the validation of an on-line subcriticality monitoring method, within
the framework of the support studies of the transmutation experimental facility
MYRRHA/FASTEF, at the zero-power VENUS-F Reactor in Mol (Belgium). The overall
structure of the project is discussed for each of the five working packages: ADS on-line
reactivity monitoring, subcritical configuration for MYRRHA/FASTEF, critical
configuration for MYRRHA/FASTEF, critical configuration for LFR, training and education,
and project co-ordination. Major achievements and future activities are highlighted in
the paper.

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 9
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Reactivity monitoring using the area method for the subcritical VENUS-F core
within the framework of the FREYA Project

This paper reports on results obtained for pulse neutron source experiment at the
VENUS-F Facility in Mol, within the framework of the FREYA Project. Results are analysed
using the area method in order to estimate the reactivity of a few subcritical
configurations of the VENUS-F reactor. Corrected reactivity values were judged to be
compatible and in good agreement with the reference values previously estimated with
the MSM method.

Analysis of prompt decay experiments for ADS reactivity monitoring at VENUS-F
Facility

This paper describes an innovative analysis method for the ADS reactivity on-line
monitoring, which relies on the prompt component of the neutron decay constant and
can be applied to shorter beam interruptions (a few tens of microseconds). This method
has been applied to the first experimental data taken at SCKeCEN VENUS-F Facility, with
promising preliminary results.

Forthcoming experiments on ADS with 100 MeV protons at the Kyoto University
Critical Assembly

The paper summarises on-going experiments at the Kyoto University, where a series of
uranium-loaded accelerator-driven system (ADS) experiments are planned to be carried
out to investigate uncertainties of fission and capture cross-section data for minor
actinides. These experiments address different values of subcriticality, external neutron
source and neutron spectrum. The paper also analyses other features like the feasibility
of the transmutation of *’Np and ?*!Am by ADS and the transmutation of ?**Th into **U.

Role of the ADS from the perspective of the International Thorium Energy
Committee iThEC

The paper focuses on the use of thorium in a subcritical fast reactor configuration driven
by an ADS and cooled by natural convection of liquid metal from the perspective of the
International Thorium Energy Committee (iThEC).

Session II: Accelerators

Present status of the Chinese ADS proton accelerator R&D

The Chinese ADS Project is progressing in collaboration with several Chinese institutions,
such as the Institute of High Energy Physics (IHEP) and the Institute of Modern Physics
(IMP), which are responsible for developing the two injectors and the main linac. This
paper presents the progress of the key hardware R&D work of the Chinese ADS proton
accelerator, including among others: CW RFQ, SC HWR, spoke and elliptical cavities, HP
input couplers, SSA RF power sources, SC solenoid magnets, beam diagnostic devices,
digital power supplies and cryogenic systems.

10 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015
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Beam operation aspects for the MYRRHA linear accelerator

This paper reports on the current status of the accelerator design for MYRRHA, carried
out within the framework of the FP7 MAX Project. For this purpose, several specific
aspects linked with beam operation are discussed: beam time structure requirements,
beam power control and ramp-up strategies, beam reconfiguration schemes in fault cases,
and beam instrumentation needs.

The R&D@UCL programme in support of the MYRRHA linear accelerator

This paper describes the main features of the R&D Programme supporting the
development of the MYRRHA linac. An essential part of the engineering activities and the
full development cycle of the future MYRRHA injector, this programme addresses
engineering design, prototyping, production, tests and in-depth analysis.

Superconducting RF cavity activities for the MAX Project

The paper addresses two tasks related to the design of superconducting accelerator
components for the linac facility for MYRRHA: on the one hand, cryogenic tests in a
cryomodule configuration carried out with a view to evaluating and improving the
reliability of the different components, and on the other hand, a detailed study of the first
superconducting linac section cryomodule. The results of the elliptical cavity and the
status of the spoke cryomodule design are discussed extensively in the paper.

Reliability model of SNS linac (spallation neutron source-ORNL)

The paper describes a reliability model of SNS linac of MYRRHA. The model, developed
using the risk spectrum reliability analysis software, allows carrying out an analysis of
the accelerator system’s reliability in comparison with the SNS operational data. This
analysis aims to identify design weaknesses and provides recommendations to improve
the reliability of the MYRRHA linear accelerator.

Approach of a failure analysis for the MYRRHA linac

The paper describes the design strategy aiming at obtaining a very high availability for
the MYRRHA linac, which targets less than 10 beam trips longer than three seconds every
operating period of three months. The paper focuses on how the three underlying
principles in the design of the MYRRHA linac: elements redundancy, elements operation
at derated values and the fault tolerance concept, are implemented in a “virtual
accelerator”, and provide an extensive list of examples of application.

MYRRHA cryogenic system study on performances and reliability requirements

The paper presents a preliminary architecture of the cryogenic system as well as the
principles for the cryogenic fluids distribution proposed for the MYRRHA Facility. The
paper gives some insights into the reliability of this system and contains a preliminary
proposal for the technical buildings, their dimensions, layout and connection with the
accelerator tunnel.

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 11
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Operation of the accelerator driving the VENUS-F core for the low power ADS
experiments GUINEVERE and FREYA at SCKeCEN

This paper describes the design and commissioning of the experimental facility of the
GUINIVERE Project, which reports on the operation of the GENEPI-3C accelerator coupled
with the VENUS-F reactor. On-going analyses of the recorded data set from the
accelerator-reactor system show that, in spite of discrepancies of accelerator structures
between such a mock-up machine and a high-power proton driver for an ADS
demonstrator facility, valuable feedback from the coupled operation can be provided for
ADS projects, such as MYRRHA.

Session III: Simulation, Safety and Data
Nuclear data for safe operation and waste transmutation: ANDES and CHANDA

The paper focuses on two projects funded within the Seventh Framework Programme
related to nuclear data improvement, summarising the objectives and the main
achievements of ANDES and the preparation for CHANDA. ANDES developed new
experimental methods, performed new measurements, validations and evaluations of
cross-sections and other nuclear data. CHANDA, with a scheduled start in December 2013,
will combine similar types of activities with co-ordination of the access of experimental
teams to the existing European experimental facilities.

Accelerator-driven system design concept for disposing of spent nuclear fuels

This paper presents the design concept and the system analyses of accelerator-driven
systems optimised for TRU transmutation (accelerator with a 1 GeV protons and ~25 MW
beam power), providing results on burn-up simulations and preliminary results on mass
fluxes and balances.

A high-power ADS concept

The paper presents a large-size Pb-Bi-cooled high-power ADS theoretical concept, based
on an annular spallation target irradiated by a rotating proton beam, providing results of
a detailed neutronics and thermal-hydraulics study performed with the code MURE
(MCNP Utility for Reactor Evolution), based on the Monte-Carlo transport codes MCNP or
MCNPX. A complete core and assembly evolution during an irradiation cycle provides
mass balance in order to characterise the performance of this system in terms of minor
actinide transmutation.

CLASS: Core Library for Advanced Scenario Simulation

The first part of this paper reports on the rationale behind and the basic principles of
CLASS, a new simulation code for electronuclear scenarios simulation under
development at CNRS-IN2P3. The second part presents an application case based on the
French fleet operation during the period 1978-2011.

Transient analysis for lead-bismuth-cooled accelerator-driven system
proposed by JAEA

The paper addresses the behaviour of a Pb-Bi-cooled ADS developed at JAEA by means of
the transient codes SIMMER-III and RELAP5. The dynamic response is analysed during
protected loss of heat sink, protected overcooling and unprotected blockage accident
conditions. The protected loss of heat sink does not fulfill the no-damage criteria (fuel
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melting after 18-21 hours), requiring the design of a specific safety system, which will be
the subject of further studies.

Session IV: Neutron Sources

KIPT accelerator-driven system design and performance

This paper describes the ADS neutron source facility KIPT currently under construction in
Ukraine, for a start-up planned for March 2014. The paper focuses on the design of the
target assembly, the neutronic design of the subcritical core with the code MCNP-X. This
activity is carried out within the framework of a collaboration between KIPT and ANL.

A multi-megawatt compact neutron source for ADS

The paper presents the development of a high-power liquid-metal neutron source in the
context of the TIARA FP7 research programme. This innovative design has been
developed in Switzerland based on a conical concave thin-gauge beam window optimised
for low stress, with multiple barriers to mitigate the consequences of an eventual failure
in any component.

Thermal-hydraulic numerical investigation of the heavy liquid metal free surface
of MYRRHA spallation target experiment

The paper presents a detailed thermohydraulic analysis of the mock-up of the
windowless target for MYRRHA at nominal flow condition, supported by the FP7
Thermal-Hydraulics of the Innovative Nuclear Systems (THINS) Project. The results show
that the target has a very stable free surface configuration for the considered flow rate
and heat load.

A flexible testing facility for high-power targets T-MIF

An irradiation target is being proposed which should allow significant progress in the
field of materials and sensors used in highly irradiated environments. The power is
limited to 100 kW in a very compact arrangement in order to obtain the best neutron
economy from a moderate beam power, which is more likely to be found in laboratories
across Europe. The paper presents the challenges posed by such a compact design and
accompanying calculations.

Numerical analysis of the feasibility of a beam window for TEF target

Within the framework of the development of an ADS for P&T application currently
underway at JAEA, the feasibility of a beam window of the Transmutation Experimental
Facility (TEF) target represents a crucial issue. This paper presents a numerical analysis
with a three-dimensional model, performed by considering the current density and shape
of the incident beam in the target region, and the thermal-fluid behaviour of LBE around
the beam window. The results confirm the feasibility of such a beam window, paving the
way for further optimisation to be carried out in future studies.
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Parameters promoting liquid metal embrittlement of the T91 steel in lead-bismuth
eutectic alloy

This study presents an analysis of the mechanical behaviour of the T91 martensitic steel
in liquid lead-bismuth eutectic (LBE) and in inert atmosphere in a Small Punch Test (SPT),
aiming to identify which parameters are responsible for liquid embrittlement by LBE,
including oxygen content and displacement speed.

Conceptual design studies for the liquid metal spallation target META: LIC

Within the framework of the design studies for the European Spallation Source, this
initiative aims to build the world’s most powerful spallation neutron source in Sweden.
This paper describes the META:LIC target concept, which has LBE (lead-bismuth eutectic)
as a spallation material and a primary coolant, with a particular focus on the target
module. The paper presents thermo-hydraulic simulations for both options and design
measures to mitigate pulsed proton beam induced phenomena.

Special Session: In memoriam Horst Klein
Horst Klein: Scientist, Teacher, Leader and Friend

Professor Horst Klein passed away on 12 December 2012. During his final years as a
scientist, H. Klein was a particularly active member of the community performing
research and development for the “technology and components of accelerator-driven
systems”. All his colleagues involved in TCADS-1 (Karlsruhe, 2010) and TCADS-2
benefited from his outstanding expertise. This contribution is to honour his legacy as a
scientist, teacher, leader and friend.

In the last ten years, while H. Klein was involved in the FAIR Project and guided many
students and collaborators to participate in it, most of his research focused on the
development of linear accelerators of the highest possible intensities and reliabilities for
nuclear energy applications, both in fusion and in fission for accelerator-driven systems.
H. Klein led IAP participation to the relevant EURATOM contracts, such as PDS-XADS
(FP5), EUROTRANS (FP6), MAX (FP7). The collaboration for the recently started EURATOM
Project MARISA, to which H. Klein's contribution for its preparation was instrumental,
will have to continue without its elder statesman.

H. Klein was among the intellectual leaders in heavy ion accelerator science for more
than half a century. He shaped this field of science, mentored more than a hundred
diploma and PhD students, and will be sorely missed by many.

The FAIR proton linac

FAIR, the Facility for Antiproton and Ion Research in Europe constructed at GSI
Helmholtzzentrum fiir Schwerionenforschung GmbH in Darmstadt, comprises an
international centre of heavy ion accelerators that will drive heavy ion and antimatter
research. FAIR will provide globally unique accelerator facilities and experimental
facilities allowing a large variety of fore-front research in physics and applied science.
The main part of the FAIR Facility, a sophisticated accelerator system which delivers
beams to different experiments of the FAIR experimental collaborations in parallel, is
extensively described in the paper.
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Linac strategies for the lower beam energies

Linear accelerator capabilities are improved steadily to fulfill the demands on driver
beams for new beam facilities. At high beam energies above 200 AMeV and towards p—1,
well-established concepts exist for both room temperature (r.t.) and superconducting (s.c.)
linacs. Concerning low and medium beam energies, different solutions have been
developed and realised to meet specifications for individual cases, however, there is still
no low and medium energy standard concept for “long” linacs. This paper describes the
main limitation of the current technology, namely, field emission already at modest
surface fields and, as a result, limited acceleration rate. The paper also discusses current
cavity developments and trends.

Recent developments of the MYRRHA Project

This paper presents the most recent developments in the design of the MYRRHA Facility.
The challenges related to the design of the accelerator (proton beam with an energy of
600 MeV and an average beam current of 3.2 mA), the core and primary system are
described in detail. The MYRRHA design, with the FASTEF version, entered into the Front
End Engineering Phase covering the period 2012-2014. MYRRHA is expected to be fully
operational by 2024 in both operation modes (subcritical and critical).
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Opening and Invited Speeches

Chair: Pierre D’Hondt
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CNRS welcome address

Alex C. Mueller
CNRS, France

It is my great honour and delight to welcome you all here to Nantes, the second
edition of the OECD/NEA International Workshop on Technology and Components of
Accelerator-driven Systems.

Many of you assisted in the first workshop of the series, held in March 2010 in
Karlsruhe, which was jointly organised by the OECD/NEA, KIT Karlsruhe and the
EURATOM Integrated Project EUROTRANS. Indeed, the public presentation of the final
scientific conclusions of EUROTRANS was an important part of a special session.

Thus, it is a pleasure to find you back here in Nantes three years later, and also to
warmly welcome new faces. The subject of this workshop will be the continuation of
TCDAS-1, overviewing the progress accomplished worldwide in a large number of topics.

The International Advisory Committee (IAC) of TCADS is instituted by the NEA
Working Party on Scientific Issues of the Fuel Cycle. I have to thank the IAC for having
reviewed all the submitted abstracts and have made a very attractive programme for the
next days, as hopefully you will concur.

An outstandingly active person in the IAC has always been Horst Klein, Professor
Emeritus at the Frankfurt University IAP, world-renowned accelerator specialist. Horst,
“doyen” of the linac community and very active in the application of accelerators in
energy technologies, namely in fission and fusion, passed away in December 2012. On the
decision of the IAC, we will commemorate Horst in a session specially dedicated to him.

I would like to extend my gratitude to those who have made the organisation of this
meeting possible. The workshop is hosted by the SUBATECH laboratory of Ecoles des
Mines and the CNRS-IN2P3. Special thanks are due to the staff of SUBATECH, and in
particular its director, Bernd Grambow, and to Nicolas Thiolliere and Bernard Kubica
whose practical aspects have contributed to the organisation of the workshop. The
support of the CNRS-IN2P3 and the OECD/NEA, especially its secretary, Simone Massara,
is greatly appreciated.

Finally, I wish us all a very interesting and fruitful meeting in Nantes and thank you
for your attention.
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An ADS perspective on history and physics

José M? Martinez-Val
Universidad Politécnica de Madrid, Spain

Abstract

Nuclear Physics has been characterised by synergism between nuclear reactions since the
very beginning of nuclear research, where two kinds of reactions were easily identified:
reactions induced by charge particles that could be accelerated by electric fields, and
reactions induced by neutrons, where no acceleration was possible. In contrast, neutron
moderation was very effective in producing a type of very reactive particles: the thermal
neutrons. The latter led to nuclear reactors, and their history was so successful that
current nuclear energy is a consequence of that early success. Charge particles were
considered for fusion reactions, but this story is still to be written, because we have been
unable so far to build a nuclear fusion reactor.

Going back to the fission field, another important feature is also pending to be achieved:
nuclear breeding, which is the mechanism to produce fissile fuels from fertile nuclei. The
epitome for that is the conversion from naturally existing ?*U into **Pu. However, the
build-up of higher A actinides conveys a degradation of safety features, particularly in the
reduction of delayed neutrons fraction, which is essential for reactor control. Moreover,
Doppler effect which is the main self-stabilising mechanism in thermal reactors, almost
disappears in fast reactors with higher A actinides, making it very difficult, if not
impossible, to build and operate a reactor abiding by the essential rules of nuclear safety.

A creative solution for this problem could lie in accelerator-driven systems, where proton-
induced spallation reactions contribute to the complementary neutrons to keep a subcritical
reactor in a steady state. A subcritical core is needed, but it should be noted that the
stabilising and controlling functions can be provided by the accelerator-driven systems,
which is a fast reacting device that can adjust its beam intensity to the core state (in
reactivity, temperature, etc.).

18 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

Introduction

The potential importance of ADS in the future has particular significancein this city,
Nantes, birthplace of the famous writer Jules Verne, who invented the journey from the
earth to the moon and devised sodium batteries for powering submarines able to travel
thousands of miles.

Although science does not share principles with science fiction, the latter helps to
break the frontiers of the former, and in this sense, it feels right to pay homage to this
famous French writer.

Jules Verne could not anticipate that electricity would become so important for
mankind, and even less that 13.5% of word electricity generation would be produced by a
special source of energy called nuclear energy (although properly speaking it should be
nuclear fission energy). From this point of view of recent history, nuclear energy is a
mature commercial field, with all the pros and cons of big industry with existing interests.
At present, the potential for growth is found in Asia, but its development is jeopardised
by nuclear accidents by high specific investments and lack of maturity of Generation-III
reactors. Moreover, Generation-IV reactors, theoretically considered for long-term
solutions are moving at a very low pace. Emphasis has been placed on sodium fast
reactors SFR, which inherently present the problem of the positive sodium void
coefficient, and therefore does not comply with criterion 11 of Title 10 of the Code of
Federal Regulations part 50, Appendix A, which states: “The reactor core and associated
coolant systems should be designed so that in the power operating range the net effect of
the prompt inherent nuclear feedback characteristics tends to compensate for a rapid
increase in reactivity”.

An answer has to be given after analysing the physics of higher A actinides which is a
main issue in fully exploiting nuclear energy. First, a short review is presented on the
principles of sustainable nuclear energy which is the new framework of reference.

Sustainable development principles for nuclear energy

A set of principles will clearly guide this development. Some of them, such as
proliferation resistance are beyond the scope of this paper, which is mainly devoted to
technologies enabling nuclear energy renaissance. The principles of this type are as
follows:

o Radiological consequences of accidents must be limited to “acceptable values”. For
instance, TMI-2 could be accepted, but not Chernobyl.

e Nuclear waste legacy to future generations must be limited in radioactivity and
time.

e The technological legacy for properly exploiting the “nuclear fuels” should be
improved by orders of magnitude, what is mainly related to the “breeding” issue.
Nuclear systems are necessary to fully exploit the natural research of uranium and
thorium in a safe and economic way.
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The latest point is shown in Figure 1 (taken from CEA “Clefs” n° 61, 2013):

Figure 1. World energy resources
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In the cake on the left, uranium is considered burnt in light water reactors, in the current once-through cycle (the
number does not change much if Pu is recycled in LWR). In the cake on the right, uranium is burnt in breeder reactors.

The best spectrum for breeding is the fast one (1, 2) for a number of reasons that yield
the right value of the neutron chain requisite, expressed as follows: the mean number of
secondary neutrons per absorption in the fuel must be higher than two. One out of these
two neutrons is for keeping criticality, and another is for replacing the fuel nucleus that
has disappeared by absorption. In the following graph, it can be seen that all actinides
behave more reactively when they are in a fast neutron environment than in a thermal
neutron system (3, 4).

Figure 2. A relevant spectral index to measure the reactivity potential of nuclei is
the cross-section ratio between fission and absorption
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Some isotopes as 2°Pu and 2*?Pu, which are a burden for the neutron economy in thermal reactors, become fuels in
fast neutron environments (from CEA “Clefs” n° 61, 2013).

The nuclear safety of the fission core
Safety is the most relevant topic in nuclear energy, and it mainly implies two goals: to
keep the chain reaction under control, and keep radioactive products within the barriers

of the system. The first one went wrong in the Chernobyl accident, and it entailed a
tremendous power surge that destroyed all the confinement barriers. The key to that was
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the positive feedback established between reactivity and thermal-hydraulics, which was
not a common feature of RBMK reactors in regular states; but Chernobyl-4 was at the end
of its first and long operating cycle, with a huge content of Pu, and safety parameters
were degraded, and the reactor jumped from submoderated state to over-moderated,
which conveyed such a positive feedback. RBMK are thermal neutron reactors (5), but
positive feedback can occur in fast spectrum reactors as well, and the margin for
controlling the reactor is much shorter than in the previous case.

In the case of fast reactors, the following features (6) are particularly bad, as can be
seen in the following figure:

¢ inclusion or internal build-up of higher actinides (HA, also called MA) in the fuel of
a fission reactor produces a degradation of its main safety features;

e in fast reactors cooled by molten metals sodium void reactivity coefficient
becomes more positive as MA content increases;

o Doppler effect suffers degradation;
e delayed neutron fraction decreases.

Figure 3. Safety features degradation in fast reactors as the content of minor actinides
(those which are neither U or Pu nor Th) increases
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Build-up of these MAs is inherent to high burn-ups, and it is also associated with waste transmutation.

Going back to the main idea of this section, the best spectrum for breeding is the fast
one; but it conveys a series of risks which have to be properly addressed, because not all
the systems are equal in capability to counteract these risks.

Roles, pros and cons of ADS

The first ADS was the experimental set-up devised and operated by Nobel Laureate E.
Lawrence during the Manhattan Project, using a proton cyclotron to irradiate samples of
natural uranium. One of the main outcomes of that pioneering activity was the
identification of plutonium by Glenn Seaborg, who received the Nobel Prize in Chemistry
for that work. It should be noted that a plethora of brilliant scientists, as Fermi, Wigner,
Teller and other major names, were building the first nuclear reactors to produce #*°Pu,
identified as a very good fission fuel.

ADS did not advance rapidly, two decades later, a new use of these machines
emerged to eliminate the most offending nuclear waste products, in the Accelerator
Transmutation of Waste (ATW) Program at Los Alamos National Laboratory US (8).
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The interest in ADS for the nuclear energy domain at large received the highest
momentum at the very central place of accelerators, the CERN institution, whose director
general, Carlo Rubbia, Nobel Prize winner in Physics in 1984, started the “Energy
Amplifier” initiative (9) which included a test at large scale (10) for characterising not only
the spallation source but also the subcritical multiplication in the surrounding subcritical
core, originally placed at Madrid Technical University, in the College of Industrial and
Power Engineering, where the author of this paper was Director and Chair Professor of
Nuclear Technology. The key person for mobilising all the required resources to launch
the project was Juan Antonio Rubio, at that time at CERN in Rubbia’s cabinet, and director
general of CIEMAT (Spain) some years later.

The importance of ADS can be summarised as follows:

e main role: to keep the neutron chain reaction in a core with degraded safety
parameters for: energy generation, fissile breeding and transmutation;

¢ pros: subcriticality margin, simpler control, better use of higher actinides;

e cons: additional equipment, system complexity, radiation damage in the source.
Synthesis and conclusion

The history of ADS emphasises the interest of ADS Physics to benefit from the nuclear
world. The future of the so-called “strong force” in the structure of matter as a physical
potential to be used for the benefits of mankind could depend on the way scientists and
engineers deal with this subject:

e Synergism between nuclear mechanisms is well rooted in physics, although it was
forgotten because of the success of thermal reactors. New challenges are ahead.
Nuclear breeding is absolutely necessary.

o The question arises whether to use critical or subcritical reactors. It depends on
the safety-relevant parameters of fuels and cores. Nuclear safety features are
indeed very different with new fuels in very fast spectrum. In any case, the famous
criterion 11 of 10CFR50 Appendix A must be kept as a fundamental requirement.

¢ The risk of safety degradation in a critical reactor seems too high to be acceptable
when the load of higher actinide becomes significant, and this trend is the one
followed naturally by the fuel as burn-up increases.

e An accelerator and its neutron source could be a smart tool to control reactors
without inherent capability to self-stabilise reactivity trips or to have time for
stopping the chain reaction.

The role of the OECD Nuclear Energy Agency is fundamental in the field of many
activities such as the notorious comparison between ADS and fast reactors in advanced
nuclear fuel cycles (11).
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The European activity on ADS:
The EURATOM Research Framework Programme

Didier Haas, Roger Garbil, Michel Hugon
European Commission, Brussels, Belgium

Abstract

Each European member state is responsible for its nuclear energy policy including the
back-end of the cycle. Thus, major R&D programmes are performed on a national level. For
this purpose, several research actions are undertaken under the EURATOM Research and
Training Framework Programmes. The main emphasis in the EURATOM programme in the
fields of minor actinide transmutation and Accelerator-driven Systems (ADS) is placed on
partitioning processes, fuel and material developments, basic neutron data measurements,
and the support of the MYRRHA project in Belgium through accelerator development,
reactor design and safety studies. This article reviews the background and the status of the
European research projects in the field.

Introduction

The European Union produces almost one third of its electricity from nuclear energy by
fission. It represents an important factor in maintaining European competitiveness and
the security of energy supply. After the Fukushima accident in 2011, the main emphasis
in terms of the public perception of nuclear energy is now clearly linked to safety aspects.
However, due to the long time periods involved in the storage of irradiated materials, and
to the potential associated uncertainties, implementing solutions for the treatment and
final disposal of nuclear wastes remains an equally important factor for obtaining the
public acceptance of the use of this source of energy.

In Europe, two main spent fuel strategies are being implemented, namely fuel
reprocessing followed in most cases by the recycling of residual uranium (U) and
plutonium (Pu) in light water reactors, and the direct disposal of the irradiated fuel
elements. Both strategies, however, need the deep-geological disposal technology for
disposing of, either the glass packages issued from the reprocessing, or the fuel elements.
Concrete projects are being implemented in several European countries, with the most
advanced being in Finland and Sweden.

In order to reach the goals of long-term sustainability in nuclear energy, by using
uranium resources in a much more efficient way and by reducing high level waste
volumes and hazards, the use of fast neutron reactors (FRs) will be required. To further
reduce waste radiotoxicity in the long-term, transmutation by fission of minor actinides
(MA) is being developed on a research basis. In such a case, critical FRs and ADS
(subcritical fast neutron reactor coupled to a proton accelerator through a neutron
spallation target) are proposed.
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Fast neutron reactor development

FRs development is the basis for a long-term sustainable nuclear energy policy, as
recognised at a European level within the SET (European Strategic Energy Technology)
Plan. On the initiative of SNE-TP (Sustainable Nuclear Energy Technology Platform
www.snetp.eu), a SET Plan industrial initiative named ESNII (European Sustainable
Nuclear Energy Industrial Initiative) has been launched. It gathers the main research and
industry players in the field. Three tracks are followed (which are all coherent with the
roadmap of the Generation-IV International Forum), namely those cooled with sodium
(SFR), lead or lead-bismuth (LFR), and gas (GFR). The ADS is a large part of the lead/lead-
bismuth track of ESNII (although not part of GIF). The EURATOM Framework Programmes
(cordis.europa.eu), “FP7+2” (2012-2013) and the future HORIZON 2020 (2014-2018) support
these initiatives through several projects (in particular for the ADS, MAXSIMA, for
example), which are focusing on safety aspects upon the request of the European Council
after the Fukushima accident in March 2011. In addition, the Joint Research Centre
Institutes (ec.europa.eu/dgs/jrc) contribute to the same programme through safety and
material studies (at JRC-IET in Petten), nuclear data (at JRC-IRMM in Geel) or fuel
partitioning and transmutation (P&T) experiments (at JRC-ITU in Karlsruhe).

Several demonstration projects are now proposed in Europe. ASTRID (SFR) in France
and MYRRHA (lead-bismuth-cooled ADS) in Belgium are the most promising ones, being
financially supported by their respective host countries. Besides the demonstration role
of these new facilities, it is very important to have an available fast neutron facility in
Europe to be able to perform irradiation experiments for fuels and materials and to
develop and license the advanced fuels. This will be the second main objective of
MYRRHA.

Minor actinide transmutation strategies and ADS R&D programmes

In addition to Pu which will be recycled in FRs, a further reduction of high level waste
radiotoxicity and thermal power can be achieved by the extraction from the spent fuel
and the transmutation in a reactor of the MAs: americium (Am) and curium (Cm). Today,
three ways to achieve transmutation of MAs are considered, namely (i) in a homogeneous
way in a critical FR core, (ii) in a heterogeneous way in the blanket of the FR, and (iii) in
the core of a subcritical ADS. The reprocessing technologies and the fuel or target designs
have to be adapted to the selected option. In this paper, we emphasise the third route,
which presents the advantage to enable reaching the highest concentration of MA in the
core due to its neutron physics characteristics. The fuels will be composed of Pu (even of
second generation, which is already irradiated once in a LWR) and MA in high
concentration (up to 40%), embedded in inert matrices (see Figure 1). It will be necessary
to develop a new type of reactor (linked to an accelerator), and of very innovative fuels. It
should be noted that the fuel partitioning processes will have to be adapted to the fuel
type selected.

Figure 1. CERMET Am, Pu oxide in Mo matrix (JRC, Karlsruhe)
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The EURATOM research in support of P&T and ADS development

Since the 1990s, the European Commission has been funding research on nuclear energy
through the EURATOM Framework Programmes. In particular, research on advanced
systems for the back-end of the fuel cycle (P&T) and for nuclear energy generation (next
generation of the nuclear energy systems) was part of the Third to Seventh Framework
Programmes. The increased interest for P&T in the EU started in the Fifth Framework
Programme (FP5), which was reflected by a strong increase in funding in this area, which
then remained constant over the successive EURATOM Framework Programmes.

The objective of the research carried out under these Framework Programmes was to
provide a basis for evaluating the practicability, on an industrial scale, of P&T for
reducing the amount of long-lived radionuclides to be disposed of. The work on
partitioning concerned the experimental investigation of efficient hydro-metallurgical
and pyro-chemical processes for the chemical separation of long-lived radionuclides
from high-level liquid waste. The work on transmutation was first related to the
preliminary design studies of an ADS and acquisition of data, both technology and basic,
necessary for its development including the characterisation of fuel and targets for an
ADS.

A network called ADOPT (ADvanced Options for Partitioning and Transmutation) was
created to co-ordinate the activities of the ADS design project with those of the four
clusters of FP5 projects in the area of P&T (see Figure 1). One cluster was on the chemical
separation of radionuclides (PARTITION) and there were three on transmutation: (i) Basic
studies (BASTRA), (ii) Technological studies (TESTRA) and (iii) Fuel studies (FUETRA).

Figure 2. Structure of the ADOPT thematic network
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The partners of ADOPT were European research organisations and industries, either
co-ordinating the FP5 projects on P&T described below or having a significant role in
them. The objectives of ADOPT were: (i) to suggest actions suited to promote consistency
between FP5 projects and national programmes, (ii) to review the overall results of the
FP5 projects, (iii) to identify gaps in the overall research programme on P&T in Europe,
(iv) to provide input to future research proposals and (v) to maintain relations with
international organisations and countries outside the EU involved in P&T and ADS
development.

Both EC (non-nuclear) and EURATOM Sixth Framework Programmes (FP6) were
adopted in 2002 to make the European Research Area (ERA) a reality. Research on
advanced systems, both P&T and future nuclear energy systems, were included in the
EURATOM FP6. Following a call for proposals, all activities linked to P&T (except for
partitioning, which had a separate project called EUROPART) and ADS were gathered in
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the very large EUROTRANS Integrated Project which was selected for funding by the
Commission (42 M€ total budget with about 50% funding from the EC).

Figure 3. EUROTRANS IP organisation
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Within the EUROTRANS project a consistent design and safety analysis of the two
facilities “XT-ADS” and “EFIT” have been made. In that respect, EUROTRANS has been, so
far, the only project where a complete assessment of a future MA burner ADS (lead-
cooled EFIT) was performed. EFIT, a 400 MWth prototype, was designed to achieve an
optimal MA destruction rate of 42 kg per TWh thermal. The fuel firstly selected for this
system was the MgO-CERCER. However, an alternative core using the MO-CERMET fuel
has also been considered, which presents advantages from the safety behaviour point of
view. However, a final selection will only be possible after further experimental results
are available. Guidelines for future studies and, in particular, the needs for specific
complementary irradiations have been observed in order to complete the validation of a
preferred fuel type. On the other hand, the XT-ADS demonstration facility to be
developed in the short term has also been defined, based on MOX fuel and lead-bismuth
coolant. It has a nominal power of 57 MWth and is mainly intended as an irradiation
facility for transmutation fuel validation and as a test bench to demonstrate the
technological feasibility of coupling a high power proton accelerator with a subcritical
core at an appropriate subcriticality level. All data that have been produced within the
five EUROTRANS technological domains in support of design are of paramount
importance for the future advancement of ADS systems (including now MYRRHA) and to
consolidate their feasibility assessment. In the field of heavy liquid metals, relevant
technologies, experimental techniques and range of validation for specific materials have
been obtained and documented. Consolidation of the domain of applicability of cladding
and component materials need, however, some more experimental work and, also in this
field, irradiations have been identified and will play a crucial role.

As for the spallation target, both window and window-less concepts have been
assessed. The completion of the MEGAPIE post-irradiation analysis was of high relevance.
Physics phenomena in the field of subcriticality measurement and monitoring are now
better understood, in particular at zero-power and in power conditions. This allows
envisaging multiple controls and monitoring systems that should be tested at low power
in the initial start-up procedures of a power system like XT-ADS. The construction and
operation of the GUINEVERE zero-power facility at SCKeCEN is a concrete example of a
successful development initiated by EUROTRANS.

In FP7, projects are continuing in all areas, but not in the same way. Most of the
advanced reactor projects (on fuels, materials, partitioning) became horizontal since the
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research was also applicable to critical FRs. As far as reactor design, technologies and
safety research are concerned, all projects in the ADS area were oriented towards a
support for the Belgian MYRRHA concept. In addition, essential EURATOM efforts on ADS
have been placed on the safety assessment studies since 2012. The project named
MAXSIMA, for example, will include accidental events studies with a focus on transients
potentially leading to pin failures. The project also incorporates validation experiments
with MOX fuel for safety computer codes. Fuel-coolant-clad chemical interactions will be
studied up to 1700°C.

The role of the Joint Research Centre

Several institutes of the Joint Research Centre of the European Commission are involved
in the research on P&T and on future systems. The Institute for Transuranium Elements
(ITU) in Karlsruhe is an important player in European efforts on basic actinide research
and on the fuel cycle developments. The two most relevant topics are partitioning
techniques (aqueous processes and pyro-reprocessing) and fabrication and
characterisation of fuels and targets for transmutation. For the latter, a minor actinide
laboratory has been in operation since 2003. The fuel irradiation experiments are
performed in the High Flux Reactor (HFR) operated by the Dutch company NRG in close
co-operation with the Institute for Energy and Transport (IET) in Petten. This Institute is
also in charge of structural material studies and reactor safety assessment studies. For
the transmutation programme, improved measurements of nuclear data are obtained at
various neutron energies in the Institute for Reference Materials and Measurements
(IRMM) in Geel.

Conclusion

The main choices and decisions regarding P&T are directly linked to the irradiation
scheme. Today, two ways are considered in Europe, namely the critical FR and the ADS.
At present, the first cores of such demonstration infrastructure would use U-Pu mixed
oxide (MOX) fuel. Design and fabrication experience is large in Europe, since MOX fuel
has been used in previous FR programmes in Belgium, France, Germany and in the UK. Its
reactor behaviour is quite well known, but should be re-assessed in view of new design
parameters, and alternative coolants (lead or lead-bismuth). In parallel, R&D work should
be performed both for the MA recovery (partitioning) and for the innovative MA fuel
developments. Concerning the ADS development, support will be provided for safety
improvements and the creation of a construction consortium.
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Impact of P&T on nuclear scenarios with Generation-IV and ADSs

S. David?, S. Massara?
'CNRS, Orsay, 20ECD/NEA, France

Nuclear context

Present reactors produce energy through the fission of #*°U, which is the only fissile
isotope present in nature (0.7% of uranium ore). Many of these reactors use an enriched
uranium fuel, up to 4-5%, and are cooled by light water (LWR). The uranium consumption
is around 200 tonnes per 1 GWe.y (electrical GW.y). The reserves of uranium ore are
estimated today at around 16 millions of tonnes, which represent around 200-400 years of
nuclear energy generation at the present consumption rate, taking into account
optimisation of LWR technology, as enrichment, plutonium mono-recycling,
improvements of thermodynamic yield, etc.

The LWR spent fuel contains essentially non-burned uranium, with around 1% of U
and 99% of U, plutonium (1%), fission products (~4%) and minor actinides as Np, Am
and Cm. After a few years of cooling, plutonium dominates the radiotoxicity of the spent
fuel, and continues to dominate over geological time-scale. The management of
plutonium depends on the chosen strategy; for example, the US and Sweden consider the
spent fuel as waste, whereas France has developed a reprocessing strategy, which
implies recovering U and Pu from the spent fuel for further use. U can be re-used after a
re-enrichment process, and Pu is reprocessed in the MOX fuel (Pu on depleted U as
support). These reprocessed fuels allow saving around 20% on natural uranium
consumption. The waste coming from reprocessing is handled in glass canisters
containing fission products, minor actinides and chemical losses of reprocessed U and Pu.
The spent MOX fuel is not reprocessed so far, but it still contains a significant mass of Pu,
and is thus considered today as a valuable material for further use (in Gen-IV reactors, for
instance).

Breeding and the question of Pu

The real long-term valorisation of Pu requires breeding of it from 2*U (**U + n — #°Pu).
This can be achieved by using fast neutron reactors, like sodium-cooled fast reactors [1].
In a self-breeder reactor, each time a Pu atom undergoes fission, a new Pu nucleus is
produced by neutron capture on ?¥U. Hence, the mass of Pu remains constant and only
281 is consumed, at a rate of around 1t/GWe.y.

The 16 millions of tonnes of natural U available would allow energy generation over
several thousands of years. This strategy would be unavoidable in the coming century
only if nuclear power grows significantly in the coming decades, to reach at least 3 Gtoe/y,
as compared to 0.7 today [2] [3].

Regularly, every 5 years, the fuel must be reprocessed to extract the fission products
and replace the consumed U. Self-breeder reactors just need a first load of Pu to be
started. Taking into account the irradiation period, but also the necessary cooling and
fabrication process to recycle the spent fuel and produce the new one, the order of
magnitude of the total mass of Pu needed for 1 GWe breeder reactor is around 20 tonnes.
This corresponds — again, as an order of magnitude - to the total mass of Pu produced by
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a LWR during its whole life time (~50 years). In a scenario where breeding would be
necessary before the end of the century, plutonium must thus be kept and saved, and
cannot be considered as waste and buried in an irreversible way. But, in a scenario where
nuclear power continues to be used at a low rate, plutonium becomes the main waste to
manage [4].

Most of the time (at least in France and Europe), Pu is considered as a valuable
material which is reprocessed “somewhere”, and transmutation concerns only ultimate
waste as fission products and minor actinides. But it should be noted that Pu will remain
the main radioactive material to manage (as waste or as a fuel), and it is not necessary to
discuss the transmutation of minor actinides without knowing how plutonium is used. In
the following, we will consider that plutonium is reprocessed in fast breeder reactors,
and we will focus on minor actinide transmutation.

Minor actinide transmutation

Figure 1 presents the reference case for fast breeder cycle. Only the main fertile and
fissile materials are reprocessed (respectively U and Pu), and fission products and minor
actinides are vitrified together and become the ultimate waste.

Figure 1. Reference cycle for U/Pu breeder reactors without minor actinide transmutation
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The main minor actinides are the following:

e 2Am, produced by B decay of *’Pu. The ?? Am has a period of 433 years and plays a
major role in dimensioning the waste geological disposal because of its mid-term
residual heat.

e 2Am, produced by neutron capture on **?Pu and immediate f decay of #**Pu. It
dominates the mid- and long-term radiotoxicity of waste (period of 7370 years).

e 2%Cm, produced by neutron capture on **Am. **Cm has a short period (14 years). It
plays an important role in short-term radiotoxicity, short-term residual heat and
as a spontaneous fission neutron emitter.

e Z'Np (2.14 millions of years) produced by (n, 2n) reaction on 2**U and immediate f
decay of ?*’U. It does not play an important role in waste except for in specific
geological storage where it can migrate and play a role in the long-term residual
dose at the surface.

Transmutation consists in separating minor actinides from the waste, and in
reprocessing them in a reactor to “burn” (or transmute) them. Different strategies of
recycling can be considered. The so-called homogeneous transmutation consists in
reprocessing minor actinides together with U and Pu in fast breeder reactors.
Heterogeneous transmutation indicates the reprocessing of minor actinides in blankets
containing depleted uranium and around 10-20% of minor actinides. Finally, in double-
strata strategies minor actinides are transmuted in dedicated reactors, as U and Pu are
recycled in the main stratum dedicated to electricity generation (see Figure 2).
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Figure 2. Different transmutation strategies for U/Pu cycle
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When minor actinides are transmuted, the mid- and long-term radiotoxicity of the
ultimate waste are slightly reduced. Figure 3 shows a comparison of waste produced by
fast breeder reactors with and without transmutation. Same differences exist on residual
heat of waste. Short-term radiotoxicity remains dominated by fission products such as
%Sr and *¥Cs (around 30 years of period), but it appears clearly that transmutation of
minor actinides helps significantly reduce the mid- and long-term radiotoxicity of
vitrified waste, as well as the mid-term (100-1000 years) residual heat which plays a
major role in geological disposal dimensioning.
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Figure 3. Comparison of waste produced by a fast sodium breeder reactor based on uranium
cycle, with and without (U/Pu) transmutation of minor actinides
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Homogeneous and heterogeneous transmutation is considered. Actinide chemical losses are 0.1%.

The equilibrium inventory of nuclei to be transmuted needs to be considered. The
simplified equation for a transmuted nucleus is:

dN—P (cp+ AN
dt o

where N is the number of nuclei to be transmuted, P the production rate which would
be vitrified every year without transmutation, o the total absorption (capture and fission)
cross-section of transmutation of the given nucleus, ¢ the neutron flux of the reactor
where the nucleus is transmuted and A its radioactive period. This equation gives:

N() = (1 — e~(ostDt

op+ 1
It appears that the transmutation rate o¢ plays two major roles: it fixes the

1

characteristic time (%) the nucleus needs to reach its equilibrium, and also fixes its

equilibrium inventory (%). This equilibrium inventory is the “price to pay” to transmute

100% (except chemical losses) of produced minor actinides, and has to be compared with
cumulative waste which would be produced without transmutation strategy.

The neutron flux considered should take into account the whole cycle process,
including cooling and fuel fabrication. For mid- and long-term radioactive waste, one can
neglect the radioactive decay as compared to the transmutation process. Typical values
are:

i (I)reactor ~2.10% n/sz/S;
e Irradiation time = 5 years;
e Cooling + fabrication = 7 years;

e o ~0.5-1.5barns (fast spectrum).
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A typical characteristic time of evolution is then &+———
2.1015+1 10724

12
inventory is around 40y*P, where P is a mass produced per year without transmutation.
This shows that transmutation needs to be operated over centuries (again, as an order of
magnitude) to become really efficient. Indeed, if transmutation lasts for 40 years or less,
the total mass of minor actinides to manage will be slightly the same with or without
transmutation, with the difference that in the transmutation strategy all the storage

issues appear in the end. Figure 4 illustrates these considerations.

~40 y and the equilibrium

Figure 4. Evolution of the inventory of a given nucleus with and without transmutation
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The
inventory is normalised to the production per year without transmutation.

Homogeneous transmutation vs double-strata strategies

The double-strata strategy consists in transmuting minor actinides in dedicated reactors,
which would represent a small part of the fleet. This immediately implies an increasing
complexity of the fuel management in burner reactors allowing a significant reduction of
the volume of waste refabricated as a new fuel to feed second stratum reactors.
Dedicated fuels would contain a significant amount of minor actinides, which leads to a
small value of delayed neutron and bad basic safety parameters such as the Doppler
effect or the coolant void effect. This implies that subcritical dedicated reactors show
additional safety margin with respect to critical ones and are, practically, the only
possible solution for transmuter reactors in the second stratum [6]. Since the chain
reaction is not able to keep the power constant, they need an external neutron source to
maintain the fission reactions in the core, and the transmutation process. Table 1
indicates the impact on the fuel cycle for both homogeneous and double-strata strategies,
as well as material fluxes in the cycle [7].

Transmutation efficiency is mainly governed by the neutron flux, the mean
absorption cross-sections and the cycle characteristics such as irradiation, cooling and
fabrication times. Scenario studies for double-strata strategy are based on a small power
accelerator-driven system (ADS) of 400 MWth, initially designed for ADS industrial
demonstration. This leads to severe disadvantages for the double-strata transmutation
strategy:

e The small power of the considered ADS leads to a great number of reactors. For
example, the transmutation of the total amount of minor actinides produced by a
60 GWe (around 40 reactors) fleet composed of fast breeder reactors would require
around 20 reactors of 400 MWth.
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e The small size of ADS leads to high neutron leakage, which has to be compensated
by adding fissile material (Pu) at every cycle, which degrades the transmutation
efficiency since some fissions come from plutonium isotopes (instead of minor
actinides).

e Plutonium is not bred during irradiation, and this leads to a decreasing reactivity
and limits the irradiation time to 2 or 3 years, as compared to 5 years for FBR.

In these conditions, the results of scenario studies show a larger minor actinide
inventory in the whole cycle for the double-strata strategy than for homogeneous
recycling and a significant cost increase, due to the high number of ADS needed. These
studies clearly show that a main R&D objective in the coming years is to shape the design
of a mid-power ADS (around 1500 MWth).

Table 1. Impact on the fuel cycle for both homogeneous and double-strata strategy,
as well as material fluxes in the cycle

MOX FBR FBR
ADS
(ref) Pu+AM Only Pu
Reprocessing
Residual power
1 X2 x 1 x 70
(W/gltHM)
Neutron source (n/s/tHM) 1 X2 x1 x 200
Fabrication
Residual power 1 <25 <05 90
(WigitHM)
Neutron source (n/s/tHM) 1 x 150 X1 x 20000
tly 820 ~400 ~400 9

Values are given for the French fleet of 60 GWe and compared to the existing technology for UOX spent fuel
reprocessing and MOX fuel fabrication.

Finally, accelerator intensity is directly defined by the subcritical level and the global
thermal power of the system. The thermal power produced by an ADS, normalised per
the proton beam power gives:

1 k
Py _Nn1—kT/‘9f

P beamc Ep

Where N, is the number of spallation neutron produced by one impinging proton, k
the multiplication factor of the ADS core, vthe number of neutrons produced per fission,
& the energy delivered per fission and E, the kinetic energy of the proton. For typical
values (E,= 1 GeV, N,= 30, k = 0.95, v= 3, =210 MeV), a 1500 MWth ADS thus requires a
proton of beam of around 40 MW, which corresponds to a beam intensity of
40 mA@1 GeV. A key point remains radial power distribution which is very heterogeneous
in a subcritical core [7].
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NEA analysis and comparison of international studies

The OECD Nuclear Energy Agency (NEA) has performed a detailed analysis and a
comparison of different international studies [9]. The difficulty of a global comparison
and global conclusions is due to the fact that scenario hypotheses can strongly differ
from one country to another. In particular, the status of plutonium can differ from waste
which has to be burned in standard reactors or dedicated systems to a valuable material
multi-recycled in breeder systems. Nevertheless, this work allows clarifying the criteria of
comparison and extracting common conclusions on transmutation strategies.

The main comparison criteria concern:

o Radiotoxicity of the ultimate waste. This term is not representative of the real risk
associated with geological disposal since it does not take into account the diffusion
ability of different elements in the ground. Nevertheless, radiotoxicity represents
the source term which is buried, and allows characterising the waste in a more
consistent manner than only masses and volumes would allow.

o Decay heat of waste. Decay heat during the first centuries is the main parameter
to determine the size of the geological disposal, and thus the number of geological
repositories which have to be built and operated for a considered nuclear reactor
fleet.

e Peak dose rate. Although the hazard of waste is characterised by radiotoxicity —
which is relevant for direct contact with the materials - the effectiveness of the
isolation provided by the repository can be evaluated by the estimated peak dose
rate to exposed individuals caused by releases from repositories. This depends on
the degradation of the containers and transport mechanisms through the ground.
A global comparison requires taking into account the multiple geological
repositories considered in the specific countries, as argillaceous formations,
unsaturated volcanic tuff, crystalline formations, bedded salt and dome salt.

e Costs. Transmutation has an impact on the cost of the electricity produced by the
whole fleet, essentially due to the intrinsic difficulties of reprocessing and
fabrication plants. On the other hand, transmutation can reduce the cost of
ultimate storage by minimising the size of the high-level waste area.

Although the difficulty due to the multiple hypotheses and strategies should be
considered, it is nevertheless possible to extract global conclusions concerning the
benefits and drawbacks of transmutation:

e Waste radiotoxicity strongly depends on chemical losses of actinides in the
reprocessing plants, especially for transmutation strategies.

e Transmutation has a strong impact on the size of the high-level waste disposal.
The size of the high-level waste area could be reduced by a factor of 5 to 10 but
requires increasing the period of surface intermediate storage before final burying
in the geological repository. Taking into account the amount of low and
intermediate-level waste, the reduction of the excavated volume of the repository
is only reduced by 20-30%.

e Transmutation drastically reduces the radiotoxicity of ultimate waste, by a factor
of 10 to 1000, depending on the considered timeframe. This reduction has a strong
impact on the safety associated with the geological disposal for different human
intrusion scenarios. Nevertheless, these scenarios are often considered non-
consistent for safety analysis and are strongly debatable. The role of these
intrusion scenarios in the public area constitutes an interesting multi-disciplinary

research subject, requiring physical, chemical, geological and sociological analyses.
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e The additional cost of transmutation strategies remains low as compared to the
global cost of nuclear electricity generation which is dominated by reactor
investment costs. Nevertheless, for small ADS (~400 MWth), the number of ADS
dedicated to transmutation is high, and the impact on the global cost of electricity
is significant (~+20%).

Conclusion

It should be noted that the adoption of a transmutation strategy cannot be realised before
a strategy for plutonium is adopted; plutonium can be seen as waste if nuclear power
continues at a low level in the world, or as a rare and valuable fuel if nuclear energy
increases significantly in the coming decades. In any case, plutonium will represent
potential waste, which will dominate long-term radiotoxicity even after centuries of
reprocessing. Figure 4 compares the radiotoxicity of the fuel needed to run a 1 GWe fast
sodium breeder reactor and the radiotoxicity produced by the same reactor every year. A
factor of 1000 means that if nuclear power stops after 1000 years of energy production,
the radiotoxicity of the fuel at that moment will be equivalent to the total radiotoxicity of
the waste produced during 1000 years. This illustrates the major role played by
plutonium for the long-term management of nuclear waste.

Finally, it is to be noted that in those countries (like France) where minor actinides
coming from a reprocessed UOX fuel are vitrified in glass canisters, this process is
irreversible. Hence, the benefits of the potential deployment of a transmutation strategy
will be reduced because of the amount of waste contained in glass canisters (containing
minor actinides and fission products) that will have to be disposed of in a geological
repository, regardless of the deployment (or not) of a transmutation strategy.
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Abstract

Fuels are the cornerstone of R&D of accelerator-driven systems for transmuting minor
actinides (MAs). Compared with the fuels for critical reactors, fuels for ADS are generally
U-free to improve the transmutation performance and contain high volumetric
concentrations (~50%) of MA and Pu compounds. Their specific fabrication, reprocessing,
design and safety issues are being currently investigated. This paper provides an overview
of the current state-of-the-art of the assessment of these innovative fuels. Emphasis has
been placed on the main outcomes of the work performed within the Sixth FP EU
EUROTRANS Programme, which provided a decisive step forward in improving knowledge
on fabrication, properties, and behaviour under irradiation of these challenging fuels. In
EUROTRANS, for the ADS application, the focus was on Ceramic-Ceramic
(Pu,MA)O2+MgO and Ceramic-Metallic (Pu,MA)O2+Mo composite fuels, which were
recommended for the European Facility for Industrial Transmutation (EFIT). The fuels
consist of particles of (Pu,MA)O: phases dispersed in a magnesia or molybdenum matrix.
Solid nitride (Pu,MA,Zr)O: fuels have also been considered as a back-up solution. This
paper presents the main experimental results from out-of-pile and in-pile experiments of
the Ceramic-Ceramic and Ceramic-Metallic composite fuels as well as related safety
assessments. Further, the on-going R&D activities on fuels loaded with large amount of
MA will be presented.

Introduction

R&D of fuels for accelerator-driven systems (ADS) for minor actinides (MA) burning has
been performed worldwide for many years. In Europe, emphasis has been placed on the
oxide route in line with the wide European experience [1]. At JAEA in Japan, focus has
been on solid solution nitride fuels with ZrN matrix [2] and in the US metallic fuels are
under investigation [3].

Fuel is one of the most challenging components of ADS. Fuels for ADS are generally
U-free, to improve transmutation performance, and contain a large volumetric
concentration of MAs (45 to 70%) and Pu (30 to 55%) compounds. Therefore, these highly
innovative fuels require specific design and safety assessment compared with those
employed in critical cores; the high concentration of transuranics (TRU) e.g. results in
high gamma and neutron emissions at fabrication and handling stages. To examine their
behaviour under irradiation would be necessary because of:

o the significant He production and,;

e the deterioration of kinetics and safety parameters (i.e. low Doppler effect
and effective delayed neutron fraction ,Ber).
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Finally, it is necessary to study the behaviour of a system as a combination of a fuel
loaded with large amounts of TRU, an external source-driven system, and a heavy liquid
metal coolant. Therefore, the “optimal” fuel results from the evaluation of its thermo-
mechanical and chemical properties as well as the neutronics and technological
constraints related to ADS.

In Europe, the Sixth EU FP EUROpean Research Programme for the TRANSmutation
(EUROTRANS) of High-Level Waste in an Accelerator-driven System [4] represented an
important step forward to improve our knowledge of fuels for ADS. The objective of the
programme was to improve the design, the development, and the qualification in
representative conditions of U-free fuel for the 400 MWw European Facility for Industrial
Transmutation (EFIT) [5]. The Domain DM3 (AFTRA) was responsible for the fuel
assessment and development for EFIT and the Domain DM1 (DESIGN) aimed to develop
the conceptual reference design of the whole plant, including core and target. The
outcomes of AFTRA address recommendations about fuel design and performance of the
most promising candidate for EFIT, taking into account a number of criteria, ranging from
fabrication, reprocessing, via economics to safety [6-8]. The primary candidates are
CERamic-CERamic (CERCER) and CERamic-Metallic (CERMET) inert matrix fuels (IMF)
consisting of (Pu,MA)O..x particle dispersed in MgO and Mo inert matrices, respectively, in
line with the Fifth EU FP FUTURE programme [9]. The CERMET fuel is **Mo-enriched in
order to reduce the neutronic penalties due to the high **Mo capture cross-section and
prevent the long-lived *Tc production by *Mo(n,y)**Tc reaction [6, 7]. Nitride- and
zirconia- based fuels have been also considered as back-up solutions.

Before the start of the EUROTRANS project, the experience of the fabrication and
irradiation of these innovative fuels was limited and little was known about thermo-
physical properties. Therefore, a large fuel data base was created by performing in-pile
and out-of-pile experiments on CERCER and CERMET fuels. Further, analyses of the
performance of TRU-oxide fuel elements and safety analyses of CERCER and CERMET
EFIT cores were carried out. Investigations relating to the fabrication of such fuels were
conducted at the Institute for Transuranium Elements (ITU) and at CEA-ATALANTE [10-
12]. In particular, the fabrication of Am-bearing fuels was demonstrated at lab-scale [13].
In addition, solid solution nitride fuels with ZrN matrix were fabricated at JAEA [2].

This paper provides an overview of the state-of-the-art of R&D on fuels for ADS in
Europe. The major outcomes of the AFTRA programme are described concerning
irradiation tests, out-of-pile experiments, and fuel safety assessments [14, 15]. The
current European programmes on R&D of fuel for ADS will be described and
requirements for further investigations will be addressed.

Irradiation tests

Prior to the start of the EUROTRANS project, the irradiation behaviour of TRU-fuels was
quite limited because very few irradiation tests of samples containing large amounts of
MA were performed in Europe. Nevertheless, Post-Irradiation Examination (PIE) on
irradiated targets containing a few per cent of Am showed the significant role played by
irradiation conditions, temperature, He production and accumulation, and the material
swelling due to structure modifications [16]. Irradiation programmes have been
performed to further investigate the irradiation effects on IMF in EFIT representative
conditions in the FUTURIX-FTA test (CEA, US-DOE, JRC-ITU) [17] at the Phénix reactor, the
He behaviour versus temperature and microstructure in IMF in the HELIOS test [18] at the
High Flux Reactor (HFR, Petten) and the He build-up and release mechanisms versus
temperature in °B-doped inert matrices in the BODEX test [19] at HFR. Further, PIE of
nitride fuels (PuosZrosN) irradiated at HFR within the Fifth EU FP CONFIRM project [20] has
been performed.

Table 1 presents the composition and the employed fabrication route of the samples
for the FUTURIX-FTA and HELIOS tests. The Am content ranges from 0.2 g/cm?® to

38 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

1.9 g/cm?® in FUTURIX-FTA pellets and it is about 0.7 g/cm? in the HELIOS samples, namely
from ADS type fuels to transmutation targets to benefit from the experience gained in the
EFFTRA-T4 and EFFTRA-T4bis tests [21, 22]. The samples have been fabricated at ITU and
CEA at laboratory scale by using two processes [23]: an oxalic co-precipitation route [11]
for CEA, and a combination of external gelation and infiltration methods [12] for ITU. The
composite materials have been prepared with conventional powder metallurgy
methods [24] and are similar for all the samples, except for the HELIOS CERCER fuel,
whose porosity has been tailored to remain open to allow He to escape [1].

Table 1. Composition and fabrication process of the FUTURIX-FTA and HELIOS pellets [1] [7]

FUTURIX-FTA HELIOS
Composition Fabrication Composition Fabrication
Puo.aAmo.zoz-x+86 vol% Mo ITU route Am22r207+80 vol% MgO CEA route
Pu0‘23Am0‘252r0‘5302_x+60 vol% Mo ITU route Zr Yo 13Am0.0702_X ITU route
Puo.sAmOlSOL se+80 vol% MgO CEA route Puol0 4Am0‘07Zr0‘76Y0l ; 3O - ITU route
PuO. 2Am0l801.73+75 vol% MgO CEA route Am0‘222r0‘67Y0. ; 1O 2_X+71 vol% Mo ITU route
Pu, Am, ,0, +84 vol% Mo ITU route

The FUTURIX-FTA tests were completed in March 2009 after 235 efpd of irradiation
and cumulated neutron fluence for CERMET and CERCER samples of 1.4x10% n/cm? and
1.0x10%2 n/cm?, respectively [1] [8]. Several non-destructive examinations have been
performed at CEI-Phénix Facility [8] and PIE analyses have been performed within the
Seventh EU FP FAbrication, Irradiation and Reprocessing of FUELS and targets for
transmutation (FAIRFUELS) (CEA, JRC, NRG, Chalmers, KTH, SCKeCEN, CIEMAT, LGi,
Imperial College, SERCO) Programme [25] at ITU and LECA-STAR Facility
(CEA, Cadarache) [28]. The HELIOS tests were completed in March 2010 after 241 efpd of
irradiation. Non-destructive examinations have been performed at NRG [26] and PIE is
currently under investigation within the FAIRFUELS project [27] at ITU and NRG.

The He-induced swelling behaviour of *B-doped (1 wt%) MgO and Mo inert matrices
was investigated in the BODEX experiment [19] at HFR at 800°C and 1100°C, '°B being used
as Am surrogate. A detailed description of the samples and of the investigations
performed is given in [7, 19]. °B-MgO sample at 1100°C is significantly embrittlened and
shows 2-3% swelling, about 30% of He release, and no cracks. ®’B-Mo sample at 800°C and
1100°C shows cracks, swelling (1.5% and 6%, respectively) and low He-release (6% at
1100°C). Finally, the un-doped Mo sample shows neither cracks nor swelling (<1%).

Out-of-pile experiments

The work of AFTRA allowed creating a large database of thermo-physical properties of
IMF and nitride fuels [1] [2] [29-31] as well as of the FUTURIX-FTA and HELIOS samples [30]
[31]. Chemical compatibility tests of Pb coolant, T91 clad, and inclusions
Pu0,;,AmO;,(Pu,Am)0, as powders with several fuels and inert matrices MgO and Mo,
have been performed [32] [33].

Figure 1 shows the thermal conductivity results of the PuosAmosO1s3+70 vol% MgO
CERCER fuel and of the HELIOS samples. CERCER fuel shows a significant drop at
T>1500 K which is not predicted by calculations based on phase mixing models. The
thermal conductivity of CERMET fuels is larger and it is about 30 times higher than that of
(Zr,Pu,Am)0..x fuels, as observed for the FUTURIX-FTA CERMET samples.
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Figure 1. Thermal conductivity of CERCER [1, 29] and of the HELIOS CERMET fuels [31]
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Vapourisation and melting temperature of CERMET and CERCER fuels have been
measured at CEA and ITU under vacuum and neutral atmosphere, for closed and open
systems [1] [7]. Results are shown in Figure 2. Molybdenum is still detected at T>2300 K
(not shown in Figure 2) and shows a higher stability than MgO, whose vapourisation
begins at 1750-1800 K and significantly increases at 1800-1900 K. Concerning TRU species,
Am is detected as Am and AmO in CERMET (Am signal being larger than AmO) while
gaseous Am species are already detected at 1800 K in CERCER, the AmO; being the main
species up to 2200 K. Detailed analyses can be found in [1] [7].

Concerning chemical compatibility tests, Figure 3 shows the results of the Electron
Dispersive X-ray spectroscopy (EDX) analysis at 550°C and 950°C of the T91/MgO contact
area [1, 7]. Results show that MgO is compatible with T91 up to 550°C while a slight
diffusion of Mg appears at 950°C [1] [7]. No interaction has been observed between T91
and FUTURIX-FTA CERMETs and Mo samples [1] [7]. Detailed analyses of compatibility
tests can be found in [1] [7] [32] [33]

Figure 2. Vapourisation rate vs. T of the components of the FUTURIX-FTA (PuosAmo202-x+ 86 vol%
Mo) CERMET (left) (PuosAmosO2-x+ 80 vol% MgO) CERCER fuels (right) [1] [7]
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Figure 3. EDX analyses of T91 interface in contact with MgO at 550 °C and 950 °C [1] [7] [33]
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Figure 4. TRAFIC results for fuel temperature and pellet-clad gap size in the CERCER (left)
and CERMET (right) fuels [7]
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Experimental data have been used to improve the models employed in the simulation
tools. As an example, the thermo-mechanical performance of CERCER and CERMET fuels
under EFIT conditions (peak linear power ~200 W/cm) have been simulated by means of
the MACROS (SCKeCEN) and TRAFIC (SERCO) codes. The maximum CERCER fuel
temperature is 1800 K at BOL (300 K below Category 4 [14, 34]), and decreases as the gap
closes. Concerning CERMET, the fuel temperature remains more than 1100 K below the
failure limits and the gap remains open during the irradiation. Therefore, both CERCER
and CERMET fuels fulfill the EFIT design criteria. Nevertheless, results are affected by
large uncertainties due to the lack of data on properties of fuel, matrix, and cladding
materials under representative conditions. Keeping this in mind, PIE of FUTURIX-FTA and
HELIOS samples will provide important information.

Fuel safety assessment in the EFIT CERCER and CERMET cores

A large amount of work has been performed within EUROTRANS to analyse the safety
behaviour of the 400 MWw EFIT MgO-CERCER and Mo-CERMET three-zone lead-cooled
cores [14, 15, 34]. The detailed description of the systems is given in [5, 34]. The main
safety parameters have been evaluated for both EFIT cores by means of deterministic and
stochastic codes [35], namely the Doppler constant (Kp) and the coolant void worth. Ko is
equal to -31 pcm (CERCER) and -68 pcm (CERMET). The coolant void worth is ~6600 pcm
(CERCER) and ~7300 pcm (CERMET), if the entire EFIT cores are voided. The clad worth
potentials are ~2000 pcm. The total reactivity potentials are larger than the assumed
subcriticality margin of 3000 pcm. The general impact of U-free fuels on global core
dynamics and safety (especially in DEC) is therefore characterised by the lack of a prompt
fuel feedback effect and significant positive (delayed) reactivity feedback potentials. As
described above, the coolant void worth is high, which is, however, acceptable because of
the very low boiling probability of Pb. Nevertheless, even in cases of no-coolant boiling,
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local voiding may be triggered by clad failure, e.g. He release, or steam ingress in cases of
steam generator tube rupture (SGTR) [14].

The safety objectives indicated in AFTRA are that all reasonably practicable measures
are taken to prevent accidents, and to mitigate their consequences [34]. This is achieved
based on the defense-in-depth concept. The demonstration of the safety adequacy of
design is structured along three different accidental categories; the design basis
conditions (DBC-structured in four categories), design extension conditions (DEC-limiting
events, complex sequences and severe accidents), and residual risk situations [36]. For
innovative reactors such as the ADS, cliff-edge effects should be also identified and
excluded. Due to the lack of detailed experimental data on transient fuel and clad
conditions and the phenomenological uncertainties in the high-temperature range, both
CERCER and CERMET fuels and clad limiting temperature maps are defined for the
different defense in-depth categories [14, 34]. To evaluate the results of calculations of
severe transients, for CERCER, the Category IV fuel temperature is 1677°C and DEC
temperature is 1857°C [14, 34]. For the CERMET, the Category IV temperature is 2127°C
and DEC is 2177°C [1, 34]. Besides the fuel limits, clad limits of EFIT are of major interest.
Clad creep induced fuel pin failures for unirradiated T91 must be expected at ~1000°C at
5 MPa. The choice of GESA (FeCrAlY coating) treated clad [37] for the EFIT has high
relevance for normal operation (no deterioration of clad/coolant heat transfer by oxide
layers) and safety, ranging from beam trip (clad surface layer stability) to assumed
unprotected transients like e.g. the blockage accident (local corrosion product build-up).
Safety analyses have been performed by means of SIMMER-III (KIT), SAS4A (KTH), and
SITHER (SCKeCEN). Here, the investigations with the SIMMER-III code [38] are discussed.
Several transients have been investigated such as Protected and Unprotected LOss of
Flow (P/ULOF), Beam Trip/Interruption (BT/I), Protected and Unprotected Transient Over
Power (P/UTOP), Unprotected Transient Over Current (UTOC), Protected and Unprotected
Blockage Accident (P/UBA), and STGR accident [14-15, 34].

The SIMMER-III results of the ULOF accident for MgO-CERCER EFIT core are shown in
Figure 5. The ULOF is one transient of interest to show the safety potential of the design.
The liquid lead has good natural convection properties. After a short undershooting of
the coolant mass flow rate in the core and a 30% reversed flow after the pump stop, the
coolant mass flow rate in the core is finally stabilised at 30% due to the natural
convection. With the 30% remaining coolant heat removing capacity, the fuel and clad
peak temperatures are finally at 1500°C and 740°C (Figure 5). For the CERMET, core fuel
and clad are leveling out at 900°C (more than 1000°C below the failure limits) and 740°C.
The SIMMER-III analyses showed that both CERCER and CERMET fuels for EFIT had good
safety performance. The results demonstrate the general high safety potential of EFIT, as
neither core violates the safety limits in the most severe conditions. Also, analyses
revealed that the most limiting conditions in design and safety are mainly related to the
T91 clad and not to the fuels [34]. In order to reduce the uncertainties associated with
these analyses and to extend the models, further experimental and theoretical
investigations are needed on materials behaviour under irradiation, transients, and high
temperature conditions [34].
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Figure 5. ULOF results for the MgO-CERCER EFIT core: power, reactivity
and temperatures of fuel, clad, and coolant [14]
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Current research programmes in Europe

Different projects aiming to improve knowledge of TRU fuels are currently on-going in
Europe. The European network EFFTRA (Experimental Feasibility of Targets for
Transmutation) (JRC-IE, JRC-ITU, CEA, EdF, KIT, NRG) has been very active for many years.
Reference experiments have been performed within EFFTRA like the above mentioned
EFFTRA-T4 [21] and EFFTRA-T4bis [22] on Am transmutation. EFFTRA allows a continuous
exchange of experimental information among the different partners. In the frame of
Seventh EU FP the above mentioned FAIRFUELS [25], the Actinide reCycling by SEParation
and Transmutation (ACSEPT) [39], and the Advanced fuelS for Generation-IV reActors:
Reprocessing and Dissolution (ASGARD) [40] programmes have been launched. The
FAIRFUELS project aims to gather experience on fuels containing MAs from both a
theoretical and an experimental point of view. During the project, the PIE analyses of
FUTURIX-FTA and HELIOS samples have been performed. The programme, focused on
the behaviour of He release, has several objectives; the fabrication of dedicated fuels
containing MAs, performing irradiation tests in the HFR, and modelling development and
validation against experiments. The ACSEPT collaborative project (34 partners) aims to
develop chemical separation processes compatible with fuel fabrication techniques, in
view of their future demonstration at the pilot level [39]. One of the final goals is to study
the reprocessing aspects of the irradiated actinide targets. The ASGARD project
(16 institutions from 9 European countries) examines oxide, nitride, and carbide fuels [40].
Concerning oxide fuels, the focus is on MgO- and Mo-IMF, whose dissolution and
separation issues have not been coherently investigated by that time. In fact, it is
important to assess the fuel complete cycle, taking into account the behaviour of such
fuels in the dissolution and separation processes and verify their compatibility with the
future vitrification (impact on the stability of the waste and amount of generated waste).
The use of Mo as inert matrix poses additional challenges concerning its redox chemistry,
the need of avoiding precipitation or co-precipitation, and the necessity of Mo recover,
possibly isotopically to improve the fuel behaviour. Basic studies will be performed on
the dissolution of MAs containing high Am and Pu content oxides. A final objective is to
address the conversion of the reprocessed solution to suitable precursors for fuel
fabrication. Concerning nitride fuels, the project aims to acquire information on the
impact of carbon and oxygen impurities on the dissolution rate in nitric acid and improve
the performance of the N enrichment, fabrication, and recycling routes. Finally,
concerning the carbide fuels, the problems of fuel swelling and the issues concerning the
reprocessing will be addressed.
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Conclusion

Activities are on-going in Europe, Japan, and the United States to improve our knowledge
of fuels for ADS. In Europe, the work of the Sixth FP EU EUROTRANS project gave a
significant impulse in this direction. The DM3 AFTRA was responsible for the fuel
assessment and development for the 400 MWth EFIT machine. The objective of AFTRA
work was to rank U-free fuels for EFIT. Emphasis has been placed on ®*Mo-CERMET and
MgO-CERCER fuels in line with the previous FUTURE programme. Nitride-based fuels
were also investigated as a back-up solution and PIE analyses of the samples from
CONFIRM programme were performed. Prior to EUROTRANS, sparse experimental data of
such fuels and targets were available and their behaviour under irradiation was quite
unknown. Therefore, a large experimental campaign was launched. The fabrication of
Am-bearing fuels with Am content up to 36 wt% (1.9 g/cm3) and TRU-oxide fraction up to
40 vol% was demonstrated at lab-scale. Mo-CERMET and MgO-CERCER samples have been
fabricated at CEA and ITU with Am content ranging from targets to ADS type fuels.
Irradiation tests have been performed and concluded in order to analyse the irradiation
effects in EFIT representative conditions (FUTURIX-FTA test, Phénix) and the He
behaviour and microstructure (HELIOS test, HFR). The BODEX test has been performed at
HFR to study the He build-up and release mechanisms of °B-doped MgO and Mo inert
matrices. The PIE analyses are currently on-going within the Seventh FP EU FAIRFUELS
programme. Out-of-pile measurements have been performed on FUTURIX-FTA and
HELIOS samples and large amounts of data have been collected on their thermal
properties. Further, chemical compatibility tests have been performed between fuel
components, between T91 clad and IMF and Mo and MgO inert matrices, and between Pb
and CERMET, Mo, and MgO. Simulations have been performed to assess the TRU-oxide
fuel element for EFIT and to evaluate the safety behaviour of CERCER and CERMET EFIT
cores. A conservative approach has been employed on the fuel limits and the defence-in-
depth concept has been used. Safety analyses demonstrated that sufficient margins for
both fuels exist (much larger for CERMET) and that the T91 clad failure limits pose the
main restriction on safety. Finally, the interest in ®*Mo-CERMET and MgO-CERCER fuels is
reinforced. Nevertheless, only PIE results can define the most suitable concept between
CERCER and CERMET.

Further investigations are needed on ADS fuels. Reprocessing of the fuels favoured for
the EFIT has been confirmed within the Fifth FP EU FUTURE and PYROREP
programmes [41]. Still to be tackled, however, (although several possible solutions are
existing) is the question how to keep the MgO ceramic or light Mo metal out of fission
products stream and re-use them at the fuel fabrication stage in order to avoid large
amounts of high-level waste. Keeping this in mind, the investigations performed within
the ASGARD project on new process schemes can make progress on this issue. A limited
experimental and theoretical knowledge on fuel behaviour under irradiation still exists
and the evaluations of the impact on operational conditions, transients, and accidents
are affected by large uncertainties, i.e. the microphysics of the fuel should be further
investigated and modelled into the codes. In order to accomplish these requirements,
facilities for performing transient tests are needed as well as advanced modelling and
simulation tools. Finally, the analysis of the impact and of the assessment of the new
experimental findings on design, safety, and fuel cycle is pending. In this respect, the
outcomes of the current activities in Europe (EFFTRA, FAIRFUELS, ACSEPT, and ASGARD
programmes) on fuel R&D for ADS may be very useful.
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Abstract

On the way towards Accelerator-driven Systems (ADS), the MEGAPIE (MegaWatt Pilot
Experiment) project is one of the key milestones. The MEGAPIE project aimed to prove that
a liquid Lead-Bismuth-Eutectic (LBE) spallation target can be licensed, planned, built,
operated, dismantled, examined and disposed. The project has finished the phase of
producing the samples for Post-irradiation Examination (PIE). Samples to study structural
material property changes due to the harsh environment of high temperatures, contact
with flowing liquid metal (LBE), proton and neutron irradiation will be investigated by all
partner laboratories (CEA, CNRS, ENEA, KIT, PSI and SCKeCEN).

Introduction

The MEGAPIE initiative was started in autumn 1999 with the aim to design, fabricate,
build, cold-test, license, operate, dismantle, dispose and examine a liquid Lead-Bismuth
Eutectic (LBE) spallation target [1]. The project is carried out by the international
collaboration of several research institutes and organisations, namely: CEA (France),
CNRS (France), DOE (US), ENEA (Italy), the European Union, JAEA (Japan), KAERI (Republic
of Korea), KIT (Germany), LANL (US), PSI (Switzerland) and SCKeCEN Mol (Belgium). The
project is considered as a key milestone towards the building of an ADS system. One of
the design goals was to operate the MEGAPIE target at a beam power in the MW regime.
Therefore, the high power proton accelerator (HIPA) at PSI [2] was chosen to drive the
target, as the proton accelerator complex at PSI is the only facility to deliver a continuous
MW proton beam. Currently, the accelerator chain delivers a maximum proton current of
2.4 mA of 590 MeV protons. The MEGAPIE liquid metal target and its ancillary systems
were installed in the Swiss Intense Neutron Source (SINQ) [3], one of the user facilities
served by HIPA.

In the first half of 2006, the MEGAPIE target was intensely cold tested [4]. Then, in
August 2006, the first liquid metal target, operated in the MW range (0.8 MW) - MEGAPIE -
came into operation [5]. The LBE target received an integrated current of 2.8 Ah of
575 MeV protons and was operated successfully until 21 December 2006; the neutron
flux increased 80% with respect to the SINQ solid target operated in 2004/2005 [6]. In the
shutdown following the MEGAPIE operation, the ancillary systems of MEGAPIE were
disintegrated. The target was put into the target storage facility of SINQ, waiting to be
dismantled and the extensive post irradiation examination (PIE). As no suitable large
enough hot cells existed at PSI, it was decided to transport MEGAPIE to the hot cell of the
central interim storage facility of the Swiss nuclear power plants (ZWILAG) for a detailed
description of the dismantling concept [7, 8]. In 2007 and 2008, several campaigns were
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conducted in the hot cell of ZWILAG to test the different devices and machinery for the
dismantling of MEGAPIE, as well as to train the involved personnel [9]. In 2009, the target
was successfully dismantled into 21 pieces using a band saw. Eleven of the target pieces
were directly disposed off, while the ten remaining target sample pieces were shipped to
the Hot Laboratory (HL) of PSI for the PIE sample preparation [10].

The PIE sample preparation consisted of nine major work steps. After licensing and
clearance from the authorities for all operations planned in the Hot Laboratory of PSI
non-destructive tests — a visual inspection, a thickness measurement of the T91 beam
entrance window and a y-mapping of the AlMg3 safety shroud (H10) - were conducted,
followed by an LBE sample taking campaign (including the retrieval of absorber foils from
the expansion tank of the target). Thereafter, the structural materials of the target (T91
and 316L steel) were separated from the spallation target material, LBE, by means of
melting and separating the LBE inside a special oven and its subsequent disposal. The
cylindrical and hemi-spherical structural material sample pieces were then raw cut into
smaller samples using a diamond disk cutter. Subsequently, the remains of the LBE were
mechanically and chemically removed from the structural materials, i.e. T91 and 316L
steels. In a next step the raw cut steel pieces were cut with an EDM wire cutter into
miniaturised PIE sample groups. Finally, several sample groups were packed into
customised containers. At the same time, sample groups have been shipped successfully
to KIT, SCK, LANL, CEA, and JAEA. In addition, the remaining waste produced during the
PIE sample preparation will be disposed off.

An overview of the PIE sample preparation in the Hot Laboratory of PSI will be
reviewed in the next section.

The Hot Laboratory at PSI

All works relating to the PIE sample preparation, except for the analysis of LBE samples,
have been performed in the hot cells 4 and 5 of the hot cell chain of the Hot Laboratory
(see Figure 1). Before starting any work in the hot cells of the Hot Laboratory, all major
working steps had to be licensed by the Swiss Nuclear Safety Inspectorate (ENSI). The
remaining subtasks of the PIE sample preparation were as follows:

e non-destructive tests (visual inspection, ultra-sonic thickness measurement of T91
calotte and y-mapping of AlMg3 beam entrance window);

e LBE sample taking and extraction of the absorber foils from target piece H09;
e LBE melting;

o first disposal of waste;

e raw cutting of steel parts from the pieces H02, HO3 and HO04;

e cleaning of raw cut sample pieces;

e EDM cutting of sample groups;

o packing of sample groups and transports to the partner laboratories;

e final waste disposal.
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Figure 1. Scheme of the hot cells in PSI’s Hot Laboratory
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Hot cells 4 and 5 were used for the PIE sample preparation.

The MEGAPIE target pieces, brought to PSI in the TC3 transport cask (see Figure 2), as
well as the produced samples, have been stored in hot cell 4. All major works have been
carried out in hot cell 5, except for the y-mapping of the AIMg3 beam entrance window.
The two hot cells are connected by a movable gate which allowed transferring target or
sample pieces. In between two subtasks hot cell 5 was always cleared and cleaned to
minimise the risk of cross-contamination and to allow the installation of the specific
devices.

Figure 2. Scheme of the nine stacked target pieces (left) and TC3 transport container (right)

The leak detector and the material piece inside the AIMg3 beam entrance window (see Figure 4) were put on top of
the stacked pieces.

A total of 9 target pieces (H02-H10), the leak detector [11] and the piece of black
material inside the AlMg3 safety shroud of the MEGAPIE target were packed inside a 200 1
drum, which was then placed inside the TC3, see right side of Figure 2. The 200 1 drum
was transferred into hot cell 5, opened and the AlMg3 beam entrance window was
unpacked (see Figure 3).
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Figure 3. 200 1 drum unpacking with the target sample pieces

The non-destructive tests (NDT)

The first non-destructive test was the y-mapping of the beam entrance window of the
aluminium safety shroud. Therefore, the inner wall of the AlMg3 piece (H10) cut in
ZWILAG had to be cleaned, because the lower part of the safety shroud showed
significant contamination by some unknown materials (see Figure 4).

Figure 4. Contamination on the inside of the beam entrance region of the AlMg3 safety shroud

Besides a solid piece composed of a black material in the centre of the beam entrance
region on the inside of the AlMg; safety container, a similar material was stuck to the
inner aluminium side walls as well. To eliminate any distortion of the y-mapping, a large
amount of the material was removed. The cusp-shaped AlMg3 beam entrance window
(BEW), (see Figure 5), was positioned on a movable holder inside hot cell 4. The holder
could be moved in x- (horizontal) and y-direction (vertical) with a precision better than
0.01 mm and be rotated about its vertical axis. This allowed the positioning of the cusp-
shaped BEW in front of a 2x2 mm? pin-hole/collimator drilled through the backward
shielding of the hot cell. At the exit of the pin-hole, at a distance of 1.41 m from the
AlMg3 calotte, a germanium detector was positioned to measure the ??Na activity of a
2x2 mm? segment of the calotte. A total of an area of 160x160 mm? was investigated, as
depicted in the small photo in the lower left corner of Figure 5. Each 2x2 mm? segment
was measured for 10 minutes.
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Figure 5: y-mapping setup inside of hot cell 4

Lower left: Pin-hole through the hot cell shielding and AlIMg3 calotte, with indicated starting point and measurement
area (160x160 mm?).

This method allowed for a precise determination of the time-average proton beam
profile delivered onto MEGAPIE via the proton induced reaction 7Al(p,X)*Na. This
information was subsequently used in Monte-Carlo calculations to determine the dpa-
values in the PIE sample taking regions of HO2 (T91 beam entrance window), HO3 and H04.
The time-averaged proton beam fluence has been shifted by 4.3 mm with respect to the
beam entrance window centre (see Figure 6) [12].

Figure 6. Evaluated time-averaged proton beam fluence in the targets’ co-ordinate system (top view)

Following the determination of the time-averaged proton beam profile, a detailed
visual inspection of the T91 calotte was performed, using a high resolution video-camera
installed in hot cell 5. As already observed in ZWILAG during cutting of the target, the
target sample pieces HO02, the lower liquid metal container (LLMC) beam entrance
window (calotte), and H10, the beam entrance window of the AIMg3 safety shroud
suffered severe contamination with a black, sometimes white material of unknown origin
(see Figure 7). The layer with a thickness of up to 1 mm was difficult to remove from the
T91 and AlMg3. The LLMC (T91) surface showed the highest accumulation of the material
in the central region, while the inner surface of H10 was evenly covered everywhere (see
Figure 4), with a massive material accumulation in the central region. After samples had
been taken from the black and white parts of the covering material, the deposit was
removed from the LLMC with a sponge. After extensive “cleaning” with a sponge, the T91
surface could be inspected for visible failures; none were observed. The deposit appeared
to have three differently coloured layers (see Figure 8). In a next step, the structure of the
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different layers was studied with SEM (see Figures 9 and 10). The black deposit seems
rather uniform, while going to Layer 1 and Layer 2. It should be noted that the structure
of the deposit became porous and crystalline-like, respectively.

Figure 7. Visual inspection of the T91 calotte (HO>)

Left: Photograph taken through the lead glass window of the hot cell. Right: High-resolution photograph taken by a
video camera installed inside the hot cell.

Figure 8. Different layers of the deposit on the T91 LLMC outer surface

Layer 2

Left: High resolution photograph. Middle: Optical microscopy picture of Layers 2 and 3. Right: Optical microscopy
picture of Layer 1.

Figure 9. Optical microscopy picture as in Figure 8, SEM picture of the same region and SEM
picture with high resolution (from left to right)
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Figure 10. SEM pictures with increasing resolution of Layer 1 (from left to right)

Finally, the composition of the three layers was examined using energy-dispersive X-
ray spectroscopy (EDX). The results are given in Table 1. The chemical composition of the
black deposit (the dominating species) supports the hypothesis that the contamination
has been produced in the harsh radiation environment from oil leaking out of the cooling
loop. The oil used in the heat exchanger was Diphyl THT.

Table 1. Elemental composition of the three layers

Element Layer 1 (white deposit) Layer 2 (gray intermediate layer) | Layer 3 (black deposit)
Weight% (atom%) Weight% (atom%) Weight% (atom%)
45(7.1) 76.59 (82.33) 89.26 (91.79)
0 53.2 (63.0) 19.90 (16.06) 10.5(8.1)
Si 4.1(4.1) 3.51(1.61) 0.24 (0.11)
F 38.2(25.8)

Left: high resolution photograph, middle: optical microscopy picture of Layers 2 and 3. Right: optical microscopy
picture of Layer 1.

The last step of the non-destructive tests was an ultrasonic thickness measurement
of the beam entrance window of the T91 LLMC. Prior to the operation of MEGAPIE in SINQ,
thickness measurements had been conducted before the target was filled with LBE. As
the LBE had been solidified inside the target after irradiation, the determination of
thickness changes was performed on the target sample piece HO2 still filled with LBE. For
this purpose, a special fixture was designed and fabricated, which allowed thickness
measurements of the T91 beam entrance window at 102 positions (see Figure 11).

Those measurements were compared to the thicknesses determined before
irradiation; within the measurement accuracy of 5 pm, no LBE corrosion induced
dimension change was found.
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Figure 11. Thickness measurement of the T91 beam entrance window

LBE sample taking and analysis

Besides the structural material samples, the target and cooling material, LBE, was also
investigated. In total, 79 samples were drilled from the solidified LBE [13]. In order to
study the spatial distribution of the produced isotopes, radially distributed samples
across the target diameter were also examined for the target pieces HO3 and HO5. Special
emphasis was placed on LBE sampling at interfaces to the structural materials and to the
cover gas as previous investigations of a proton-irradiated ISOLDE LBE target at CERN [14]
and on neutron-activated LBE, irradiated inside SINQ [15], revealed an enrichment of
specific isotopes at such material boundaries. In particular, this behaviour has been
observed for polonium, one of the most hazardous species produced in MEGAPIE during

operation.

As a first step of the analysis, the gamma spectra of all LBE samples were studied. It
was observed that the gamma spectra of bulk LBE did not include isotopes sensitive to
oxidation; those elements, like, for instance Lu, were mainly found in samples taken at

steel-LBE and cover gas-LBE interfaces (see Figure 12).

Figure 12. Gamma spectra from different LBE samples
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Left: Spectrum of a bulk sample taken from H05. Middle: Spectrum of a steel-LBE interface sample taken from HO5.
Right: Spectrum from a LBE sample taken from the cover gas-LBE interface (from HO7), figure taken from [5].

After the analysis of the gamma spectra, a first chemical separation of polonium from
the LBE samples was performed and the activities of the isotopes *®Po, *®Po and *°Po
were determined. In contrast with the results obtained from previous investigations of

the spatial distribution of polonium in LBE

[16], polonium was found to be

homogeneously distributed inside the LBE of the MEGAPIE target. Moreover, the
prediction of several Monte Carlo particle transport codes agreed well with the measured

specific activities for 2°42%21%pg (see Figure 13).

More details on the investigation of the nuclide inventory of the LBE samples are in [17].
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Figure 13. Comparison of the specific activities [Bq/g] of °*?°Po as determined experimentally

(symbols) and with the particle transport code MCNPX (dashed lines)
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EOB denotes “end of beam”; figure taken from [18].
The segregation of LBE and the structural materials

To prepare PIE samples of the MEGAPIE structural materials (T91 and 316L steel), it was
necessary to separate the steels — T91 for the lower liquid metal container and SS316L for
the flow guide tube - from the LBE. For this operation, a special furnace was developed
which allowed heating the target sample pieces to temperatures above the melting point
of LBE. The liquefied LBE was collected in a tank situated directly below the heated part
of the oven and was solidified there. To prevent any spread of contamination due to
volatiles produced during the melting process, the oven was designed as a closed and
tight vessel, equipped with a special filter system that was directly connected to the
exhaust of the hot cells. The setup is displayed in Figure 14.

Figure 14. Oven with the upper heated part and the LBE catching volume directly below (left)

56

and filter system of the oven before off-gas went into the exhaust (right)
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After a target piece was inserted into the oven from the top, the oven was flushed
with argon and a pressure below 100 mbar was established. Then the temperature was
gradually increased to 150°C and kept at this temperature until the LBE level detector in
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the catching volume indicated an increase in the LBE level. For another 20-30 minutes,
the temperature was kept at 150°C and subsequently the heating was switched off. After
cool-down, the oven was flushed with argon via the filter system for several times and
the structural material pieces were retrieved (see Figure 15).

Figure 15. Retrieving HO: from the oven after the melting process (left)
and calotte beam entrance window and flow guide tube of HO: (right)

This procedure was repeated for all target pieces which contained LBE - HO2 to HO7.
As shown in Figure 16, sizeable fractions of wetting LBE remained on the structural
material parts.

Figure 16. Part of the 316L flow guide tube after melting of the LBE

Raw cutting of sample pieces

After the segregation of the structural materials from the LBE, the structural material
sample pieces were available in highly unfavourable dimensions and shapes for the
forthcoming handling steps. Therefore, the structural material pieces were cut into
smaller segments, which could separately be cleaned from the LBE remains and
subsequently EDM machined to sample groups. As shown in Figure 17, this raw cutting
was performed within the set-up using a diamond disc saw.

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 57



NEA/NSC/DOC(2015)7

Figure 17. Set-up used for raw cutting

The disc saw was positioned inside a Plexiglas container to minimise the
contamination area due to air-borne particles or volatiles produced by the melting of LBE
remains. The heat release inside the sample material was minimised due to cuts in the
sections. A total of 73 raw cut sample pieces were produced; all but 4 raw cut sample
pieces were subsequently cleaned from the LBE remains to finally produce the PIE sample
groups via EDM cutting.

Cleaning of the structural material parts

The removal of the LBE remains from structural material samples was performed in a
two steps process developed by Y. Dai [19]. First, the structural material samples were put
into a hot oil (UCON-HTF) bath at a temperature of 190°C. The LBE liquefied and was
wiped off the steel parts with tissue. Then the steel parts were cleaned in an ultrasonic
demineralised H,O bath to remove any oil remains. Only a thin layer of LBE was found
after these cleaning steps, which was subsequently removed by placing the steel sample
pieces inside 5 molar HNOs for a few minutes. After this chemical cleaning, the sample
pieces were again cleaned in an ultrasonic demineralised H.O bath several times.

Figure 18: Examples of raw cut sample pieces before (left) and after (right)
completion of the cleaning procedure

Before cleaning After cleaning

The goal of this “cleaning” procedure was to minimise the alpha contamination due
to Po and Gd isotopes produced in LBE on the steel samples so that the produced PIE
samples could be accepted by the laboratories at all partner institutes. Moreover, the LBE
layer on the steels could have had an effect during the EDM cutting, e.g. producing
shortcuts. For that reason, the LBE layer had to be as thin as reasonably achievable. The
alpha contamination level could be brought down to a maximum of 1.5 Bg/cm?, which
translates to an LBE thickness of 0.67 nm.
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EDM cutting of PIE samples
As shown in Figure 19 (right), the T91 BEW was raw cut with a diamond disk saw into
16 target sample pieces; the EDM cutting scheme is given on the left.

Figure 19. EDM cutting scheme of the BEW target piece HO: (left)
and raw cutting scheme of HO: (right)
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Essentially two sample groups were machined during EDM cutting HO,. The first
sample group consisted of 3 tensile and 4 TEM samples (Group I), while Group II was
made up of 2 bend bars and 2 OM samples.

For EDM cutting, an AGIE 250 machine was installed inside hot cell 5 (see Figure 20).
The electronics and controls were positioned outside the hot cell.

Figure 20. Installation of the AGIE 250 EDM machine inside the hot cell
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All cutting schemes were cold tested on 1:1 mock-up pieces before the EDM cutting of
the active target sample pieces was started. The cutting speed allowed producing 2 or 3
sample groups per day. Figure 21 shows the sample groups produced from H02-1-07.

Figure 21. EDM cutting of H02-1-07 (left) and weighing of the sample groups (right)

All sample groups could be produced as originally planned. Therefore, a total of
roughly 750 samples were produced from the target sample pieces H02-1 (BEW, T91), HO3-
1 (Lower Liquid Metal Container, LLMC, T91), H03-2 (Flow Guide tube, FGT, 316L), HO04-1
(LLMC, T91) and HO04-2 (FGT, 316L). Each of the sample groups was weighed and dose
rates were measured; the maximum dose rates of 316L sample groups were ~ 36 mSv/h in
10 cm distance. No alpha contamination could be detected on analysed samples.

Figure 22. Sample holders dedicated for the different partner institutes

In a last step, the sample groups were packed into special sample holders dedicated
for each partner institute (see Figure 22) [20]. The sample holders were then packed into
sample containers, which then were inserted into the transport containers. By the end of
May 2013, roughly 370 structural material samples had been shipped to the partner
institutes in Germany, Belgium, the United States, France and Japan.

The Post-Irradiation Examination (PIE) of the structural material samples can be
started.
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Abstract

In nuclear power installations with fast neutrons, ADSs and FRs, the mean energy of core
neutrons does not exceed 0.5 MeV, while the mean energy of fission neutrons emitted by
23U is equal to 1.98 MeV. Hard spectrum of neutrons in ADS and FR core is preferable for
incineration of minor actinides. Neutron moderation is due to the interaction of neutrons
with fuel, structural materials and coolants. In critical and subcritical reactors cooled with
lead, a possibility of neutron hardening exists if lead enriched with ?%Pb is used. This
paper presents that in critical and subcritical reactors cooled with 2®Pb the neutron
spectrum is hardened at 6.3-6.4% and one-group **'Am fission cross-sections increase by
8-10%.

Introduction

As is generally known, the spent nuclear fuel of light water reactors contains
approximately 2% of transuraniums (plutonium, neptunium, americium and curium) and
long-lived products of fission (technetium, cesium and others). The spent nuclear fuel
contains radio nuclides which have to be isolated from the environment during a period
of more than 1000 years [1]. Among these nuclides, the most dangerous from the
radiotoxicity point of view are plutonium and ?**Am. While plutonium can be used as a
fuel for future fast reactors (FRs), low fissile *!Am must be incinerated or transmuted into
other short-lived radio nuclides in future accelerator-driven systems (ADSs) or FRs. Long-
term isolation of *'Am, over 300 years, in special man made containers is problematic
due to its high-level thermal irradiation, about 200 watts/tonne, and its conversion to
2Np, a long-lived radionuclide (T1/2 = 2.14x106 yr) with a relatively high solubility and a
tendency for aqueous subsurface transport.

The threshold of **Am fission in the hard part of neutron spectrum is around 0.1 MeV.
In the intermediate and thermal parts of neutron spectra, the !Am fission cross-sections
are great enough but radiation neutron capture is higher with an impact on the
transmutation of americium into high order actinides. Usually in ADSs and FRs, the mean
energy of core neutrons does not exceed 0.5 MeV, while the mean energy of fission
neutrons emitted by #*U, for example, is equal to 1.98 MeV. The investigation of the
possibility of the neutron spectra hardening in nuclear power installations with the aim
to increase the *?Am fission probability is of practical interest. One of the ways to
enhance neutron spectra hardening is to use core materials such as coolants,
constructive elements, which have small neutron moderation. The molten lead enriched
with lead stable isotope — ?%Pb - is proposed as such a coolant [2].
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This paper analyses the possibility of neutron spectra hardening with the aim to
enhance *!Am fission probability. A blanket of the ADS with a thermal power of 80 MW
designed by authors [3], a core and lateral blanket (LB) of the FR RBEC-M with a thermal
power of 900 MW designed at the Russian National Centre “Kurchatov Institute” [4] are
examined.

Methods of calculations

The neutron spectra of the 80 MW ADS blanket, the reactor RBEC-M core and lateral
blanket were calculated and then, on the basis of the spectra obtained, the mean energies
of neutrons, one-group *'Am fission and radiation neutron capture cross-sections were
found.

Code MCNP5 [5] and input data for RBEC-M were used for determining the
corresponding neutron spectra. Mean energies of neutrons were calculated. Expression:
<En>=YEn@n/>¢n, Were En— is the mean neutron energy in the group g (number of groups
g=28) of the ABBN-93 system [6], ¢n — neutron fluxes into the group g, summation ¥ was
made with respect to all groups where neutron fluxes are higher than zero. Similarly,
1Am one-group fission and radiation neutron capture cross-sections, <oss> and <o.>,
were calculated. The evaluated files of the library ENDF/B-VIL.O were used to determine
microscopic cross-sections of 2’ Am fission and radiation neutron capture.

28pb is used as a coolant for neutron spectra hardening. In this replacement, all other
parameters of 80 MW blanket were kept unchanged. As regards the reactor RBEC-M, the
fuel plutonium enrichment was decreased from 13.59% to 13.0% to preserve the criticality
Ke=1.01. The data relating to the volume shares of the coolants in subcores-1, -2, -3 and
LB of the reactor RBEC-M are shown in [7].

Calculations and discussion

Table 1 gives the mean energies of neutrons and the probability of *'!Am fission along the
subcritical blanket of the ADS with a thermal power of 80 MW. The blanket was
homogeneously supplied with uranium-plutonium nitride fuel, in which the plutonium
enrichment was equal to 13.5%. *®*Pb and Pb-nat were used as coolants. In replacement of
28ph with Pb-nat coolant, the effective neutron multiplication factor Kesr was decreased to
2% [3].

The annular blanket of 100 cm height and 134 cm outer diameter was divided into 9
local subzones to perform calculations. Table 1 presents the mean energies of neutrons in
subzones along the blanket. The mean neutron energy averaged over the blanket is equal
to 0.4026 MeV when using ®Pb as a coolant and 0.3787 MeV when using natural lead.
Thus, the coolant replacement leads to neutron spectrum hardening at 6.3%. Similarly,
the probability of *'Am fission, which is determined as the ratio Fis=<oss>/(<ofis>+<0.>),
where <oss> - is one-group fission cross-section and <o.> - is one-group radiation neutron
capture cross-section, increases by 5.8%.
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Table 1. Mean energies of neutrons, (En, MeV), and probability of **Am fission, (Fis, %), in
parts (subzones) of the blanket cooled with: 2°2Pb (bold)/**'Pb (thin)

The blanket height — 100 cm:

Subzone1
En=0.4254/0.4406

Fis=13.9982/11.3604

Subzone 2
En=0.4438/0.3408

Fis=13.6897/9.,8404

Subzone 3
En=0.3346/0.2362

Fis=6.2326/3.8327

source of neutrons

Target-

Subzone 4
En=0.4820/0.5576

Fis=18.9701/21.5634

Subzone 5
En=0.5377/0.4929

Fis=21.7887/17.6977

Subzone 6
En=0.3723/0.3754

Fis=9.1580/11.9034

Subzone 7
En=0.3365/0.2554

Fis=8.6446/8.3228

Subzone 8
En=0.3731/0.3811

Fis=11.2360/12.4424

Subzone 9
En=0.3182/0.3285

Fis=6.0852/6.7810

28

The blanket radius, cm.

39

51

62

The probability of ! Am fission in the central parts of the blanket reaches 22% while

at the periphery of the blanket it drops to 6%.

Table 2 presents the one-group **Am fission cross-sections along the blanket cooled

with 2°®Pb and Pb-nat.

Table 2. One-group ?*’Am fission cross-sections (barns) along the blanket of 80 MW
cooled with: 2°®Pb (bold) and Pb-nat (thin)

Target-
source of
neutrons

Subzone 1 Subzone 2 Subzone 3
0.2852/0.3387 0.2884/0.1874 0.2198/0.1170
Subzone 4 Subzone 5 Subzone 6
0.3334/0.3724 0.3686/0.3333 0.2431/0.2631
Subzone 7 Subzone 8 Subzone 9
0.2217/0.1706 0.2479/0.2593 0.2193/0.1933

As shown in Table 2, along the ADS blanket of 80 MW, one-group **!Am fission cross-
sections are of 0.1170-0.3724 barns while the maximum cross-section is reached at the
central parts of the blanket (subzones 4 and 5) and the minimum cross-section drops at
the periphery of the blanket (subzones 3 and 9). This dependence is in good correlation

with the dependence of mean neutron energy along the blanket.

Table 3 shows the same parameters (mean neutron energy, *'Am one-group fission
and radiation neutron capture cross-sections, probability of fission) for subcores and the
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lateral blanket of the reactor RBEC-M cooled with its standard lead-bismuth coolant and

the coolant from 2%Pb.

Table 3. Neutron and physical parameters of subcores and LB of the reactor RBEC-M [4]
cooled with: 2°Pb (bold) and Pb-Bi (thin)

Parameters Inner subcore Middle subcore Quter subcore Lateral blanket
Mean energy, 0.4246/0.3992 0.4408/0.4209 0.4433/0.4307 0.2662/0.2509
<En>, MeV
Relative increase of <Ex>, % 6.3627 4.7280 2.8790 6.0980
Coolant volume share, % 62.5 57.3 446 56.5
Fuel volume share,% 23.3 276 38.2 -
Fuel plutonium enrichment, % 13.59 13.59 13.59 -
241Am cross-section <ofs>, 0.2882/0.2629 0.2975/0.2779 0.2950/0.2829 0.1671/0.1521
barns
Relative increase of <os>, % 9.6234 7.0529 4.2771 9.8619
241Am capture cross-section 1.5816/1.5967 1.5306/1.5366 1.5632/1.5627 2.4249/2.4958
<0¢>, barns
Probability of 24'Am fission, % 15.4134/14.1374 16.2737/15.3155 15.8755/15.3283 6.4468/5.7442

As shown in Table 3, at the RBEC-M reactor, the replacement of its standard lead-
bismuth coolant with ?®Pb coolant leads to the hardening of the neutron spectra of the
subcores and the lateral blanket at 6.4% and 6.1%, respectively. Usually, **!Am is inserted
into lateral and top blankets of FRs. It follows from Table 3 that the probability of *!Am
fission in the lateral blanket of the reactor RBEC-M does not exceed 5.7-6.4%, which leads
to ! Am transmutation into higher actinides due to the large one-group radiation neutron
capture cross-section. In the subcores of this reactor, the probability of *?Am fission is
dramatically higher, 15-16%, but there are some restrictions on inserting **Am large
quantities into the reactor core.

Conclusion

It can be concluded that the replacement of the lead or lead-bismuth coolant with a ?**Pb
coolant in installations with fast neutrons leads to neutron spectrum hardening up to
6.3-6.4%. Under these conditions, one-group **!Am fission cross-sections grow at 8-10%. In
the ADS annular blanket (H=100 cm, outer D=134 cm), **'Am fission probability reached
22% in the central parts of the blanket while at its periphery it dropped to 6%.

The probability of ?#!Am fission in the lateral blanket of the fast reactor RBEC-M does
not exceed 5.7-6.4%, while in the subcores of this reactor the probability of ?**Am fission
is dramatically higher, 15-16%.

It should be noted that *»Am fission in relatively hard neutron spectra is more
preferable than its transmutation via neutron capture in the intermediate and thermal
neutron spectra which leads to accumulation of curium and californium.
Acknowledgements

The study is performed with the financial support of the Russian Fund of Fundamental
Research (Project No 08-08-92201-GFEN_a).

References

[1] Sheffield R.L., Pitcher EJ. (2010), “Subcritical minor actinide reduction through
transmutation -SMART”, Technology and Components of Accelerator Driven Systems,

66 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

International Workshop, Karlsruhe, Germany, 15-17 March 2010, Book of Abstracts,
Published by OECD/NEA, p. 68.

[2] Khorasanov, G.L. (2013), “Application of stable lead isotope Pb-208 in nuclear power
engineering and its acquisition techniques”, NOVA publishers, 2013, 184 p., (ISBN:
978-1-62417-653-1).

[3] Khorasanov G.L., Korobeynikov, V.V., Ivanov, A.P., Blokhin, A.I. (2009), “Minimization
of an initial fast reactor uranium-plutonium load by using enriched lead-208 as a
coolant”, Nuclear Engineering and Design, v. 239, No 9, pp. 1703-1707, (ISSN 0029-5493).

[4] Alekseev P.N., Mikityuk, K.O., Vasiljev, A.V., Fomichenko, P.A., Shchepetina, T.D.,
Subbotin, S.A. (2004), “Optimization of Conceptual Decisions for the Lead-Bismuth
Cooled Fast Reactor RBEC-M”, Atomnaya Energiya, v. 97, No 2, pp.115-125 (In Russian);
http://www .iaea.org/NuclearPower/ SMR/crpi25001 /html/).

[5] MCNP - A General Monte Carlo N-Particle Transport Code, Version 5. X-5 Monte
Carlo Team. Los Alamos National Laboratory Report LA-UR-03-1987 (April, 2003).

[6] Manturov G.N., Nikolaev, M.N., Tsiboulia, A.M. (1996), “Group constant system
ABBN-93. Part 1: Nuclear constants for calculation of neutron and photon emission
fields”, Issues of Atomic Science and Technology, Series: Nuclear Constants, Issue 1, p. 59
(1996) (in Russian), (ISSN 0207-3668).

[7] Alekseev P.N., Mikityuk, K.O., Vasiljev, A.V., P.A. Fomichenko, Shchepetina, T.D.,
Subbotin, S.A. (2001), “Optimization of Conceptual Decisions for the Lead-Bismuth
Cooled Fast Reactor RBEC-M”, Preprint of the Russian National Centre, Kurchatov
Institute, IAE-6229/4, 2001, p.38 (In Russian).

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 67


http://www.iaea.org/NuclearPower/%20SMR/crpi25001%20/html/

NEA/NSC/DOC(2015)7

Power spectral analysis for a thermal accelerator-driven system of
the Kyoto University Critical Assembly

Atsushi Sakon', Kengo Hashimoto?, Cheol Ho Pyeon?
Interdisciplinary Graduate School of Science and Engineering, Kinki University, Japan
2Nuclear Engineering Science Division, Research Reactor Institute, Kyoto University, Japan

Abstract

A series of power spectral analyses for a thermal subcritical reactor system driven by a
pulsed 14 MeV neutron source was carried out at the Kyoto University Critical Assembly
(KUCA) to determine the prompt-neutron decay constant of the accelerator-driven systems
(ADSs). A cross-power spectral density between the time-sequence signal data of two
neutron detectors was composed of a familiar continuous reactor-noise component and
many delta-function-like peaks at the integral multiple of pulse repetition frequency. The
prompt-neutron decay constant could be inferred from the former reactor noise component
and the latter peak-point data, respectively, and these decay constants were consistent
with those obtained by a pulsed neutron experiment. Another cross-power spectral density
between the time-sequence signal data of a neutron detector and a beam current meter
was also measured. In the magnitude of the measured complex cross-power spectral
density, we could observe many delta-function-like peaks at the integral multiple of the
repetition frequency, while the spectrum, except for these peaks, was almost white and
had no information on reactor physics. From the magnitude and phase data of the complex
spectral density at the integral multiple of the repetition frequency, respectively, the
consistent decay constant could be determined. A furthter power spectral analysis is in
progress for pulsed spallation neutrons generated from tungsten or lead-bismuth target.
The cross-power spectral density between two neutron detectors has a quite similar
feature to that observed in the above 14 MeV source. The prompt-neutron decay constant
can be determined from the spectral density measured for these spallation sources.
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Introduction

Research and development on accelerator-driven systems (ADSs) has been of great
interest in recent years. The subcritical reactivity of the system indicates a safety margin
from the viewpoint of nuclear safety and governs a power gain of the system to a source
neutron input. Among the several technological subjects for the future ADS, the
development of subcriticality monitoring is particularly important. Only stochastic
techniques such as reactor noise analysis may be available for the on-line monitoring of
subcriticality in the operation of ADS. For the ADS operation, a pulsed-current-mode
operation of the accelerator is expected to be feasible. For such a periodic and pulsed
neutron source, power spectral analyses in the frequency domain may be suitable.

Recently, the Kyoto University Critical Assembly (KUCA) has been combined with a
proton beam accelerator to supply spallation neutrons to its subcritical core [1]. A wide
variety of reactor physics experiments on ADS using the pulsed spallation neutrons is
now in progress [2] [3]. In the preparatory phase of connecting the proton beam
accelerator at KUCA, a series of static and kinetic experiments on ADS with pulsed 14
MeV neutrons has been conducted [4-8]. As a basic study for the on-line monitoring of
the subcriticality in the operation of ADS, various power spectral analyses were carried
out for a thermal subcritical reactor system driven by the 14 MeV neutron source.

A cross-power spectral density between the time-sequence signal data of the two
neutron detectors was measured under various pulsed-current-mode operations of the
Cockcroft-Walton-type accelerator [9]. Another cross-power spectral density between the
time-sequence signal data of a beam current meter and a neutron detector was also
measured. Mufioz-Cobo et al. [10] simulated spectral density by using a Monte Carlo code.
However, no experimental study on the cross-power spectral analysis has been reported.
This paper presents preliminary results of a further power spectral analysis for the
pulsed spallation neutrons, which are generated at tungsten or lead-bismuth target by
100 MeV protons from a fixed field alternating gradient (FFAG) accelerator [11].

Experimental set-ups and condition

Reactor system

The experiments were performed in a solid-moderated and -reflected core, whose
effective multiplication factor ke was about 0.97. The reactor configurations with 14 MeV
neutron source and with spallation neutron source are shown in Figures 1 and 2,
respectively. The core was composed of 25 fuel assemblies (1/8"P60EU-EU), which were
loaded on the grid plate. The fuel and moderator plates of each assembly were set in a
1.5 mm-thick aluminum sheath and the cross-section of these plates within the assembly
was the square of 2". The fuel assembly was composed of 60 unit cells. The unit cell was
composed of two (1/16" thick) uranium plates with Al cladding and one (1/8" thick)
polyethylene plate. The active height of the core, namely 60 unit cells, was about 38 cm.
Adjacent to both axial sides of the active region of each fuel assembly, about 55 cm upper
and lower polyethylene reflectors were attached. KUCA has six control rods, where three
are assigned as safety rods for reactor scram and are referred to as S4, S5 and S6,
respectively. Others are rods for the adjustment of reactivity and are referred to as C1, C2
and C3, respectively. As a subcritical rod pattern for this experiment, the shutdown
pattern was used, where all control and safety rods were completely inserted.
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Figure 1. Top view of a configuration with 14 MeV neutron source
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Figure 2. Top view of another configuration with spallation neutron source
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Experimental condition and instrumentation system

As reactor start-up channels, three fission counters (FCs) are employed. Three
uncompensated ionisation chambers (UICs) are assigned as linear power, logarithmic
power and safety power channel, respectively. In addition to the above instrumentation
for reactor operation, the reactor with 14 MeV neutron source had two BFs proportional
counters (1" dia.) employed as experimental channels. These BFs counters are referred to
as B1 and B2, respectively, and the location is also shown in Figure 1. The signals from
these counters were fed to a fast Fourier transformer to analyse cross-power spectral
density and to record the signals as digital data. An analysis range in frequency from 1.25
to 1000 Hz was specified to obtain 800-point spectral data from the transformer. On the
other hand, the reactor system with spallation neutron source had no BF; counter. The
count rate of BF; counter was so high that the counter could not be placed near the core.
Instead of BFs counter, signals from the above fission counters were fed to the Fourier
transformer.
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The pulsed 14 MeV neutrons were generated through the D-T reaction by accelerated
deuteron beam and tritium in the target metal. The tritium target was placed outside the
polyethylene reflector, as shown in Figure 1. The spallation neutrons were generated
through the injection of 100 MeV protons onto tungsten or lead-bismuth target. The
location of these spallation targets is indicated in Figure 2. As pulse repetition period
(frequency) of the present 14 MeV and spallation experiment, 50 ms (20Hz) were
employed.

Results and discussion

Cross-power spectral density between two neutron detectors for 14 MeV source

Figure 3 shows measured cross-power spectral densities between the two neutron
detector B1 and B2, where the spectral density is real and accordingly only the magnitude
of the spectral density is presented. The cross-power spectral density is composed of a
continuous reactor-noise component and many delta-function-like peaks at the integral
multiple of the repetition frequency 20 Hz. The former correlated reactor-noise
components were similar to a familiar reactor noise for a stationary neutron source. The
reactor noise component has a flat spectrum in a low frequency range, while above a
break frequency (cutoff frequency) the component is attenuated. The break frequency in
radians per second corresponds to the prompt-neutron decay constant of the present
subcritical system. As can be seen from Figure 3, also, the top point of the delta-function-
like peaks has a frequency dependence similar to the above spectrum of the reactor noise
component. As a result of this observation, the decay constant may be determinable not
only from these correlated reactor-noise components but also from the top points of the
uncorrelated peaks. At some frequency of the utility frequency 60 Hz multiplied by odd
numbers (3, 5, 7), additional peaks can be seen. These peaks originated from power
supply are masked in the present analysis.

14MeV Source
T — —— T
£ Power Supply Noise
1E3 L 20Hz 40HZ ppl $
o f u
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V] E
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We derived a formula for this cross-power spectral analysis [9]. Assuming the one-
point kinetics model, the correlated reactor-noise component and the top points of the
uncorrelated peaks could be respectively described as:

D(w) = %’ for reactor noise component (1)
ay; +w
— O(w— o
O(w) = B, %, for peak point (2)
w0y T @
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Where:
o, =2mm/T,. (3)

In the above equations, w is angular frequency, a the prompt-neutron decay constant
of fundamental mode and Tz pulse repetition period. Ao and Bo are constants dependent
on detection efficiency, generation time, and accelerator parameters.

Figure 4 shows a least-square fit of Equation (1) to the correlated reactor noise
component and another fit of Equation (2) to the uncorrelated peak point. The former fit
overestimates the prompt-neutron decay constant, compared with 1226.1+5.3 obtained
by a pulsed neutron experiment. The latter fit leads to a slight underestimation of the
constant. These over- and under-estimations are expected to result from the contribution
of a spatially higher mode to the spectral density data. Considering the contribution, the
consistent decay constant 1187.1+28.5 and 1219.7+16.2 could be respectively inferred
from the correlated component and the peak point data [9].

Figure 4. Least-square fit to correlated reactor noise component and uncorrelated peak point
of cross-power spectral density shown in Figure 3
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Magnitude of cross-power spectral density

Figure 5 shows the magnitude of measured cross-power spectral densities between
signals of the beam current meter and the neutron detector. Several delta-function-like
peaks can be observed at the integral multiple of the repetition frequency, while no
continuous reactor-noise component can be seen from this figure. A formula was derived
for the present cross-power spectral analysis. Assuming the one-point kinetics model,
magnitude and phase of the imaginary spectral density can be respectively described as

No-w,)
()] C
() = Z e )
L0(w,)=—tan" (@, /). )

A least-square fit of Equation (4) to the peak point leads to the decay constant of
1074.9+37.6. This fit underestimates the prompt-neutron decay constant, compared with
1226.1+5.3 obtained by a pulsed neutron experiment. The underestimation originates
from the contribution of the higher mode, and the improvement is now in progress.
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Figure 5. Magnitude of cross-power spectral density between beam current meter
and neutron detector for 14 MeV neutron source
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Phase of cross-power spectral density

Figure 6 shows the phase of measured cross-power spectral density at the integral
multiple of pulse repetition fregency 20 Hz. Equation (5) indicates that the phase lag
increases with an increase in frequency and is asymptotic to -90 degrees. However, the
measured phase data go beyond -90 degrees in a higher frequency range than 600 Hz.
This generates from the lag effect of the higher mode. Substituting the phase data in
Equation (5), the prompt-neutron decay constant can be obtained arithmetically. A least-
square fit is not necessarily required to obtain the decay constant and this feature is
advantageous for the rapid estimation or on-line monitoring of subcriticality. Figure 6
shows the decay constants arithmetically obtained from the phase data. In a lower
frequency range, the present decay constant is consistent with that gained by the pulsed
neutron experiment. In the frequency range higher than around 200 Hz, however, the
decay constant tends to decrease significantly with an increase in frequency. This
underestimation is expected to originate from a significant contribution of the higher
mode.

Figure 6. Phase of cross-power spectral density between beam current meter and neutron
detector and inferred prompt-neutron decay constant for 14 MeV neutron source
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Cross-power spectral density between two neutron detectors for spallation source

Figure 7 shows measured cross-power spectral densities between two fission counters
FC1 and FC3, where the subcritical reactor is driven by spallation neutrons from tungsten
target. Many delta-function-like peaks can be observed and this feature is similar to that
observed in the above 14 MeV source. However, no continuous reactor-noise component
can be seen in this figure. This is because these fission counters are located far from the
core and consequently the efficiency is extremely low.

Figure 7. Cross-power spectral density between two neutron detectors for spallation neutron source
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The least-square fits to the peak point data for tungsten or lead-bismuth target lead
to the prompt-neutron decay constants of 1076.8+33.9 and 1060.2+32.5, respectively.
These fits underestimate the decay constant, compared with 1226.1+5.3 obtained by a
pulsed neutron experiment. The underestimation originates from the contribution of the
higher mode, and the improvement is now in progress.
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Abstract

Reactor physics experiments are required for the design of a Fast Spectrum Transmutation
Experimental Facility MYRRHA/FASTEF working in subcritical mode and in critical mode.
Reactor physics experiments aim to validate a methodology for on-line subcriticality
monitoring. For this purpose, building on the former activities accomplished in the previous
FP6 project GUINEVERE, investigations on the subcritical VENUS-F (lead/uranium) cores
coupled with the GENEPI-3C accelerator will be extended. This activity has been planned in
within the framework of the on-going FREYA (Fast Reactor Experiments for hYbrid
Applications) FP7 project. This paper presents the current progress of the project and the
future plans.

Introduction

Zero-power experiments have always been precursors of the development of a new
reactor technology. For accelerator-driven systems (ADSs), such types of experiments
were initiated in the FP5 EURATOM project (MUSE programme) [1], where the first
coupling of an accelerator to a fast subcritical assembly was studied in more detail. These
experiments used a pulsed neutron generator GENEPI-1 that was coupled to a fast sodium
core representative of sodium cooled reactors. At the end of the MUSE programme, a first
proposal for a methodology for the on-line reactivity monitoring of an ADS was made
based on the outcomes of the experimental investigations (a neutron source and a core
representative of an ADS). For future experiments, an accelerator working in continuous
mode with beam interruptions dedicated to reactivity monitoring will be necessary and
the subcritical core should be made of lead instead of sodium, being in this way much
more representative for lead-alloy cooled ADSs.

Within the framework of the ECATS (Experimental activities on the Coupling of an
Accelerator, a spallation Target and a Subcritical blanket) [2] research domain of the FP6
EUROTRANS integrated project, the GUINEVERE (Generation of Un-interrupted Intense
NEutron pulses at the lead VEnus REactor) [3] project was launched in 2006 in line with
the conclusions of MUSE. The GUINEVERE project was devoted to the coupling of a
flexible GENEPI accelerator, operating in current mode with and without beam
interruptions but also in pulsed mode, with a subcritical fast neutron core based on
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enriched metal uranium and solid lead. In order to reach this goal, there was a clear need
for the construction of a new lead fast zero-power facility as well as for the development
of an accelerator with new specifications. The new GENEPI-3C accelerator adds the same
specifications as the first GENEPI accelerator in pulsed mode to the possibility of
operating in continuous mode with and without interruptions. GENEPI-3C was designed
and constructed by a CNRS/IN2P3 collaboration (LPC Caen, IPN Orsay, IPHC Strasbourg
and LPSC) and first assembled at LPSC in Grenoble for beam characterisation
measurements. It was then disassembled, transferred to SCKeCEN in Mol (Belgium) and
finally reassembled in the VENUS reactor built in 2009 to be vertically coupled to the
VENUS reactor. The VENUS reactor itself, a zero power, thermal neutron water
moderated critical facility up to 2007, was turned into the VENUS-F lead fast reactor. The
construction phase of this new facility ended with the completion of the EUROTRANS
project (2010). The VENUS-F core was loaded in 2011 after receiving the safety
authorisation. The experiments at the critical core (CRO) [4] [S] were carried out and the
first subcritical coupling launched the SC1 (kerr ~ 0.96) subcritical experiment campaign in
October 2011. First, the data obtained for the SC1 reactivity by Pulsed Neutron Source
experiments (PNS) were analysed using prompt decay and area analysis methods were
compared to the reference reactivity value given by the MSM method [6-8].

Due to the delay of commissioning such a new facility, the GUINEVERE experimental
programme could not be completed within the EUROTRANS project and it was achieved
within a new project in the FP7. The FREYA (Fast Reactor Experiments for hYbrid
Applications) [9] FP7, a five-year project was launched in March 2011 with the following
objectives:

o complete the experimental programme for the validation of the methodology for
on-line reactivity monitoring initiated within the GUINEVERE project in
EUROTRANS;

e conduct the necessary experiments in support of the design and licensing of
MYRRHA/FASTEF [10];

e conduct the necessary experiments in support of the design and licensing of lead
fast reactors.

Figure 1. VENUS-F reactor coupled to the GENEPI-3C accelerator for the GUINEVERE programme
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The investigations concerning the first item will be related to the different
subcriticality levels for the nominal operation mode of an ADS. This means that different
subcritical configurations with ker values in the range of 0.95-0.97 will be loaded and
investigated with respect to the applicability of the different measurement techniques.
Also, specific configurations with a deeper subcritical level of 0.85-0.95 will be
investigated to study the determination of the subcriticality level during core loading
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operations. In MUSE, the reflector effect has been shown to be of significant influence on
specific reactivity monitoring techniques. In order to investigate the robustness of the
methodolodgy with regard to the reflector effect, experiments with different reflector
materials should be performed. To complete this work, the robustness of the reactivity
indicators with regard to the source position, a change of the vertical height of the source
target will be investigated to reproduce possible variations of the height of the spallation
source in a real ADS. In this way, FREYA will contribute to obtaining a fully validated
methodology for on-line reactivity monitoring in an ADS.

On the other hand, given the objectives for MYRRHA/FASTEF to be operated as a
subcritical and critical facility, an experimental programme in support of the design and
licensing of both these operation modes is needed. Although the experimental
programme with regard to the critical mode operation of MYRRHA/FASTEF can generate
useful information for the validation of reactor codes for LFR development, a dedicated
effort for the validation of reactor codes for LFR developments has been proposed by the
LFR community.

FREYA overall strategy and general description

The FREYA overall work plan includes one co-ordination working package (WP) plus five
technical WP's as listed below:

e WP1: ADS on-line reactivity monitoring methodologies;

e WP2: Subcritical configurations for design and licensing of MYRRHA/FASTEF;
e WP3: Critical configurations for design and licensing of MYRRHA/FASTEF;

e WP4: Critical configurations for LFR;

e WP5: Training and education;

e WP6: Co-ordination of the FREYA project.

The working packages and the tasks will be peformed one by one in the same
installation with different configurations (see Figure 2).

Figure 2. FREYA working Packages (WP) and tasks
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The scope of activity in the technical WPs of the Project is as follows:

WP1: ADS on-line reactivity monitoring methodologies

The purpose of this work package is to extend and finalise the investigations of the
subcritical VENUS-F (lead/uranium) core configurations coupled with GENEPI-3C
accelerator for the validation of the methodologies for on-line reactivity monitoring of
ADS systems. First, besides the SC1 core with ke = 0.96, foreseen in the GUINEVERE
project, two additional configurations (SC2, SC3) for the nominal operation mode of ADS
will be investigated with ke = 0.95 and kexr > 0.97, respectively. These two variant
configurations will be obtained from the SC1 core by changing some fuel assemblies in
the peripheral region without other modifications in the reflector or source
characteristics. The same type of experiments as in SC1 will be carried out in the SC2 and
SC3 cores (MSM, PNS, current-to flux) to obtain a full set of data for the validation of the
reactivity monitoring methodology. A study of the alpha-modes theory for the analysis of
experiments will be performed to enlarge the possibilities of measurement interpretation.
Application of neutron noise methods is also under consideration and a detailed
evaluation of such measurements by Monte Carlo simulations is planned.

Moreover, specific configurations with deep subcriticality kes-values in the range of
0.85-0.95 will be investigated. In these configurations, especially the performance of the
PNS area method and the current-to-flux technique will be examined. These situations
require further studies to establish the accuracy and methodology of core loading
procedures.

Next, this WP1 predicts the investigations of the robustness of measurement
techniques with regard to the reflector effect and a change in vertical position of the
neutron source. Finally, the results of FREYA WP1 on the ADS reactivity monitoring
methods and those obtained during the previous FP5 and FP6 projects (MUSE,
EUROTRANS) will be analysed and reviewed and a methodology for on-line reactivity
monitoring in ADS with accuracy levels will be obtained.

WP2: Subcritical configuration for the design and licensing of MYRRHA/FASTEFF

Following the objectives for MYRRHA/FASTEF to be operated as a subcritical facility, an
experimental programme in support of the design and licensing is necessary.

In this case, a different core configuration other than one of WP1 could be chosen and
assembled for the VENUS-F Facility. Within the constraints of available fuels at the
VENUS Facility during the FREYA project, this core will be as representative as possible
for the MYRRHA/FASTEF core design. The definition and the realisation of this mock-up
core at VENUS-F is the first task of WP2.

Then, standard characterisation core measurements will be accomplished. These are
axial and radial flux distributions, spectral indices, control rods worth measurements and
minor actinide responses by fission chambers. Application of neutron noise methods
here is also under consideration and a detailed evaluation of such measurements by
Monte Carlo simulations is planned. Different reactivity effects can further be
investigated such as void effects, water ingress effects and fuel agglomeration effects.
Finally, in this WP, the reactivity effects from the introduction of experimental devices
such as in-pile-section (IPS) irradiation equipment, and Na and H.O loops will be
investigated. The IPS has been discussed for the MYRRHA/FASTEF design and will be
simulated by the proper materials and then inserted into the proper place of the
MYRRHA/FASTEF mock-up subcritical VENUS-F core.

Simulation of all these design peculiarities and the measurement of their reactivity
effects on MYRRHA/FASTEF subcritical core will be estimated by recent different
calculational tools. C/E comparison will help to reduce the design safety margins and to
improve the reliability of the computational tool for the licensing of the design.
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Experimental validation of neutronic codes is an essential component in every safety
case towards licensing. It can also lead to the optimisation of the core design in an early
stage.

WP3: Critical configuration for design and licensing of MYRRHA/FASTEFF

To fulfill the objectives for MYRRHA/FASTEF to be operated as a critical facility, an
experimental programme in support of the design and licensing is needed, too. The tasks
of this WP3 and the list of experiments required are almost the same as in WP2, but they
will be performed in a critical core configuration.

WP4: Critical configuration for LFR

This work package has a strong link with the FP6 project ELSY [11] and the on-going FP7
project LEADER [12] on the development of the lead-cooled fast reactor. A thorough
validation of neutronic calculation codes is necessary when constructing and licensing a
LFR. The design safety margins should be reduced due to integral validation in zero
power mock-ups based on static validation experiments and reactivity effect
measurements. The list of experiments needed for the design and licensing support of
LFR is almost the same as in WP2 and WP3, but an essential difference in this case will be
a different core configuration than in WP1, WP2 and WP3 of the FREYA project, for the
VENUS-F Facility.

Within the constraints of available fuels at the VENUS Facility during the FREYA
project, this core will be as representative as possible of the LFR core design; fuel/coolant
features (volume fraction, fuel enrichment), control rods etc. The description of the LFR
core will be resulted from the exchanges of the LEADER project. The definition and the
realisation of this mock-up core at VENUS-F is the first task of WP4. Then, standard
characterisation core measurements will be accomplished. Different fuel loading patterns
will be analysed and characterised according to the different steps in a reloading scheme.
The precise determination of flux gradients and subsequent hot temperature points will
be of importance.

Different reactivity effects can further be investigated such as void effects, water
ingress effects and fuel agglomeration effects.

In the last task of WP4, the results obtained in the other WP4 tasks will be collected
and analysed using the same computation tools as for the LFR design. This C/E
comparison will help reduce the design safety margins of the LFR and can significantly
contribute to the LFR development.

WP5: Training and education

This working package has a strong link with all other FREYA work packages, since it
relies on the experience gained during the different WP's for student training and
education.

This work package is divided into three separate tasks. The first is devoted to the
preparation of the contents of a training session. This laboratory session covers the
issues of the experimental methods used for the measurements of the main neutronic
parameters for subcritical and critical cores based on the experience gained in WPs 1 to 4
at the VENUS-F Facility in combination with the use of the BR-1 reactor. The second task
is dedicated to the implementation of a one-week laboratory session at the SCKeCEN site.
The third task is dedicated to the organisation of a dissemination seminar for a wider
international audience on the results at the end of the project.
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Results achieved

Since the first coupling of VENUS-F to GENEPI-3C (in October 2011) until now, the core
configuration has remained the same (SC1, see Figure 3). The authorisation (requiring a
royal decree) to change the configuration of the VENUS-F core in order to execute the
next tasks of FREYA is expected. But, in spite of this, several subcritical levels of the core
were investigated during this period by changing the height of the absorber rods (CRs and
SRs).

The following activities were performed:
o installation commissioning phase: from October 2011 to March 2012;
o first FREYA campaign (Task 1.1 of WP1): from April 2012 to June 2012;

o second FREYA campaign (Tasks 1.1 and Task 1.2 of WP1): from September 2012 to
December 2012.

The greater part of the task 1.1 experiments of WP1 were achieved, except for the
ones requiring the SC2 and SC3 cores as they could not be changed yet. Essential progress
has been made in task 2.1 and task 3.1 (WP2 and WP3, MYRRHA subcritical\critical core
definition), by implementing the computational investigations of the MYRRHA
representative VENUS-F core and by ordering the proper materials.

The coupling commissioning phase
During the commissioning phase the accelerator worked as:

e a pulsed source to validate the pulsed mode (PM) operation of the GENEPI-
3C+VENUS-F coupled system;

e a continuous source to validate the continuous mode (CM) operation and return to
power in case of an “unforeseen beam trip” situation (mainly caused by accelerator
HV sparks);

¢ a continuous source with “beam trip” mode (BTM), ie. with short beam
interruptions to commission the BTM piloting module and software of GENEPI-3C.

Figure 3. Cross-section of the SC1 (subcritical) core configuration (93 FA), including safety rods

(blue, SR), control rods (red, CR) and accelerator insertion channel (empty central zone)

Legend: violet=FA, yellow=lead, grey=stainless steel.
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This commissioning period was necessary to receive the authorisation papers for the
facility, for the optimisation and the adjustment of several instrumentation aspects such
as:

e beam parameters data acquisition;
e reactor parameters data acquisition;
o efficiency and location of the detectors;

e neutron monitor tunings;

software (beam current measurement, data acquisition, etc.).

Incidentally, the data recorded during this period were used for preliminary analyses
that helped prepare the first FREYA measurement campaign.

The first FREYA campaign

The FREYA experiment programme started on 16 April 2012. The following
measurements were fulfilled:

e pulse neutron source (PNS) measurements with optimised detectors;
e control rods worth investigation in CM (by moving the CRs’height step by step);
e source-jerk integral measurements;

e BTM measurements: short beam trip structure (trip duration = 300 ps, repetition
rate = 200 Hz).

The second FREYA campaign
The experiments with the same SC1 core were restarted in September 2012:
e long BTM measurements (trip duration = 2 ms, repetition rate = 40 Hz);
e continuous mode measurements;
e current to flux relationship investigation;
e CRs worth investigation (prolongation).

Then, measurements in “deep subcritical” core (task 1.2 of WP1, with ker around 0.9)
were accomplished. Due to a lack of an exploitation license, we had no permission to
change the core arrangement. Therefore, we tried to realise the “deep subcritical” core by
leaving four safety rods inserted, while the two others were lifted up (Figure 4).

For this deep subcritical core, the following experiments were carried out:
e CM experiments;
e PNS experiments.

These measurements were completed in December 2012 and have recently restarted
with the same SC1 configuration until the licence is received.
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Figure 4. VENUS-F deep subcritical core with four safety rods inserted

Future work

Task 1.2 (deep subcritical core non-perturbated by SRs with ke = 0.9) and task 1.3 (source
positioning and core flexibility experiments) of the WP1 was expected to be completed in
2013 and then SC2 (kerr =0.95) and SC3 (kerr =0.97) cores were expected to be investigated in
2014. The WP1 programme was scheduled to be completed in March 2014.

The main activities of 2014 were devoted to WP2 experiments (MYRRHA subcritical).
For this case, a core configuration different from the one of WP1 will have to be
assembled in the VENUS-F Facility. This new core definition, simulating the subcritical
configuration of MYRRHA design, planned in task 2.1 of WP2 has already started.

As a metallic U fuel is used in the current VENUS-F core, the neutron energy spectrum
is harder than that of MYRRHA with MOX fuel because of the absence of oxygen (see
Figure 5). It has been shown that the introduction of oxygen by implementation of Al.Os
material in the core, in addition to the use of the available MOX fuel, will make this core
configuration closer to the MYRRHA spectrum. In addition, bismuth in combination with
lead is expected to be used for the simulation of the MYRRHA coolant (which is settled to
be the Pb-Bi euthectic).
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Figure 5. MYRRHA neutron spectrum in inner zone compared to that of
the present WP1 VENUS-F core
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Conclusion

The experimental part of the FREYA project:

o the greater part of the WP1 task 1.1 experiments were completed, except for SC2
and SC3, as the core has not been changed (license expected);

o task 1.2 (deep subcritical) was anticipated to reproduce a deep subcritical core by
means of safety rods insertion;

o all experiments requiring a different core (or source) are postponed until after the
license is received,;

e performing these measurements has allowed valuable experience, so future
campaigns will be executed faster;

e a first deliverable (D1.1) containing all the results obtained in the SC1 core (PNS,
current-to-flux, source-jerk integral and pulse) was released in January 2013 and
an updated version is under preparation;

e a second deliverable (D2.1) concerning the determination of the materials and
configuration of the VENUS-F core for simulation of the MYRRHA was released in
May 2013.
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Abstract

Accelerator-driven systems (ADSs) can be employed to incinerate minor actinides and so
partly contribute to answering the problem of nuclear waste management. An ADS
consists in the coupling of a subcritical fast reactor to a particle accelerator via a heavy
material spallation target. The on-line reactivity monitoring of such an ADS is a serious
issue regarding its safety.

In order to study the methodology of this monitoring, zero-power experiments were
undertaken at the GUINEVERE Facility within the framework of the FP6-IP-EUROTRANS
programme. Such experiments have been under completion within the FREYA FP7 project.
The GUINEVERE Facility is hosted at the SCKeCEN site in Mol (Belgium). It couples the
VENUS-F subcritical fast core with the GENEPI-3C accelerator. The latter delivers a beam
of deuterons, which are converted into 14 MeV neutrons via fusion reactions on a tritiated
target.

This paper presents one of the investigated methods for ADS on-line reactivity monitoring
which has to be validated in the programme of the FREYA project. It describes the results
obtained when pulsed neutron source experiments are analysed using the area method in
order to estimate the reactivity of a few subcritical configurations of the VENUS-F reactor,
around keg= 0.96.

First, the GUINEVERE Facility is described. Then, following general considerations on the
area method, the results of its application to the neutron population time decrease spectra
measured dfter a pulse by several fission chambers spread out over the whole reactor are
discussed. Finally, the reactivity values extracted are compared with the static reactivity
values obtained using the Modified Source Multiplication (MSM) method.

86 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

Introduction

Accelerator-driven Systems (ADSs) could be employed to incinerate minor actinides and
so partly contribute to answering the problem of nuclear waste management. An ADS
consists in the coupling of a subcritical fast reactor to an accelerator whose light ion
beam hits a heavy material spallation target immersed inside its lead alloy cooled core in
order to provide the extra external neutrons needed to sustain the power delivered by the
reactor core. The on-line reactivity monitoring of such an ADS is a serious issue regarding
its safety.

In order to study the methodology of this monitoring, zero-power experiments were
initiated within the framework of the MUSE programme (FP5) [1] and further developed
within the GUINEVERE (Generation of Un-interrupted Intense NEutron pulses at the lead
VEnus REactor) project [2] of the FP6-IP-EUROTRANS programme [3]. Such experiments
have been under completion within the FP7 FREYA (Fast Reactor Experiments for hYbrid
Applications) project [4].

The GUINEVERE Facility is hosted at the SCKeCEN site in Mol (Belgium). It is the result
of the coupling of the VENUS-F subcritical fast core, composed of enriched uranium and
solid lead, with the GENEPI-3C accelerator delivering a deuteron beam which impinges on
a tritium target installed at the reactor core centre. The 14 MeV neutrons produced by the
T(d,n) fusion reactions provide the external neutron source. The latter can be operated in
a pulsed mode or in a continuous mode with periodic short beam interruptions, referred
to as “beam trips”.

This paper presents one of the investigated methods for ADS on-line reactivity
monitoring which has to be validated in the programme of the FREYA project. It describes
the results obtained when pulsed neutron source experiments are analysed using the
area method [5] in order to estimate the reactivity of a few subcritical configurations of
the VENUS-F reactor, around kesr = 0.96 (a typical configuration among the ones of interest
for ADS studies). This technique can be accomplished during core loading and start-up
phases of an ADS.

First, the GUINEVERE Facility is described. Then, following general considerations on
the area method, the results of its application to the neutron population time decrease
spectra measured after a pulse by several fission chambers spread out over the whole
reactor are discussed. Finally, the reactivity values extracted are compared to the static
reactivity values obtained using the Modified Source Multiplication (MSM) method.

The Guinevere Facility

Initially, the VENUS Facility, located at SCKeCEN, Mol (Belgium), was a critical water-
moderated thermal reactor. It was modified to become a fast reactor with highly enriched
metal uranium and lead, referred to as VENUS-F (see Figure 1). It can be coupled to an
accelerator, GENEPI-3C, which delivers a deuteron beam (at about 220 keV energy), either
in a continuous mode (with and without beam interruptions) or in a pulsed mode. The
beam impinging on a copper target with a titanium-tritium (TiT) deposit, provides
14 MeV neutrons via T(d,n)*He reactions, right at the centre of the VENUS-F core.

The GENEPI-3C accelerator

In contrast to an industrial ADS, the GUINEVERE neutron source is not provided by high
energy spallation reactions but by T(d,n)*He fusion reactions by means of the accelerator
GENEPI-3C (GEnérateur de NEutrons Pulsé et Intense) [2]. Built by a collaboration of CNRS-
IN2P3 laboratories and first assembled at the Laboratoire de Physique Subatomique et de
Cosmologie (Grenoble, France), it accelerates deuteron ions to the energy of 220 keV and
guides them onto a tritiated target. In the GUINEVERE Facility, the target is located at the
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core mid-plane of the VENUS-F reactor. This source provides a quasi-isotropic field of
about 14 MeV neutrons.

This accelerator was designed for the GUINEVERE programme and has dedicated
specifications. In pulsed mode, the GENEPI-3C accelerator provides one-microsecond
pulses of around 20 mA peak current. The neutron source intensity is around
1-2x10° neutrons/pulse in this mode.

Figure 1. Sketch of the GUINEVERE Facility
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The VENUS-F reactor

The VENUS-F fast zero power reactor is placed in a cylindrical vessel of approximately
80 cm in radius and 140 cm in height. A 12x12 grid surrounded by a 30 mm stainless steel
casing can receive up to 144 elements of 8x8 cm? in section, which can be fuel assemblies,
lead assemblies or specific elements for accommodating detectors or absorbent rods. The
remaining room in the vessel is filled with semi-circular lead plates, which act as an
outer radial neutron reflector. In addition, the core is reflected by top and bottom 40 cm-
thick lead reflectors. Each fuel assembly (FA) consists of a 5x5 pattern filled with 9 fuel
rodlets and 16 lead bars surrounded by lead plates. The fuel is 30 wt.% enriched metallic
uranium provided by the CEA.

Various configurations of the reactor in terms of reactivity can be studied due to the
modular shape of the core. The main configurations of interest are all derived from the
SC1 subcritical configuration shown in Figure 2. 93 FAs (dark grey) are arranged in a way
to create a pseudo-cylindrical core. Among them, six are actually safety rods (SR) made of
boron-carbide with fuel followers with the absorbent part retracted from the core in
normal operation. At the core periphery, two boron-carbide control rods (CR, light gray)
are used to adjust the reactivity. They can be moved from 0 mm (fully inserted inside the
core) to 600 mm (fully retracted). For the SC1 configuration, both CRs are at 479.3 mm.
The PEAR (Pellet Absorber Rod) rod (light grey) is used for rod drop experiments. Its
reactivity worth is very small (-136+5 pcm [6]) and it can be dropped almost
instantaneously (in less than 0.5 second). It is fully inserted when the reactor is in the
SC1 configuration. The remaining slots in the 12x12 grid are filled with pure lead
assemblies (very light grey).
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Figure 2. Cross-sections of the SG1 configuration
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SC1 was the first configuration studied in the dynamical reactivity measurement
experiments. By moving the two control rods around their initial position, which is
479.3 mm, the other subcritical reactor configurations were obtained. They are named
SC1/CR=0 mm and SC1/CR=600 mm.

In order to study the evolution of the neutron population in the reactor after injection
of neutron pulses at the core center, ten fission chambers (FC) with U deposit were
installed in the reactor. Table 1 gathers the detector names and their compositions as
well as their deposit masses. For practical issues (presence of the guiding structure of the
vertical beam line and, safety and control rod mechanisms) but also owing to
experimental requirements (interest for a homogeneous fissile zone without local
perturbation) all the detectors except for one were positioned in the reflector, as shown
in Figure 2.

Table 1. Detectors used for the PNS experiments

Detector Deposit ~Mass (mg)
CFUL659 235 (~92%) 1000
CFUL658 235 (~92%) 1000
CFUL653 235 (~92%) 1000
RS-10071 25 (~90%) 100
RS-10072 25 (~90%) 100
RS-10074 235 (~90%) 100
RS-10075 285 (~90%) 100
CFUF34 235 (=~100%) 1
CFUM21-325 25 (~90%) 10
CFUM21-326 25 (~90%) 10

In order to test the performances of the area method for reactivity monitoring, the
reactivity of each subcritical configuration was first determined by other experiments
using the MSM (Modified Source Multiplication) method [6]. It is a well-established static
reactivity measurement technique, which has been extensively and successfully used to
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determine large subcriticality levels (up to several dollars). The unknown reactivity is
determined by comparing detector count rates driven by an external neutron source in
the configuration of interest with those obtained in another subcritical configuration
whose reactivity is known [7]. Indeed, SC1 was first obtained from a critical configuration
CRO by removing the four central fuel assemblies (which allow inserting the accelerator
beam tube) and by dropping the PEAR rod. A slightly subcritical configuration of known
reactivity was created by simply dropping the PEAR rod in the reactor in CRO
configuration. Table 2 shows the results of the MSM experiments. These results will be
considered as reference reactivity values and will be used as a benchmark for the area
method.

Table 2. Reactivity of the subcritical configurations determined by the MSM method [6]

Configuration SC1/CR=0mm SC1 SC1/CR=600mm
Height of control rod 1 (mm) 0 479.3 600
Height of control rod 2 (mm) 0 479.3 600
MSM reactivity ($) 6.35+£0.27 -5.30 £0.23 -5.09 + 0.22

The area method

The principle of the area method

When dealing with Pulsed Neutron Source (PNS) experiments, the area method (also
referred to as the Sjostrand method) [5] allows one to determine in a straightforward way
the reactivity (in dollars) of a subcritical nuclear reactor with no input from theoretical
calculations, as long as the assumptions of the neutron point kinetics hold in the reactor.
This technique is based on the analysis of the time response of detectors placed in the
reactor after a source neutron pulse. The evolution of the detector count rates strongly
reflects that of the neutron population over time. Indeed, assuming that neutron point
kinetics can represent the neutron population evolution over time, the equation of its
time decrease after a pulse (considered as a Dirac peak) within the one-delayed neutron
group approximation reads:

P~ ﬁ@/f J IA«]}'ﬂeﬁ' [ Zp j:l
N(t) = N,| exp t|+ —exp| — t
{ { L (P By ) P =Py @

where 1 is the average decay constant obtained by averaging the inverse constants %

In Equation (1), we can distinguish a “fast” component due to prompt neutrons, and a
“slow” component, due to delayed neutrons. The integration of the prompt component
over time gives the prompt surface Ay:

A= Ny )
- %0
b —p+ By @)

whereas the integration of the delayed component gives the delayed surface Aa:

4, =N, Byl 3)
p(p=By)
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Then, the ratio of these two surfaces gives directly the value of the antireactivity in
dollars:

A
o)
p=lro P @
Ad ﬂ eff

Experimentally, for a set of pulses repeated with a fixed frequency, a single Pulsed
Neutron Source (PNS) histogram is constructed by summing the fission chamber time
responses as a function of the time elapsed after the neutron pulse. The analysis consists
in separating in this histogram the prompt neutron contribution from the delayed
neutron one. After integrating the time spectrum to get the surfaces Ap and Ad, the
antireactivity can be calculated using Equation (4).

Figure 3. Time-dependent PNS histograms obtained with 4 different FCs
for the reactor configuration SC1/CR=479.3 mm
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Typical PNS histograms

In order to extract the reactivity value of the SC1 and the SC1 variant configurations, the
area method was applied to the count rates measured during the PNS experiments by the
ten FCs installed in the reactor. When necessary, count rates were corrected for dead
time. Figure 3 shows the typical PNS histograms for various detector positions; CFUF34 in
the core, CFUM21-326 at the core-reflector interface, RS100-71 in the corner of the 12x12
grid and CFUL658 inside the outer part of the reflector. These histograms were built by
adding-up at least one million pulses for a beam frequency of 200 Hz and they are
normalised to the same maximum.

Except for the CFUL65S8, it should be noted that the PNS time spectra have almost the
same shapes, which depend on the detector position inside the reactor (they are not
homothetic). First, right after the neutron pulse injection, a sharp increase of the fission
rates is observed. This delay, before reaching the maximum count rate, is explained by
the neutron transport time from the source location all the way to the FC position. Then,
the count rates decrease more or less rapidly, depending on the reactor region, within
about 1.5 ms. This “fast component” corresponds to the prompt neutron driven decay of
the neutron population. It is also observed that the closer to the reflector the FC is, the
slower the decay of this fast component. This behaviour might signal the presence of
spatial effects, which are not predicted by the point kinetics model. Except for the two
detectors located inside the outer lead reflector, beyond 2 ms, a quasi-constant level
referred to as the delayed neutron level Lq, is reached. This so-called “slow component” is
the sum of the contributions of the delayed neutrons originating from the successive
pulses.
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Obviously, it should be examined that the neutron precursors have reached
equilibrium before analysing the data within the framework of the area method. A study
of the delayed neutron level saturation using point kinetics shows that at least
200 000 pulses should be considered. Also, the PNS experiments should not be performed
at frequencies larger than about f ~ 500 Hz. Indeed, above this value, shorter time
intervals between pulses would prevent the PNS histogram from reaching the delayed
neutron level. As shown in Figure 3, this frequency upper limit becomes lower when a
detector farther away from the core is considered.

The constant level of the delayed neutrons L« is first obtained by calculating the
average count rate on a domain ranging from a fixed upper time limit, tmax, to a lower
time limit, tmn. tmex is simply the period between two beam pulses. The lower limit tmmn is
chosen in the flat region of the PNS histogram in order to get a good estimate of La even
for the smaller FC (CFUF34) and in order to maintain the systematic error on La around 1%
for the FCs having the slowest prompt neutron population decrease. Finally, tmin Was fixed
tO tmin = tmax- 0.5 ms. Then:

tmax Ld
t=0
Introducing A, the total number of counts in the PNS histogram, we have:
p Ay A —Ag 1 Aot
=+t - " _-1- 6
Berr  Ad Aq Aq ©

This relationship is valid only if the neutron intrinsic source originating from the fuel
can be neglected. This is the case here, since the fuel is metallic uranium and was never
irradiated at high power.

Results

The area method was applied to reaction rates measured by the ten fission chambers
during the PNS experiments for the three different subcritical configurations obtained by
moving the control rods. Figures 4 and 5 show the results. Reactivity values extracted
according to formula (6) are represented by solid dots. The error bars were calculated by
taking into account the statistical as well as systematic errors. The horizontal dashed line
represents the reactivity of the subcritical configuration as inferred from the MSM
method, while the solid horizontal lines show the uncertainty range on the MSM value.

A dispersion of the results seems to depend on the detector location in the reactor.
Three groups can be identified. The first one contains only the CFUF34 detector, which is
the only one located in the reactor core. It is also the only one from which the reactivity
value obtained with the area method is in very good agreement with that of the MSM
method. The second group gathers six (RS10074, RS100-71, CFUL659, CFUM326, CFUM325
and RS10072) or even seven (RS10075) detectors, which are located either at the core-
reflector interface or in the corners of the 12x12 grid, in the inner part of the reflector.
The last detectors (RS10075, CFUL653 and CFUL659) form the third group. They are
located rather far away from the core, in the outer part of the reflector, outside the casing.
The area method fails to provide the correct value of the reactivity when the FCs are not
in the core. The effect seems to be stronger when the detector is farther from the core. In
the case of the third group, Figure 3 shows that the neutron population does not decay as
predicted by neutron point kinetics. Furthermore, the neutron population does not even
reach the delayed neutron level within the time window corresponding to the period
between the beam pulses. In these conditions, the area A is overestimated, which leads
to an underestimation of A, and the reactivity value extracted is wrong.
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In order to correct for this detector location effect, we now turn to Monte Carlo
simulations with MCNP [8]. If the dispersion of the reactivity values given by the area
method is due to spatial effects, Monte Carlo simulations of neutron pulses should be
used to correct for the dispersion since Monte Carlo simulations transport neutrons
without geometric approximations. First, an MCNP input file with a simplified geometry
of the VENUS-F reactor was created in order to save computing time and investigate the
hypothesis that spatial corrections are not very sensitive to the details of geometry.
Second, Monte Carlo correction factors to be applied to the experimental values of
reactivity can be calculated for each configuration and each detector location by:

#2)
e B ()
area — RC - c RS
_p eff p
(#)
where p° is the reactivity computed with the MCNP model for the considered core
configuration of VENUS-F. R and Ry, are fission rates at some detector location, due to a
Dirac pulse at the core center, associated with delayed neutrons and with prompt
neutrons, respectively. Since MCNP cannot calculate the former, the total fission rate R°is
computed and the difference R°—R; is used instead. B;;; is the calculated effective
delayed neutron fraction associated with the reactor configuration. Since Monte Carlo
estimates of 7, are very time consuming, this parameter was taken from calculations
performed with the deterministic code ERANOS [9] for the same reactor configuration,
which gave f¢; =722 pcm [10]. p°/B¢;, can be regarded as the “true” reactivity value, while
R;/Rg is the distorted one corresponding to some detector position. If point kinetics
would hold everywhere in the VENUS-F reactor, faea would be equal to one. Finally, the
corrected reactivity value reads:
Ap

Ps = farea X A_d (8)

Figure 4. Uncorrected (solid dots) and corrected (open squares) reactivity values extracted from
detector counts for the reactor configuration SC1/CR=600 mm
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The MSM reference value is the dashed line and its uncertainty range is given by the solid lines.

The corrected values are symbolised by open squares in Figures 4 and 5. For every
configuration, as expected, the effect of the correction is negligible for the CFUF34 located
inside the core. Except for the fission chambers installed in the outer lead reflector, the
corrected values are all compatible with the reactivity given by the MSM method. It is not
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surprising that the correction fails for the FCs in the outer reflector, since for these the
delayed neutron level could not be reached in the PNS time window given by the 200 Hz

frequency of the beam.

Finally, discarding the results obtained for the fission chambers located in the outer
part of the reflector, the average corrected value of reactivity was calculated for the three
configurations studied. To calculate the uncertainty, it was assumed that the correlations
are at maximum between the values given by the detectors. As can be seen in Table 3,
the agreement between the MSM reactivity and that given by the area method is

remarkable.
Figure 5. Uncorrected (solid dots) and corrected (open squares) reactivity values extracted from

detector counts for the reactor configuration SC1/CR=600 mm (case withCR height at 479.3 mm
(left) and CR height at 0 mm (right))
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Table 3. Average reactivity value given by the Area method compared with the
MSM reference value, for the three reactor configurations studied

CR height (mm) (pyrea (o)
600 -5.09 £ 0.03 -5.09 £ 0.22
479.3 -5.26 £ 0.03 -5.30+0.23
0 -6.31+£0.05 -6.35+0.27

Conclusion

This paper presents the reactivity estimates of three different subcritical levels of the
VENUS-F reactor extracted from PNS experiments with the area method. First, the
technique was applied to count rates measured by ten fission chambers used during PNS
experiments driven by the GENEPI-3C deuteron accelerator and performed for three
different reactivity levels of the reactor. The dispersion observed among the reactivity
estimations inferred from the responses of the detectors spread over the entire reactor
volume pointed out that space-energy effects bias the results and that they must be
accounted for. Then we exposed the method used to compute, by means of simulations
performed with MCNP, correction factors for all the detector positions inside the VENUS-
F reactor. Except for two fission chambers located inside the outer lead reflector, all the
corrected reactivity values were compatible and in good agreement with the reference
values previously estimated with the MSM method.
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Abstract

The GUINEVERE (EUROTRANS-IP FP6) and FREYA (FP7) projects address the main issue
of ADS reactivity on-line monitoring. The latter aims to validate a methodology that
consists in the combination of two approaches: (i) the time monitoring of the reactor power
as well as beam intensity (i.e. source intensity), which gives access to the on-line relative
fluctuations of the reactivity, p(t), around a reference value; (i) some calibration
measurements, performed regularly, providing an absolute level of p. This absolute level -
which may evolve with time too but slower — is used as a reference for on-line relative
meadsurements.

The calibration measurements are based on the analysis of the time decay of the reactor
neutron population, N(t), measured during programmed beam interruptions. Different
analysis techniques can be applied, but most of them require analysing both prompt and
delayed neutron contributions (as the area method, ibid. Marie et al.). Consequently, to
give precise results, these techniques require the use of long beam interruptions of several
ms durations.

This paper describes the innovative analysis method that relies only on the prompt
component of the neutron decay. It can thus be applied to shorter beam interruptions of a
few tens of microseconds. The method, called integral k, method as it allows the
determination of the reactor prompt multiplication factor, is applied to the first
experimental data taken at SCKeCEN VENUS-F Facility.
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Introduction

Research on accelerator-driven systems (ADSs) led to several experimental projects
supported by the EURATOM Framework Programmes. One of the main issues investigated
is linked to safety. In particular, the property of piloting a reactor due to the accelerator
holds only if the core is far enough from criticality. In a powerful core, several
phenomena could lead to an increase in reactivity (fuel evolution, Doppler effect). It is
then of paramount importance during the operation of an ADS to be able to prove that it
remains subcritical in a given margin. The absolute reactivity measurement of a core is,
however, not a trivial issue, especially in steady state operation, as the only available
observable is the neutron flux (or more exactly fission rates in detectors). Moreover,
standard techniques to determine the reactivity of a subcritical core must refer to a
critical core, which is not a step foreseen in powerful systems. This issue has been
investigated for the last 15 years, which has represented the time scale for preparing and
exploiting two fast ADS mock-ups in Europe in dedicated experimental projects. In 2006,
the GUINEVERE project joined the EUROTRANS Integrated Project (FP6) to continue with
the reactivity monitoring work started in the MUSE project (FP5) at the MASURCA reactor
facility (CEA, France). The GUINEVERE (Generator of Uninterrupted Intense NEutron at the
lead VEnus REactor) project (2006-2010) consisted first in achieving an innovative lead
fast ADS mock-up at the VENUS Facility (SCKeCEN, Belgium), with dedicated neutron
source specifications. The exploitation of this mock-up for the reactivity monitoring
methodology investigation carries over to the FREYA (Fast Reactor Experiments for
hYbrid Applications) project, launched in 2011 in the FP7. The strategy chosen to monitor
a subcritical core reactivity combines two approaches: (i) the on-line monitoring of the
relative fluctuations of the reactivity p(t), due to the measurement of the ratio of the
beam intensity to the reactor power; (ii) some calibration measurements, performed
regularly, providing an absolute level of p. These absolute or calibration measurements
are performed during beam interruptions and are based on the analysis of the time decay
of the reactor neutron population, N(t). This paper focuses on the prompt decay part of
N(t) and presents a method to determine the prompt multiplication factor k,, from which
the ke can be inferred. The method is applied to Pulsed Neutron Source (PNS)
measurements.

The VENUS-F Facility

The VENUS-F Facility (see Figure 1) is a zero power ADS mock-up and consists in the
vertical coupling of the VENUS reactor (SCKeCEN, Mol, Belgium) with a deuteron
accelerator GENEPI-3C. The deuteron ions are accelerated (220 keV) onto a tritiated target
located at the reactor core centre, creating neutrons by T(d,n)*He reactions. The time
structure of the beam 1is one of three different modes: the pulsed mode
(20 mA peak current over 1 ps, with a repetition rate bounded by 10 Hz and 4 kHz), the
continuous mode (with an intensity bounded by 100 pA and 1 mA), and the beam trip
mode where beam interruptions (300 ps to a few ms) are made at a low frequency (a few
tens to a few hundreds of Hz) in the continuous beam.

For the subcritical experiments in the FEYA project, the VENUS-F reactor is loaded
with 93 square fuel assemblies (FA) arranged in a cylindrical geometry, composed of 30%
23U enriched metallic uranium (provided by CEA) and solid lead rodlets that mimic a fast
system coolant. The fissile zone is surrounded axially and radially by a lead reflector. For
mechanical reasons, the 12x12 assemblies are placed into a square stainless steel casing.
The reactor is equipped with six safety rods (SF) with fuel followers, two control rods (CR)
and one absorbent rod for rod drop experiments. The ending part of the accelerator is
inserted into the core in a central hole corresponding to the size of 4 fuel assemblies. This
subcritical configuration, with the CRs at a height of 479.3 mm and the absorbent rod
inserted is called “SC1” level. The CRs' height is the one giving a critical core when the
four central FAs are added and the absorbent rod is withdrawn. Figure 1 shows the cross-
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section view of the SC1 core. More details on the VENUS-F Facility are found in [1]. The
reactivity value of the SC1 core was found to be equal to -5.3 + 0.23 $ by the MSM method

(2]

Figure 1. The VENUS-F Facility (SCKeCEN, Mol, B); (left) the subcritical core SC1
(cross-section) with detector locations (right)
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Pulsed neutron source measurements

Measurements in the core consist in fission rate measurements performed with ten **U
fission chambers having different efficiencies. Table 1 summarises the different types of
detectors and their associated fissile deposits. Most of them are located in the reactor
reflector, some of them being inside the casing (inner reflector) and a few of them being
outside (outer reflector), as shown in Figure 1 (right). One fission chamber is placed inside
the core part composed of FAs. The pulsed neutron source measurements are performed
with the accelerator in pulsed mode, at 200 Hz and in the SC1 configuration described
above. The neutron source shape is close to a Gaussian with a FWHM of the order of
500 ns.

Table 1. Detector specifications

Name Type Location Deposit (content) A;[;l:;x(i?;;e
D1 CFUL659 Inner reflector 235J (~92%) 1000
D2 CFUL658 Outer reflector 235J (~92%) 1000
D3 CFUL653 Outer reflector 235J (~92%) 1000
D4 RS-10072 Inner reflector 235 (~90%) 100
D5 RS-10071 Inner reflector 235 (~90%) 100
D6 RS-10074 Inner reflector 235 (~90%) 100
D7 RS-10075 Outer reflector 235 (~90%) 100
D8 CFUF34 Fuel 235 (100%) 1
D9 CFUM326 Inner reflector 235 (~90%) 10

D10 CFUM325 Inner reflector 235J (~90%) 10
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Fission events are time stamped with a resolution of 20 ns by the GANDDALF data
acquisition system designed for this programme. The neutron source intensity is of the
order of 10° neutrons per pulse. The time spectra obtained for each pulse are added and
Figure 2 shows the final time spectra obtained for 8.36x10° neutron pulses for the ten
detectors. At first glance, the different detector efficiencies can be seen and curve shapes
gather as a function of detector locations.

Figure 2. Raw pulsed neutron source measurements obtained at 200 Hz in SC1 configuration
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Description of the k, method

Number of neutrons born at time t into a subcritical reactor

Let us suppose we inject a number, S(t), of source neutrons at time t > 0 into a subcritical
reactor. These neutrons, of generation 0, will propagate throughout the medium and, a
fraction of them will induce fissions. The neutrons of generation 1, released by these first
fissions, in turn, induce new fissions, initiating a fission chain that ultimately dampens
due to system subcriticality. The number, Nw.(t), of neutrons of generation n+1 born at
time t in the reactor can be related to the number, Ni(t), of neutrons of generation n
through a simple equation:

N,.@O)=k,(PON,)t)=k, ; N, (=)o), :E)P(f)df -1 )

In (1), symbol ® stands for the convolution product, k, is the prompt multiplication
factor. Function P(7) is the intergeneration time distribution, i.e. the probability density
that a newly born neutron induces a fission after time z This study shows that the
distribution P(7) is independent of the generation number.

We intend to calculate the number, N(t), of neutrons that are generated in the reactor
at time t by fissions. This number is given by the sum of all neutron generations: N(t) =
No(t) + Na(t) + ... + Nn(t) + etc. Thus, using relation (1) and observing that No(t) = S(t), an
equation is obtained that governs the time evolution of the neutron population N(t):

N(t)=S@t)+k,(P®NXt)- )

In this study, the neutron source pulse S(t) is modelled by a Gaussian. Using Laplace
transform, that transforms a convolution product into an algebraic one, we can
reformulate (2):
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An analytical solution of (3) can be obtained, which reads:

N(Et)=S(t)+k,(P®SNt)+k.(POPR®SNt)+k,(PRPR®P®S)t)+.... (@)

With a good knowledge of the intergeneration time distribution, P(7), by using the
integral equation (2) it is possible to calculate numerically the time evolution of the
number, N(t), of neutrons born at time t in a subcritical reactor.

The intergeneration time distribution P(x)

The P(z) distribution can be computed using the MCNP transport code in a KCODE
mode [3]. The results obtained for VENUS-F reactor are presented in Figure 3 (left),
alongside with an analytical distribution, Pw(z) = exp(-#A)/A. The Pw(7) curve is the
intergeneration time distribution obtained for the point kinetics hypothesis. Number A is
the mean time elapsed between two fissions, equal to 0.5 pus in VENUS-F. As shown in
Figure 3, the point kinetics hypothesis is unable to reproduce the VENUS-F P(7) shape,
more specifically, its tail at large times. This tail is due to the VENUS-F lead reflector and
concrete, which act as pools returning moderated neutrons back to the fissile core after
several tens of ps.

For a given reactor, we indicate that the distribution P(7) is insensitive to:
(i) reasonable changes in reactivity. Indeed, the differences between two P(z) curves
computed for kes = 0.964 and 0.994 are negligible; (ii) choice of the nuclear cross-sections
database; (iii) reasonable changes in core geometry [4] [5]. The insensitivity of the P(z)
function to these changes is a cornerstone of the k, method. Therefore, by computing a
single P(z) distribution and by folding it using (4), we can simulate the prompt decays
occurring in a reactor for a large range of k, configurations.

Figure 3. Distribution P(7) obtained for the VENUS-F reactor compared with the predictions of
point kinetics (left) and distributions D(7) obtained for the D1 to D10 detectors (right)
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Number of events, M(t), detected at time t in a fission chamber

In our experiment, however, the physical observable is not the number N(t) of fissions
occurring in the reactor, but the number of counts measured in several fission chambers
positioned inside the VENUS-F core and reflector (see Figure 1). The theoretical number of
counts, Mu(t), recorded at time t in a detector can be related to the neutron population,
N(t), by introducing a new distribution called D(z). Function D(7) is the distribution of
times elapsed between a fission occurring in the reactor and a fission occurring in the
fissile deposit of the considered detector. Omitting the detector efficiency we have:
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M, ()= (D®N)r)- (5)

Distribution D(z) accounts for the transport of neutrons from the coordinates of
fissions to the detector position. As a result: (i) the distribution D(7) is more sensitive than
the P(7) distribution to the reactor geometry and composition; (ii) to obtain D(z) with
sufficient statistics, more computer resources are required than what is needed to
compute P(7). For both reasons and according to MUSE conclusions, it is recommended to
apply the k, method preferentially to threshold detectors, such as fission chambers with
2Np or pure U deposits. For a threshold detector, the D(z) function does reduce to a
Dirac, &7), since the time needed to transport MeV neutrons along a distance of about 1 m
is negligible compared to the prompt decay time. Easing the need for D(z) calculation
facilitates the comparison of experimental to theoretical data.

Unfortunately, it is very difficult to get threshold fission chambers with an efficiency
adapted to a zero power experiment. For these experiments, only conventional **U
fission detectors were used that are sensitive to low-energy neutrons and thus to the
details of the neutron trajectories. In turn, the D(7) distributions were computed by MCNP
[3]. Figure 3 presents the results for the detectors used in VENUS-F reactor.

Extraction of the k, factor

By computing the distributions P(z) and D(z), then by using the theoretical background
summarised in Equations (2) and (5), it is possible to simulate the time evolutions, Mu(t,ky),
of the count rates measured by our detectors, as a function of two parameters: (i) time t;
and (ii) the prompt multiplication factor k,. By comparing this theoretical data with the
experimental ones, Mexy(t), we can infer the k, value for the SC1 configuration.

Improvement of the k, method

New methodology to compare the theoretical and experimental results Mu(t, ky) and Meq(t)

As they have neither the same normalisation nor the same starting times, the theoretical
and experimental count rates, Mu(t, k) and Mex(t), cannot be directly compared. In the
classical approach of the k, method, this comparison is undertaken by calculating and
then by comparing their logarithmic time derivatives [4] [5]. However, this approach is
highly sensitive to the statistical fluctuations occurring in the experimental Mex(t) curves,
fluctuations that, in turn, induce large fluctuations on the Mex(t) logarithmic derivatives
[6]. To circumvent this issue, we propose a novel estimator, W(t), which relies on the
integration of the M(t) curves rather than on their derivation, since an integral is more
continuous than a derivative. This estimator is one of the simplest, self-normalised,
integral estimators that can be chosen, and is defined by:

W= e / () @

t':tmm

In (6), time twn is a cut-off, used to reject the first 10 ps of the theoretical and
experimental curves, sensitive to issues such as: (i) the source time shape, which is not
perfectly Gaussian; (ii) the dead time effects, corrected in our study, but minor errors can
still occur; (iii) the weight of the first generations of neutrons whose intergeneration time
distributions are not strictly equal to P(z); (iv) numerical transients: as the distribution P(7)
is given in the form of a histogram, it should be noted that the integral Equation (2),
which governs the time evolution of the neutron population is mathematically
equivalent to the equation giving the neutron flux in an infinite medium where the
moderation is due to elastic collisions. The solution of (2) thus exhibits a short and
artificial transient, identical to Placzek’s one [7], during the first us, which must be
discarded.
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Statistical errors on the theoretical and experimental estimators, Wu(t) and Weyl(t),
respectively coming from: (theory) the MCNP statistical fluctuations on P(z) and D(7)
histograms; (experiment) the statistics of the detector count rates, can be computed
using a Monte-Carlo procedure (Gaussian sampling within the error bars). As the W(t)
fluctuations were proven to be normally distributed, we can use a y? test to compare the
theoretical and experimental data in order to determine the value of the prompt
multiplication factor kp:

(ol )= § Vsl )Ml

CN-1Fe, (@) +e, (k) “)

where N is the number of points, t, used to compare the Wu(t,ky)) and Wey(t) data.
Functions ew(t) are the error bars on W(t). We did not have enough time to compute the
theoretical errors, ewm(t,ky), for each Mu(t,k,) curve, since the Monte-Carlo procedure
requires large numbers of computer resources. Thus, these should be omitted.

Blind test of the analysis methodology

A blind test was performed to investigate: (i) the precision of the numerical procedure
used to solve the integral Equation (2); (ii) the ability of the integral estimator, W(t), to
constrain the k, value at the 100 pcm level. We considered a distribution Pews(z) given by
the sum of two exponentials of different characteristic times: a short one to model a
fissile core, a longer one to model the influence of a reflector:

—aT —pT B
P (7)=Ae™ + B, (,es,)—pﬂz B (8)

with A =2.4 ps?, B=2.2x10" pus, a = 2.4 us?, f=1.8x10? ps. Parameters A, B, a, S were
chosen: (i) to mimic the long tail of the VENUS-F P(7) distribution, (see Figure 3); (ii) to
obtain a mean intergeneration time, A, similar to the 0.5 us of VENUS-F; (iii) to preserve
the normalisation of Pes«(z). We then transformed the distribution Pes(7) into a histogram
and artificially noised it to mimic the statistical fluctuations observed on MCNP
simulations. Figure 4 shows the resulting curve. Finally, we numerically solved the
integral Equations (2) and (5), for k, factors ranging from 0.949 to 0.951 by steps of 10 pcm,
to create a set of theoretical count rates, Mu(t,kp), for a threshold detector (reminder: D(z) =
&7) for a threshold detector).

Figure 4. Simplified intergeneration time distribution, Pes(7), used for the methodology blind test
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In a second step, we generated a set of pseudo-experimental data. For an
instantaneous source pulse, S(t) = Jt), the time evolution of the count rate in a threshold
detector obeys:

L(D)L(S) 1 .
1—k,L(P) 1—k,L(P) ©)

L(M)=
Using expression (8), transforming the ratio 1/(1-k,L(P)) into a sum of partial fractions,
then inverting the Laplace transform leads to the detector count rate:
M(t)=5(@)+ K,e” + K,e"
1 1

po= (45 B) (@ )7L pa= Ll B) (s )]

K, = (pl + a)(P1 +ﬂ)/7a K, = _(pz +a)(p2 +ﬂ)/7/

y =4+ BY k2 —2(4—BYa— P, +(a— p)

It should be noted that a double-exponential intergeneration time distribution leads
to a neutron population varying as a double-exponential. The computation of the
characteristic times, 1/p: and 1/p;, as a function of k, gives interesting results. For
instance, pi~0 when ky~1; the double-exponential behaviour of N(t) vanishes when the
reactor approaches criticality. The set of pseudo-experimental data was thus generated
using expression (10) for kp, = 0.95. The Mexy(t) curve was transformed into a histogram and
noised to reproduce the statistical fluctuations observed on VENUS-F detectors. Figure 5
shows the Mey(t) curve along with the theoretical curve Mu(t, k, = 0.95).

Figure 5. Pseudo-experimental count rates (dots), Mex(t), obtained for k, = 0.95, compared to
theoretical results (lines), Mu(t, k, = 0.949-0.951), obtained by folding the noised distribution Pes(7)
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Finally, we computed the theoretical and experimental estimators Wi(t,ky) and Wexy(t).
The statistical fluctuations on the Pwst(7) and Mep(t) curves were propagated using a
Monte-Carlo method (Gaussian sampling within the error bars) to obtain the error bars on
Wi and Wey. The Wa(t,ky) and Wey(t) curves are shown in Figure 6 (left). We then used a y?
test to compare the theoretical and experimental data. The evolution of the reduced y?,
given in (7), as a function of k, is shown in Figure 6 (right). Despite the large statistical
fluctuations generated on Pes(7) and Mep(t), the %? analysis leads to a precise value of ky,
equal to 0.949974 + 1.4 pcm. This result is compatible with the value, k, = 0.95, used to
generate the pseudo-experimental set of data.

The blind test thus gives two important results: (i) the numerical errors, resulting
from the numerical resolution of equation (2), are responsible for a systematic error on ky
lower than 5 pcm. This is affordable; (ii) even when the Mu(t,ky,) and Mey(t) curves are
plagued by large statistical fluctuations, the estimator W(t) has a resolution power high
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enough to separate k, values differing from each other by less than 5 pcm. With these
conclusions, the analysis methodology is validated.

Figure 6. Experimental estimator We(t) (dots) and theoretical estimators
Wi(t,ky) (lines) as a function of time (left)
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The theoretical curves Wi(t k) are calculated for k, values ranging from 0.949 to 0.951 by 10 pcm steps; (right)
evolution of the reduced Xz (7) as a function of k.

Analysis of VENUS-F experimental data and conclusions

The methodology detailed in this work is applied to the PNS measurements described
above. The time spectra are corrected for dead time effects. The delayed neutron
component, assumed constant over the few tens of us after the pulse, is subtracted. The
experimental estimators, Wey(t), are compared with arrays of theoretical estimators,
Wi(t,kp), computed for k, values ranging from 0.93 to 0.97 by steps of 50 pcm. The reduced
x% (7), are calculated for each detector as a function of the prompt multiplication factor,
kp, and the time, T, elapsed since the neutron pulse injection. Figure 7 shows their
contour plots for three representative detectors. For each detector, the k, value and its
error bar are given by the width of the y? < ¥®mn+1 area. The k, to kes correspondence is
performed with the relation key = ko/(1-Se), using a B value of 722 pcm calculated with
ERANOS [8]. Finally, the reactivities p obtained for the detectors D1 to D10 are gathered in
Table 2 and in Figure 8. Except for D2 and D3 detectors, the preliminary results obtained
with the improved k, method are compatible with the reference MSM value, calculated
in [2]. The D2 and D3 detectors are located outside the core casing, in an area that is, to
date, not correctly simulated. D2 and D3 mitigated results emphasise the need for
threshold fissile deposits when the detectors have to be positioned far away from the
core, as they are more sensitive to the modelling of neutron transport.

Figure 7. Contour plots of the reduced y? as a function of k, and T, time elapsed since the neutron
pulse, for three representative detectors: D8 (in fuel), D1 (inner reflector), D2 (outer reflector)
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Figure 8. Reactivities [ fivethodld fowbtained with the improv
the ten detectors used at VENUS-F Facility (squares)
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The results are compared with the MSM value (horizontal solid line) and its uncertainty (dashed lines).

Table 2. Preliminary results of the improved k, method applied to the
PNS experiments performed at the VENUS-F reactor

Detector ko kefr -p,in$
D1 0.9543 - 0.9547 0.9612 - 0.9616 552-5.58
D2 0.9598 - 0.9617 0.9668 - 0.9687 448-4.76
D3 0.9624 - 0.9638 0.9694 - 0.9708 416 -4.37
D4 0.9539 - 0.9559 0.9608 - 0.9629 5.34-5.65
D5 0.9563 - 0.9575 0.9633 - 0.9645 510-5.28
D6 0.9549 - 0.9565 0.9618 - 0.9635 5.25-549
D7 0.9534 - 0.9561 0.9603 - 0.9631 531-5.72
D8 0.9475 - 0.9554 0.9544 - 0.9624 542 -6.62
D9 0.9509 - 0.9568 0.9578 - 0.9638 521-6.10
D10 0.9524 - 0.9580 0.9593 - 0.9650 5.03-5.87
MSM 530+0.23

The last line gives the reference MSM result [2].
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Forthcoming experiments on accelerator-driven systems with
100 MeV protons at the Kyoto University Critical Assembly

Cheol Ho Pyeon, Takahiro Yagi, Yoshiyuki Takahashi, Tadafumi Sano, Hiroshi Shiga
Research Reactor Institute, Kyoto University, Japan

Abstract

At the Kyoto University Critical Assembly, a series of uranium-loaded accelerator-driven
system (ADS) experiments are planned to be carried out to conduct the conversion analysis
of capture and fission reactions to investigate the uncertainties of cross-section data of
minor actinides (MAs) in the case of the variation of the subcriticality, the external neutron
source and the neutron spectrum. Then, the uranium-loaded ADS experiments with
100 MeV protons could be conducted using the Pb-Bi-zoned region to examine the
feasibility of the nuclear transmutation by ADS, including *’Np and ***Am. Also, another
conversion analysis of #?Th capture and ***U fission reactions is expected to investigate the
reaction rate characteristics in ADS when subcriticality, neutron spectrum and external
neutron source are varied in the subcritical system.

Introduction

The experimental studies on the accelerator-driven systems (ADSs) are being conducted
with the combination of the Kyoto University Critical Assembly (KUCA) [1]-[6] and the
fixed-field alternating gradient (FFAG) accelerator [7]-[9] at the Kyoto University Research
Reactor Institute. The spallation neutrons generated by 100 MeV proton beams from the
FFAG accelerator were injected into not only the uranium-loaded core [1] [3] [5] [6] but
also the thorium-loaded core [2] [4]. A series of the uranium- and thorium-loaded ADS
experiments were carried out by varying an external neutron source (14 MeV neutrons
and 100 MeV protons) and neutron spectrum of the core with the combined use of fuel
(highly-enriched uranium: HEU, natural uranium: NU and thorium: Th) and moderator
(polyethylene: PE, graphite: Gr and beryllium: Be). Then, the reactor physics parameters
were obtained successfully, including reaction rate distribution, neutron decay constants,
neutron multiplication, and subcriticality.

In forthcoming uranium-loaded ADS experiments, the reactor physics parameters in
the subcritical systems could be evaluated successively by the experimental and
numerical analyses with the variation of subcriticality, the external neutron source and
the neutron spectrum. Among these experiments, the uranium-loaded ADS experiments
with 100 MeV protons could be conducted using the Pb-Bi-zoned region to examine the
feasibility of the nuclear transmutation by ADS, including minor actinides (MAs: **’Np
and 2!Am). The conversion analyses of ’Np/?*U and ?!Am/**U are expected to
investigate the uncertainties of MAs cross-section data in the high-energy neutrons when
the subcriticality, the neutron spectrum and the external neutron source are varied in the
subcritical system. Also, a series of the ADS experiments is planned to be carried out to
conduct another conversion analysis of 2**Th capture and ***U fission reactions using the
capture and fission ratio: #?Th/?*U and #*U/**U, respectively. The objective of these
experiments is to conduct a feasibility study on ADS through the experiments at the

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 107



NEA/NSC/DOC(2015)7

KUCA Facility combined with the FFAG accelerator for a high-performance transmutation
system with a capability to generate power.

KUCA core configuration

Uranium-loaded ADS experiments

The uranium-loaded core (A-core; Figure 1) used in the ADS experiments was composed
of the HEU fuel (see Figure 2) and PE-moderator and -reflector rods. In the fuel region, a
unit cell is composed of two 93% enriched uranium fuel plates 1/16” thick and a
polyethylene plate 1/8” thick. In the ADS experiments, an original target was located not
at the centre of the core but outside the critical assembly, as shown in Figure 1. The fuel
rod in the thorium-loaded ADS experiments (see Figure 3) was composed of thorium, HEU,
PE and Gr plates, as shown in Figure 4.

To obtain the reaction rate in the core, an indium wire was set along the core region
in an axial centre position, because the sensitivity of thermal neutron flux can be
acquired by In(n, y)***®In reactions. Another indium foil was set at the target location for
monitoring the generation of the spallation neutrons, which can be acquired by In
(n, n’)*>™In reactions (threshold energy; 0.32 MeV).

Figure 1. Top view of configuration of A-core in the ADS experiments with 100 MeV protons
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Figure 2. Side view of uranium fuel rod (F, 1/8”P60EUEU) shown in Figure 1

1/16" EUX 2 Unit cell
(3.7 mm) (6.35 mm)
Y >
Polyethylene (PE) Polyethylene (PE)
(482.60 mm) (482.60 mm) D
L
-, 1/8'PE i
20 mm Al plate 4PE (3.17 mm) 12'PEX9
| | | |
[ i i |
Reflector 502.99 mm Fuel 381.00 mm Reflector 596.90 mm

(Lower) (Unit cell 60 times) (Upper)

108 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

Figure 3. Top view of configuration of thorium-loaded ADS experiments with 100 MeV protons
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Figure 4. Side view of thorium-uranium fuel rod (TP, Th-HEU-5PE) shown in Figure 3
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ADS Experiments with 100 MeV protons

Two-layer-target experiments

The combined use of the heavy- (W, Pb and Bi) and the light-nuclide (Be and Li) was
considered useful for the accomplishment of the research objectives related to the
neutron spectrum and the neutron yield rather than single-use target. The target
characteristics [10] were numerically examined by the MCNPX [11] and SRIM codes [12]
with ENDF/B-VIL.O [13] and JENDL/HE-2007 [14] [15] libraries to investigate the neutron
spectrum in the high-energy region and to determine the thicknesses of the two-layer-
target so that the incident protons could be fully stopped inside the target. The numerical
results [5] showed that the neutron spectrum had increased in the high-energy region
with the combined use of W and Be. In the design of the two-layer-target, the proton
beams could be actually penetrated into the Be target, and inversely stopped inside the W
target. The thickness of the W and Be targets was determined by the numerical results of
the range of high-energy protons obtained by SRIM. Finally, on the basis of previous
studies [3] [5], the dimensions of the W+Be target were determined to be in W (50 mm
diameter and 9 mm thick) and Be (50 mm diameter and 6 mm thick), since the spot size
of proton beams were in 40 mm diameter and these dimensions could be considered to
be covered with the proton beams and to be satisfied sufficiently with the penetration
and the full-stopping in the two-layer-target. Also, the thickness of the Pb-Bi target was
determined to be 12 mm (50 mm diameter) from the viewpoint of full-stopping inside the
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Pb-Bi target. The proton beams in the ADS experiments were as follows: 100 MeV energy,
0.5 nA intensity, 20 Hz repetition, and 100 ns width. In the experiments, the target was
located at (15, I; see Figure 1) to aim at neutron multiplication in the core rather than the
location of the original target at (15, A’; see Figure 1).

The measured reaction rate distributions of *In(n, y)***"In reactions normalised by
In(n, n’)**™In reactions were revealed by varying the type of the target, as shown in
Figure 5. The measured reaction rate distributions were observed to be high with the
combined use of W and Be, whereas the effect of the Pb-Bi target was relatively low
compared with the W target.

Figure 5. Measured results of ***In(n, y)'**"In reaction rate distributions
along (14,13-A’,P) shown in Figure 1
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In a previous study [3], neutron multiplication was proved to have been obtained
successfully by the In(n, y)"*™In reaction rate distributions in the core region, because
the relationship between the reaction rates of **In(n, v)**"In and #**U(n, f) in the core
region was apparently applicable to the subcritical multiplication analyses through the
proportionality of **In(n, y)***™In and #*U(n, f) cross-sections in the thermal region.

As shown in Table 1, the neutron multiplication increased by 30% for the two-layer-
target (W+Be), compared with the W single-target, whereas the Pb-Bi target decreased by
20%. The change of the location of the core target into that of the original target was
considered effective rather than the original target location, as shown in Figure 1. From
the experimental results, the effect of the two-layer-target on the neutron multiplication
was found at the location (15, I) in the core region.

Table 1. Measured results of neutron multiplication M in target characteristic experiments

Target M
W (single) 103.22 + 0.14
W+Be (two-layer) 13114 £ 0.22
Pb-Bi (single) 82.82 +0.16
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Thorium-uranium-loaded ADS experiments

For an injection of 100 MeV protons into the W target, the neutron spectrum was varied
in the core through the change of polyethylene (see Figure 4) into graphite. The
bombarding model of 100 MeV protons was conducted using MCNPX and JENDL/HE-2007
at the W target, and the neutronic simulations were executed with the combined use of
MCNPX, ENDF/B-VIL.O for transport and JENDL/D-99 [16] for reaction rates. As shown in
Figure 6, the reaction rates of In(n, y)"**™In reactions normalised by In(n, n’)**™In
reactions in the Th-HEU-5PE (kef = 0.8512) core were higher than those in the Th-HEU-Gr-
PE (kgr = 0.3547) core, demonstrating that the effect of the neutron spectrum on the
reaction rates was observed by varying the moderation material. In the future, numerical
approaches could additionally be conducted with MCNPX together with other libraries to
investigate the accuracy of experimental analyses and the effect of nuclear data libraries.

Figure 6. Measured results of **In(n, y)''*"In reaction rates along (14, 13-A, A’) shown in Figure 3
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Forthcoming ADS experiments

At KUCA, forthcoming experiments could be conducted to investigate the neutronic
characteristics of ADS coupling with the KUCA core and 100 MeV protons as follows:

e sample worth experiments of Pb and Pb-Bi in the critical state for the investigation
of the uncertainties of Pb and Pb-Bi cross-sections, before the ADS experiments;

e mock-up experiments on neutronic characteristics of ADS with 100 MeV protons in
the uranium-loaded and Pb-Bi-zoned core;

o MAs integration experiments on reaction rates of ?’Np capture and **Am fission
reactions in the ADS with 100 MeV protons;

e conversion analysis of #2Th capture and **U fission reactions in ADS.

Among the experiments, the uranium-loaded ADS experiments with 100 MeV protons
could be conducted in the subcritical core using Pb-Bi-zoned region to examine the
feasibility of the nuclear transmutation by ADS, including MAs (*’Np and ?*!Am). The
conversion analysis of *?Np/?*U and **Am/?*U is expected to be carried out to investigate
the uncertainties of MAs cross-section data in the high-energy neutrons when the
subcriticality, the neutron spectrum and the external neutron source are varied in the
subcritical system. Furthermore, another conversion analysis is planned to be carried out
to examine the uncertainties of #?Th capture and #**U fission cross-sections using capture
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to fission ratio: #2Th/?*®U and ***U/*°U, respectively in the case of the variation of the
subcriticality, external neutron source and neutron spectrum.

Summary

The experimental studies on the accelerator-driven systems (ADSs) are being conducted
with the combined use of the KUCA core and the FFAG accelerator. In the ADS
experiments with 100 MeV protons, the reactor physics parameters have been
successfully obtained, including reaction rate distribution, neutron decay constants,
neutron multiplication, and subcriticality to investigate the neutronic characteristics of
ADS.

ADS experiments with 100 MeV protons will be carried out using Pb-Bi-zoned region
to examine the feasibility of the nuclear transmutation by ADS, including #*'Np and **Am.
The conversion analysis of ?’Np/**®*U and *'Am/?**U will be conducted to investigate the
uncertainties of MAs cross-section data in the high-energy neutrons when the
subcriticality, the neutron spectrum and the external neutron source are varied in the
subcritical system. Also, another conversion analysis will be conducted to examine the
uncertainties of #?Th capture and #**U fission cross-sections using capture to fission ratio:
Z2Th/#*U and 2**U/*U, respectively, in cases of the variation of the subcriticality, the
external neutron source and the neutron spectrum.
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Role of the ADS from the perspective of the International
Thorium Energy Committee iThEGC
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Abstract

The international Thorium Energy Committee in Geneva has been established to
investigate the ADS fuelled by thorium. The committee, formed by prominent members of
the scientific community of CERN under the auspices of Carlo Rubbia, the original inventor
of the ADS concept, also comprises business leaders and members acquainted with public
relations in an effort aimed at broadening the appeal of the ADS concept.

Nuclear policy today in Europe and more particularly in Switzerland has reached a point
where crucial decisions must be made, which affect the security of the electricity supply,
the fulfillment of commitments to the Kyoto Protocol to combat climate change while
addressing public concerns following the Fukushima accident. Nuclear power has its
advantages, yet the perennial problem of what to do with the waste, the perceived risks
due to criticality have long been a thorn in the side of nuclear power, preventing it from
taking its place as a core technology of the 21 century and beyond. The iThEC committee
members are actively pursuing the goal of reversing the current negative trends in Europe
by supporting thorium ADS technology by actively engaging in the scientific, political and
business leadership.

Introduction

In October 2013, the International Thorium Energy Committee (iThEC) created in 2012 as
a non-profit organisation, held at CERN an international conference on a new form of
nuclear energy production based on thorium. This committee aims to contribute to the
development of a sustainable solution to the world energy problem by promoting the
construction of a prototype thorium reactor controlled by a particle accelerator system
called an ADS or Accelerator-driven System as proposed by the Nobel laureate in physics;
Carlo Rubbia at CERN [1] [2], (see Figure 1).

The benefits of such a proposal can be summarised as follows:

e Demonstrate on an industrial scale that much of the volume and the lifetime of
existing nuclear waste can be eliminated, thus reducing the risk of deep disposal,
along with the costs and fears that it generates.

o Demonstrate that it is possible to develop a new global energy concept, sufficient
to contribute to the harmonious development of the planet without compromising
its fragile ecological balance.

e Preserve local know-how and independence in the nuclear field to ensure an
effective direct control of existing nuclear power plants including their future
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dismantling. The permanence of nuclear expertise is also vital for the future of
nuclear medicine.

Figure 1. Carlo Rubbia's energy amplifier concept [1] [2]
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The energy problem is a major challenge for our civilisation and the manner in which
it will be dealt with, will largely determine the fate of humanity. World energy
consumption should be tripled in order to provide the world population at the end of the
215t century with a consumption level comparable to that of today's European population,
even when assuming increased energy efficiency.

It would therefore seem unwise not to undertake a systematic piece of research in all
modes of energy production, as otherwise the world will be deprived of innovative and
sustainable solutions. In some countries such as Switzerland, the parliament decided
that the country could manage without its current nuclear power plants until 2050, but
prudently also reaffirmed that it would continue to encourage research and development
in this field.

Nuclear waste management in Switzerland

Opting out of nuclear energy implies decommissioning existing nuclear power plants but
it also still entails dealing with the waste that these plants have produced throughout
their useful operational lives as well as finding other realistic environmentally acceptable
energy sources. Today, the only considered option for the waste is deep burial, which is a
controversial political subject. Projections from the Swiss repository authority NAGRA
(Nationale Genossenschaft fiir die Lagerung Radioaktiver Abfille) of the cost of burial
have given rise to concerns in economic circles. It is significant that a recent vote calling
for a faster provision of funds to the nuclear decommissioning fund over 40 years instead
of 50 years was overwhelmingly approved by the Swiss parliament. The nuclear
decommissioning fund is to accrue 20 billion Swiss Francs in total, of which 13 billion is
marked for financing deep burial.
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Thorium-ADS

In this context, iThEC undertook to promote research and development in the field of
nuclear energy based on the use of thorium. Current nuclear power systems do not offer
the best possible use of nuclear fission. Therefore, it seems natural to question whether it
would be possible to conceive other methods that would be more acceptable to society. A
number of nuclear experts believe that it is indeed possible to develop new nuclear
systems without the drawbacks of existing plants, such as accidents, waste management
and military proliferation. The work of Nobel-prize laureate Carlo Rubbia has shown that
there are many more efficient ways due to the effective coupling of particle accelerators
technology with subcritical nuclear reactors and using thorium, a thorium-ADS.

The use of thorium in a subcritical fast reactor configuration driven by an accelerator
(ADS) and cooled by natural convection of liquid metal offers significant advantages in
terms of resource abundance, security, non-proliferation and drastic reduction of existing
and future waste.

High intrinsic safety is ensured by the possibility of immediate shutdown due to the
accelerator, while maintaining cooling liquid metals such as lead at a temperature well
below boiling. This chemically inert coolant removes the danger of the formation and
explosion of hydrogen like in Fukushima, and is naturally safer than liquid sodium
envisaged in Gen-IV reactors. Furthermore, the natural circulation is independent of
pumps and does not require a power supply.

The risk of military proliferation is greatly reduced because the plutonium production
is negligible. The main element is the fissile isotope ?**U (produced by neutron capture by
thorium: Figure 3), but it is present in an isotopic mixture unfit for military operational
use.

The production of long-lived waste (plutonium and minor actinides) is greatly
reduced compared to uranium-based fuel. With a thorium-ADS, it is possible to eliminate
much of the waste resulting from the operation of existing uranium plants
(see Figures 2, 3). This reduces the size and complexity of, or may indeed eliminate the
need for long-term nuclear waste storage sites, which is an important issue.

Figure 2. Reduction in activity through transmutation of long-lived nuclear waste [1] [2]
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Figure 3. The thorium chain
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Thorium

Thorium resources are more abundant than uranium and mainly located in politically
stable countries (India, US, Australia, Norway, etc.). They ensure a reliable supply of
electric power, independent of weather fluctuations, without releasing greenhouse gas
emissions and with minimal impact on the landscape. In addition, used in an ADS,
thorium would greatly facilitate a wider use of renewable energy, by ensuring a source of
electrical power that can be modulated and is continuously available.

Competitive advantages of Switzerland

The policy of Switzerland, which accounts for only one thousand of the world's
population, will have little influence on the energy balance of the entire planet. However,
Switzerland, one of the richest and more technologically advanced countries, is in a
position to contribute significantly to the development of new solutions to the energy
problem by encouraging innovation. The results of the “EU stress test” of the existing
Swiss nuclear power plants show the advantage of being ahead of other countries from a
technological point of view. The European Parliament took action to implement the
required improvements at considerable cost, whereas Switzerland, due to a higher and
internationally recognised level of security, is already at the stage of implementing
simpler yet adequate measures.

Switzerland has unique strengths in a number of areas directly related to the basic
elements of an ADS system for the destruction of nuclear waste. First, the Paul Scherrer
Institute (PSI) in Villigen has developed a cyclotron with a proton beam whose
characteristics and power have the capacity to drive a nuclear waste incinerator. In
January 2007, PSI managed a pioneering experiment with the operation of a high-power
neutron spallation source; MEGAPIE [3] (see Figure 4).

Figure 4. MEGAPIE Target in transport dolly prior to vertical integration at PSI
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With a proton beam power in the order of one megawatt, such a neutron source
would be sufficient to eliminate about 30 kg of plutonium and minor actinides per year.
The PSI also employs many specialists in nuclear safety, which, in the context of the
Swiss nuclear withdrawal, could be redeployed, using their expertise for the elimination
of the existing waste inventory and for evaluating the safety aspects of the thorium chain.

The presence of CERN in Switzerland is also an important asset because it is at CERN
that the founding experiments of an ADS were performed; notably FEAT (see Figure 5)
and TARC by Carlo Rubbia and his team. The “n-TOF” installation is also available at
CERN for measuring the neutronic characteristics of materials, a knowledge which is
necessary for the optimisation of any new nuclear system. Technologies for a new
nuclear reactor free from the danger of nuclear accidents, which minimises waste and
does not emit CO,, should be an acceptable choice for the society.

Figure 5. FEAT target at CERN

The iThEC Programme

ADS provides a way of eliminating long-lived waste, mainly in the form of transuranic
elements. The method not only transforms these elements into stable waste products but
at the same time provides energy, which would finance all or part of the system
(see Figure 6). Evidently, such a project must be approached carefully in order to limit the
financial risks. iThEC has, therefore, proposed a three-step approach spanning a decade,
consisting, first, in an assessment of the costs, followed by a second part for testing the
innovative technologies elements of the system and finishing with a third stage which
would lead to the construction of a prototype with sufficient capacity to demonstrate the
feasibility of a large-scale Thorium-ADS at a power level of several megawatt.

Figure 6. Schematic of a thorium-ADS for energy production and waste elimination
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Figure 7. THEC13 conference organised in Geneva by iThEC in October 2013
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Conclusion

iThEC [4] proposes that Switzerland undertake, along with other interested parties, a
programme on the elimination of nuclear waste through the thorium-ADS concept,
taking advantage of synergies with Swiss institutions willing to offer their skills for the
rapid implementation of a pilot project. The conference organised by iThEC at CERN in
October 2013 will lead global research efforts in thorium-related technologies. This could
mark the beginning of a new energy era through international collaboration, an era in
which thorium will play a major role along with other new energy sources.
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The present status of the Chinese ADS proton accelerator R&D'

Yun-long Chi', Yuan He?
‘Institute of High Energy Physics, China, “Institute of Modern Physics, China

Abstract

Due to the rapid development of nuclear power plants in China, nuclear waste
management has become a crucial issue. The roadmap of nuclear transmutation aiming to
operate a demonstrator accelerator-driven subcritical systems (ADSs) in 2032 has been set
up in China. Supported by the “Strategic Priority Research Programme” of the Chinese
Academy of Sciences (CAS), the Chinese ADS project is now on-going based on the
collaboration of several Chinese institutions. The proton accelerator of Chinese ADS is a
superconducting CW linear accelerator. Its energy is 1.5GeV, with a beam current of
10 mA. The Institute of High Energy Physics (IHEP) and the Institute of Modern Physics
(IMP) are responsible for developing the two injectors and IHEP is the leading institute for
the development of the main LINAC. This paper presents the progress of the key hardware
R&D work of the Chinese ADS proton accelerator.

Introduction

The Chinese ADS project is aimed to solve the nuclear waste problem and the resource
problem for nuclear power plants in China. With its long-term planning to last until 2030,
the project will be carried out in 3 phases: Phase I: R&D facility, Phase II: Experiment
facility and Phase III: Industrial demonstration facility. The proton accelerator for this
project is a CW accelerator adopting superconducting technologies, except for RFQ in
injectors. Table 1 shows the design specifications for the Chinese ADS proton accelerator.

Table 1. Specifications of the Chinese ADS proton accelerator

Parameters Value Units
Energy 15 GeV
Current 10 mA

Beam power 15 MW

Frequency 162.5/325/650 MHz
Duty factor 100%
Beam Loss <1(0.3) Wim
<25000 1s<t<10s
Beam trips/year <2500 10s<t<5m
<25 t>5m

! Work supported by CAS "Strategic Priority Research Programme.
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The Strategic Priority Research Programme of ADS is financially supported by the
central government and administrated by CAS, focusing on the development of key
technologies and the construction of a CW proton accelerator of 50 MeV with a maximum
beam current of 10 mA.

In the past two years, IHEP an IMP have made efforts to improve the Chinese ADS
Proton Accelerator, both the accelerator physics design and the key hardware
development, including CW RFQ, SC cavities, HP input coupler, SSA RF power source, SC
solenoid magnet, CW proton beam diagnostics, digital power supply andcryogenic
system.

Accelerator lattice design

The Chinese ADS accelerator (see Figure 1) adopts the design with two identical injectors
of 10 MeV, so one can be the hot-spare of the other. At present, two different injector
schemes are under development by IHEP and IMP and the final solution will be chosen
based on the R&D results. IHEP is developing one injector based on 325 MHz RFQ and
beta=0.12 Spoke SC cavity and IMP is developing another injector based on 162.5 MHz RFQ
and beta=0.10 HWR SC cavity.

In the main accelerator section, a fully modular superconducting accelerator brings
the beam up to the final energy with two types of spoke sections (geometry beta=0.21 and
0.40) and two types of elliptical cavity sections (geometry beta=0.63 and 0.82). The main
accelerator is designed to be intrinsically fault tolerant, which means that an individual
cavity or focusing element failure can be handled at all stages without introducing
significant beam loss along the accelerator by means of local compensation-rematch
method. The local compensation-rematch methods for different element failures are
studied systematically. This shows that with proper compensation and re-matching, the
beam can be accelerated to the final energy without serious beam quality de-rating in the
cases of cavity, solenoid and quadrupole failures.

Figure 1. Layout of the Chinese ADS proton accelerator

Miam L

Key hardware development

Ion source

The Chinese ADS proton accelerator needs very reliable and stable intense CW proton
beam sources and is being developed and under testing in IMP. Table 2 shows the design
specifications of the Chinese ADS proton accelerator ion source.
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Table 2. Specifications of Chinese ADS proton accelerator ion source

Energy 35 keV
Current 15 mA
Operation mode cw
AE/E 0.1 %
Stability <1 %
a 241
B 7.72 cm/rad
¢ (NRMS) <0.2 T.mm.mrad

Figure 2 shows the sketch plot of the ion source and the LEBT system for the Chinese
ADS proton accelerator. Beam intensity and quality have been reached and the critical
issue is to minimise the sparking and the source breakdown time.

CW RFQ

The two different frequency CW RFQs are under development in IHEP and IMP for two
different injectors. The main parameters of the two RFQ are listed in Table 3.

Figure 2. Chinese ADS ion source and LEBT layout

Total length. 1670 i

325 MHz RFQ

The fabrication of the 1% section of the RFQ is completed (see Figure 3) and the RF
measurement results show that the design values have been achieved. The fabrication of
the whole RFQ structure was completed in 2013. According to RF power requirements,
Toshiba E37705 600 kW 325 MHz klystron and 80 kV PSM power supplies have been
adopted as the RF power source.

162.5 MHz RFQ

The RFQ is designed by collaboration with LBNL. A demo section has been fabricated
and is ready for high-power test (see Figure 4). The whole RFQ structure was completed in
2013. Tube TH781 of Thales is employed for the 200 kW RF amplifier. It has been
commissioned with dummy load.
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Table 3. Main parameters of RFQs

Frequency 162.5 325 MHz
Injection energy 35 35 keV
Output energy 21 3.2 MeV
Beam current 10 10 mA

Beam duty factor 100 100 %

Beam transmission 99.6% 98.7 %
Inter-vane voltage V 65 55 kv
Average bore radius r 5.731 2775 mm

Vane tip curvature 4.298 2.775 mm
Maximum surface field 15.7791 28.88 MV/m
Input norm. rms emittance (x,y,z) 0.3/0.3/0 0.2/0.2/0 rmm.mrad
Output norm. rms emittance (x/y/z) 0.31/0.31/0.92 0.2/0.2/0.50 mimm.mrad/keV-ns
Vane length 419.2 467.75 cm
Accelerator length 4208 469.95 cm

Figure 3. The first section of 325 MHz CW RFQ
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Figure 4. The demo section of 162.5 MHz CW RFQ

Superconducting cavities

Table 4 shows the main parameters of the Chinese ADS proton accelerator SC cavities.
The 162.5 MHz half-wave resonator (HWR) has been developed for the injector-II,
325 MHz Spoke cavities and elliptical cavities have been developed for the injector-I and
the main accelerator.

Table 4. Main parameters of superconducting cavities

Parameters Cavities Units
HWR010 S012 S021 S040 E063 E082

Frequency 162.5 325 325 325 650 650 MHz

Epeak/Eacc 59 45 325 325 2.6 212

Bpeak/Eacc 121 6.4 3.78 3.33 4.73 4.05 mT/(MV/m)

RIQ 153 142 8.07 8.93 304 514 Q

G 284 61 193 263 193 235 Q

Q 40 E+08

Spoke012 Cavity

The 325 MHz spoke012 cavity for the 3~10 MeV injector-I is the most challenging one,
because of the ambitious technical target and the lack of experience of the whole team.
The design and the first two cavities’ fabrication of Spoke012 (Figure 5) have been
completed by the IHEP-PKU-HIT joint group.

Figure 5. Two fabricated spoke012 prototype cavities
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The post-processing and vertical tests of the two prototype cavities were completed
in 2012. There are no serious multiplication effects observed and the VT tests results are
very promising (see Figure 6).

Figure 6. Vertical test result of Spoke012: Qo=5.8x10°@6MV/m, 4K; Qo=3.4x10°@7MV/m, 4K
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HWRO009 Cavity

The 162.5 MHz HWRO010 cavity for the 2.1~10 MeV injector-II is being constructed by
IMP. HWR is a well-built superconducting cavity, some projects and institutes such as
SARAF, IFMIF and FZ] have designed and constructed HWR cavities. Four HWRs have
been tested at IMP. Two of them are ready for helium-vessel welding. Figure 7 shows a
fabricated HWR cavity and Figure 8 shows vertical test results of HWRO010. The horizontal
testing was completed in 2013.

Figure 7. HWRO010 cavity

Figure 8. Vertical test results of HWR010
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Spoke021 Cavity

The 325 MHz spoke021 cavity (see Figure 9) has been designed for the low energy part
of the main accelerator, which covers the energy range of 10~40 MeV. A set of moderate
parameters have been adopted. Some novel ideas such as simple stiffen ring structure
and the last welding seams implanted in the cavity have been developed. They should
increase the yields in mass production. The fabrication of the two prototype cavities was
completed and a vertical test was carried out in 2013.

Figure 9. The spoke021 cavities parts

Elliptical082 Cavity

The 650 MHz elliptical082 cavity has been designed for the high energy part of the
main accelerator, which covers the energy range of 367~1500 MeV. The multiplication
effect was examined by Track3P and the results show no hard multiplication barrier in
the cavity.

High power input coupler

Three types of high-power input couplers have been fabricated and tested for the 325 MHz
RFQ cavity, the Spoke012 cavity and HWRO010 cavity. The main parameters of input couplers
are listed in Table 5. All the couplers feature a tristan type RF window with one coaxial planar
ceramic and choke structures.

Figure 10. 650 MHz elliptical082 cavity parts
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Table 5. Main parameters of the HP input couplers

Cavity Frequency Power (kW) Qe

RFQ 325 MHz 80, CW, TW ~5670
Spoke 325 MHz 10, CW, TW ~7.0E+5
HWR 162.5 15, CW, TW ~7.0E+5

Two prototypes of the window and inner conductor assemblies for the RFQ input
coupler (see Figure 11a) have been tested up to 100 kW CW RF power in travelling wave
mode (TW), two prototypes of the Spoke012 cavity coupler (see Figure 11b) have been
tested up to 10 kW CW RF power in TW mode and two prototypes of HWRO010 cavity
coupler (see Figure 11c) have been tested up to 20 kW CW RF power in TW mode. The HP
test of the input coupler prototypes for the Spoke012 cavity and the HWR010 cavities
show good performances.

Figure 11. (a) RFQ input coupler; (b) Spoke012 input coupler HP test; (c) HWRO010 input coupler

Solid state amplifier

The variable RF power Solid State Amplifier (SSA) has been adopted as the RF power
source for variable accelerating structures except for RFQ. The power requirements of the
SSAs are listed in Table 6. Two prototypes have been developed and tested, one 325 MHz
10 kW and the other 162.5 MHz 20 kW SSA (see Table 7 and Figure 12), which are the
combination of several ~700 W power modules, have been adopted and tested. The SSA
with higher RF power will be manufactured with the same topology.

Table 6. SSA power source for the accelerating structures

ACC. Structure Frmlll_lil)‘cy P(?(“',vv‘;r
Buncher 325 10
Buncher 162.5 8
Spoke012 325 10
HWR010 162.5 12
Spoke021 325 20
Spoke040 325 40
Elliptical063 650 80
Elliptical082 650 160
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Table 7. Main parameters of the SSA prototype

Parameters Value Unit
10 kW 20 kwW

Frequency 32543 162.5+2 MHz
Output power >10CW >20CW kW
Harmonic <-50 <30 dBc
Random harmonic <-80 <-60 dBc
Amplitude stability <1 <#1 %
Phase stability <t1 <t+1 °

Figure 12. Prototypes of 325 MHz 10 kW SSA (left) and 162.5 MHz 20 kW SSA (right)

Summary

Most of the key technologies for the Chinese ADS Proton Accelerator key components,
such as CW RFQ, SC HWR, Spoke and Elliptical cavities, HP input couplers, SSA RF power
sources, SC solenoid magnets, beam diagnostic devices, digital power supplies, cryogenic
system are under development at IHEP and IMP. ITHEP and IMP constructed two injectors
in 2013-2014 and CW beam commissioning started in 2014.
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Abstract

The aim of the MYRRHA project is to demonstrate the technical feasibility of transmutation
in a 100 MWu accelerator-driven System (ADS) by building a new flexible irradiation
complex in Mol (Belgium). The MYRRHA Facility requires a 600 MeV accelerator delivering
a maximum proton flux of 4 mA in continuous operation with an additional requirement
for exceptional reliability. This paper describes the current status of this ADS accelerator
design and focuses on the specific aspects related to beam operation such as beam time
structure requirements, beam power control and ramp-up strategies, beam reconfiguration
schemes in fault cases and beam instrumentation needs.

*

This work is being supported by the European Atomic Energy Community’s (EURATOM) Seventh
Framework Programme under grant agreement n°269565 (MAX project).
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Introduction

MYRRHA (“Multi-purpose Hybrid Research reactor for High-tech Applications”) is a new
flexible fast spectrum research reactor that is planned to be operational around 2023 in
SCK+CEN Mol (Belgium) [1]. Composed of a proton accelerator, a spallation target and a
100 MW core cooled by liquid lead-bismuth are especially designed to demonstrate the
feasibility of the ADS concept in view of high-level waste transmutation. To feed its
subcritical core with an external neutron source, the MYRRHA Facility requires a
powerful proton accelerator (600 MeV, 4 mA) operating in continuous mode, and above all,
featuring a very limited number of unforeseen beam interruptions. The conceptual
design of such an ADS-type proton accelerator has been initiated during previous
EURATOM Framework Programmes (PDS-XADS and EUROTRANS projects). It is a linac
(linear accelerator) based solution, which brings excellent electric efficiency due to the
use of superconductivity and high potential for reliability using several redundancy
schemes.

R&D on ADS-type accelerators are being developed within the framework of the MAX
project [2], supported by EURATOM FP7. This project aims to deliver an updated
consolidated reference layout of the MYRRHA linac with sufficient detail and adequate
level of confidence in order to initiate, in 2015, its engineering design and subsequent
construction phase. To reach this goal, advanced beam simulation activities are being
undertaken and a detailed design of the major accelerating components is being carried
out, building on several prototyping activities. Emphasis has been placed on all the
aspects that pertain to the reliability and availability of this accelerator with the
development of a detailed reliability model of the MYRRHA accelerator and with
dedicated R&D to experimentally prove the feasibility of the innovative “fault-tolerance”
redundancy scheme.

This paper describes the present status of this ADS accelerator design and focuses on
specific aspects linked to beam operation such as beam time structure requirements,
beam power control and ramp-up strategies, beam reconfiguration schemes in fault cases
and beam instrumentation needs.

MYRRHA accelerator overview

The energy of the proton beam driving a Pb or Pb-Bi ADS reactor must typically be around
1 GeV. This value is the result of a compromise dictated by different criteria. The proton
energy must be high enough to maximise the efficiency of the spallation reaction (and
reach a typical yield of 25 to 30 neutrons per incident proton and GeV), but also to limit
the energy deposited in the target and its window, thereby facilitating its design and
usage constraints. On the other hand, cost optimisation of the accelerator promotes low
energy. Therefore, a reference energy of 600 MeV has been chosen for the MYRRHA
100 MWw demonstrator. For the record, this compromise has been set to 800 MeV for the
industrial prototype 400 MW version called EFIT [3].

Once the proton energy is fixed, the beam current necessary to ensure control of the
reactor is mainly determined by the thermal power and the level of subcriticality of the
core. In the case of MYRRHA (ke = 0.95), the required nominal average current is 2.5 mA-
up to about 4 mA being foreseen for burn-up compensation through the cycle — while for
EFIT (ker = 0.97) it would be about 20 mA, corresponding to a mean beam power of 16 MW.
In the current state of technology, the only alternative to producing such a high beam
power continuously (and reliably) is the use of a linear accelerator. It is partly for this
reason that MYRRHA, as a demonstrator, has also chosen this option at the expense of
the cyclotron option, following the recommendations of the 2002 workshop at the NEA [4].
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Besides the very high level of mean beam power to be produced by the MYRRHA
accelerator (2.4 MW), the main challenge to address for this machine is the level of
reliability required, since the number of beam interruptions should be limited to
extremely low values: the current maximum limit is set to 10 beam interruptions per
a three-month operating cycle, only interruptions of more than three seconds being
counted, leading to a global accelerator MTBF (Meant Time Between Failures) of about 250
hours. This extremely strict reliability specification, settled during the EUROTRANS
project, is motivated by the fact that beam interruptions longer than a few seconds could,
if repeated frequently, lead to unacceptably high thermal stresses on the highly
irradiated materials of the target window, on the fuel claddings and more generally on all
the reactor structures. In addition, such long beam interruptions will probably be
systematically associated with reactor shutdowns that could also significantly affect the
availability of the system since the considered restart procedures could typically last
about 20 hours [5]. It is, however, to be underlined that other studies in Japan or in the
United States [6] are quoting much less severe reliability specifications for similar ADS
machines, highlighting that a lot of uncertainties still remain on this theme. However, it
should be noted that the reliability target for the MYRRHA ADS accelerator will need to be
significantly higher than the actual reliability recorded worldwide on comparable
accelerators in operation today, like the SNS, which exhibits a MTBF of a few hours
presently at best. This gap to be filled is illustrated in Figure 1 [7], which shows that
reliability is indeed the main challenge for the MYRRHA accelerator.

Figure 1. Beam trips frequencies as a function of their duration:
Recorded in SNS, allowed by the Japanese ADS (JAEA), accepted for MYRRHA
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The conceptual design of the MYRRHA machine has been on-going for several years
[8-11] and it should be noted that in order to be able to reach the reliability goal, the linac
scheme should consist — apart from the final beam transport lines - of 2 distinct sections
(see Figure 2), a low energy part, composed of two redundant compact injectors with fast
switching capabilities, followed by a highly modular and acceptant 17-600 MeV
superconducting linac based on independently controlled accelerating cavities yielding a
strong tolerance to faults, as detailed after.

Figure 2. Schematic overview of the MYRRHA linac
(to scale, the SC linac tunnel being ~300 metres long)
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Beam time structure and power control

In nominal operation, the proton beam produced by the MYRRHA accelerator must meet
the following needs:

e Keep an “as CW as possible” beam time structure by avoiding producing beam
interruptions longer than typically 100 ms; this is to eliminate any unnecessary
thermal stress source on the reactor structures.

e Periodically produce beam interruptions of at least 200 ps [12] to be able to monitor
the subcriticality level of the core on line.

e Feed in parallel and simultaneously an ISOL@MYRRHA Facility [13] by deviating up
to 200 pA mean current from the MYRRHA beam by means of a fast kicker.

In order to reconcile these requirements, it is proposed to produce the following beam
time structure for the nominal operation of the MYRRHA Facility (see Figure 3), 250 Hz
repetition rate with 3.8 ms beam pulses for the reactor needs and 0.19 ms beam pulses for the
ISOL facility needs, each pulse being separated at low energy using the chopping system
located at the proton source exit. At maximum intensity (4 mA peak current), such a time
structure leads to a total available beam power of 2.28 MW for the reactor and of 114 kW for
the ISOL facility.

Figure 3. Proposed MYRRHA beam time structure for full power (~2.4 MW) nominal operation:
Long 4 mA pulses (2.28 MW) are sent to the reactor while short ones
(114 kW) are sent to the ISOL Facility

<>

Figure 4. Possible MYRRHA beam time structures for half-power operation:
(top) varying the peak current: 1.14 MW to reactor, 57kW to ISOL,
(down) varying the duty cycle (preferred solution): 1.14 MW to reactor, 114kW to ISOL

To drive the reactor power, this mean beam power needs to be controlled and varied
over a quite large range, from typically 20% to 100% of the maximum power [5]. The most
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efficient and simple way to do this is to vary mean beam intensity, keeping the beam
energy constant. In practice, this can be performed in two ways: by varying the overall
peak current (see Figure 4, top), or by varying the duty cycle at constant peak current
(see Figure 4, down). Even if the first option has the advantage of keeping a more “close to
CW” time structure, the second method brings two considerable advantages as far as
beam operation is concerned.

e The peak beam current is always kept constant (4 mA), meaning that space charge
effects and therefore beam dynamics remain exactly the same whatever the
required beam power. This is a crucial advantage because in this case, the
accelerator elements (especially the low-energy ones actually) do not need to be
retuned while changing the beam power, which should bring a lot of simplification
and reliability for the whole facility operation. Only the low-energy beam chopper
rhythm needs to be changed to cope with a beam power variation demand.

e Moreover, this second method allows varying the beam power sent to the MYRRHA
reactor without affecting the beam power sent to the ISOL Facility, leading in a
total decoupling of the two applications. Such independence is not feasible using
the first option (unless the main beam pulse 250 Hz repetition rate is modified and
therefore all the machine synchronisation retuned).

The method using a pulsed beam at constant peak current is therefore to be preferred
for beam power control, at least as a baseline approach, especially as it also ensures that
beam interruptions seen by the reactor will never (apart from failures) exceed
4 milliseconds during nominal operation. It is nevertheless to be underlined that, due to
the pulsed nature of the beam, special attention should be paid to beam transients’
management. In particular, the beam space charge compensation rising time, which
plays a significant role in low-energy magnetic beam transport lines, will need to be
carefully assessed and its effect on beam stability minimised. This physical process,
which mainly depends on the gas nature and pressure conditions in the beam line, is
complex to model and understand [14-16]. In this regard, dedicated experimental
measurements at the UCL MYRRHA injector test stand [17] are expected.

Beam power ramp-up

During the first beam tunings and the commissioning phases of the accelerator and of
the whole MYRRHA plant, the duty cycle will need to be extremely low (typically 10* or
lower) for machine protection and safety reasons. This will require the use of a much
lower beam repetition rate of typically 1Hz. From there, the beam duty cycle and
repetition rate will then be increased step by step to reach nominal beam operation. A
possible scheme for this power ramp-up is as follows:

e Start the first tunings with a “pencil” beam, using for example 100 ps pulses at
1 Hz with 0.1 mA peak current (i.e. a 6 W beam). After this phase, the longitudinal
tuning of the linac should work well.

e Increase, step by step, the peak current from 0.1 mA to the nominal 4 mA (i.e.
increase the beam power from 6 to 240 W). After this phase, the transverse tuning
of the linac should work well.

e Increase, step by step, the repetition frequency from 1 Hz to 250 Hz (i.e. increase
the beam power from 240 W to 60 kW). During this phase, attention should be
focused on the minimisation of possible beam pulse transients. When reaching 10
Hz (2.4 kW), the 100 ms threshold duration between two pulses is reached and the
beam can be sent inside the reactor “careless”.

e Increase, step by step, the pulse length from 0.1 ms to the nominal length (i.e.
increase beam power from 60 kW to the nominal MW-class power).
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Such a procedure will need to be followed in several cases: accelerator first
commissioning phase (duration for a full power ramp-up: weeks/months), accelerator
restarts after maintenance phases (duration: hours/days), reactor power ramp-up
(duration: minutes/hours), fast beam restart after a less than three seconds beam
interruption (duration: seconds, see after). The last case underlines that such a procedure
will need to be managed by the machine control system in a complete automated way
(which is very atypical in existing high power accelerator).

Injector beam reconfiguration in fault cases

The 17 MeV MYRRHA injector line [18] is designed to provide optimal acceleration
efficiency with a minimised number of components. It is composed of a 30 kV ECR proton
source and its 2-metre long Low Energy Beam Transport (LEBT), a 4-metre long 176 MHz
4-rod RFQ [19], accelerating the beam to 1.5 MeV and operating with very conservative
inter-vane voltage (30 kV), followed by a booster - still under fine optimisation within the
MAX project - made with several room-temperature and then superconducting multi-cell
CH cavities [20].

To increase reliability, the philosophy consists in doubling the whole 17 MeV linac,
providing a hot stand-by spare injector able to quickly resume beam operation in case of
any failure [8]. The fault-recovery procedure is based on the use of a switching dipole
magnet with a laminated steel yoke connecting the two injectors through a “double-
branch” Medium Energy Beam Transport (MEBT) line, as shown in Figure 5. In a fault case,
the injector beam reconfiguration should last no longer than 3 seconds. The mains steps
of the reference scenario are the following:

e In the initial configuration, one of the injectors (e.g. Injector #1) provides a beam
for the main linac. The other parallel injector (#2) is also fully operational but the
produced beam is sent to a dedicated beam dump and continuously monitored.

e A serious fault is detected during operation and the beam is immediately and
automatically stopped at the source exit in both injectors by the machine
protection system, by means of the LEBT chopper (as a first step).

o The origin of the fault is analysed and diagnosed by the control system.

o If the fault is indeed localised in Injector #1, the necessary injector retuning
procedure is started, and a new beam path is set to be able to feed the main linac
using Injector #2; especially, the polarity of the power supply feeding the MEBT
switching magnet is changed and Injector #2 45 dipole is switched on.

e Once steady-state is reached in the retuned magnets, the beam is resumed in
Injector #2 first with very short pulses to control that the transport reaches the
target; the duty cycle is then ramped within a second (“fast commissioning mode”)
to recover nominal beam operation.

e Once beam operation is resumed, maintenance is started on the failed injector #1,
the casemate of which is supposed to be accessible during the operation of
Injector #2. If the failure can be fixed, Injector #1 is then re-tuned, the beam is re-
commissioned locally on the dedicated beam dump. Injector #1 then stays in
“stand-by-mode”, ready to relive Injector #2 in case of failure.
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Figure 5. General layout of the MYRRHA medium energy beam transport line
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Main linac beam reconfiguration in fault cases

The present architecture and main parameters of the MYRRHA main superconducting
linac [21] are summarised in Table 1. It is composed of a periodic array of independently-
powered superconducting cavities [22] with moderate energy gain per cavity and regular
focusing lattices. The linac is designed to increase the tuning flexibility and ensure a very
large beam acceptance in order to provide sufficient margins for the implementation of a
fault tolerance capability by serial redundancy, where a missing element's functionality
can be replaced by retuning other elements with nearly identical functionalities. Such a
fault tolerance scheme can typically be applied to the failures of focusing elements or -
more crucial because much more common - of RF units. Several beam dynamics studies
have already been performed [23] [24], yielding the certainty of the theoretical feasibility
of such a fault tolerant scheme. Furthermore, the scheme was verified experimentally in
the SNS [25].

Table 1. Main parameters of the MYRRHA main linac

Section # #1 #2 #3

Einput (MeV) 17.0 80.8 184.2
Eoupu MeV) 80.8 184.2 600.0
Cav. Technology Spoke Elliptical

Cav. freq. (MHz) 3522 704.4

Cavity optimal B 0.375 0.510 0.705
Nb of cells / cav. 2 5 5
Focusing type NC quadrupole doublets

Nb cav / cryom. 2 2 4

Total nb of cav. 48 34 60
Nominal E,.. (MV/m) 6.4 8.2 11.0
Synch. phase (deg) -40 to -18 -36to -15

4 mA beam load / cav. (kW) 15t08 2to 17 14 t0 32
Nominal Qpole gradients (T/m) 5.1t07.7 4.8t07.0 5.1t06.6
Section length (m) 73.0 63.9 100.8
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The present reference scenario for a fault-recovery procedure in the MYRRHA main
linac is based on the use of a local compensation method, in which only adjacent
elements are used to recover nominal beam operation. This procedure should last no
longer than three seconds and is defined as follows:

e In the initial configuration, the main linac is operational with all elements
operating with nominal (derated) parameters. The typical needed derating level
has been evaluated to be about 30% for cavities (accelerating field), 40% for
amplifiers (RF power) and 10% for quadrupoles power supplies.

e A serious fault is detected during operation (abnormal beam loss for example) and
the beam is immediately and automatically stopped at the source exit in the
operating injector by the machine protection system, by means of the LEBT
chopper.

e The origin of the fault is analysed: if it is successfully diagnosed and can be
compensated, the fault recovery procedure is initiated (otherwise the beam needs
to be stopped permanently). The proposed basic preliminary rules to be fulfilled to
make the compensation possible are the following:

— fault implying a cavity: the 4 nearest neighbouring cavities operating derated
(i.e. not already used for compensation) are used for compensation, the
maximum allowed number of consecutive failed cavities is 2 (in sections #1 and
#2) or 4 (section #3);

— fault implying a quadrupole: the whole doublet is switched off and the
4 neighboring doublets are used for compensation, the maximum allowed
number of consecutive failed doublets is 1.

e The recovery procedure is then processed as follows (example of a cavity fault [26]):

— The failed cavity RF loop is immediately disabled and the cavity quickly
detuned by typically more than 100 bandwidths to avoid the beam loading
effect when the beam is resumed (time budget: less than 2 seconds).

— In parallel, new (voltage/phase) set-point values for compensating cavities are
picked in the control system database; these values should have been
determined beforehand, from past beam experience if the fault configuration
has already been met, or from a predictive calculation using a dedicated beam
dynamics simulation code if the fault configuration has not been met. The new
set-points are then applied in the corresponding LLRF systems.

e Once steady-state is reached in the retuned cavities (or magnets), the beam is
resumed in the linac first with very short pulses to control that the transport
reaches the target; the duty cycle is then ramped within a second or so (“fast
commissioning mode”) to recover nominal beam operation.

e Once beam operation is resumed, maintenance is started i.e. if the faulty element
is located outside the tunnel. If the repair is successful, the opposite procedure
could be envisaged to return to the initial configuration.

As for the injector fast reconfiguration procedure, several points require further
studies on R&D. The switching time of 3 seconds will clearly be a critical issue, with
probably huge consequences on the required capabilities of the machine control system
(efficient and fast fault diagnostics, fast automated beam restart and consequences). Also,
an efficient predictive beam simulation code will need to be developed and benchmarked
during the machine commissioning phase in order to be able to efficiently predict the
optimal retuning set points in every fault configuration. On the RF cavity side, fast and
reliable cold tuning systems and adequate LLRF digital systems also need to be developed.
On these aspects, a R&D programme is on-going within the MAX project to
experimentally demonstrate the main steps of this recovery procedure.
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The proposed local recovery system has the advantage that a minimal number of
cavity settings need to be modified, which should optimise reliability. A disadvantage is
that a significant cavity voltage increase (up to 30%) is required to be reliably delivered in
a short time (100’s of msec) after being run at the derated lower voltage for months. This
issue needs to be evaluated and the capability of cavities to increase their accelerating
field by 30% should be regularly checked at each maintenance period. Another back-up
recovery approach could be to adopt a non-local recovery system, in which all cavities are
running at maximum gradients while some “back-up” cavities are kept available at the
high-energy linac end at full voltage but in a non-accelerating mode (at -90° or 90°
synchronous phase). In such a recovery scheme, the phases of all downstream cavities
between the failed cavity and the end of the linac are, therefore, retuned, but the
accelerating field is kept constant everywhere. This alternative scheme is being analysed
within the MAX project, and the first results tend to show that such a global retuning
would induce more beam mismatching than a local one, making the compensation of
multiple faults more difficult. The final choice of strategy (local Vs global) and of available
acceleration margins (30% at present) will be re-assessed in the light of the results of the
on-going MYRRHA linac reliability analysis [27], which will give information mainly on
the expected maximum number of failed cavities to be compensated simultaneously.

Beam monitoring and protection systems

Beam diagnostics will need to be deployed all along the accelerator in order to monitor
the beam properties from place to place and thus be able to tune the first beams,
maintain normal operation according to specifications, and protect the beam line
equipment in case of malfunctioning. Due to the high beam power in the MYRRHA linac,
special attention should be paid to operate with the lowest possible beam loss (below
typically 1 W/m) in order to induce a low enough activity for hands-on maintenance.

Table 2 shows a very preliminary part-count of the MYRRHA needs in terms of beam
instrumentation. Even if some intrusive sensors will be required for specific
measurements (e.g. halo monitors during nominal operation, emittance-meters, wire
profilers and bunch length monitors for first beam tunings at low duty cycle), only non-
interceptive beam sensors should be used at full power due to the large amount of beam
energy deposited. Especially, the beam power directed at the reactor will be constantly
monitored by means of a beam current measurement associated with a time of flight
energy measurement located in the high-energy transport lines [28]. The obtained power
value will be surveyed and will need to stay constant within +2% (uncontrolled beam
trips excluded) on a typical time scale of 100 ms. Any deviation will trigger a (controlled)
beam shutdown, if necessary. The beam footprint on the reactor window, which needs to
be circular 85 mm diameter within +10% (with a donut beam distribution profile), will
also be constantly monitored using a near-target profile monitor and associated safety
collimators. It is to be noted that such a near-target imaging system, which could be
similar to the VIMOS system developed at PSI [29] or to the SNS target imaging
system [30], will have a crucial role in both the tuning of the line and the monitoring and
survey of the beam footprint on target, and will require dedicated R&D to be adapted to
the MYRRHA case.
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Table 2. Approximate beam instrumentation needs for the MYRRHA linac

mpctor | Maninac | HEBT et | e

Beam position monitors 12 52 15 X tbd
Beam transverse profilers 15 12 15 X
Emittance-metres 4 X

Beam current monitors 6 2 2106 X X
Faraday cups 8 X

Beam energy monitors 2 1 X tbd
Bunch length monitors 4 12 X
Beam loss monitors 4 52 >6 X
Halo monitors and slits 5 13 X
Beam monitoring on target - - 1 X

For safety reasons, the MYRRHA proton beam will have to respect stringent
specifications, especially in terms of beam stability and reliability. It is, therefore, crucial
to be able to switch off the beam as fast as possible when some irregular circumstances
are detected, either linked with the accelerator operation (e.g. unexpected beam loss
level), with the nuclear core operation (e.g. unexpected high-criticality level), or with
personnel safety (e.g. people entering a forbidden zone during operation). Such fast beam
shutdowns will be managed by the Machine Protection interlock System (MPS) that will
turn off the beam (in typically less than a few tens of micro-seconds) when abnormal
conditions are detected. For MYRRHA, the basic mechanism will probably be to cut the
beam in the injector section, acting on the chopper of the LEBT line. For redundancy, the
RFQ or/and the ion source RF drive can be also cut off. In a second step, if the fault cannot
be fixed quickly by the “fast fault-diagnostic” system and/or the compensation schemes
mentioned earlier, the Faraday cup of the LEBT will also be inserted, meaning that the
beam is stopped for a while.

Instrumentation and especially beam diagnostics will be the main input to the
MYRRHA fast MPS. Beam loss monitors detect beam loss that can cause radiation and
thermal damage to equipment in the beam line tunnels. Differential current
measurements, performed using beam current monitors, and halo monitors are also to be
used for redundancy. Other signals like those coming from beam position monitors can
also be useful to anticipate a beam loss. In addition, several other interlock inputs, from
vacuum systems, power supply systems, RF systems, etc. must also be used to trigger a
fast beam shutdown procedure if a strong malfunctioning is detected in a critical
component. In addition to the signals coming from the accelerator itself, it is suggested
that the MYRRHA user (= reactor) should provide an extrainput signal reporting the status
of the reactor. It should be noted that this fast protection system will have to be designed
and implemented carefully to avoid MPS spurious signals that would shut off the beam
unnecessarily and decrease the reliability performance of the accelerator, which is of
prime importance in the MYRRHA case. Consequently, such MPS false alarms are often
one of the main reasons for unwanted beam interruptions [31].
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Table 3. MYRRHA main proton beam specifications

Proton energy 600 MeV
Peak beam current 0.1t0 4.0 mA
Repetition rate 1t0 250 Hz
Beam duty cycle 10“to 1
Beam power stability <+ 2% on a time scale of 100 ms
Beam footprint on reactor window Circular &85 mm
Beam footprint stability <+ 10% on a time scale of 1s
# of allowed beam trips on reactor longer than 3 sec 10 maximum per 3-month operation period
# of allowed beam trips on reactor longer than 0.1 sec 100 maximum per day
# of allowed beam trips on reactor shorter than 0.1 sec unlimited

Summary

Table 3 summarises the MYRRHA main proton beam specifications. The successful and
reliable production of such a high power and stable beam is a very interesting challenge
that requires a huge R&D investment. The present activities performed within the MAX
project and at SCKeCEN are mainly dedicated to the general design of the accelerator and
to the development of a few main primary components. Considerable efforts will be
required in the coming years, not only to push these on-going R&D activities towards an
engineering design phase (construction of a full injector test stand, cryomodules
prototyping), but also to initiate activities related to beam operation. This concerns
especially; better understanding of beam physics at low energy for transients
management, fine optimisation of the strategies and procedures for faults compensation,
development of a predictive beam simulation code (“virtual machine”), design of a smart
control system including efficient “fast fault diagnostic” and “second-class” automated
beam restart capabilities, design of a suited machine protection system, development of
a set of reliable beam instrumentation diagnostics and a robust near-target imaging
system.
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Abstract

The MYRRHA project, currently proposed by the SCKeCEN, aims to demonstrate the
feasibility and operability of a safe and efficient transmuter, constituted of a subcritical
core fed by an external neutron source obtained by a high power proton accelerator. The
outstanding challenge of the MYRRHA accelerator is the design requirement of Mean Time
Between Failures (MTBF), set at 250 hours. The current R&D programme is divided into
three lines of investigation. The second R&D line, named RFQ@UCL, is devoted to injector
engineering design and subsequent construction, including prototyping and feedback to
design. This activity is led by SCKeCEN in collaboration with the Cyclotron Resources
Center (CRC), at Louvain-la-Neuve, Belgium, the CNRS/IN2P3 laboratories IPN Orsay
(IPNO) and LPSC Grenoble and the IAP Frankfurt laboratory. This programme is related to
the first R&D line, the FP7 MAX programme.

The principal motivation of the RFQ@UCL programme is the experimental address of the
MYRRHA injector design. The first scope is focused on the 4-rod RFQ. After successful
construction of a short test section for thermal behaviour investigation conducted by IAP in
the framework of MAX, the full-size 4-rod RFQ prototype is expected to be constructed and
installed for beam tests. The initial setup includes a commercial ECR proton source, a
dedicated LEBT section, a full-size 4-rod RFQ prototype, a diagnostic section and a beam
dump. In a later stage, the RFQ@UCL activity could be extended towards the subsequent
higher beam energy structures of the injector. Such an initial injector will evaluate the
choice of RFQ itself, and furthermore, this test platform is capable of exploring many other
critical issues in the injector design.
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Introduction

Accelerator-driven systems are playing an important role in the future energy production
scenarios including Gen-IV nuclear reactors, as they are potential and promising
candidates for transmutation purposes [1]. The introduction of the Partitioning and
Transmutation (P&T) technique in the nuclear waste reprocessing cycle is currently being
studied to allow isolation of long living radioisotopes and their subsequent
transformation in much shorter lifetime isotopes via neutron irradiation. This method
would significantly alleviate the burden upon the geological disposal of high-level
nuclear waste. However, the road towards an industrial transmutation prototype still
features many R&D steps. The MYRRHA project [2], currently proposed by the SCKeCEN
aims to demonstrate the feasibility and operability of a safe and efficient transmuter,
comprising a subcritical core fed by an external neutron source obtained by a high power
proton accelerator.

This paper gives a description of part of the R&D focused on the linear accelerator
that may be used for the MYRRHA project in its ADS configuration. The MYRRHA reactor,
with a thermal power of approximately 80 MWw in the ADS mode will be cooled by liquid
Pb-Bi eutectic (LBE). Given these parameters, the subcritical core of such an ADS requires
an intense external neutron source to deliver a continuous fission power. The spallation
mechanism is considered for obtaining a source of fast neutrons through an external
high energy and high intensity proton beam. The subcritical core geometry of MYRRHA is
optimised for an impinging proton beam energy of 600 MeV, where the Pb-Bi coolant is
also used as the heavy target for the spallation reaction. At this energy, the neutron yield
obtained by spallation on lead is around 15 per incoming proton. The requested
maximum beam intensity has been calculated by Monte-Carlo simulations and varies
between 2.5 and 4 mA depending on the burn-up of the nuclear fuel, delivered up to
2.4 MW beam above the core in continuous wave mode, through a beam window. Table 1
summarises the main characteristics of the required beam.

Table 1. MYRRHA beam characteristics

Accelerated particle Protons
Beam energy 600 MeV
Beam current 4 mA

CW, with 200 ps holes at 250 Hz repetition rate for

Time structure e o
sub-criticality monitoring

Vertically from above through an achromatic beam

Beam delivery to the reactor :
line

Beam stability Energy +1%; Current +2%; Position and size +10%

Circular ¢=80 mm, flat or donut shaped power

Beam shape on target density, by AC scanning magnets

MTBF > 250 h, a failure being a beam trip longer than 3 s

These current beam specifications set the MYRRHA accelerator in the high power
proton machines category. In the particle accelerators, state-of-the-art machines have
been developed and constructed (ISIS, SNS) or are under development (ESS, SPL, SPIRAL-2,
J-PARC, IFMIF). While the specificity and difficulty of the Continuous Wave (CW) nature of
the beam delivery of MYRRHA is acknowledged, the really outstanding challenge is the
design requirement set on the Mean Time Between Failures (MTBF). In the MYRRHA
operational context, the beam is considered to fail if its delivery to the subcritical core is
interrupted during a time period that lasts longer than three seconds. Since the MYRRHA

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 149



NEA/NSC/DOC(2015)7

cycle will take 3 months and during such a cycle it is expected to have not more than 10
beam failures, the quoted MTBF is then set at 250 hours. Shorter beam trips are tolerated
at a virtually unlimited occurrence frequency. This demanding reliability requirement
package is strongly related to the thermal shocks which a beam interruption causes in an
ADS, adversely affecting structural materials of the reactor and possibly causing safety
issues. A high available proton beam is required for long operability of the plant [3].The
allowed beam trip frequency of the whole accelerator is thus significantly lower than
observed on today's reported achievements of comparable accelerators [4], therefore the
issue of reliability is considered to be the main challenge. This issue concerns all R&D
activities related to the MYRRHA accelerator.

The accelerator for MYRRHA is now being developed in a strongly collaborative mode,
exploiting the very extensive know-how present in the European accelerator community.
The R&D activities have, to a large extent, been organised as subsequent European
Framework Programme projects. A dedicated R&D programme based on three lines of
investigation is on-going. In order to support bilateral agreements for common R&D
activities, Memories of Understanding (MoU) are stipulated with research institutes.
Finally, partnerships based on a commercial agreement, with research institutes or
selected industrial companies, will allow realising prototypes in a highly interactive
mode.

The accelerator choices around reliability

The general philosophy to reach a high natural MTBF on the MYRRHA accelerator is
identified in the fault tolerance capability, achieved only if a single failed element does not
automatically imply a global failure [5]. Such a fault tolerance can only be effective if it is
accompanied by a realistic switching time (fault detection time plus reconfiguration time:
in MYRRHA this time is necessarily three seconds) and a Mean Time To Repair (MTTR)
shorter than the MTBF of the failing element or chain. The fault tolerance concept is
addressed by design, following three general principles to accomplish the reliability goal:
redundancy, with a maximum of the serial version, use of components far from their
limits and repairability. For economic reasons, the parallel redundancy scenario should
be avoided. The serial redundancy scheme (replacing a missing element's functionality
by retuning adjacent elements with equivalent functionalities) may be accomplished if
foreseen during the design phase. However, this strategy implies a high degree of
modularity of the accelerating and focusing structures.

Since the MYRRHA accelerator is a high power proton accelerator with strongly
enhanced reliability operating in CW mode, and in agreement with several high power
accelerator projects [6-8], the technical solution of a superconducting linac has been
adopted [9]. The compatibility of this choice with the three abovementioned reliability
principles is clear: the architecture of a superconducting linac, consisting of a sequence
of nearly identical and modular RF cavities, complies perfectly with the serial redundancy
scheme, in addition, a superconducting linac can handle a beam current of 4 mA with
performances of the superconducting RF cavity very far from present limits.

The linac consists of two clearly distinct sections:

e A medium and high energy section, highly modular, based on individual,
independently controlled cavities. In this section, the serial redundancy may be
applied successfully to obtain a strong fault tolerance [10]. The function of a faulty
cavity may typically be taken over by four adjacent cavities.

¢ A low-energy section (or injector), in which the modularity and fault tolerance
principles are not applicable. In this section, the beam optics is frozen by design
and the accelerating structures are mainly based on multi-cell cavities. Here,
redundancy has to be applied in its parallel form, thus two complete injectors are
foreseen. The transition energy between the two sections is fixed at 17 MeV. At
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this energy, a fast dual input switching magnet will be installed to merge the
injector lines.

In this paper, only the injector is described. For the whole superconducting linac
design choices, please refer to [11].

Injector

The injector part (0 + 17 MeV) is based on some rather unconventional solutions. In this
section, the serial redundancy mechanism is not achievable because of the frozen beam
optics and the fast evolution of the beam parameters along the line, precluding
modularity. In order to preserve the fault tolerance capability of the linac, a full parallel
redundancy scheme has been implemented in the MYRRHA injector, implying the
installation of two identical accelerating sections up to 17 MeV (one being operational,
the other in hot-standby). The injecting sections have been designed in view of optimal
efficiency, considering that this section will be doubled for reliability. Each injector
consists of an ECR proton source followed by the Low Energy Beam Transport (LEBT) line,
a Radio Frequency Quadrupole (RFQ), two room temperature CH-cavities and four
superconducting CH-cavities [12].

The principal architect of this section is the Institute for Applied Physics (IAP) in
Frankfurt, Germany. A 352.2 MHz version of the injector was developed in the framework
of the FP6 EUROTRANS project, in which a common accelerator layout was envisaged for
the ADS demonstrator (i.e. MYRRHA) and for the industrial transmuter prototype (called
EFIT). In the framework of the FP7, the EUROTRANS programme was developed and
followed by the MYRRHA Accelerator eXperiment (MAX) R&D programme, started in 2011.
The MAX programme continues the R&D studies on the accelerator candidate for ADS
purposes, delivering an updated and consolidated design of a real machine including
prototyping and demonstration. Focusing the requirements only on an ADS demonstrator,
i.e. MYRRHA, the potential benefits of a 176.1 MHz injector were investigated [13],
achieving an optimised reliability and economic efficiency but at the cost of a reduced
maximum beam current capability. The expected benefits are: a lower input energy of
the copper CH-DTL, therefore a shorter RFQ, reduced power density in the copper
structures, a lower input energy of the RFQ, thus a reduced electrostatic potential on the
ion source, the possibility to consider a 4-rod RFQ instead of a 4-vane version, yielding
relaxed tolerances, easier adjustments and significant savings. A pre-study of this
176.1 MHz scheme confirmed all these benefits (in particular the input and output
energies of the 4-rod RFQ at 30 keV and 1.5 MeV, respectively) and added the possibility of
reducing the inter-electrode voltage in the 4-rod RFQ for a Kilpatrick factor of 1.2. Figure 1
shows the schematic layout of the 176.1 MHz injector design. This scheme is now
considered as the preferred one for the MYRRHA double injector, and it will be the object
of a dedicated R&D programme.

Figure 1. The 17 MeV, 176.1MHz, injector of the MYRRHA accelerator
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Each of these 2 injectors mainly consists of these elements:

o the Electron Cyclotron Resonance (ECR) type ion source, for optimal longevity,
delivering a moderate 30 keV proton beam;
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e the Low Energy Beam Transport (LEBT) line, for low energy beam characterisation,
manipulation, and appropriate matching into the next element;

e the 4-rod Radio Frequency Quadrupole (RFQ), focusing, bunching and accelerating
the beam up to 1.5 MeV;

e two copper multi-cell CH-DTL structures, bringing the beam up to 3.5 MeV;

e four superconducting CH-DTL structures for the acceleration up to 17 MeV; The
rationale of this solution is to extend the advantages of the superconducting RF to
the lowest possible energy.

R&D on the MYRRHA accelerator

A conceptual design of an ADS-type high power proton linac has been initiated by the
EURATOM Framework Programmes (EU FP5 PDS-XADS and FP6 EUROTRANS projects [14]
[15]), in which the fundamental choices regarding the accelerator for MYRRHA were
adopted. The current R&D activity period, in which accelerator reliability will actually be
the most important issue, is focused on the following topics: advanced beam dynamics
and error studies, reliability modelling studies, optimised injector design, prototype
cryomodules operation.

Figure 2. Scheme of the R&D activities foreseen in view of the linac for MYRRHA
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The R&D programme related to the MYRRHA linac is divided into three lines of
investigation, which have linac reliability as a common subject. They are combined in a
coherent scheme presented in Figure 2. The on-going FP7 MAX project is continuing the
R&D studies on the accelerator candidate for the ADS demonstrator with the goal of
delivering an updated and consolidated design of a real superconducting linac to be
adopted in the MYRRHA project. This R&D line is led by IPN Orsay in collaboration with a
large number of research institutions and industrial companies. Developments, studies
and experiments on accelerator test sections are performed to increase the level of
confidence of the MYRRHA accelerator design. In addition to these activities, studies and
simulations on general accelerator design and reliability issues are being carried out. The
work has been divided into four main work packages, including:

o global design coherence;
e injector design;
e main linac design;

e system optimisation.
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The second R&D line, RFQ@UCL, is devoted to the injector engineering design and
subsequent construction including prototyping and feedback to design. The principal
motivation of this R&D programme is to address the MYRRHA injector design gaining
experience from a tangible prototype. On the other hand, the Injector@UCL is a tool for
relevant reliability-oriented experiments, which implies experience, education, and
innovation in this field. This activity is led by SCKeCEN in close collaboration with the
Cyclotron Resources Center (CRC), at Louvain-la-Neuve, Belgium. CRC is part of the
Catholic University of Louvain, UCL. Obviously, this programme is closely related to the
MAX programme. The third R&D line addresses cryomodules prototyping and operation.
Cryomodules prototyping is envisaged for the superconducting CH, spoke, elliptical
cavities. The goal is to provide a solid engineering design and then construction,
operational tests and feedback to design in view of the final industrial procurement for
the MYRRHA accelerator construction. This activity should be co-ordinated by SCKe¢CEN
after 2014 and executed by the respective principal architects (namely research
institutes).

The R&D@UCL programme

This experimental programme, under the name of RFQ@UCL, is executed in collaboration
with the Cyclotron Resources Center (CRC), at Louvain-la-Neuve, Belgium, where the
experimental test line will be located. On the other hand, the programme is based on
bilateral collaboration agreements with the CNRS/IN2P3 laboratories IPN Orsay (IPNO)
and LPSC Grenoble and with the IAP Frankfurt laboratory. Moreover, the RFQ@UCL
programme is heavily interacting with and relying on the European FP7 MAX programme.
The construction of the Injector@UCL, up to final 17 MeV energy and including beam
diagnostics development, has recently been supported by the MYRRHA accelerator
1%t International Design Review held in Bruxelles in November 2012. Figure 3 shows the
overview of the foreseen experimental set-up.

The installation layout

All experimental equipment will be installed in a shielded area specifically built in the
experimental hall at UCL/CRC. For safety purposes, the area will be enclosed by concrete
blocks conveniently arranged to form a bunker. The set-up includes a limited space in the
CRC pump room, where the cooling system machinery will be installed and a remote
workspace in the CRC control room.

Figure 3. General layout of the experimental set-up of RFQ@UCL R&D programme
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The round structures represent the 160 kW Solid State RF amplifier to be installed on top of the bunker.
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A large proportion of the injector equipment requires dedicated cooling and electrical
power supply (the RFQ only requires 160 kW of continuous RF power, where the
corresponding amplifier has a wall plug power of around 350 kVA). The electrical
distribution is accomplished by means of two electrical cabinets, to be installed in the
experiment hall and in the pump room, respectively. Each major piece of the
experimental equipment will then correspond to a dedicated cabinet, housing its specific
power distribution, power converters, controls and acquisitions. At this stage, a high
degree of reliability of all the adopted solutions is definitely important. It should be noted
that the set-up concerns an experimental activity, a high flexibility with respect to
control and interlocks is compulsory.

Like the electrical distribution system, the cooling system will involve two locations:
the thermal hydraulic machinery (pumps, heat exchangers, chiller) will be installed in the
pump room, while the dedicated distributions to the cooling end users will be installed in
the experimental hall. The cooling system should provide three distinct supplies: the
cooling air circuit, the chilled (demineralised) water circuit, the moderate temperature
(demineralised) water circuit. These three circuits dissipate into a general cooling loop
belonging to CRC, directly (air circuit) or through heat exchangers (chilled and normal
water). The last loop exchanges its heat with the water from the CRC cooling tower. The
total cooling capacity is expected to be 725 kW.

The R&D test stand

The principal motivation of this R&D programme is the experimental address of the
MYRRHA injector design. The first scope is focused on the 4-rod RFQ. After a successful
construction and assessment of a short section (400 mm) for thermal behaviour
investigation conducted by IAP in the framework of MAX, the full-size 4-rod RFQ
prototype is expected to be constructed and installed for beam tests. This test stand will
include a commercial ECR proton source and a dedicated LEBT section placed before the
RFQ, followed by a diagnostic section and a beam dump.

Figure 4. Preliminary layout of the first experimental set-up of the RFQ@UCL R&D programme,
including the ECR proton source, the LEBT and the RFQ interface sections

In a later stage, the RFQ@UCL activity could be eventually extended towards the
subsequent higher beam energy structures of the injector, adding copper CH-type
accelerating cavities to the existing set-up for long reliability runs. A full injector
comprising SC structures will, however, need a dedicated cryogenic plant, currently
missing at CRC.

The proton source has been commercially procured from Pantechnik, France.
Pantechnik design choices include an ECR 2.45 GHz proton source with a specific
magnetic configuration. A tapered axial RF injection is adopted. The source will be
delivered with its own control and power supply system. In Table 2 the source design
requirements are listed.
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Table 2. Injector's proton source design requirements

Voltage 30 kV (40 kV capable)
Beam current 20mADC

RF 2.45 GHz, 1200 W
Transverse emittance @ 5 mA 0.1 '-mm-mrad RMS norm.

Magnetic system Permanent magnets

Autonomous control system NI CompactRIO
Beam diagnostics devices incl. Faraday cup, allison scanner
incl. provisions for reliability/reparability

The LEBT design and engineering has been provided by LPSC Grenoble, under a
bilateral agreement signed between CNRS and SCKeCEN. The design for beam dynamics
simulations and error analysis has been supported by IPNO. The aim of the LEBT
transport line is to efficiently inject the proton beam inside the RFQ by providing at the
RFQ entrance a centered beam with matched transverse emittances, lower or equal to the
RFQ design value, which is 0.2 mmm-mrad RMS normalised. The choice of a classical
short magnetic LEBT layout, inspired from similar injection lines, was validated in
October 2011. The overall length of the line, from the plasma chamber extraction hole to
the RFQ entrance (inner flange), is around 2500 mm long. The beam focusing is
demanded to multiple magnetic solenoids. The first magnetic solenoid is located as close
as possible to the source extraction chamber in order to minimise the beam size at the
entrance. This magnet includes additional coils for dipole corrections (horizontal and
vertical). A Faraday cup system is then installed and will be used for ion source tuning
and safety aspects. The line follows with a vacuum gate valve and a series of ports
dedicated to: a collimating system to reshape and clean the beam, a set of locations for
beam instrumentation, like secondary emission 2D profiler and beam emittance-meter(s),
dedicated ports for pumping and gas injection, a second vacuum gate valve. One of these
ports should be designed to be able to host the beam chopper in a back-up location. The
overall distance between the two solenoid centres has been set at 1500 mm. This second
magnet should be located as close as possible to the RFQ entrance (maximum 400 mm
from the last solenoid’s center) in order to focus the beam inside the RFQ within nominal
specifications.

Finally, the space available between the last solenoid and the RFQ entrance (240 mm
long) needs to host the following elements:

e An electrostatic beam chopper. It is required to give a precise time structure to the
beam delivery towards the MYRRHA reactor. It has a critical role in the machine
protection mechanism. For reactor subcritical monitoring, 200 ps/250 Hz beam
interruptions will be implemented. The adoption of an extraction kicker magnet in
the HEBT, at 600 MeV, will make available 190 ps/250 Hz beam pulses for an ISOL
facility. This chopper is very similar to the solution adopted in SPIRAL-2 [16] with
shorter electrodes and reduced plate-to-plate total voltage (about 5 kV). The
capability to operate it with an extremely variable duty cycle is the real challenge
and will imply specific design solutions of the driving system.

e An RFQ injection collimator, to intercept the beam deviated by the upstream
chopper and a large portion of the pollutant particles (H.", Hs*) that are not
properly focused in the RFQ. The critical issue is the high peak power density
deposited by the proton beam on the collimator surface, which must be safely
evacuated by water cooling. In order to reduce it, a conical shape might be
adopted.

e A beam current monitor (probably a short ACCT current transformer), should be
located as close as possible to the RFQ flange in order to accurately monitor RFQ
transmission efficiency. Such a transformer will require an electrical insulation at
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the end of the line. A particular ACCT integration directly inside the RFQ flange is
under discussion.

e A negative electrode should also be located close to the RFQ flange. This will serve
as an electron repeller, keeping good space-charge compensation conditions in the
area [17].

The design of this RFQ interface section is on-going at SCKeCEN in collaboration with
UCL/CRC. The engineering design of the LEBT line, its subsequent production and the
installation in UCL/CRC Louvain-la-Neuve will follow during the next 2 years.

Such an initial injector will evaluate the choice of RFQ itself, and furthermore, it will
be an efficient test platform for a large number of related critical issues. Currently,
interest is focused on:

o the adoption of a high power, modular, Solid State RF amplifier at 176.1 MHz;

e interceptive and non-interceptive diagnostic devices for high intensity CW beams;
A full set of diagnostic devices is to be tested. Given the properties of the beam in
this section (low energy but high current), it is envisaged that the following
parameters will be monitored: beam current (interceptive methods by Faraday
cups, non-interceptive by BCTs), beam position, beam profiles, emittances,
longitudinal bunch properties. The diagnostic equipment set-up is currently under
discussion.

e a robust and comprehensive control system, based on the 3-tier approach of
typical large machines control systems, adopted in physics research; The
candidate architecture is EPICS. The RFQ@UCL is capable of being a significant
representation of the final MYRRHA accelerator control system and of acting as a
test platform, where architectural choices and on-line beam simulations at small
scale can be tested.

o the location of the beam chopper in the LEBT of the injector is under assessment;
The beam chopper location in the LEBT is a particular issue: in its reference
configuration it should be as close as possible to the RFQ in order to minimise the
effects of the Space Charge Compensation (SCC) transients that are related to the
compensation recovery speed and the distance travelled while restoring SCC
during chopping transients.

e space charge compensation efficiency and global behaviour in the LEBT, both
during steady-state and transients, including the gas injection techniques
assessment;

o full experimental characterisation of the low-energy beam, allowing an optimal
initial beam configuration at the entrance of the RFQ.

Long reliability runs will allow triggering reliability issues coming both from design
and operation, optimising and consolidating the design choices. Feedback to design and
in-depth analysis can contribute to improving the final injector project. Operational
experience can be gained and training of the accelerator team within SCKeCEN can be
obtained. Finally, this installation will acquire a solid educational role.

Conclusion

The set-up at UCL/CRC addresses important design choices of the future MYRRHA
superconducting Linac. The initial set-up includes a commercial ECR proton source, a
dedicated LEBT section, a full-size 4-rod RFQ prototype, a diagnostic section and a beam
dump. The CW operability of a 4-rod RFQ will be carefully investigated including beam
characterisation, RFQ matching assessment and transmission efficiency measurements.

156 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

This test platform is also capable of exploring many other critical issues in the
injector design. The experimental programme includes beam characterisation and RFQ
matching, space charge assessment, test of different diagnostic equipment performed in
long reliability runs in order to trigger possible critical issues. The set-up will also be a
control system test platform. The RFQ@UCL programme is an essential part of the
engineering activities and the full development cycle of the future MYRRHA injector. It
addresses the engineering design, prototyping, production, tests and in-depth analysis.
This activity ensures the translation of the design into engineering solutions that will
allow achieving the reliability and quality requirements. The study and evaluation of
risks arising from the design and prototyping provide feedback and eventually a
complete package of consolidated solutions for the final MYRRHA injector.
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Abstract

Within the framework of the MAX Project associated with the detailed study of the
MYRRHA Facility linac, two tasks relating to the design of superconducting accelerating
components are under progress. Cryogenic tests, in a cryomodule configuration of a
700 MHz, beta = 0.47, elliptical RF superconducting cavity are performed with the aim of
evaluating and improving the reliability of the different components (RF cavity, power
coupler, cold tuning system and the cryogenic features). The other task addresses the first
superconducting linac section cryomodule. It is composed of two 350 MHz, beta = 0.5 spoke
type cavities cooled at 2 K. This paper presents the results on the elliptical cavity and the
status of the spoke cryomodule design.

Introduction

The proton superconducting linac for MYRRHA (600 MeV, 5 mA) consists of 4 sections.
The low beta (0.37) section from ~17 MeV to ~100 MeV is comprised of cryomodules
housing two single spoke cavities. A beta = 0.47, from ~ 100 MeV to ~ 200 MeV, and a beta
= 0.65 from ~ 200 MeV to ~ 600 MeV, sections are comprised of cryomodules housing 4
elliptical cavities.

Within the framework of the European project EUROTRANS, several components for
the elliptical cavities section have been designed and built for R&D purposes. Tests on
these components (cold tuning system, beta 0.65 cavity, power coupler) are performed in
a cryomodule, like configuration, in a dedicated cryogenic test stand at IPN Orsay. These
tests, currently performed within the framework of the MAX project, are focused on the
reliability aspects, which are a major issue of the MHYRRA accelerator. In addition, a
detailed design of the spoke cryomodule of the low beta section is in progress.

Spoke cryomodule design

The detailed design of the Spoke (beta=0.37, 352.2 MHz) cryomodule started within the
framework of MAX in January 2012 and was to be achieved in January 2014. It concerns
the complete definition of the cryostat, the cavities, and the auxiliary components (cold
tuning system, magnetic shielding, power coupler), the procedure and the tooling for the
assembly.

Cavity design
The RF design has been fixed using CST MicroWave Studio 2012 on an around

100 00 tetrahedral mesh model. The optimisation was obtained by playing on a dozen of
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geometrical parameters taking into account manufacturing constrains. The goal for the
MYRRHA Linac, set to Ep/Eace< 4,4 and Bpi/Eace< 8,3 is achieved (see Table 1).

Table 1. Cavity (beta = 0.37, 352 MHz) main parameters

Optimised parameters Optimised parameters
Eacc normal operation; Eaacc fautt tolerance 6,2; 8,2 MeV/m Lacc=optimal beta x ¢ x f [m] 0,315
Epk/Eacc 4,29 Tuning sensitivity [kHz/mm] 156
Bpk/Eace [mT/MV/m] 7,32 Sensitivity to tressure [Hz/mbar] 7,6<Sp< 14
G [Ohm] 109 Lorentz force factor [Hz/(MV/m)?] -6 <K< -5,28
r/Q [Ohm] 217 Approximated bandwidth 150 Hz
Qo @ 2K for Rres=20 nQ 5,2.10° B optimal 0,37

A study, made by the ACS Company, shows that for our 352 MHz Spoke cavity, an
operating temperature of 2 K is more efficient in terms of electrical power consumption.
It also leads to a better stabilisation of the cavity helium bath pressure.

Figure 1. Spoke cavity with its helium vessel

The mechanical design optimisation has been performed using ANSYS FEM software
for the mechanical and the mechanical/electromagnetic coupled simulations. The
thickness is 3 mm both for the cavity walls, made of the niobium with RRR>200, and for
the helium vessel, made of titanium grade 2. The low sensitivity to pressure (see Table 1)
implies that the cold tuning system, which may be a weak part in terms of reliability, will
have small operating time, which corresponds to the high constraints on reliability
required by the MYRRHA accelerator.

Cryostat

For the MYHHRA Linac, fine cryomodule segmentation was chosen in order to be able to
apply fault tolerance scenarios in case of failure for any reasons (RF, vacuum, cryogenics)
of a single spoke cryomodule. Hence, there will be only one separate valves box per
cryomodule. The cryostat will have a single thermal shield cooled with gaseous helium at
4 bars, from 40 K to 80 K. Multi layers insulation (30 layers on thermal shield,
10 on cavity) will provide thermal radiation insulation. Thermal intercepts, between 5 K
to 10 K, for the power couplers and the cavity supporting frame, will be performed by a
circuitry fed by supercritical helium at 3 bars. The cavities and the magnetic shields will
be cooled down from 300 K to 5 K using a dedicated loop with liquid helium at 1.2 bars. A
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phase separator of around 5 litres, placed on the top of the cavity string, allows
maintaining the cavities at 2 K with small pressure fluctuations. Preliminary evaluations
of the cryogenic static losses, < 3W@2K, <10W@5/10K, < 90W@40/80K, satisfy the
cryoplant specifications.

The two cavity string is maintained on a simple frame put on two posts fixed to the
cryostat vacuum vessel. The cavities are able to slide on the frame which can slide itself
on one of the posts. An invar rod fixed to the fix part of the frame limits and controls the
longitudinal displacement of the two cavities, to, respectively, 0.1 mm and 0,4 mm. The
cavities will vertically go down from less than 1 mm during cool-down. This possible
misalignment can be adjusted by anticipating this displacement during warm
temperature assembly or, as the posts can be adjusted, by performing a new alignment
after cool-down. The vacuum vessel diameter is 1200 mm and the length between the
cryostat warm valves is 2200 mm. The cryogenic connection line is situated at the top of
the vacuum vessel. All the cryogenic valves and subcooling heat exchanger are
implemented in a dedicated valve box fixed on the linac tunnel close to the cryomodule.

Figure 2. Cryomodule overview
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Cryomodule assembly

The cavities, the power couplers and the warm stop valves are assembled on the cavity
frame inside an Iso 4 Clean Room. The rest of the cold mass (magnetic shielding, cold
tuning system, thermal shield, MLI, sensors) are then assembled outside the clean room.
The cold mass is inserted inside the vacuum vessel, off-axis, due to the 300 mm length
between the cavity and the warm window block of the power coupler. The remaining
parts of the vacuum vessel, the cryogenic connections and the power couplers’
compensation systems are finally assembled.
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Figure 3. Spoke cryomodule assembly sequence
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Auxiliary components

The power coupler with only one warm window (SNS type) is designed for 20 kW CW and
50 Ohm. The specifications for the spoke section of the MYHRRA linac are 10 kW average
with a maximum of 16 kW for fault tolerance recovery (adjacent cavities operating at
higher power to compensate cavity failure). The external conductor is fitted to the cavity
bottom with a CF 63 flange. The distance between 2 K and 300 K is around 300 mm. Two
heat intercepts, at 50 K and 5 K respectively, are sufficient to reach the thermal loss
specifications. A barometric compensating system, placed outside the cryomodule,
reduces the pressure induced inside the cavity when evacuating the vacuum vessel.

The Cold Tuning System (CEA “Soleil” type) is identical to the one designed at IPN
Orsay for the ESS spoke cavities. For this cavity, it allows a slow coarse tuning of around
150 kHz at 2 K. Piezo-electrical actuators allow a fast tuning for micro phonics
compensations on a fine range of around 300 Hz. Further studies should be performed on
how to decrease the time in which the cavity can be totally detuned, around 15 kHz (around
100 bandwidths) in less than 2 seconds, which is a constraint given by the fault tolerance
concept.

704 MHz prototypical test bench

The aim is to demonstrate the possibility to implement the RF fault-tolerance concept
foreseen for the MYHRRA accelerator, on a prototypical cryomodule. A prototype test
cryomodule, operating at 2 K, together with its associated valve box, has been developed
and built. This programme started within the framework of EUROTRANS in collaboration
with INFN Milano and IPN Orsay and is in progress within the framework of the MAX
project dedicated to the design of the MYRRHA accelerator.

Experimental site

An experimental site has been built at IPN Orsay to do cryogenic and high RF power tests.
The cryogenic installation developed from 2007, allows the cool-down of a thermal shield
at 80 K using liquid nitrogen and has a complete helium feeding and recovery system.
The super fluid helium operation is made using a warm pumping group composed of a
primary pump of 1600 m*h and a roots pump of 4000 m?h. First, cryogenic tests on the
prototypical cryomodule show that the maximum operating power of the whole system
(cryostat, valves box, pumping line and pumping group) is, as expected, around
40 W@1.9 K. A cryogenic upgrade, by adding a second pumping group to increase the
available power at 2 K, is currently in progress.

The RF power installation allows supplying the power coupler during the cryogenic
tests and the couplers conditioning at 300 K. The RF power source is constituted by a first
solid-state stage operating at up to 1 kW at 704.4 MHz, feeding a second amplifier stage
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performed by an Inductive Output Tube (1.0.T.), manufactured by the THALES Company,
able to provide a maximum power of 80 W in CW operation. The test bench features a RF
conditioning cavity for two 704 MHz couplers, diagnostics (vacuum, RF power, cooling
water flow, multiplication current), hardware safety systems (Coupler and I.O.T. “security
box”), monitoring software, data acquisition system and circulator.

Figure 4. Experimental pit at IPN Orsay

Prototypical cryomodule

The prototypical cryomodule houses one 704 MHz, beta=0.47 elliptical designed by INFN
Milano, a Cold Tuning System (INFN Blade-Type Tuner) with piezo-electrical actuators for
fast frequency tuning and a power coupler with a warm window (SNS Type) developed by
IPN Orsay. The cryostat has been designed by INFN Milano and the cryogenic valve box by
IPN Orsay. Several cryogenic tests have been performed and show expected
performances for most of the components (cold tuning system, cryostat and valve box)
and the RF control system. A RF characteristic (see Figure 5) of the cavity has been
measured and showed good results Qo > 1 10 at 8 MV/m above the requirements for
MYRRHA (Red Star in Figure 5). A full power test with a cavity equipped with its power
coupler is to be completed before the end of 2013.

Figure 5. Prototypical cryomodule
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Figure 6. 704 MHz, Beta=0.47, measured RF characteristics
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Power coupler

The MAX power coupler is made of three parts, as shown in Figure 7.

Figure 7. 704 MHz power coupler

The RF power coupler’s central part is composed of a coaxial window, associated with
an antenna which allows transferring handing all the RF power to the cavity due to a
capacitive coupling. Its 50 Ohm matching is performed by a chokes’ system, composed of
a ceramic disc in alumina and brazed, on the one hand, on the terminal conductor and
on the other hand, on the external conductor of the window. The power coupler’s
window itself adopts a coaxial geometry where the tightness between cavity’s vacuum
and waveguide’s air is accomplished through a ceramic disc, which is made of 97% of
alumina. The frequency under operation of the window is around 704.4 MHz with a RF
“peak” power of 150 kW and of 80 kW in travelling CW mode. The outer conductor of the
power coupler makes the connection between the RF window and the TRASCO
superconducting cavity and should handle the temperature gradient between the 300 K
of the window to the 2 K of the cavity’s port. Finally, a rectangular waveguide (WR1150) to
the coaxial transition (called doorknob transition) allows transmitting the RF power from
the RF source (I.0.T. delivering 80 kW) to the power coupler.

Two complete couplers have been fabricated by the SCT company, located at Tarbes
in France, and have been checked at IPN Orsay in May 2009 (Figure 7).
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Power coupler conditioning set-up

The conditioning cavity, the power coupler and the 1.0.T. associated with the high power
DC supply are the central part of the test bench. The following components are
articulated:

e diagnostics such as measures of vacuum, RF power, water flow and multipacting
current;

o hardware safety systems (Coupler and I.O.T. “securities box”);

e monitoring software of the power couplers conditioning;

e data acquisition system;

e RF power components (WR1130, doorknobs, RF circulator, 1 kW RF pre-amplifier).

Power coupler conditioning has been designed to be carried out in a travelling wave.
In this case, the RF power is transmitted from the RF source (Thales I.0.T.) to an RF high
power 500 load through the two power couplers mounted on a 704.4 MHz resonant cavity.
The input coupler is connected to the RF power waveguides (WR1130) and the power
coupler located at the cavity’s output is connected to the RF power load. The RF power
line is composed of rectangular waveguides elements of WR1130 type. The connection
between the coupler and the RF power line was carried out by the doorknob.

During this first conditioning campaign, the conditioning programme worked in
“normal” mode. From 17 kW RF power, the vacuum level is recovered to
1, 62.10% mbar.l.s? of 30 kW RF power. The RF power transmission has created a warm-
up of the conditioning test bench which involved degassing of the walls of elements
subjected to high vacuum and thus degraded the vacuum level.

This conditioning allowed the validation ofthe conditioning test bench mount and the
associated facilities which which seems promising for the second conditioning campaign
whose RF power to be reached is 80 kW.

Figure 8. Coupler conditioning bench layout
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Figure 9. 30 kW RF power conditioning couplers in CW operation mode
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Future work

During the last RF conditioning campaign, a failure of a power coupler ceramic window
occurred. Analysis is underway to understand the cause of this failure. A new coupler
was manufactured and is currently under preparation. Its RF conditioning was planned
for June 2013. A new cryogenic test of the prototypical cryomodule with full RF power was
expected in September 2013. The experimental assessment of the main steps of the fault
recovery procedure can then start.

The detailed design and the final mechanical and thermal optimisations of the spoke
cryomodule are underway. Detailed drawings for the definition of a prototype
cryomodule manufacturing were expected to be achieved in 2013.
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Reliability model of SNS linac (spallation neutron source-ORNL)

Adrian Pitigoi, Pedro Fernandez
Empresarios Agrupados, Spain

Abstract

A reliability model of SNS LINAC has been developed using risk spectrum reliability
analysis software and the analysis of the accelerator system’s reliability has been
performed. The analysis results have been evaluated by comparing them with the SNS
operational data. This paper presents the main results and conclusions focusing on the
definition of design weaknesses and provides recommendations to improve reliability of the
MYRRHA linear accelerator.

Introduction

The collaborative MAX (MYRRHA Accelerator eXperiment research and development
programme) Project launched in February 2011 and co-funded by the European
Commission under the Seventh EURATOM Framework programme for Nuclear Research
and Training Activities (2007-2011), followed from the recommendations of the European
Union’s Strategic Energy Technology Plan for the development and deployment of
sustainable nuclear fission technologies in Europe.

MAX participates in addressing the issue of high-level long-lived radioactive waste
transmutation by pursuing the development of the high-power proton accelerator as
specified by the MYRRHA accelerator-driven system (ADS) demonstrator project in
Belgium.

The main goal of the MAX Project is to deliver an updated consolidated reference
layout of the MYRRHA linear accelerator with sufficient detail and an adequate level of
confidence to initiate its engineering design and subsequent construction phase in 2015.

In this context, the MAX team aims to develop an accurate reliability model of the
MYRRHA accelerator (Task 4.4), using the methodology applied for nuclear power plants.
For this purpose, a reliability model of an existing accelerator has been developed as part
of the Task 4.2 MAX project activities. The reliability model development is described and
the results of the performed analysis are presented in this paper.

Paper contents

The MAX Task 4.2 activities performed are presented in the paper:

o compiling and processing data needed for developing the model and performing
the reliability study;

o development of a detailed reliability model of the SNS using a risk spectrum fault
tree;
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o performing reliability analysis of the SNS linac, the major critical issues related to
the accelerator reliability have been identified,

o compiling and processing SNS logbook data available on the SNS website (recorded
during the period October 2011-June 2012) for evaluation of the SNS risk spectrum
analysis results.

Theoretical results from the model were compared with the operational data records
(real operation data). It was concluded that the RS model can be considered a trustworthy
tool to further build the model for evaluation of the MAX linac reliability.

As a result of performing the SNS system’s reliability analysis, the systems and
components with the strongest impact on overall reliability are identified. This paper
presents the conclusions and recommendations for increasing the reliability of the
MYRRHA linear accelerator and for design optimisation.

MAX Task 4.2 - Objective

It is essential to develop a reliability model and to provide a feedback on actual reliability
performance of an existing accelerator in order to develop a more accurate MAX
reliability model and to guide the MYRRHA accelerator engineering design.

One of the most important goals of the MAX project WP4 is therefore to perform a
detailed reliability analysis of an existing accelerator, using the methodology applied in
the current nuclear power plants. The goal of this reliability analysis is to draft
preliminary conclusions and recommendations in order to maximise the
reliability/availability and safety of the MYRRHA accelerator.

In view of these goals, the Spallation Neutron Source (SNS - Oak Ridge National
Laboratory) was selected within MAX Task 4.2 for reliability modelling using risk
spectrum in order to provide feedback on actual SNS accelerator reliability performance
as a reliability modelling tool for Task 4.4 of the MAX project.

A model of the full MYRRHA linac will have to be built based on its existing design
and taking into account all support systems, smart control strategies, fast beam
shutdown and accelerator/reactor interface aspects.

Input data needed for modelling and reliability study

SNS design information and reliability data have been collected, organised and processed
to be used as input data to develop the SNS reliability model and to reach the objectives
of Task 4.2. The data obtained from different sources could be grouped as follows:

e SNS design data;

e SNS systems and functions data;
e SNS reliability data;

e SNS operating status.

The input data sources are:

e SNS design and technical parameters (SNS public information
http://neutrons.ornl.gov/facilities/SNS/);

e SNS reliability data: SNS RAMI and BlockSim models data;
e SNS operation dat: logbook data (http://status.sns.ornl.gov/beam.jsp).
SNS risk spectrum reliability model development
A detailed risk spectrum fault tree model has been developed using the methodology

currently applied for nuclear power plants taking into account the available SNS design
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information. The developed SNS risk spectrum model has been quantified using the
reliability data obtained from the BlockSim model (failures data - MTTF and repair times
data - MTTR).The risk spectrum model results have been evaluated with respect to the
SNS logbook operational data (accelerator trip failures and overall availability) recorded
during the period October 2011-June 2012.

The following scenarios have been considered as the basis for developing the risk
spectrum model of the SNS accelerator:

¢ Some of the SNS systems and components (i.e. stripper foil, ring and RTBT) have
been considered as not relevant to the objectives defined for the MAX linac project,
which is why these parts were not included in the reliability model.

e The “continuously monitored repairable component” - risk spectrum type 1
reliability model has been considered to model the failure behaviour of all SNS
linac components. The risk spectrum type 1 reliability model is used to model a
component failure which is detected immediately and which can be repaired.

e “Mean unavailability”. This type of calculation is used to obtain the unavailability
values of the basic events, the long-term average unavailability Q is calculated for
each basic event.

The fault tree developed for SNS linac is a graphical representation of the functional
structure of SNS systems, describing undesired events (“failures”) and their causes. The
fault tree is built using gates, basic events and house events. Generally, a fault tree can be
subdivided into several fault tree pages, which are bound together using transfer gates.
The level of detail for basic events was established corresponding to the availability of
reliability data and the level of detail of the design information.

As a first step in the modelling of the SNS accelerator (linac), a “control volume”
(Module 1) has been defined, consisting of the following SNS parts: RFQ, MEBT and DTL
(DTL represents the first accelerating part of SNS linac).

Figure 1. Module 1 functional block diagram
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It was necessary to model parts of the technological systems (auxiliary systems)
within Module 1, as they are important for RFQ-DTL functioning, i.e. the cooling systems
(Glycol-DI Water, and RCCS for RFQ-DTL) and the vacuum systems. As a second step, all
linac systems have been modelled and integrated into the SNS linac model, including
LEBT, CCL, SCL, and HEBT. The rest of the auxiliary systems has also been modelled and
integrated (compressed air, AC power, vacuum, cooling towers, RCCS general distribution,
CHL, etc.).
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Inputs (in terms of failures) from the auxiliary systems have been considered, some
are included in the main linac systems fault trees, while some others function as CCFs in
developing the fault tree of the “conventional facilities” event.

Figure 2. First level of the SNS RS model - SNS main fault tree structure

SNS linac reliability analysis
RS Model — MCS analysis

The SNS linac fault tree is a graphical representation of a Boolean expression. This
Boolean expression can be converted by using Boolean algebra laws into a minimal cut
set (MCS) representation.

The goal of the minimal cut set (MCS) analysis is to generate the minimal cut-sets of
the fault tree and to perform a point-estimate quantification of the top event. The
minimal cut-set (MCS) is that combination of events which causes the top event to occur.
The term “minimal” means that if any of these events is removed from the set, the top
event no longer occurs. The MCSs of the top event (SNS ACC DOWN) analysis case are
presented below.

Figure 3. SNS ACC DOWN analysis case - minimal cut-sets list

An MCS analysis has been performed for the complete SNS linac model as well as for
different parts of the accelerator with the following conclusions:
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e As the main result for the top event (SNS ACC DOWN) analysis case, the complete
model running analysis has indicated a mean unavailability value of Q = 2.60E-01 =
0.26. Thus, Q = 26%, which results in a mean availability value of A=1-Q =73%
(the limit availability).

e The MCS analysis results indicate a wide range of failure modes (failures affect
relatively all types of components.

¢ The linac (DTL-CCL-SCL) represents the system most affected by failures in terms
of unavailability (Q=1.25E-01; A=87.5%).

e The highest values of unavailability are as follows:
— SCL (Q=9.85E-02; A=90%);
— DGN and C (Q=7.15E-02; A=93%);
— Front-End (Q=6.93E-02; A=93%).

e The most affected part is the SCL, especially due to the malfunctioning of the SCL
RF system (radiofrequency system of the superconducting linac) for which
Q=6.33E-02 and A=94% (due to power supplies failures and klystron failures). The
SCL usually fails as a consequence of cavities, cooling and vacuum malfunctions.

e The most affected parts of the front-end are the LEBT (Q=2.83E-02; A=97%) and
MEBT (Q= 2.82E-02; A=97%), more specifically the magnets and the vacuum
systems.

SNS reliability considerations (operating experience)

Reviewing the accelerator trips failure data from SNS logbook records from past
operation experience, it has been concluded that the RF system and electrical system
failures are the most frequent, while the failures in the electrical systems represent the
most important contribution to total accelerator downtime (see Figure 4) in agreement
with the conclusions from the SNS RS model runs.

Figure 4. Frequency of accelerator trip failures (by systems) and
accelerator downtime contribution (by systems)
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The pie chart above shows the distribution of breakdown hours by system.
Accelerator trips caused by failures of components in the electrical systems represent
38% of the total accelerator downtime over the studied period. The second largest
contribution is from the RF systems (26%), which are also the systems more often
involved in failures leading to short accelerator trips (up to 0.2 hours).

According to the SCL risk spectrum analysis results, SCL-HPRF (Superconducting
Linac — High Power Radiofrequency) and HVCM (High Voltage Converter Modulator) are
the most affected subsystems of the SNS linac as far as failures leading to accelerator
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trips are concerned. SCL-HPRF is affected
affected by long duration trips.

by frequent short failures, while HVCM is

Figure 5. RF system failures
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Figure 6. Electrical subsystems contribution to the accelerator downtime
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In addressing all linac systems, beam interruptions of between 0 and six minutes (0 -
0.1 hours) represent 47 % of beam trips, i.e., 327 failures from the total of 705 failures
recorded over the studied period of time. Failures whose duration exceed 1 hour
represent 13% of the total. The latter contributes most to the total downtime for the same
period, accounting for 308 hours, which represent 70% of the total (445 hours).

Figure 7. Statistics of accelerator trips by duration (hour fractions):
a) failure frequency, b) contribution to the total downtime

Acc. Trip failures

Acc. Downtime 0-0,1

6%

172

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015




NEA/NSC/DOC(2015)7

The SNS RS model results have been evaluated compared with the above statistics
and taking into account the assumptions formulated for the model development and the
model limitations mentioned in Section 3.

Given the consistency of the SNS design information database and due to the
conservatism of the reliability data used for model quantifying and to the fact that the
human factor has not been taken into account (neither have improved operational
reliability or the improvements of the maintenance programme), it can be concluded that
the overall availability of the SNS linac (A=73%) resulting from the RS model is confirmed
by the availability figures of the SNS from the first years of SNS operation.

The availability results obtained by MCS analysis run separately for the different SNS
linac parts (IS, RFQ, MEBT, DTL, CCL, SCL, HEBT), have agreed very well with the SNS
logbook availability records, although the global result is A=73%. This difference is
attributable to the fact that the MTTF and MTTR values used for model quantification
may be too conservative, and to assumptions and constraints of the model. The MTTF
and MTTR data used represent a data mix from SNS registers including previous
experience. Reliability input data used do not result from the statistical interpretation of
logbook data over the entire operation period, which explains the differences between
the values compared.

It should be noted that the results from the model agree substantially with what is
indicated by the operational data, despite the model limitations and the fact that some
parts are not considered and other parts are not developed in detail. As a consequence,
the RS model developed for SNS linac is validated by the site operation data (data
registered in the SNS logbook).

Conclusion

o The reliability results show that the most affected SNS linac parts/systems are:
— SCL, front-end systems (IS, LEBT, MEBT), diagnostics and controls;
— RF systems (especially the SCL RF system);
— power supplies and PS controllers;

These results are in line with the records in the SNS logbook:

e The reliability issue that needs to be enforced in the linac design is the
redundancy of the systems, subsystems and components most affected by failures.

e For compensation purposes, there is a need for intelligent fail-over redundancy
implementation in controllers.

e Enough diagnostics has to be implemented to allow reliable functioning of the
redundant solutions and to ensure the compensation function.
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Abstract

The MYRRHA project currently under development at SCKeCEN (Mol, Belgium) is a
subcritical research reactor that requires a 600 MeV proton accelerator as a driver. This
linac is expected to produce a beam power of 1.5 MW onto a spallation target for the
reactor to deliver a thermal power around 70 MW. Thermomechanical considerations of
the spallation target set stringent requirements on the beam trip rate which should not
exceed 40 trips/year for interruptions longer than three seconds. This paper presents a first
approach of developing a method that allows rematching the beam online in the MYRRHA
linac upon the failure of accelerator components.

Introduction

About 2500 tonnes of nuclear wastes are produced every year in Europe by the 145
nuclear reactors currently under operation. Some of this material (mainly minor
actinides) remains radioactive for thousands if not millions of years [1]. The MYRRHA
project currently under development at Mol, Belgium, is an accelerator-driven system
expected to be operational in 2023 with the primary purpose to study the feasibility of
efficiently transmuting such nuclear waste products into isotopes with much shorter
lifetimes (about three orders of magnitude shorter). After transmutation, the nuclear
wastes would then be stored underground, 300 to 1000 meters deep, for a period ranging
from a few hundred to a few thousand years.

Liquid Pb-Bi eutectic (LBE) alloy has been selected as a coolant and neutron spallation
source for the development of the MYRRHA reactor. The reactor is expected to have a
thermal power of ~70 MW and may be operated in both critical and subcritical modes. In
the latter case, the core is fed by spallation neutrons obtained from a 600 MeV
superconducting proton linac beam hitting the LBE coolant/target with an average
current of 4 mA. The accelerator providing this beam needs to be compatible with the
steady state character of the reactor operation and as a consequence the beam has to be
delivered in CW mode (with 200 ps empty gaps at 1 Hz repetition, for subcritical
monitoring).

The major issue that needs to be taken into account during the design and the
operation of the MYRRHA linac concerns the acceptable rate of unwanted beam
interruption, commonly called beam trips. A recent study performed by AREVA and
reported in [2] shows that, due to thermal stresses on structural materials (beam window,
inner barrel, reactor vessel), no more than 10 beam trips longer than three seconds
should take place in the linac per operational period of three months. This paper
presents a strategic approach during the design of the linac and in its expected operation
to fulfill this stringent requirement.
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Layout of the MYRRHA linac

Figure 1 shows the schematic layout of the MYRRHA linac and the transport line to the
reactor.

Figure 1. Overview of the MYRRHA linac and reactor
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The 30 keV proton beam from the ECR source is bunched and accelerated by a 4-rod
Radio-Frequency Quadrupole (RFQ) to an energy of 1.5 MeV with an average current of
4 mA. Downstream the RFQ, a buncher and 2 cooper multicell CH-DTL cavities further
accelerate the beam to 3.5 MeV.

At this energy, the transition from room-temperature (RT) to superconducting (SC)
structures takes place with the beam accelerated to 17 MeV by 4 SC CH-DTL cavities. The
front-end of the linac (RFQ, buncher, RT and SC CH-DTL) operates at a frequency of
176 MHz. In the linac front-end, between the RFQ and the SC CH-DTL cavities, transverse
focusing is achieved using RT quadrupole triplets and in the cryomodule hosting the 4 SC
CH-DTL cavities using SC solenoid magnets.

At the exit of the dual-injector, two dipoles direct the selected beam into the SC main
linac for final acceleration to 600 MeV. To boost the beam from 17 MeV to 80 MeV, SC 2-
gap spoke resonators (8=0.375) operating at 352 MHz are used. Further acceleration to
600 MeV is provided by 2 types of 5-cells elliptical cavities (3=0.510 and p=0.705) operating
at 704 MHz. The matching from the injector to the main LINAC is performed by 2
bunchers and 2 RT quadrupole triplets. In the 352 MHz and 704 MHz sections, RT
quadrupole doublets located between the cryomodules are selected as focusing elements.
At the end of the SC linac, the beam is vertically bent in the transport line by two
45° dipoles and reaches a height of ~25 m before injection into the nuclear reactor by a
90° dipole, as presented in Figure 1. The total length of the linac and the transport line to
the reactor is ~400 m.

Approach towards a very high availability of the MYRRHA linac

The challenging aspect of the MYRRHA linac consists in its very high availability. It is
required that the number of beam interruption longer than three seconds remains under
10 during a three-month operation period of the MYRRHA reactor. The corresponding
Mean Time Between Failure (MTBF) is expected to be higher than 250 hours and the linac
availability close to 100%.

As of today, the typical availability of superconducting proton linacs in operation like
the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory is reported to be
slightly above 90% [3]. Some other accelerators like the ProjectX hydrogen ion linac
currently under development at Fermilab must demonstrate that it can meet the
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requirement of 90% availability [4] for a 1 mA beam in CW operation at 3 GeV which turns
to be well within reach taking into account the reported availability of the SNS linac.

The technology to build multi-GeV proton superconduting linacs with average
currents of few mA and operating with availability in the order of 90% is available today.
The strategic approach taken towards the very high required availability of the MYRRHA
linac concerns not only the design of the linac but also its operation and this approach is
summarised in the 4 principles below:

¢ element redundancy;
e use of linac components far from their limits;
e design of the linac following the fault-tolerance concept [5];

e operation of the linac under the virtual accelerator concept [6].

Element redundancy

Figure 1 presents the example of element redundancy. A dual-injector is foreseen in the
MYRRHA linac to maximise the reliability of its front-end. The beam is expected to be
injected in the linac from one injector, while the second injector is on stand-by mode
with all elements operating at nominal power. With the dipole magnet turned off at the
end of the second injector, the beam is directed into a beam bump. If abnormal beam
losses are detected in the first injector, the Machine Protection System (MPS) stops the
beam in both injectors using the LEBT choppers (typically in less than 0.1 msec). Once the
beam is stopped, attempts are made to recover, if possible, the faulty component. If
recovery fails, the beam is resumed in the second injector and sent to the main linac (in
typically one or two seconds) by changing the polarity of the injector dipoles.

The linac components and their ancillary equipment need to be selected with the
highest MTBF value and some of these components (like power converters, RF generators
or quadrupole power supplies) may need to be doubled in the linac.

Use of linac components far from their limits

The three types of cavities in the main superconducting linac are to operate at a derated
value, about 30% lower than the nominal values at which these cavities could safely
operate. This safety margin is considered primarily for fault-compensation procedures.

The chosen rules for the operation of the MYRRHA superconducting cavities are the
following:

o The RF field at the inner surface of the SC cavities is always kept below 35 MV/m
and the peak magnetic field below 60 mT.

e The corresponding maximum accelerating field (given at optimal beta and
normalised to the length of the cavities) is then 8.3 MV/m (for the beta=0.375
spoke), 10.7 MV/m (for the beta=0.51 elliptical) and 14.3 MV/m (for the beta=0.705
elliptical).

e The derated operating points are then obtained removing 30%, leading to 6.4 MV/m
(for the beta=0.375 spoke), 8.2 MV/m (for the beta=0.51 elliptical) and 11 MV/m (for
the beta=0.705 elliptical).

The SNS (beta=0.61) elliptical cavities are reported in [7] to operate with an average
accelerating gradient in the order of 12-13 MV/m, which is lower than the derated
accelerating field for the MYRRHA elliptical cavities. Therefore, the above-mentioned
derated operating fields for the cavities of the main linac seem well within reach.
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Following the same idea, the magnetic field of the pole is always kept below 0.3 T in
all the linac quadrupoles, giving some comfortable (~30%) room for gradients increase if
needed. Also, the RF power amplifiers are derated by ~40%.

Design of the linac following the fault tolerance concept

The main superconducting linac has been designed based on the fault tolerance concept.
The philosophy behind this concept [5] is that if an element fails during the operation of
the linac, proper compensation and re-matching can be achieved with the neighbouring
elements and beam operation under nominal conditions can be resumed after a short
(<3 sec) beam interruption.

Namely, the fault tolerance procedure is expected as follows [8]:

e If abnormal beam losses are detected along the linac then the MPS stops the beam
in the injector using the LEBT chopper.

¢ The origin of the fault is analysed. If the fault cannot be cured, the fault-recovery
procedure is initiated. In the case of a faulty cavity, the 4 nearest neighbouring
cavities are used for compensation, while the faulty cavity is being detuned. If a
quadrupole is faulty, the whole doublet is switched off and the 4 neighbouring
quadrupoles are used for compensation.

o New values for cavity phases and fields and/or quadrupole settings need to come
either from a predefined table or from a predictive and fast “online” beam
dynamics calculation.

e The beam is resumed in the linac, first with very short pulses to check the
behaviour of the lattice, then with full power for nominal beam operation.

The machine control system of the MYRRHA linac will need to work very fast to
ensure the detection and compensation of any failure in the accelerator in less than three
seconds. A beam dynamics code will need to be associated with the machine control
system to accurately predict the new matching set points in the event of any accelerator
element failure. The association of the beam dynamics code to an accelerator control
system is often mentioned in the literature as a “virtual accelerator”.

Virtual accelerator concept: Architecture and examples

Figure 2 presents the structure of a virtual accelerator based on the EPICS control
system.The virtual accelerator includes a beam dynamics simulation code that is able to
run in parallel with the real accelerator. In this configuration, it is possible with the
virtual accelerator to visualise the operation of a real accelerator and control some new
accelerator set points from a dryrun before implementing these set points on the real
accelerator. It is also possible during the operation of the real accelerator to load some
pre-calculated data set points to compensate for a component failure. Ultimately the
simulation code would be able to find, through a tuning algorithm, a new optic to bring
the accelerator back onto nominal operation in every fault configuration.
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Figure 2. Structure of a virtual accelerator based on EPICS
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In 2006, a first test of a virtual accelerator was performed at CEA-Saclay [6], using the
code TRACEWIN [9] to optimise the transmission of the SILHI proton injector. While after
several days of manual optimisation, the transmission achieved 79%, using the virtual
accelerator, it reached 87% within half an hour. More recently, this TRACEWIN based
virtual accelerator was successfully used for the conditioning of the SPIRAL2 injector with
heavy ions at Grenoble and proton/deuteron at Saclay.

A virtual accelerator based on the code TRACK [10] was also proposed in 2008 in [11].
Since the beginning of 2013, a special interface [12] has been developed at ANL to connect
the ATLAS LINAC control system to the code TRACK. The interface is now capable of
producing TRACK inputs from the actual element settings (read directly from the control
system) and the reverse is under development. Finally, the operation and optimisation of
the ATLAS LINAC will be possible through the TRACK based virtual accelerator.

Beam dynamics aspect of the fault tolerance design

It is generally accepted that the fault-recovery procedure cannot be applied at low
energies (below 10 MeV). This is the actual main reason for the choice as input energy of
17 MeV for the main linac. It is also important to point out that once the proper
compensation and re-matching is found by the beam dynamics code, the new lattice
needs to be tolerant to typical accelerator misalignments and jitter. In other words, this
new lattice should be able to correct typical errors with losses that need to be below
1 W/m, the threshold taken as a reference to insure “hands-on” maintenance on the linac
[13].

The main superconducting linac i.e. from the injector exit (17 MeV, upstream of the
dipoles) up to the end of the last cryomodule (600 MeV) has been designed with the code
TRACEWIN and the corresponding baseline lattice has been translated as TRACK input
for sensitivity studies. First, the behaviour of the baseline lattice of the MYRRHA linac will
be presented in the presence of typical errors and correctors and then three fault
tolerance cases (failure of the first spoke cryomodule, failure of the first doublet and
failure of the first quad of the first doublet) will be studied.

Baseline design with errors and correctors

Static transverse misalignment error of quadrupoles and cavities and dynamic RF jitter
(field and amplitude) have been implemented into the beam dynamics code TRACK. The
transverse misalignments §,, are setup in the code such that the element ends are
randomly misaligned (with a uniform distribution) horizontally and vertically by the
same value which does not exceed the maximum input §,,. Concerning the dynamic RF
jitter, TRACK generates Gaussian distributions truncated at 3 sigma. The TRACK
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correction algorithm aims to steer the beam so that the transverse displacements
measured by the BPM’s are minimised.

Figure 3(a) presents TRACK beam dynamics simulations of the beam centroid in the
main superconducting linac with transverse misalignment of cavities and quadrupoles of
8yy =500 pm, RF dynamic jitter of 0.2° and 0.2% and quad roll of 5 mrad around the z-
axis. A set of 400 randomly generated error runs were performed with TRACK using 5:10*
macroparticles with 3D space charge routine. These 400 randomly generated error runs
were corrected using 1 corrector (acting in both the horizontal and vertical plane) and
1 BPM per triplets (located downstream the second injector dipole) and per doublet
(located between the main linac cryomodules). The corrector maximum strength is set to
5 mrad and the resolution and the offset in position of the BPM’s are 30 pym and 1 mm. As
depicted in Figure 2 (a), after correction the beam centroid motion keeps below 1 mm
along the main superconduting linac and no losses due to element misalignments and RF
field jitter are observed. This study confirms that the actual baseline design of the
MYRRHA superconducting linac is tolerant to typical errors.

Noteworthy in Figure 3(b) is the corresponding energy distribution at the end of the
linac, which shows that with an RF jitter of 0.2° and 0.2% the energy distribution keeps
well below +/- 1 MeV, as recommended, during the design phase of the transport line
from the linac to the reactor. Studies have shown that an RF jitter of 0.5° and 0.5% does
bring some of the 400 seeds at an energy exceeding the threshold of +/- 1 MeV.

Fault tolerance design: Failure of the first cryomodule

In the event of the failure of the first cryomodule, the code TRACEWIN has been used to
find a new optic taking the phases and the fields of the two downstream bunchers and
two upstream cryomodules (4 cavities) for matching. During the matching procedure, it
was not specified to recover the energy due to the loss of the first cryomodule (slightly
lower than 1 MeV). The new optic found by TRACEWIN has been converted into TRACK
for typical error and corrector studies following analysis performed with the baseline
design lattice. Figure 4(a) shows that some of the 400 TRACK runs are not fully corrected
with macroparticles having a maximum excursion larger than the beam pipe aperture
radius, leading to losses, as depicted in Figure 4(b). The losses present a maximum of ~0.1
W/m at the intersection between the spoke cavity section and the =0.501 elliptical cavity
section and therefore are acceptable, being by one order of magnitude lower than the
1 W/m threshold. As a result, this study shows that the actual design of the MYRRHA
main superconducting linac is able to operate in the event of the failure of its first
cryomodule.

Figure 3. (a) TRACK simulations of corrected horizontal beam centroid motion along the linac
for static transverse misalignments of 500 microns (quadrupoles and cavities), dynamic RF
jitter of 0.2/0.2% and quad roll of 5 mrad along the z-axis (b) corresponding energy distribution
at the end of the linac
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Figure 4. Figure 5: TRACK simulations of the fault-recovery of
the first cryomodule with errors and correctors
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Fault tolerance design: Failure of the first doublet

The behaviour of the baseline lattice has been studied in the event of the failure of the
first quadrupole doublet, located upstream the first cryomodule. A new optic was found
using TRACEWIN and the two upstream triplets together with the two downstream
doublets for matching. Figures 5(a) and 5(b) present the maximum horizontal and vertical
beam excursion along the linac in the presence of typical errors and correctors, as
previously discussed. These figures show that the re-matched lattice is tolerant to errors
with all the 400 seeds computed by TRACK being properly corrected, insuring a
maximum beam excursion well below the beam pipe aperture radius (by at least a factor
of 2). These studies confirm that the operation of the MYRRHA main superconducting
linac is possible even in cases of failure of its first doublet.

Figure 5. Maximum (a) horizontal and (b) vertical beam excursion along the linac after fault-
recovery of the first quadrupole doublet with errors and correctors
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Fault tolerance design: Failure of the first quadrupole of the first doublet

In the event of a failure of the first quadrupole of the first doublet, TRACEWIN was in
charge of finding a new optic, taking into account the upstream two triplets, the
remaining quadrupole of the doublet and the downstream doublet for matching. TRACK
simulations of the corresponding new TRACEWIN lattice including the usual errors and
correctors are presented in Figures 6(a) and 6(b) for the maximum horizontal and vertical
beam excursion along the linac. Figure 6(a) shows that, at the location of the failed
quadrupole, the beam presents a strong asymmetry in the horizontal plane while this
asymmetry is not present in the vertical plane, as shown in Figure 6(b). For some of the
400 runs, the maximum beam excursion in the horizontal plane at this location goes
slightly above the beam pipe aperture radius in the presence of errors leading to some
limited losses (<0.05 W/m).

The study of the failure of the first quadrupole or the first doublet indicates that a
new matching can be found using the remaining quadrupole of the doublet, the two
upstream triplets and the downstream doublet. This new lattice presents some limited
losses when tested with errors, jitters and correctors. Nevertheless, the results presented
in Figures 5(a) and 5(b) suggest that it might be preferable, in the event of one quadrupole
failure, to switch off the entire doublet to keep the beam symmetric. In this configuration,
the re-matched lattice computed by TRACEWIN shows no losses in the presence of
typical errors and correctors.

Figure 6. Maximum (a) horizontal and (b) vertical beam excursion along the linac after fault-
recovery of the first quadrupole of the first doublet with errors and correctors
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Fault-recovery procedure and virtual accelerator control system

The fault-recovery procedure needs to take place within three seconds which is the
maximum allowable beam interruption in the MYRRHA linac. Such a short time to
resume nomimal beam operation in the linac after an element failure implies the
coupling of the accelerator control system to a beam dynamics code. This virtual
accelerator will then be in charge of the linac operation and ideally the beam dynamics
code will find a re-matched lattice for any failure scenarios. Obviously, this re-matched
lattice would need to be tolerant to the typical accelerator misalignments and RF jitter
with losses below the 1 W/m treshold once the nominal operation is resumed.

Some promising results have been obtained on optimising injectors using the virtual
accelerator concept with TRACEWIN or TRACK at Saclay and ANL. Significant R&D is still
necessary to have these codes perform an automatic lattice matching to compensate for
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any element failure in a full LINAC. Furthermore, this automatic matching procedure will
need to be very fast to cope with the 3-second allowable beam time interruption. Also,
the interaction between the beam dynamics code and the real accelerator through the
accelerator control system will need to be very efficient, with some R&D needed in
auxiliary systems like the cavity tuners and LLRF digital, as mentioned in [8].

Conclusion

The actual state-of-the-art in the design and operation of multi-GeV superconduting
proton linacs with few mA of average current guarantees an availability of about 90%, as
measured at the Oak Ridge Spallation Neutron Source linac or expected in the ProjectX
linac currently under development at Fermilab. The challenging aspect of the MYRRHA
linac is its requested reliability with no more than 10 beam trips longer than three
seconds that should take place per operational period of three months, leading to an
availability close to 100%. This very high availability needs to be incorporated into the
design of the linac.

The three underlying principles in the design of the MYRRHA linac are elements
redundancy (like the dual-injector), elements operation at derated values (like cavities
operating at about 30% from their nominal operating points) and the fault tolerance
concept, which allows the failure of a beamline component to be compensated by its
neighbouring elements. Studies presented in this document show that in the event of a
failure of the first cryomodule or the first quadrupole doublet the linac can resume
nominal operation with a re-matched lattice. Since the fault tolerance procedure is
expected to work more efficiently at higher energies (due to lower space charge effects)
we can extrapolate from our studies that the MYRRHA linac is expected to operate with
the failure of any cryomodule or quadrupole doublet in the main linac.

A virtual accelerator-based control system is mandatory for the operation of the
MYRRHA linac to ensure the very fast implementation (<3 seconds) of the fault tolerance
procedure. The virtual accelerator uses a beam dynamics code (like TRACEWIN or TRACK)
to compute the model of the real accelerator in operation and interacts with this later
through the accelerator control command. The beam dynamics code could, for instance,
upload some pre-defined matched lattices in the event of element failures or it could
ideally find some new optimal set points for every fault configuration. Such virtual
accelerator-based control command has been successfully tested at Saclay (using
TRACEWIN) on the SILHI injector or the SPIRAL2 injector and at ANL (using TRACK) on
the ATLAS linac. Significant R&D is still needed to expand the concept of the virtual
accelerator to a full linac like MYRRHA.
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Abstract

A preliminary design for a cryogenic system as required by an ADS accelerator has been
proposed in previous studies developed within different Euratom Programmes (i.e.
EUROTRANS). Currently, within the FP7 MAX programme, a more detailed study, adapted
to the MYRRHA project, is being developed. Following the last updates and optimisations
of the superconducting linac design, a more precise evaluation of the cryogenic
requirements has been performed. In particular, operation temperature, thermal losses,
and required cryogenic power have been evaluated. A preliminary architecture of the
cryogenic system including all its major components, as well as the principles for the
cryogenic fluids distribution has been proposed. A detailed study on the reliability aspects
has also been initiated. Preliminary proposals for the technical buildings, their dimensions
and layout in respect of the connexions with the accelerator tunnel have been proposed.
Several similar size cryogenic systems, currently in operation, have been studied, in
particular the LHC. The industrial feasibility and reliability of the main components is a
major concern for the final design of the MYRRHA system.

*Work supported by the EU, FP7 MAX contract number 269565.
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Introduction

Following initial proposals (PDS-XADS and EUROTRANS projects), detailed analysis and
further optimisations have converged in a linac architecture which has been extensively
discussed and compared with both existing linac and other more recently proposed
projects. Initial proposals on the SC linac operation (heat loads, temperature levels) and
cryogenic systems adapted to ADS were developed in the EUROTRANS programme [1].
This analysis resulted in several recommendations and an industrial feasibility analysis.

More recently, within the framework of the MAX project (FP7, end of 2011 - beginning
of 2014) one of the main goals was to develop, with much higher level of details, the
cryogenic technology that could guarantee a reliable operation of the MYRRHA
accelerator. First, the analysis of the optimal operating temperature was developed. It
concerns mostly the intermediate-energy sections of the accelerator that could operate
either at 4 K (normal liquid helium) or 2 K (superfluid helium). Following this analysis and
a more precise evaluation of thermal loads, a preliminary description of the MYRRHA
cryogenic system was presented, including its main components (cold boxes, transfer
lines and ancillary systems), and practical solutions were proposed to be implemented
depending on the section of the accelerator. This proposal was based on the following
criteria:

o complexity and reliability of the system;
e associated investment and operation costs;
e upgrading capabilities.

All these aspects were presented and discussed at the MYRRHA Accelerator 1¢
International Design Review held in Brussels in November 2012. A panel of accelerator
experts evaluated this proposal and advised on the cryogenic system optimisation.

Cryogenic heat loads of the MYRRHA SC linac

Figure 1 presents the MYRRHA project in its last updated configuration.
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Figure 1. MYRRHA project: Driver linear accelerator, subcritical reactor and ISOL Facility
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The linear accelerator (linac) is one of the critical components in this project and it
represents a major technological challenge: to deliver a high energy proton beam at high
intensity in a continuous wave mode (CW). Only a solution based on Superconducting (SC)
Cavities can offer the required feasibility and performances. Several design changes have
been recently introduced into the SC linac, like injector frequency modification
(352 MHz-176 MHz), a new design of SC - Crossbar H mode (CH) cavities, adopting a new
modularity (6 cavities in 3 cryomodules for each injector), and, finally, slight changes on
the modularity of the SC spoke (350 MHz) and elliptical (700 MHz) sections in order to
optimise the “fault tolerance” architecture as needed for reliability enhancement. Table 1
presents the current status of cavities, their different types and their composition.

Table 1. MYRRHA linac SC cavities

Sections Injector (SC - CH) Spoke Elliptical
Energy 3-17 MeV 17~ 100 MeV 100 - 600 MeV
34 (beta 0.47)
nb. of cavities 6 (each injector) 48 (beta 0.35) 60 (beta 0.65)
17 (beta 0.47)
nb. of cryomodules 3 (each injector) 24 15 (beta 0.65)

Cryogenic parameters of the MYRRHA SC linac

Cryogenic temperature

An important choice is the operation temperature of the SC linac. Given the RF surface
losses on the elliptical cavity walls, operated at 704 MHz frequency (94 cavities over a
total number of 154 cavities in the SC linac), these cavities must operate at 2 K in order to
reach the accelerating fields with reasonable heat loads and RF power. The spoke cavities,
operated at a lower frequency (352 MHz), could eventually be operated at 4 K, but a
detailed analysis [2], comparing the two possibilities (2 K or 4 K) concluded with an
overall SC linac operation at 2 K. An efficiency analysis shows that the electrical power
required to operate the cryogenic system was very similar to the two options. He bath
stability at 2 K is also an additional advantage for stable spoke cavity operation.

Heat loads

Nowadays the MYRRHA linac is one of the first linac’s where the SC cavities cover almost
100% of the total accelerating range (between 3 MeV and 600 MeV), as compared with
similar SC linacs like SNS (SC linac starting at 185 MeV) and the proposal for ESS (SC linac
starting at 78 MeV). In addition, due to the beam operation in CW mode, the dynamic
cryogenic losses are largely dominant compared to other SC linacs, which must operate
in pulsed mode with beam duty cycle of only 5%.

The evaluation of heat loads for the different cavity types has been recently updated
(see Table 2).
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Table 2. Summary of heat loads@2 K

Elliptic 700 MHz Elliptic700 MHz
CH 176 MHz Spoke 350 MHz B=0.47 8=0.65
Number of cavities 12 48 34 60
Static + Dynamic
200 W@2 K 680 W@2 K 635@2 K 1360@2 K
includ. couplers @ @ @ @

Total (W) Static (1015 W) + Dynamic (1860 W) = 2875 W@2 K

This evaluation considers the two major loads contributions:

e The heat loads are associated with the RF couplers. These devices connecting
directly the RF amplifiers to the cavities through short coaxial lines need
sophisticated cooling systems to reduce the thermal conductive losses that can be
introduced at the low temperature level. This is obtained either by heat intercepts
of the outer conductor at intermediate temperature levels, or by extracting the RF
generated heat by heat exchange (double wall) using cold LHe supplied at 5 K.

e The cavity static losses (related to conductive and radiative induced losses in the
absence of RF driving power) are associated with the thermal and mechanical
design of the cryomodule, in particular thermal shields, cavity supports, heat
intercepts, etc. Based on preliminary studies and extrapolations from similar
projects, the following static loads were proposed: 5 W/m at 2 K and 40 W/m for
the 40 K intermediate temperature level.

Cryogenic refrigerator capacity

In addition to the heat loads at 2 K presented in Table 2, cryogenic refrigeration should
also be supplied at intermediate temperature levels for cooling of the thermal shields at
40 K (total heat load of 15.2 KW), and the RF couplers’ outer conductor (equivalent load of
500 W at 5 K).

Table 3 presents the final cryogenic budget at the different temperature levels,
including two important specifications:

e Equivalent overall refrigeration capacity at 4.5 K. To ease the evaluation of
cryogenic refrigeration requirements, the given loads at various temperature levels
are all expressed as an equivalent load at 4.5 K. This is roughly estimated using the
Carnot coefficient at the different levels of temperature. This approach allows a
simple criterion of comparison with other installations in terms of size, capital
cost, and operational demand.

e Overcapacity to take into account uncertainties in the heat loads estimations and
to enhance cool-down speed and eventual additional equipment. The philosophy
of the LHC cryogenics design has been adopted: an uncertainty factor (=1.25) for
cavities defects in production and preparation and refrigeration power margin
(=1.5) for cryogenic safe operation.

An overall margin of 1.875 is proposed for the MYRRHA cryogenic heat load at 2 K,
and 1.5 for the heat loads at 5 K and 40 K.
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Table 3. MYRRHA cryogenic refrigerator specifications

Function T(K) |Heatload (kW) Overcapacity F.actor Cryo capacity (kW)@4.5 K
(equiv. 4.5 K)
Cavities 2.1 2.875 (x1.875) = 5.3 2.16 1.5
Coupler 5 0.5 (x1.5)= 0.75 ~1 0.75
Thermal shield 40 15.2 (x1.5)=22.8 1/6.5 35
Total equiv @4.5 K 15.75 KW

The size of the cryogenic plant, in terms of electrical power needed to operate the
system, can be estimated, taking into account the practical efficiencies of the main
components, in particular the room-temperature compressors. This is represented by the
C.O.P. (coefficient of performance), which gives the refrigerator efficiency with respect to
an ideal carnot cycle. In large cryoplants (i.e. LHC) the measured COP is around 230 W/W
(for a MYRRHA cryoplant of 15 KW equivalent at 4.5 K, it corresponds to 3.5 MW of
electrical input power). Compared to an ideal Carnot coefficient of 65.6 W/W, it
represents an efficiency of 28.5%.

MYRRHA cryogenic refrigeration system

Figure 2 shows the main components of the cryogenic plant proposed for MYRRHA:
e liquid and gas storage;

e room temperature compressors with purifiers and oil removing systems;

e 4.5K cold box, including all heat exchangers and turbine expanders;

e 2K cold box including cold compressors;

e cryomodules (cavities) with associated cryogenic interfaces (heat exchangers and
valves).

This scheme is based on two main principles:

e The distributed subcooling heat exchanger scheme. The main cold box produces
supercritical He (i.e. 4.5 - 5 K, 3 bars) for cavities and couplers. Each cryomodule
will be associated with a cryogenic interface (valve box) incorporating the
subcooling heat exchanger to reduce the temperature and the Joule-Thomson
valve to expand and obtain the nominal He bath at 2.1 K and 30 mbar.

e A “mixed compression cycle” as adopted by LHC [3] (Figure 3), the 2 K cold box,
with the cold compressors and heat exchangers, recovers the low pressure cold
gases from the cryomodules. One or two stages of room temperature compressors
can be added in order to optimise the efficiency and dynamic range of the system.
In this case the pressurised He gas reaches the main cold box at an intermediate
temperature level.
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Figure 2. Components of the MYRRHA cryogenic system
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For MYRRHA, the overall power at 2 K was computed to be 5.4 kW, i.e., roughly twice
that of one LHC refrigerator. One important issue will be to determine whether this
higher mass flow can still be handled by the cold compressors designed for the LHC or
whether a redesign of these components will be necessary.

In the LHC, the 1.8 K boxes are installed underground at - 100 meters, close to the
accelerator tunnel. The proposed installation of MYRRHA with a linac tunnel installed at
the ground level and closer to the cryogenic buildings could lead to an integration of both
cold boxes (4.5 K and 2 K). This is one major aspect of the cryogenic system of MYRRHA
that would need further development.

Similar cryogenic refrigerators for SC accelerators linacs can be considered as
references for the MYRRHA design: the LHC (one unit) [3] with an equivalent cryogenic
power of 18 KW at 4.5 K, and the SNS [4], with an equivalent cryogenic power of 10 KW at

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

4.5 K. Both operate at superfluid He temperatures (1.8-2 K) with a refrigeration capacity
close to the MYRRHA proposal. Following the experience of LHC and SNS, all the new
projects (like ESS and XFEL) propose now a distributed subcooling design, together with a
centralised cold compressor station.

MYRRHA cryogenic system implementation

Buildings

Based on building sizes of both LHC and SNS cryogenic systems, a preliminary proposal
has been presented: Two main buildings are necessary for the installation of the
cryogenic refrigeration systems and also some outdoor surfaces to install gas and liquid
helium storage reservoirs.

e compressor building: 40 x 24 m?, with adequate sonic insulation;
e cold boxes building: 36 x 24 m? including 4.5 K and 2 K cold boxes

Close to these two buildings, there is a dedicated outdoor surface for helium liquid
and gas storage of 5x20 m2. A storage capacity of 7000 L of liquid He (~ reservoir of 2.5 m
in diameter and 3 m long) and 200 000 L of gas (20 metres long, 3 m in diameter) at 20 bar
was estimated.

Figure 4. Preliminary design of MYRRHA cryogenic buildings and the linac tunnel

The cryogenic plant should ideally be located as close as possible to the linac to
minimise thermal and load losses in pipes. The heat load centre of gravity is located at
140 m from the injector, close to the geometrical centre point of the linac (120 m) or the
beginning of the high B elliptical section (132 m). One advantage of placing the cryogenic
plant in the middle of the linac is that the travel length and the mass flow in each
segment is divided by two compared to a scheme where the plant is placed at one end.
This reduces load losses and the pipe diameters of the transfer lines.

Helium distribution
Figure 5 shows the cryogenic fluids supply requirements:

¢ For thermal shield cooling, 40 K supercritical helium at ~4 bar will be provided. It
will be returned at a temperature of approximately 80 K and ~3 bar (to account for
load losses.

e For coupler cooling, supercritical helium will be provided at ~5 K and approximately
3 bar.
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e Cavity cool-down requires a dedicated circuit within the interconnecting box
associated with each cryomodule. The cavities are first cooled with helium
vapours, then partially filled with liquid helium at 4.5 K. The 2 K cavity
refrigeration requires an expansion of He through a Joule-Thomson (JT) valve to
about ~30 mbar. It is therefore necessary to subcool the He gas to a temperature of
about 2.2 K in a counter current heat-exchanger before the JT expansion. Each
interconnecting box must integrate this heat exchanger and the associated JT
valve.

Figure 5. Cryogenic fluids distribution and heat loads
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Cavities and couplers need a supply of 4.5 K at 3 bar with a mass flow of 160 g/s and a
pipe diameter of 40 mm, thermal shields need a supply of 40 K at 4 bars with a mass flow
of 40 g/s and a pipe diameter of 45 mm. Low pressure He gas at 30 mbar requires a large
pipe diameter of 240 mm. All the 5 pipes (supply and return) are grouped in a unique
composed transfer line, vacuum insulated with a total maximum diameter of 400 mm.

Figure 6 presents the preliminary view of the MYRRHA SC linac tunnel. It includes a
spoke cryomodule, the cryogenic transfer line, and the interface valve box associated
with each cryomodule.

Figure 6. Preliminary design of the MYRRHA linac tunnel
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Reliability aspects of the MYRRHA cryogenic system

Studies developed during the EUROTRANS Project, gave a first estimate of reliability
performances, and in the MAX Project, more ambitious reliability modelling and
enhancement proposals are currently underway. Following the detailed analysis of
fatigue and risks of the subcritical reactor (window, fuel assemblies and structures), the
foreseen goal is to operate a 600 MeV-2.5 mA beam with less than 10 beam trips, of
duration higher than three seconds, for a three-month period. This is equivalent to a
MTBF (mean time between failures) greater than 250 hours. This goal must be compared
to currently running high-power accelerators which operate with MTBF for only a few
hours.

In order to improve the reliability performances of MYRRHA, several major
improvements are proposed:

o redundancy of the injector sections (up to 17 MeV) with two complete injectors in
parallel;

¢ a SC linac with cavities operating at reasonably low accelerating gradients, to fulfill
a “fault tolerance” scheme which can accept a certain number of cavities trips,
recovering a nominal beam in a very short time;

o use of solid state RF amplifiers, which can offer an internal failure acceptance,
allowing avoidance of RF trips and their consequences on nominal beam operation.

Concerning the MYRRHA cryogenic systems, it is difficult to imagine redundancies on
the main components for such a large refrigerator. Nevertheless, their reliability
performances need an in-depth analysis together with a more detailed failure mode
study. In a first approach it can be stated that a cryogenic system does not induce fast
transients on the SC linac operation. Unlike a large SC circular machines (synchrotrons),
where a local magnetic field trip could trigger loss of beam, in a SC linac, an accident at
the refrigerator level which imposes a stop on He nominal flow, can allow enough time to
reduce the beam power on the target and perform a safe beam stop. The liquid helium in
the transfer lines, interconnecting boxes, and reservoirs of each cavity, could offer a
minimum refrigeration capacity for a safe stop. Of course, it will result in a stop
procedure of the subcritical reactor, reducing its availability, but without a risk of fatigue
on the mechanical structures induced by fast thermal transients. This possibility must be
analysed in detail in order to provide an estimate of time constants and possible strategy
to stop the beam in a safe way.

Reliability of large cryogenic refrigerators used for accelerators

Within the FP7-MAX activities, a special in-depth study has been performed on the
cryogenic system reliability of three large accelerators: HERA synchrotron in DESY, in
operation during 15 years (1992-2007) [5], SNS [6] with a SC linac very similar to the
MYRRHA linac, started in 2006, and LHC [7] with a refrigerator unit size comparable to
that proposed for MYRRHA, started in 2009.

The HERA synchrotron refrigeration plant is composed of three units with a
refrigeration capacity of 6.4 KW@4.5 K each. During this period the availability of the
refrigeration plant was 99%. Failure statistics of cryogenic components show a total
number of 200 events (more than 1000 hours of downtime), with the main causes related
to:

o the process control system; with failures on hardware (power supplies,
multiplexers, PLC) and software errors, and some hardware failures are partly due
to radiation damage;

¢ the compressors stations, on average three times a year, a compressor-station
caused an emergency stop of the refrigeration plant;
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e power outages lead to technical breakdowns of the plant, in average 2.5 power
outages per year, mostly short breaks due to thunderstorms;

o other failures such as cooling water and compressed air cause discontinuation of
the cryogenic supply, but with an average of one failure per every three years, the
HERA technical group (Linde-DESY) concludes that a cryogenic plant availability of
99% can be reached if periodical maintenance and replacement of critical
components is carried out.

The SNS SC linac is composed of 23 cryomodules with 81 SC elliptical cavities. Beam
loss events from 2007 to 2011, induced by failure occurrences in the cryomodules,
represent a total of 85 events. Many failures are related to sensors (pressure and vacuum),
associated electronics due to radiation damage, mechanical parts within the
cryomodules, ceramic feedthroughs, some bad welding, RF cables and connectors. It can
be concluded that after 6 years of improvement, in 2011, only one beam trip (related to SC
linac) per day is observed. The general availability has significantly increased in this
period from 65% to 86%.

Modelling of the SNS failure modes and analysis of operation, using the logbook data
for recent operation periods was performed within the FP7 — MAX Project [8]. A detailed
risk spectrum fault tree model (currently applied for nuclear power plants) was
developed. Figure 7 presents the failure statistics.

Figure 7. SNS failures statistics (period October 2011 - June 2012)

The SNS availability improvements after the commissioning phase were impressive,
increasing from 65.7% availability in 2007 to 91% in 2011. Cryomodules and cryogenics
systems related failures induce only 6% of accelerator downtime.

The LHC operation is extensively analysed due to the considerable amount of data
concerning cryogenic system reliability. The LHC system was designed such that, to a
certain amount, underperformance of one of the refrigerators (in total eight surrounding
the collider ring) could be compensated by an adjacent refrigerator. Several major failure
causes have been identified:

e compressor station related failures are the most critical (vibrations, friction), as
they completely forestall refrigerator operation;

o turbine failures only reduce helium supply by a small percentage;

o other component faults cited are: oil pumps, compressors shaft seals, and control
valves of turbine bearings;

e impurity problems are cited as one of the recurrent failure causes, repair times due
to clogging problems can be considerable (a complete regeneration is sometimes
necessary);
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e a more insidious cause of LHC cryosystem shutdown has been controller
malfunction due to neutron irradiation coming from residual radioactivity of the
beam.

Detailed analyses of LHC operation were published in 2011 and 2012 [9] [10]. In 2011,
the machine operated for 269 days, delivering 63 days of stable beams (23.4%). Downtime
due to failures was 73 days, and cryogenics systems (both technical stops and failures)
contributed for 48 days. Considering only the failures (26 days) the cryogenics availability
was 90%. In 2012, the machine operated for 257 days, delivering 73 days of stable beams
(28.4%). Downtime due to failures was 67 days, due to cryogenics failures 15 days, with a
final cryogenics availability of 95%. LHC cryogenic systems have achieved high availabilty.
The availability of a single refrigerator is 99%. On average, one refrigerator can be run for
8-9 weeks without interruption. This figure is close to the three-month irradiation period
for MYRRHA.

MYRRHA cryogenic system requirements and reliability improvements

Following the analysis and the recommendations, a number of common cryogenic
system failures can be identified. The requirements to guarantee good cryogenic system
availability can be summarised as follows:

e Mean Time Between Maintenance (MTBM) should be > 8 000 hous.

e Valves, heat exchangers and turbines are particularly sensitive elements to
impurities (dust, oil, gases). Improvements are necessary to keep a minimal level
in these components.

e Redundancy studies for all elements containing moving/vibrating parts (turbines,
compressors, including their respective bearings and seal shafts) are necessary.

e Periodic maintenance is mandatory: oil checks, control of screw compressors every
10 000-15 000 hours, vibration surveillance programme, etc.

e Special control and maintenance of utilities equipment (supply of cooling water,
compressed air and electrical supply) is necessary.

e Periodic vacuum checks to identify leakage appearance such as insulation vacuum
of transfer lines and distribution boxes are necessary.

¢ Easily exchangeable cold compressors are required.

If an appropriate level of redundancy is implemented and the precautions listed
above are taken into consideration, high levels of availability of the cryogenic systems
(99%) can be achieved. This high availability can be achieved after one or two years of
cryogenic system operation (“learning curve”).
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Abstract

GUINEVERE and FREYA are European projects devoted to experimental studies of
accelerator-driven system feasibility. They are mainly dedicated to on-line reactivity
monitoring, subcriticality determination and operational procedures. An experimental
reactor of SCKeCEN (Belgium) modified into a fast lead core, VENUS-F, is coupled to a
versatile accelerator-driven neutron source developed by CNRS/IN2P3 (France) driving the
reactor in different modes. A deuteron beam is provided by an electrostatic accelerator
with a time structure driven solely by the ion source. The deuteron ions are dccelerated
(220 keV) onto a tritiated target located at the centre of the reactor core, creating neutrons
by T(d,n) 4 He reactions. This paper describes the design and commissioning of the facility
and reports on the operation of the accelerator coupled to the reactor.

Introduction

The Generator of Uninterrupted Intense NEutrons at the lead VEnus Reactor (GUINEVERE)
project was launched in December 2006 within the IP-EUROTRANS (FP6) to be continued
with the FP7 Project Fast Reactor Experiments for hYbrid Applications (FREYA). These
projects are based on a low-power experimental facility representing an accelerator-
driven system (ADS) demonstrator. They aim to investigate the on-line monitoring of the
reactivity and its absolute measurement, which are major safety issues, in addition to the
operational procedures of an ADS, including core loading, system start-ups and
shutdowns [1]. The facility consists of the VENUS-F nuclear core at SCKeCEN (Belgium)
coupled to an external accelerator-driven neutron source. The GENEPI-3C accelerator,
developed by CNRS/IN2P3 (France) operates both in pulsed and continuous beam modes,
the latter being more representative of a powerful system. The low-power coupling of
VENUS-F and GENEPI-3C thus provides a unique facility in Europe for fast subcritical
reactor physics investigations.
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Subcritical reactor core

For the subcritical experiments, the VENUS-F reactor is loaded with 93 square fuel
assemblies (FA) arranged in a cylindrical geometry (~800 mm in diameter, 600 mm in
height). The outer section of a FA is 80 mm. The FA are composed of 30% ?*U enriched
metallic uranium and solid lead rodlets acting as a fast system coolant. The core is
surrounded by axial and radial lead reflectors [1]. The 4 central FA’s are missing in order
to place an insertion channel inside the terminal section of the accelerator beam line
(Figure. 1). A small lead buffer fills the gap between the target tube shaft and the central
hole. The reactor is equipped with six safety rods and two control rods. Rods are located
as close as possible to the center without interfering with the vertical structure of the
accelerator.

Figure 1. GENEPI-3C accelerator layout (left) showing the terminal section of the beam line which
is inserted into the central region of the core (right) in a subcritical configuration (SC1 displayed)

Accelerator facility

The generator of neutrons pulsed and Intense-3C (GENEPI-3C) drives the subcritical lead
core VENUS-F. GENEPI-3C is an electrostatic accelerator generating deuteron beams onto
a tritium target located at the core center, creating 14 MeV neutrons by T(d,n)*He
reactions. This versatile accelerator-driven neutron source designed, constructed and
operated by CNRS/IN2P3 (France), is fully described in [2]. Only main features are
described here. This electrostatic accelerator produces alternatively short and intense
deuteron pulses with adjustable repetition rate, continuous (DC) beam or DC beam with
adjustable programmable interruptions to accommodate the experimental physics
programme. Table 1 summarises the accelerator specifications.

Table 1. Specifications of the GENEPI-3C accelerator

Pulsed mode DC interrupted mode
Peak current; 40 mA Mean current; 160 yA to 1 mA
Repetition rate: 10 Hz to 5 kHz Beam interruption rate: 0.1 to 100 Hz
Pulse width: ~0.7 ps (FWHM) Beam interruption duration: ~20 us to 10 ms
Reproducibility: 1% pulse to pulse Transition time on/off: ~1 ps
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A duoplasmatron ion source generates the deuteron beam with the different required
time structures and intensities. The main differences between the pulsed and DC
(including DC interrupted) beam modes concern source efficiency and beam transport.
The ion source, with its extraction and focusing electrodes lies within a high voltage
platform and connects directly to the 220 kV accelerating structure. The first (horizontal)
beam line section connects to a dipole magnet performing the magnetic separation of the
beam out of the source and bending the D+ beam down towards the target located at the
core centre via a ~6 m long vertical beam line (see Figure 1). This 90° bend magnet is
supported by a mobile frame, translating it away to grant access to the vertical beam line.
Beam transport is ensured using 12 electrostatic quadrupoles and 4 magnetic steerers.
The accelerator is designed to enable the vertical section of the beam line to be easily
craned out of the reactor bunker for maintenance operations, target changes and core
loading.

The neutron production target consists of a thin layer of TiT (12 Ci) deposited on a
copper disk mounted at the end of the vertical beam line. The beam size on target is
tuned to match approximately the 40 mm diameter of the active layer. Beam current, as
well as temperature, is measured continuously on the target. A compact cooling system
is implemented to dissipate the beam power (up to 250 W) with compressed air only. It
consists of 4 air pipes feeding a diffuser with nozzles facing the back side of the target,
the target back being designed with pin fins to increase the heat exchange surface.

Two detectors determine neutron production rates during accelerator operation. A
silicon detector (API) provides an absolute measurement of the neutron production rate
via the associated alpha particle detection. This silicon detector is sitting within the beam
pipe under vacuum approximately 1 m away from the target under direct solid angle. A
proton recoil telescope is installed on top of the dipole magnet, in the target line of sight
at a distance ~7 m. It provides a direct monitoring of the 14 MeV neutrons after their
conversion into protons detected in triple coincidence in layers of silicon detectors.

The driving software of the accelerator is a laboratory developed system compiled
with LabWindows which uses the DIM protocol for communication. It interacts with
custom hardware containing embedded software and operates a graphical user interface
running on various PC’s. The local intelligence of each command control module is based
on SOPC (System On Programmable Chip). All of the 17 modules are identical (therefore
interchangeable) and self-configurating. The system is organised with a distributed
architecture centered on the PC. Data transmission is accomplished via ethernet 100 MHz
links.

Accelerator commissioning, coupling and operation

Commissioning

The accelerator was fully assembled and tested at LPSC (France) with dummy targets
made of solid copper disks before being shipped to SCKeCEN. Infrastructure at LPSC was
adapted to provide an exact mock-up of the VENUS site. The machine was tested in
different stages along with its design and construction between December 2008 and
August 2009. During the accelerator commissioning, all components were tested (ion
source and HV platform, magnet, quadrupoles, steerers, command-control system), beam
transport and characterisation was performed in the different beam modes as were
partial beam line motions (magnet translation and vertical line craning). The machine
was dismantled (16 tonnes of equipment) and transferred to Mol (Belgium) over a
distance of ~800 km, in September 2009.

The machine was re-assembled in the newly built accelerator room (February 2010).
Full motion and guiding of the vertical beam line was tested at SCKeCEN. After
adjustment of the guiding structures at the upper and lower level of the accelerator, the
vertical line was craned down within the reactor bunker until full insertion in the central
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channel of the reactor. All cables remained connected and followed the beam line
motions during this displacement (see Figure 2). The compactness of the core yielded to a
very dense accelerator and reactor interface holding an accelerator target, a cooling
system and a current measurement as well as reactor fission chambers (see Figure 3).
After insertion of the vertical line, the accelerator was prepared for operation by a three-
step process: translating horizontally the dipole support frame above the vertical line,
connecting the two vacuum line sections upstream (H) and downstream (V) of the dipole
and connecting the primary pump located on the magnet frame to the turbo pumps of
the V line.

The accelerator commissioning was performed on a dummy target with an unloaded
core (no fuel assemblies). It had to progress step by step along with nuclear safety
authorisations, which turned out to be extremely time consuming. First, the safety
interlock module was validated to ensure safe machine operation. The module collects
signals related to access control, high voltage, beam line vacuum, beam current, target
cooling, dipole cooling and tritium release. Any faulty signal breaks the safety loop open
and drops the very high voltage (240 kV), thus stopping the beam. Beam was transported
through the machine with settings very similar to those determined at LPSC, attesting
good machine reproducibility in both modes.

Special attention was paid to the validation of the target cooling system because of
the potential tritium contamination which could be caused by a target meltdown.
Temperatures measured on the back of the target were found to be 20° lower than on the
target side under beam impact. Test runs were performed in DC beam where the current
was ramped gradually up to 1.3 mA to ensure safety margins, abruptly turned off and
restored multiple times. Extensive tests were performed to ensure that a high current DC
beam, accidently tuned down to small dimensions, can be handled by the target cooling
system. No temperature higher than 60° on the target side under beam impact has ever
been recorded. Once approved by the nuclear safety authorities, a brand new tritium
target was installed and both neutron detectors were commissioned. High-energy
neutron (~14 MeV) rates were measured in both beam modes and proved to be in good
agreement with neutron production expectations for a new target:

e Pulsed mode : ~1.15 x 10°n per pulse for f=10-5000 Hz;
e DCmode: ~ 108n.s™pA™* forI ~20-1100 pA (see Figure 4).

Figure 2. Upper level of the accelerator during beam line handling:
The vertical line is being inserted in the reactor bunker while the magnet is retracted
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Figure 3. Vertical beam line inserted in the reactor core: (left) full beam line over the bunker
height (right) and close-up of the reactor top level showing the
top of the thimble atop the fuel assemblies

Figure 4. Neutron rate versus beam current in DC mode measured by the API silicon detector [3]
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Once the commissioning of the accelerator was fully completed, the overall
commissioning report was transmitted to the safety authorities (September 2010) and the
facility was prepared for critical mode: the dipole magnet was rolled away, the vertical
beam line was disconnected and stored on its dedicated support structure.

After nuclear safety approval (January 2011), the reactor core was loaded. Core
certification was achieved and the experimental programme in critical mode was
performed until summer. The authorisation for the reactor and accelerator coupling was
finally granted in September 2011 after an overall waiting period of one year.

First accelerator-reactor coupling

The first coupling was reached on 12 October 2011. The accelerator was started in pulsed
mode at 200 Hz of repetition rate. The neutron flux as a function of time was recorded in
the reactor by 6 monitors for the reactor and 10 detectors for the physics experiments [4].
The reactor rods lifting sequence was initiated: the six safety rods were lifted one by one
requiring about 25 minutes, then the two control rods were lifted simultaneously during
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~ 5 minutes to their reference height (here 479.3 mm). This sequence is identical for all
VENUS-F reactor start-ups.

As the rods are out of the core, it was verified that the reactor power is driven by the
accelerator: a core power ~1 W was measured at 200 Hz and increased according to the
accelerator repetition rate increase.

Accelerator operation

After the initial coupling, a commissioning phase followed, which aimed to test the
different beam modes in the coupled configuration, adjusting the start-up procedures,
the detector efficiencies, the piloting and data acquisition software. Since April 2012, the
accelerator has been operated for the experimental physics programme within the FP6 IP-
EUROTRANS GUINEVERE project and is to be continued within the FP7 FREYA project [5].
The beam mode is determined by the physics requirements: data is mainly taken using
pulsed and DC interrupted beam, with some runs in purely DC mode.

During the coupling commissioning phase, the first run period was devoted to pulsed
beam (October-November 2011). Operating the duoplasmatron ion source in pulsed mode
and transporting short high charge bunches is well acquired as this mode was
extensively produced on the first two GENEPI machines. It generates no operational
difficulty and the beam production is fairly reliable. However, the pulse peak current is
limited to ~25 mA compared to the measured 40 mA of the previous machines. This is
due to the mechanical reduction of the hole of the pierced ion source anode,
implemented to optimise the beam extraction in DC mode. But this current limit remains
acceptable for the physics programme.

Initially, the DC operation (November 2011) was problematic because of a very strong
limitation on the beam current imposed by some fission chambers’ pile-up in the reactor
due to the high neutron source strength with a fresh TiT target. A beam current
of 70-100 pA was requested on target whereas the ion source was not suited for such a
low D+ current production. Similarly, the initial run in DC interrupted mode was
complicated since tuning of the programmable interruptions is difficult at such low
currents.

Once fission chambers were reshuffled within the core to adapt their detection
efficiencies to the experimental conditions, standard operation of the ion source could be
restored to transport hundreds of pA on the target, leading to better machine
performances.

The following experimental programme, undergoing the 3 beam modes, corresponds
to about 10 months of data taking. Producing DC interrupted beam remains problematic,
because this beam mode was commissioned for the first time at SCKeCEN, while
operating issues were discovered in the field and during the data taking. Numerous high
voltage discharges occur during beam delivery: some remain internal to the region of the
source holding extraction and focusing electrodes, others create electric arcs outside the
high voltage platform. While some are not harmful to beam delivery, a number of
discharges cause accidental beam trips which are detrimental to the experimental
programme (see Section 5). The accelerator room is equipped with a ventilation system,
constantly renewing the air. Air is taken directly outside the building without treatment
or regulation. During machine operation, humidity was measured up to 70% and
temperature was measured up to 28°C in the accelerator room. As a result, these poor
conditions may cause some high voltage discharges.

In 2013, maintenance work was performed to improve electromagnetic compatibility
within the high voltage head and harden the electronics driving the time structure of the
source. We expect a reduction of electric discharges during the spring run.

When operating GENEPI-3C, the main issue is the fast ageing of the ion source.
Previous experience of duoplasmatrons operated in pulsed mode (low power) only at
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Cadarache or Grenoble, showed that a single ion source filament could last ~1.5 years.
However, the filament chamber, holding the filament itself and its shield, on the source
at SCKeCEN suffers faster ageing. In cases of sole filament depletion, an exchange and
restart can be performed within ~ one week. In cases of additional filament shield
destruction, an overall cleaning of the ion source is required, leading to a longer
downtime. Investigations are currently underway to understand this premature ageing
process. Meanwhile, the filament chamber is now replaced preventively at approximately
every long downtime. The type of heat treatment of the shield material (tantalum) is
under study. Post mortem analysis showed that all damaged shields were made out of
sintered metal. The newly installed filament is protected by an annealed tantalum shield
with higher strength, allowing a longer lifetime of the ion source in the coming run.

Beam current

The command-control provides measurements of the current intercepted by the target
and the collimator. In order to prevent secondary electron yield under beam impact, a
positive bias voltage of 200 V is applied to the target (and to its collimator).

In pulsed mode, the current measurement module determines the peak (Ipeax) and
average (lawerage) current, the repetition rate (f) and the bunch width (Tpuse). To first order,
the average current corresponds to Iaverage= Ipeax X f x Tpuse. Figure 5 (left) displays an
example of the averaged time profile of the bunch. A preliminary analysis was performed
and the results showed that the bunch width was around 550 ns (FWHM) and remained
stable: O'(Tpulse)/ Tpuse < 1%

o the stability of the pulse frequency is excellent: o(f)/f < 10°.

A full analysis of all accelerator data runs is still to be performed but so far, it seems
that the specifications of the beam in pulsed mode are mostly met, except for the current
stability and intensity in pulsed mode [6]. Over the months of data taking, the peak
amplitude was measured 20-25 mA, mainly accounting for fluctuations and for a slow
current decrease observed daily over the few hours of operation. This decrease detected
independently of the beam mode, remains under investigation.

In DC mode, the module measures the current (laverage= Ipear). In DC interrupted mode,
the module additionally determines the duration and frequency of beam interruptions.
Figure 6 displays the time profile of the beam at ignition after the interruption (left) and
at the interruption generation (right). The transition time from “beam on” to “beam off” is
on the order of 1 ps, as stated in the beam specifications. Typical settings used for the
physics programme are as follows:

L] Iaverage = 200-400 ]J.A,
e interruption duration =300 ps;

e interruption frequency = 200 Hz.
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Figure 5. Time profile of pulsed beam on target (time referenced to internal electronics clock)
averaged over 10 seconds (left) and peak amplitude distribution over ~5 hours (right)
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Under these conditions, the beam operation was fairly stable, apart from the high

voltage discharges described in the previous paragraph.

The charge integrated on target is recorded daily. A good day of running can generate

a charge as high as ~ 5 C, corresponding to ~7.5 hours of beam.
Figure 6. Time profile of the beam ignition and (left) halt of the DC interrupted beam measured
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Accelerator and reactor interactions

As explained in Section 4, some accidental beam interruptions occur due to high voltage
discharges. These unwanted beam trips create time consuming halts of the data taking
and are thus very harmful to the experimental physics programme. When the beam is
lost on the target, the neutron production drops within tens of microseconds. If the
interruption is long enough, the neutron depletion affects the reactor monitors count
rates. When the beam is restored on the target, the monitors detect a sudden increase. If
the neutron multiplication rate is so high that it exceeds a limit imposed for reactor
safety (related to the reactor doubling time), then reactor emergency shutdown is
triggered; the safety rods drop by gravity (reactor SCRAM). Nearly, no accidental beam
interruptions can be recovered by the accelerator pilot fast enough to prevent the reactor
SCRAM. Similarly, the beam current increase (pulse frequency in pulsed mode or average
intensity in DC or DC interrupted mode) must be ramped slow enough not to exceed the

safety threshold.
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Restarting the coupled system requires about half an hour. Typically, the facility is
operated eight hours a day. Therefore, the number of daily (or weekly) SCRAMS
dramatically impacts the physics programme and is the leading cause of facility
downtime. The number of SCRAMS strongly depends on the beam mode (see paragraph
IV, ). Records were analysed over a year of operation, the numbers range from 0 reactor
SCRAM per week, up to six reactor SCRAMS per week, mostly when operating higher
beam power. Given the upgrades aiming at improving the electromagnetic compatibility
of the machine (see paragraph IV c), we expect reduced SCRAM rates during the coming
run.

For an effective operation of the coupled facility, an excellent communication level is
required between the accelerator and the reactor team for:

e long-term planning to optimise facility downtimes (maintenance, upgrades) and
running periods;

o weekly/daily planning for preparation of running conditions, problem solving,
optimum scheduling of reactor and accelerator safety checks, site access.

Maintenance work such as ion source exchange or vacuum equipment replacement is
now conducted jointly by the CNRS and the SCKeCEN. At the VENUS Facility, the
accelerator and reactor control rooms were constructed on top of each other to foster
exchanges. The accelerator was driven in the accelerator room from a PC, but the
machine command-control system is fully functional from another PC installed in the
reactor room. The acquisition system operates a data recording of the machine
(accelerator parameters), of the physics experiment (neutron rates) and of the most
relevant reactor data (heights of the safety and control rods, current and period of the
6 reactor neutron flux monitors, core temperatures). Two electronic logbooks centralising
manual entries dedicated to the machine and the physics are accessible on and off site.
Reactor pilots are being trained to operate the machine and will eventually operate the
whole facility, reactor and accelerator.

Summary and outlook

The GUINEVERE and the FREYA projects are devoted to ADS reactivity on-line monitoring.
The experimental facility gathers a versatile neutron source consisting of an electrostatic
deuteron accelerator at 240 keV, GENEPI-3C, generating neutrons from impact on a
tritium target and a fast subcritical core VENUS-F. After the machine commissioning on
the SCKe*CEN site and a long interaction with the safety authorities, the first coupling of
the accelerator to the reactor was reached quickly and efficiently. While some
improvements remain to be performed on the beam current (stability and intensity), the
machine specifications are largely met. The experimental programme has
progressed [5] and yielded the first physics results [4]. The main operational constraint is
the facility downtime generated by reactor SCRAMS caused by severe electric discharges.
After the first year of coupled operation, several improvements of the machine have been
implemented to minimise these discharges and we expect enhanced machine reliability
during the coming run.

The analysis of the recorded data set of the accelerator coupled to the reactor is being
carried out. In spite of the discrepancies of accelerator structures between such a mock-
up machine and a high power proton driver for an ADS demonstrator facility, valuable
feedback from the coupled operation can be provided to ADS projects, such as
MYRRHA [7].
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Abstract

Nuclear research within the Seventh Framework Programme (FP7 and FP7+2) of
EURATOM has devoted a significant fraction of its efforts to the development of advanced
nuclear fuel cycles and reactor concepts, mainly fast reactors, aiming to improve long-term
sustainability by reduction of the final wastes, optimal use of natural resources and the
improvement of safety in the present and future nuclear installations. The new design
needs more accurate basic nuclear data for isotopes, like minor actinides, potentially
playing an important role in the operation, fuel concept, safety or final wastes of those
reactors and fuel cycles. Four projects, ANDES, ERINDA, EUFRAT and CHANDA,
supported by EURATOM within FP7 and FP7+2, have gathered most of the European
Nuclear Data community to respond to those needs efficiently and in a co-ordinated way.
This paper summarises the objectives, and the main achievements of ANDES and the
preparation for CHANDA.

ANDES has developed new experimental methods, performed new measurements,
validations and evaluations of cross-sections and other nuclear data. This paper
summarises the objectives and the results in the middle of the ANDES project. CHANDA,
started in December 2013, will combine similar types of activities with co-ordination and
facilitation of the access of experimental teams to the existing European experimental
facilities.
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Introduction

Nuclear research within the Seventh Framework Programme (FP7 and FP7+2) of
EURATOM has devoted a significant fraction of its efforts to the development of advanced
nuclear fuel cycles and reactor concepts, mainly fast reactors, aiming to improve long-
term sustainability by the reduction of the final wastes, optimal use of natural resources
and improvement of safety in the present and future nuclear installations. The new
design needs more accurate basic nuclear data for isotopes, like minor actinides,
potentially playing an important role in the operation, fuel concept, safety or final wastes
of those reactors and fuel cycles. Four projects, ANDES, ERINDA, EUFRAT and CHANDA,
supported by EURATOM within FP7 and FP7+2, have gathered most of the European
Nuclear Data community to respond to those needs efficiently and in a co-ordinated way.
This paper summarises the objectives, and the main achievements of ANDES and the
preparations for CHANDA.

Accurate and detailed simulation is a fundamental tool for the design of new nuclear
reactors and fuel cycle facilities and for the optimisation of existing nuclear installations
and of the fuel cycle as a whole. Simulations are used regularly to identify the limits for
safe operation, optimise performance, interpret sensors data as diagnostic or description
tools, and evaluate the limits of the validity of experimental demonstrations and other
applications. Simulation codes and computing systems are able to describe with great
detail the models of the individual phenomenology of process taken place in the nuclear
system, inducing only moderate or small biases in the predictions. However, the
uncertainties on the basic nuclear data induce uncertainties on the predictions of those
codes. Clear needs to reduce these uncertainties had been identified in relation with the
simulation of advanced fuel cycles and advanced reactors for improved nuclear
sustainability, including waste transmutation. New needs already identified include new
isotopes, energy ranges and phenomena. More recently, the Fukushima accident has
focused nuclear R&D on safety, and in particular on improving the prediction capabilities
for nuclear installations in accidental and beyond design conditions, rising extraordinary
challenges to safety simulation systems, including also the basic nuclear data to be used.
In addition, it will also be mandatory to be able to make a robust and complete
determination of the global uncertainties of these simulations, and this will require a
much better evaluation of the uncertainties of the basic nuclear data.

It is important to note that to prepare and maintain reliable nuclear data bases, all
the steps of the nuclear cycle have to be correctly covered and improved, including:
measurement, evaluation, validation and dissemination, not forgetting in each step to
provide the reference value but also the data uncertainties and covariances.

Within the mentioned four EURATOM programmes, ERINDA and EUFRAT are mainly
co-ordinating and facilitating the access of experimental teams to the existing
experimental facilities for nuclear data measurements and validation. On the other hand,
ANDES has developed new experimental methods, performed new measurements,
validations and evaluations of cross-sections and other nuclear data. CHANDA, started in
December 2013, will combine both activities.

ERINDA, European Research Infrastructures for Nuclear Data Applications, has
provided 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-1V systems. ERINDA has offered the nuclear data research infrastructures
of 13 partners (HZDR, IRMM, CERN, CENBG, IPNO, UU-TSL, PTB, NPI, IKI, IFIN-HH, NPL,
FRANZ and CEA) from all over Europe to experimental teams making new nuclear data
measurements. ERINDA has also provided an efficient framework to support the facilities
and the experimental groups, helping to select high-quality experiments and to direct
them to the most suitable infrastructure.
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EUFRAT, European Facility for Innovative Reactor and Transmutation Neutron Data,
facilitates the access of outside users to the facilities of the Nuclear Physics unit at JRC-
IRMM and promotes a coherent use of the measurement infrastructure in order to meet
high-priority neutron data requests. EUFRAT focused measurements on the international
neutron data needs for innovative nuclear systems, particularly to obtain new or more
accurate neutron cross-section data for fission-reactor technology, fission-reactor and
fuel-cycle safety, high burn-up fuels, nuclear-waste transmutation and innovative reactor
systems.

ANDES

The ANDES FP7-EURATOM project addresses the nuclear data needs associated with the
new reactors and new fuel cycles supported by the Sustainable Nuclear Energy
Technological Platform, SNETP, in its strategic research agenda and in the European
Sustainable Nuclear Industrial Initiative, ESNII, a proposal taking into account the priority
lists for nuclear data from NEA/OECD, FP6-EURATOM projects EUROTRANS-NUDATRA
and CANDIDE. The ANDES collaboration, which started its activities in May 2010, includes
20 research centres and universities.

ANDES combines a reduced group of selected differential measurements, the
improvement in uncertainties and covariances within the evaluation process and the
validation of present and new data libraries using integral experiments, to bring most
critical nuclear data to the level of accuracies required by the new reactors and system
promoted by ESNII and the SNETP. In addition, a specific work package is dedicated to
improving the prediction capabilities of high-energy transport codes for the design of an
accelerator-driven subcritical system, ADS, developing better models and performing a
few selected measurements. All these activities are co-ordinated with the main actors for
nuclear data dissemination such as the NEA and the IAEA.

For the measurements of low and medium energies for advanced reactor systems, a
combination of the best world facilities is being used in ANDES, including IRMM neutron
sources, both the e- linear and the Van de Graaff accelerators, the n_TOF spallation
facility at CERN, the Jyvaskyla cyclotron and the IGISOL facility, the CNRS/Orsay
accelerators and the GANIL accelerator complex. ANDES is focusing these measurements
on:

¢ high-accuracy measurements of neutron inelastic scattering cross-sections of #*U
and isotopes of structural materials and inert fuel matrix;

e high-accuracy measurements of neutron total and capture cross-sections of **U
and ?Am,;

e high-accuracy measurements of fission cross-sections several of which are Pu
isotopes and minor actinides, including fission yields by surrogate neutrons and
inverse kinematics;

e decay data measurements for reactor kinetics and decay heat of relevant fission
fragments.

To improve and asses the absolute accuracy of the results from computer simulations,
the ANDES collaboration decided to improve the existing tools for nuclear data evaluation
with an estimation of the data uncertainties and correlations. A similar effort is being
made to prepare simulation programmes to use covariance information. To demonstrate
the performance of these tools, the covariance matrices of one major and one minor
actinide are being evaluated.

210 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

Integral experiments provide very relevant information for the evaluation and
validation of nuclear data. For these purposes, ANDES has selected data coming from the
following facilities: MUSE, GUINEVERE, PROFIL, ZPPR10A, SNEAK-7A and -7B, and the
collection of international criticality benchmarks. Each of these experiments provides
specific complementary information.

To provide useful data for the ESNII ADS demonstration facility, the main objective
for ANDES in the high energy range is model validation and optimisation in the 150-600
MeV energy field.

In parallel with these technical activities, ANDES is contributing to improving the
knowledge and training of young professionals in nuclear science and technology by
promoting PhD work within ANDES and organising a dedicated training school. Finally, to
accelerate the dissemination of the new measured or evaluated nuclear data ANDES has
established a close co-operation with the NEA and the IAEA, the two agencies co-
ordinating the distribution of nuclear data.

Figure 1. Main ANDES experimental facilities
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Progress of the ANDES Project

By now, ANDES has already made very important progress in the experiments measuring,
with high accuracy, very relevant cross-sections of critical isotopes, whose analysis is
now in progress or completed and many of which have been presented at international
conferences. More than 20 contributions were presented at the recent ND2013 conference
(Nuclear Data 2013) based or directly related to the ANDES project. Improvements have
been made in the programmes developed for covariance and uncertainties management
through the whole nuclear data cycle from measurement to analysis, evaluation and
utilisation in standard codes for reactor and fuel cycles calculations. These tools are also
being applied to analysing available integral experiments and the collaboration within
ANDES is helping to acquire a fast convergence on the methods and tools used by
different teams, particularly those using Monte Carlo simulations. Finally, new results on
high energy measurements and the interpretation of the recent international
benchmarks have allowed identifying some weak points in the high-energy models that
are being corrected for their next releases.

In particular, the new measurements already performed within the ANDES project
include new data of high accuracy for the cross-sections of inelastic scattering and
capture in U, capture in **'Am, inelastic scattering in sodium and fission in #**?*Pu(n,f),
2Am(n,f) and **Cm(n,f). The experiments for #*U and ?*Am capture have been
performed in two different facilities to further reduce the systematic uncertainties and
achieve even better accuracy.
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Significant progress has also been achieved in the development of tools for
covariance preparation and utilisation in reactor and fuel cycle calculations. One of the
most relevant results has been the upgrade of the ACAB code, which is now able to use
nearly all available sources of data, uncertainties or covariance information for the
simulation and analysis of fuel cycles calculations. Also, the impressive progress on the
GENEUS full Bayesian evaluation tool strongly enhances the robustness and
mathematical correctness and self-consistency of the nuclear data evaluation, including
covariance determinations. The code has also been extended to be able to handle most
relevant isotopes (including actinides and structural materials) and most relevant
reactions (including fission).

Within ANDES, significant efforts are devoted to precisely define, implement and
validate a methodology that allows evaluating uncertainties, sensitivities and extracting
feedback for the nuclear data from integral experiments using Monte Carlo simulations.
This methodology complements the more standard tools based on deterministic codes.
The first demonstrations of the different ANDES teams, for example using the ISCBEP
data bank benchmarks and the total MC methods, are already showing the large potential
value of the Monte Carlo methodology but also the associated requirements of computing
power and storage space. A large number of simulations are being performed with
different tools by several institutions both for the validation of the new tools using
simple criticality benchmarks and for the evaluation of selected integral experiments.

For the high-energy range, the modelling activities have achieved important progress
by analysing the results from the international benchmark and using this information to
identify components of the models to be improved. In fact, some of these improvements
are already being implemented and tested and will be incorporated in future versions of
the standard Monte Carlo neutronic simulation codes. The high-energy experiments have
also progressed, with an early completion of the measurement of neutron-induced light
ion cross-sections at 175 MeV on Fe, Bi and U. The MEGAPIE analysis which is being
performed is helping to validate the high-energy models in a direct integral way.

CHANDA

The Fukushima accident has focused nuclear R&D on safety, and, in particular, on
improving prediction capabilities for nuclear installations in accidental and beyond
design conditions, setting extraordinary challenges to safety simulation systems, also
including the basic nuclear data to be used. CHANDA, Solving Challenges in Nuclear Data
for the Safety of European Nuclear Facilities, is a project, started in December 2013, will
combine the efforts of 35 institutions and the types of activities of ANDES, ERINDA and
EUFRAT to develop the capabilities that should allow solving those challenges and to
prepare a sustainable framework to maintain those capabilities.

The project is organised in 13 work packages integrating all aspects of the nuclear
data preparation and validation cycle, but also co-ordinating with other international
players in the field and preparing a structure for the nuclear data R&D co-ordination that
can become sustainable for the development of long research programmes. Figure 2
presents the scheme of the CHANDA activities and its work packages.
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Figure 2. CHANDA: Activities and connections to other organisations
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The CHANDA proposed activities include:

global co-ordination of nuclear data programmes and capabilities;

co-ordination of cross-cutting activities with programmes beyond EURATOM in
Horizon 2020;

co-ordination of actions for the development of a network for nuclear target
preparation and characterisation;

calls for proposals of transnational access to the consortium facilities and their
evaluation;

support of experiments at consortium facilities, and scientific support of
experiments;

support of Neutrons For Science and the short path n_TOF experimental area
equipment;

development and validation of new measurement capabilities and methodologies;

development and validation of new nuclear data evaluation and application
capabilities;

development of nuclear data for Myrrha reactor safety analyses;

development of a methodology for uncertainty assessment and minimisation in
ADS target and accelerator safety analyses;

development and validation of new integral experiments;

management, education and training.

A special mention is due to the support of the development of the Neutrons For
Science, NFS, and the short path n_TOF experimental area, which will provide the
complementarity of one of the most intense neutron sources for average flux (NFS) with
one of the most intense sources for instantaneous flux (n_TOF short path). The
combination of these high intensity sources, with improved sample preparation
capabilities, improved detection systems, improved evaluation and dissemination tools
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to be developed within CHANDA will allow remodelling the limits of possible
measurements and the size of the smaller samples that can be analysed to solve some of
the remaining nuclear data challenges for the safe operation of present reactors and the
development of more sustainable ones.
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Accelerator-driven system design concept for
disposing of spent nuclear fuels

Yousry Gohar, Yan Cao, Roger Kellogg, Elia Merzari
Nuclear Engineering Division, Argonne National Laboratory, US

Abstract

The growth of the nuclear energy production, as a carbon free energy source, is tied to the
problem of disposing the current spent nuclear fuel (SNF) inventories and closing the future
nuclear fuel cycles. The USA SNF is expected to reach ~70,000 metric tonnes by 2015 from
the present operating nuclear plants. A significant increase in this inventory is forecasted
from the planned increase in the deployment of new nuclear power plants. The
transuranics content of the 2015 US SNF inventory is ~700 MT, which has about
~115 MT of minor actinides (MA). These transuranics are responsible for a significant
fraction of the SNF radiotoxicity. Accelerator-driven systems utilising proton accelerators
with neutron spallation targets and subcritical blankets can be utilised for transmuting
these transuranics, simultaneously generating carbon free energy, and significantly
reducing the capacity of the required geological repository storage facility for the spent
nuclear fuels. The required number of these systems is a function of the accelerator power,
the system operating life time and system availability, and the blanket fuel composition.

The proposed system is intended to: a) transmute/fission the MA, which eliminates the
long-term radiotoxicity of the US SNF, b) generates carbon free energy, and c) significantly
reduces the geological repository storage requirements per metric tonne of the SNF. A
fraction of the SNF plutonium will be used with the SNF MA to reduce the disposition cost
and to accelerate the disposition time. The other fraction of the SNF plutonium can be used
as a MOX fuel in the current/future thermal power reactors and a starting fuel for future
fast power reactors. The uranium of the spent nuclear fuel can be recycled for use in future
nuclear power plants. The short-term fission products decay to reach the radiotoxicity level
of the natural uranium ore in ~300 years.

This paper shows that only four to five accelerator-driven systems operating for <33 full
power years can dispose of the US SNF inventory expected by 2015. Each system consists
of a proton accelerator with a neutron spallation target and a subcritical assembly. The
accelerator beam parameters are 1 GeV protons and ~25 MW beam power, which produce
~3 GW:in the subcritical assembly. This paper presents the design concept and the system
analyses.
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Introduction

The disposal of the US spent nuclear fuel (SNF) inventory using accelerator-driven
systems (ADS) is examined. The ADS technical assessment [1] confirmed the potential of
this approach. In this study, several requirements are adopted to minimise the required
R&D, the infrastructure, and the total cost. The requirements are to: a) avoid multi-
processing steps for the spent nuclear fuel, b) avoid long-term technological
developments such as new nuclear fuel materials or designs, c¢) minimise the required
number of units for disposing the US spent nuclear inventory, and d) use the current
technologies with minimum extrapolation as much as possible.

At present, the US SNF is growing by ~2,000 metric tonnes per year from the current
operating nuclear power plants to reach about 70,000 metric tonnes by 2015. This SNF
inventory contains ~1% transuranics (~700 MT), which has about ~115 MT of minor
actinides (MA). The proposed system is intended to: a) transmute/fission the MA, which
eliminates the long-term radiotoxicity of the SNF, b) generates carbon free energy, and c)
significantly reduces the geological repository storage requirements per metric tonne of
the SNF. A fraction of the SNF plutonium will be used with the SNF MA to reduce the
disposition cost and to accelerate the disposition time. The other fraction of the SNF
plutonium can be used as a MOX fuel in the current/future thermal power reactors and a
starting fuel for future fast power reactors. The uranium of the spent nuclear fuel can be
recycled for use in future nuclear power plants. The short-term fission products decay to
reach the radiotoxicity level of the natural uranium ore in ~300 years.

This paper presents that only four accelerator-driven systems operating for <33 full
power years can dispose of the US SNF inventory [2] expected by 2015. Each system
consists of a proton accelerator with a neutron spallation target and a subcritical
assembly. The accelerator beam parameters are 1 GeV protons and ~25 MW beam power,
which produce 3 GW:in the subcritical assembly. This paper highlights the concept and
the system analyses.

Accelerator-driven system

The system has a CW proton accelerator beam to generate a continuous neutron source
for driving the subcritical assembly. The analysis shows that the required proton beam
power for the 3 GW: subcritical system with Kerr of 0.98 is 25 MW from 1 GeV protons.
Figure 1 shows the beam power requirements as a function of the proton energy with
lead-bismuth eutectic target for 3-GWw system. The parameters are almost optimum for
such a system. Increasing the proton energy above 1 GeV has a small impact on the
required beam power but it has a negative impact on the target and the subcritical
assembly designs. As the proton energy increases, the target length, and the subcritical
assembly height increase. Such changes increase the neutron leakage, which increase the
required proton beam power. In addition, the required shielding thickness increases as
the proton energy increases to attenuate the high-energy neutrons.

Liquid metal target [3] is selected because it has several design advantages: a) liquid
material does not suffer from radiation damage or thermal stresses, b) physical
properties of the liquid material do not change during operation, c) heat removal is much
easier and efficient, d) liquid target has simple mechanical design, which improves its
performance, including the neutron yield per proton, and e) liquid target relaxes the
accelerator reliability design requirements. The target assembly is located at the centre of
the subcritical assembly to maximise the utilisation of the spallation neutrons. Figure 2
shows the liquid metal (lead or lead-bismuth eutectic) target design configuration. The
target assembly is located at the centre of the subcritical assembly to maximise the
utilisation of the spallation neutrons. Because of the high power density in the target
material, the target has its coolant loop, which is independent of the subcritical assembly
coolant loop.
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Subcritical assemblies with solid fuel materials have been considered in the past in
order to utilise the gained experience from the operating fission power reactors. However,
this choice requires the development of new fuel designs with transuranic materials. A
long and expensive R&D programme is required to develop such a fuel form and its
fabrication process, to carry out fuel irradiation experiments, and to perform post-
irradiation examination of the fuel materials. In addition, the fuel irradiation and testing
require a fast irradiation facility, which is not available in the United States at this time.
Numerous fuel reprocessing cycles will be needed to extract the unutilised transuranics
from the solid spent nuclear. These processing plants do not exist in the US. In addition
to the cost, the use of the solid fuel forms will result in much longer time to dispose of
the minor actinides. These issues have led to the consideration of mobile fuel.

Mobile fuel forms with transuranic materials without uranium are considered in this
work to avoid the issues of the solid fuel forms and to eliminate the minor actinides and
the long-lived fission products of the spent nuclear fuels. Liquid metal (liquid lead or
lead-bismuth eutectic) is the fuel carrier material. Transuranics are mixed or micro-
particles suspended in the fuel carrier material. The use of the mobile fuel concept
results in a closed material cycle, which reduces the proliferation risk. The liquid carrier
has the fission products mixed with the transuranics all the time. A significant fraction of
the long-lived fission products, from the SNF and the MA disposal, are transmuted during
the power generation process without extra steps. The continuous feed of the
transuranics/long-lived fission products during the operation reduces the radioactive
waste and the required geological storage capacity.

In addition, the use of mobile fuel forms: a) eliminate the minor actinides without the
need for extra fuel processing steps, b) relax some of the reliability requirements for the
accelerators, c) remove fission gases during operation, d) reduce the required R&D to
qualify the fuel, the deployment time, and the total cost, e) maintain a fast neutron
spectrum, which results in efficient neutron utilisation, good neutron economy in the
presence of fission products, and lower probabilities for generating higher actinides,
f) achieve the transuranics elimination objective, and g) permit controlling the output
power by adjusting the fuel material concentration in the fuel carrier without changing
the proton beam power. A thermal-hydraulics performance confirmation for the selected
carrier with the selected fuel material form is required. This confirmation can be carried
out in the laboratory without the need for a neutron source or an irradiation experiment.

Subcritical assembly parameters and performance

The fuel carrier chemistry defines the upper limit of the transuranic concentration as a
function of the operating temperature. In defining the system parameters, a transuranics
concentration range was considered but the upper value is lower than the chemistry
limit. The system is designed for an effective neutron multiplication factor (Ker) of 0.98,
which provides adequate operational safety margin. In order to reach this neutron
multiplication factor, a small fraction of the SNF plutonium is mixed with the minor
actinides. Different transuranics concentrations are considered with different plutonium
fractions to achieve a Kerr of 0.98. Figure 3 shows Ker and the ADS power from
25 MW/1GeV proton beam and 7% actinides concentration in the lead-bismuth eutectic as
a function of the plutonium concentration. Table 1 summarises the obtained subcritical
assembly parameters.

Detailed burn-up analyses for the subcritical assembly were performed using MCB5
computer programme [4] with ENDF/B-VII nuclear data. In the analyses, the composition
of the mobile fuel carrier is adjusted every three months, four times per year, to adjust
the neutron multiplication to the original value of 0.98. Of course, the time interval of the
three months can be changed to continuous feed or any time interval as needed to
maintain constant output power and neutron multiplication values within a specific
range. The transuranics consumption rate is 1.2 metric tonne per full power year. Figure 4
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shows the sample of the results for lead-bismuth eutectic fuel carrier with 5% actinides
(35.7% plutonium concentration), 7% actinides (27.2% plutonium concentration), and 10%
actinides (20% plutonium concentration) during 10 years of operation. The corresponding
long-lived fission product transmutation is shown in Figure 5.

Figure 1. Lead-bismuth target design configuration
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Figure 3. Keir and ADS power from 25 MW/1GeV proton beam and 7% actinides concentration
in the lead-bismuth eutectic as a function of the plutonium concentration
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Figure 4. Ker at each fuel burn-up time step for the ADS system with 5% (35.7% Pu), 7%
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Figure 5. Long-lived fission product transmutation during the first 10 years of ADS operation
with 7% actinides (27.2% Pu) in the lead-bismuth eutectic
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Table 1. Subcritical assembly parameters
Target
Proton beam parameters 25 MW/1 GeV
Target material Ligud Pb or Pb-Bi
eutectic
Proton beam radius 19.5cm
Target length 70 cm
Target radius including manifolds 35¢cm
Subcritical assembly
Outer radius 150 cm
Height 300 cm
Fuel carrier/coolant Pb or Pb-Bi Eutectic
Transuranic concentrations 5t010%
Plutonium concentration for the three 36 to 20%

transuranic concentrations

Conclusion

This paper proposes an approach to dispose of the 70,000 metric tonnes of the expected US
spent nuclear inventory expected by the year 2015. It is based on the use of four to five
accelerator-driven subcritical systems. Each has an output thermal power of 3 GW, operates
for <33 full power years with an effective neutron multiplication factor of 0.98, and uses a
25 MW beam with 1 GeV protons. A mobile fuel carrier concept for the transuranics is

adopted for the subcritical assembly.
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According to the MCB5 burn-up simulations, the subcritical assembly with different
actinide concentrations consumes about 1.2 metric tonnes of transuranic per year. For
the 7% actinide concentration in the liquid metal fuel carrier, the four ADS will consume
the minor actinides of the 70,000 metric tonnes in less than 33 full power years and burn
about 35 metric tonnes of the spent nuclear fuel plutonium. In addition, a significant
fraction of the long-lived fission products will be transmuted at the same time.
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A high-power ADS concept
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Subatech, EMN-IN2P3/CNRS-Université, Nantes, France

Abstract

Minor actinide transmutation induced by subcritical reactors is limited by the thermal
power of ADS. Transmutation scenarios involving the French nuclear fleet have led to a
high number of ADS and large inventories of minor actinides in the nuclear cycle.
Increasing the specific and the thermal power by ADS may recover the weaknesses
mentioned above. This paper presents a high-power ADS theoretical concept, up to 2 GWu,
based on an annular spallation target irradiated by a rotating proton beam. Liquid lead-
bismuth coolant circulates in the core and composes the spallation target, too. The
subcritical core is divided into an inner core, in which the spatial energy deposition is
uniform, and an outer core. A detailed neutronics and thermal-hydraulics study has been
performed with the code MURE (MCNP Utility for Reactor Evolution) based on the Monte-
Carlo transport codes MCNP or MCNPX. The composition at the beginning of the cycle is a
mixture of plutonium and minor actinide oxide coming from a PWR (pressurised water
reactor) filled with MOX fuel. ADS initial reactivity is adjusted with an MgO inert matrix
which also improves the fuel thermal conductivity. High-power ADS static parameters at
the beginning of the cycle such as spatial energy deposition or pin temperature profile are
precisely calculated. A complete core and assembly evolution during an irradiation cycle
has been performed and provides masses balance.

Introduction and motivations

MA (minor actinide) transmutation induced by subcritical reactors is limited by the
thermal power of ADS. The European industrial scale reference concept is the EFIT
(European Facility for Industrial Transmutation) [1], characterised by a 384 MW thermal
power. Scenarios involving the EFIT concept dedicated to the minor actinide
transmutation generated by the French nuclear fleet have led to a high number of ADS
and large inventories of minor actinides in the nuclear cycle [2].

A standard ADS is composed by three elementary components: a high energy and
intensity proton beam, a spallation target and a subcritical core. The neutron flux
induced by a spallation target in a homogeneous medium decreases rapidly with the
target radial distance. This leads to a subcritical core size and thermal power limitation.
Among different techniques to expand the core size and the thermal power, we could
mention the following points:

o setting several fissile enrichment zones to compensate the neutron flux decrease;
o disposing several spallation targets in the subcritical core;

o considering an annular spallation inside an inner and outer subcritical core.

222 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015

A three-target concept has been studied in a previous work [3] at Subatech laboratory.
The neutron radial distribution in such a system was not fully optimised, which made
the concept difficult to simulate. This work presents a concept based on an annular
spallation target irradiated by a rotating proton beam. The BLAST (Burner concept with
Liquid Annular Spallation Target) concept is currently being developed to investigate the
capacity of the ADS thermal power to increase up to 2 GWu. The subcritical core is
designed using neutronics and thermal-hydraulics calculations performed by the MURE
[4] software (MCNP Utility for Reactor Evolution) developed by the CNRS.

Figure 1. BLAST concept schematic view
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The reference concept is a liquid lead cooled reactor with an annular spallation target
disposed inside a subcritical core divided into two cores. The fuel is composed of a
mixture of plutonium and minor actinide oxide diluted with an MgO inert matrix. There
are numerous benefits to having an annular spallation target producing the neutron flux.
On the one hand, a flattened power density distribution can be obtained in the inner core
and on the other hand, the cylindrical symmetry highly simplifies simulations.

The BLAST concept principle

Figure 2 shows the current concept geometry. A high frequency rotating magnetic field
deflects a 1 GeV proton beam and generates a cylindrical beam. The annular proton beam
is guided to the spallation target window. The core is cooled with liquid lead that
circulates in three channels. Two channels are dedicated to the inner and the outer core
cooling systems. The third channel fills the proton beam interaction zone that
constitutes the spallation target with liquid lead.
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Table 1. HN (Heavy Nucleus) isotopic vector at the beginning of the cycle

Isotope Fraction (%)

Pu molar fraction 27
M.A. molar fraction 73
238py 4.8
29py 40.2

Pu vector 240py 271
1Py 14.4
242py 13.6

2Np 37
21Am 448
M.A. vector 243Am 30.2
24Cm 17.7

25Cm 3.6

Assembly geometry is based on a 1200 MW lead pool-type fast reactor design [5]. An
11x11 square array of pin lattice fills the assembly, including 7 positions dedicated to the
structural support rods. The assembly side length is 15.2 cm. Assemblies have metallic
sidewalls so that the coolant circulates axially. The pin is a 7.9 mm diameter disk with a
2 mm middle hole filled with helium to enable thermal expansion. The fuel is composed
of a mixture of heavy nuclides dioxide fuel and MgO inert matrix. The pin cladding is a
9.6 mm diameter cylinder made of T15-15 stainless steel. The height of the subcritical
core has been set to 110 cm.

The inner core radius is optimised to obtain a constant spatial deposited power. The
distribution inside the core depends mainly on the ker value. Two configurations have
been tested with kes=0.95 and kes=0.97. A homogeneous core has been simulated with
MCNPX in order to easily change inner core radius Ri. Spatial deposited power is then
calculated for wide-ranging radiuses. Plane spatial energy loss is found for a 160 cm and a
120 cm radius, respectively in the core at ker=0.97 and 0.95. Throughout this document,
the focus is on the kerr = 0.97 configuration for which 373 and 236 assemblies, respectively,
filled the inner and the outer core. The outer core consists of two assembly rows to
prevent the sharp neutron flux from decreasing with the spallation target radial distance.

The heavy nuclide composition at BOC (Beginning of Cycle) is very important
regarding the neutronic parameters. The isotopic vector is calculated from a scenario that
takes into account an electrogen stratum filled with MOX fuel [6]. Plutonium and MA
vectors from the spent MOX compose the ADS heavy nuclides vector at BOC. This fuel is
cooled five years after a burn-up of 56 GWd/tonne. The minor actinide molar fraction is
estimated to have a constant reactivity as long as possible with a neutron flux close to
4¢10"cmes™. The MgO amount is adjusted to reach ker = 0.97. Table 1 provides the
isotopic vectors at BOC for the considered scenario.

Simulation results
The BLAST concept has been designed with the Monte-Carlo codes MCNP5 [7] and
MCNPX2.7.0 [8]. The latter is used every time spallation reaction simulation is needed.

MCNP(X) geometry, thermal-hydraulic/neutronic coupling calculations and evolution
under irradiation have been performed with the code MURE.
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Figure 2. Energy deposition according to the radial distance
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A three-dimension cylindrical mesh has been defined in order to calculate energy loss
spatial distribution DE (r,0,z) in the ADS. The radial distance r to the z-axis is divided into
100 bins. The angle 6 relative to a rotation about the z-axis is integrated into the whole
space as the z-axis itself. Figure 2 presents the energy loss according to r for kes ~ 0.97
configuration. A small variation on the MgO amount around the reference value (i.e. Nmgo
= 2.32), thus ker value, has been imposed. The inner core energy loss distribution,
between r=0 and r=160 cm, is uniform for a number of MgO equal to 2.34
(ket=0.97067+0.00176), 2.36 (Ke=0.96682+0.00157) and 2.38 (kex=0.96629+0.00168). Around
r=190 cm, the spallation target contribution appears. For r higher than 200 cm, the outer
core energy loss is low and suggests that the MgO concentration can be adjusted in this
part of the core.

A MURE class named BATH [9] (Basic approach of Thermal Hydraulics) manages
temperature calculation with a 2D RZ precision from heat and mass transfer equation
resolution. Temperature profiles in the liquid lead, the cladding and the fuel pin have
been extracted according to the pin thermal power. The liquid lead speed has been set to
2 mes? and the entrance temperature in the core is 703 K. The highest temperature
allowed in the pin is 1800 K [10] and is reached for a pin thermal power Prinmax = 36 kW.
Figure 3 presents the pin temperature profile. The hot spot temperature is obtained by
fitting the data set close to 1790 K under the highest allowed temperature.

Figure 3. Fuel inner and outer temperature profile according to Z-axis at 36 kW/pin
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A MCNPX calculation provides the energy loss Ei (in eV) in the inner core by one
incident proton in all the fuel pins. The inner core spatial distribution of the deposited
energy is constant. If Ny is the number of fuel pins that fill the inner core, the proton
beam intensity that leads to the maximum allowed pin thermal power is thus given by:

I _ Np : PPL’IZMLL{L

Simulation results lead to the maximum intensity, Imax = (138 +3) mA, keeping the
fuel maximum temperature lower than 1800 K. Uncertainty comes from MCNP statistical
error.

From the maximum intensity and the total energy loss in the inner and outer core per
incident proton, the relation between the beam intensity (in mA) and the thermal power
(in MW) is:

Py, ~164-1

The maximum thermal power for this ADS configuration is close to 2.3 GWw. The
inner core represents 72% of the total thermal power. It should be noted that thermal
power is clearly limited by the intensity supplied by the beam.

Void coefficient has been calculated for two cases. A 10% variation imposed on the
coolant density leads to the positive void coefficient a: ~1200 pcm/(gecm?). The
coefficient calculated from the normal condition and the complete loss of coolant leads
to a negative void coefficient o: ~ 1700 pcm/(gecm ™). Statistical uncertainty provided by
MCNP leads to negligible void coefficient error. This calculation related to ADS safety as
well as other safety calculations will be performed in the near future. Also, more
complete studies should be carried out to prove technical feasibility.

Evolution under irradiation

ADS ket and inventory evolution have been calculated using the code MURE during an
irradiation time set to 5 years. Figure 4 represents the multiplication factor evolution for
different ratios between the amounts of minor actinides and plutonium. The ke value for
72% and 73% of MA simulations ranges between 0.965 and 0.975 with respect to
subcriticality behaviour until 4 irradiation years. To understand the ker evolution, a
complete neutron balance has been calculated at each evolution step according to the
following formula:

Gi = N / (011 (EYi(E) + 200 (E)) $(E)AE — N, / i (E)6(E)dE

Gi represents the neutron balance for the nuclide i, as the difference between neutron
creation by fission or (n,2n) reaction (represented by their cross-sections os and oni) and
absorption (represented by the cross-section c.i) by fission, capture or (n,2n). Ni is the
nuclide i amount; Eltherawsmber of neutrons emitted by fission and ¢ is the
neutron flux.
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Figure 4. Core ke evolution for MA and heavy nuclides ratios from 70% to 74%
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Figure 5 shows the main contributors to the neutron balance among heavy nuclides
for the simulation performed with 73% of MA. The neutron absorption due to fission
product generation during irradiation is compensated by the total neutron gain increase.
Except for ***Pu and **'Pu, individual isotopic neutron balance evolution increases. The
consequence of this fact is that reactivity is maintained during irradiation. **Am and
Am have a negative neutron balance, which explains their fertile behaviour.
Nevertheless, its consumption contributes to increasing total neutron balance. ?**Pu
production is the main contributor to the neutron gain increase. ****Am and ?**Cm
production under irradiation also contribute significantly to the increase in reactivity.

Figure 6 shows the minor actinide and plutonium mass one-cycle evolution in the
whole core.

Americium is highly transmuted since 3.8 tonnes are consumed during the five
irradiation years. This corresponds to 754 kg/year and means that 49% of the initial mass
has been transmuted. *?Am and ?**Am have a similar behaviour. Neptunium evolution is
fully represented by ?*’Np isotope and behaves like americium while 44% of the initial
mass has been transmuted. Curium is created mainly from neutronic capture on
americium, while 12% of the initial mass is generated during the irradiation. The most
important isotope contribution is the **Cm and its mass balance is close to equilibrium.
22Cm increases strongly but its 163-day half-life means it will decay significantly during
the cooling time following irradiation. Plutonium is close to equilibrium since only 2.4%
of the initial mass is generated. *®*Pu is the main increase contributor while other even
isotopes #*°Pu and ?*Pu also increase weakly. #*°Pu and ?*'Pu decrease by fission or
neutronic capture. To summarise, plutonium irradiation in the ADS fast neutron flux
leads to a change in the isotopic vector by converting odd to even isotopes. The full core
evolution mass balance during a five-year evolution indicates that such an ADS can
transmute around 730 kg/year with an initial minor actinide mass close to 10 tonnes.
This transmutation efficiency could be improved by increasing the neutron flux into the
outer core with an MgO amount modification.
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Figure 5. Neutron gain per arbitrary time unit evolution for main contributors
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The notation ZZAAAI references isotopes. The balance has been calculated in the inner core only.

Figure 6. Minor actinide and plutonium one-cycle mass evolution in an assembly
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Conclusion

Increasing subcritical systems’ thermal power is an important issue in improving ADS
transmutation capacity. Subatech laboratory is involved in the high-thermal power ADS
concept design by numerical simulations since 2009. A key issue is to design a concept
with a radial power distribution constant in a significant part of the core. A 1.5 GWu
three-spallation target concept was studied in this framework between 2009 and 2012.
The neutron flux remains significantly higher close to the spallation targets.

An inner lead cooled subcritical core surrounded by an annular liquid lead spallation
target composes the new ADS concept design. A high frequency rotating magnetic field
generates an annular proton beam, which limits the spallation target window deposited
power. An outer core disposed outside the target benefits from a lower neutron flux.
Calculations showed that radial deposited power is uniform inside the inner core for a
radius close to 160 cm and a ker ~ 0.97. The maximum thermal power leading to an
acceptable fuel temperature is around 2.3 GWw. The relation between the intensity I in
mA and the thermal power Pm in MW is given by Pw ~ 16.4 I. The thermal power relation
with intensity shows that such an ADS concept is limited by the proton beam capacity. In
these scenario studies, a hypothesis can be made on proton beam intensity and the
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concept thermal power can be deduced from the relation defined above. It can be
concluded that a stable 1 GeV proton beam with an intensity greater than 100 mA will not
be available for several decades.

Reactivity evolution depends on the ratio between the amounts of minor actinides
and plutonium. The reactivity of a fuel in which the minor actinides represent around
73% of the heavy nuclides’ total number varies slightly over 4 irradiation years. Minor
actinides have, in this case, a fertile behaviour that compensates absorption due to the
fission product generation. Mass balance has been calculated in the designed high-power
ADS concept and shows that 730 kg/year is transmuted with initial minor actinide mass
close to 10 tonnes. Adjusting the MgO amount can create a neutron flux increase inside
the outer core. In this case, the transmutation efficiency would improve.

This work is a small step towards a high-power ADS theoretical concept. It is
necessary to perform additional calculations. Safety aspects, such as dpa on structure, or
corrosion by lead during prolonged irradiation cycles will have to be assessed. Also, more
complete studies should be carried out to prove technical feasibility.
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Abstract

The nuclear reactor simulation community has to perform complex electronuclear scenario
simulations. To avoid constraints coming from the existing powerful scenario software
such as COSI, VISION or FAMILY, the open source Core Library for Advanced Scenario
Simulation (CLASS) has been developed.

The main asset of CLASS is its ability to include any type of reactor, whether the system is
innovative or standard. A reactor is fully described by its evolution database which should
contain a set of different validated fuel compositions in order to simulate transitional
scenarios. CLASS aims to be a useful tool to study scenarios involving Generation-IV
reactors as well as innovative fuel cycles, like the thorium cycle.

In addition to all standard key objects required by an electronuclear scenario simulation
(the isotopic vector, the reactor, the fuel storage and the fabrication units), CLASS also
integrates two new specific modules: fresh fuel evolution and recycled fuel fabrication. The
first module, dealing with fresh fuel evolution, is implemented in CLASS by solving
Bateman equations built from a database induced cross-sections. The second module,
which incorporates the fabrication of recycled fuel to CLASS, can be defined by user
priorities and/or algorithms. By default, it uses a “linear Pu equivalent”method [1], which
allows predicting, from the isotopic composition, the maximum burn-up accessible for a set

type of fuel.

This paper presents the basis of the CLASS scenario, the fuel method applied to a MOX fuel
and an evolution module benchmark based on the French electronuclear fleet from 1977 to
2012. Results of the CLASS calculation were compared with the inventory made and
published by the ANDRA organisation in 2012 [2].

Introduction

The nuclear reactor simulation community has to perform complex electronuclear
scenario simulations. To avoid constraints coming from the existing powerful scenario
software such as COSI, VISION or FAMILY, the open source Core Library for Advance
Scenario Simulation (CLASS) has been developed. The main asset of CLASS is its ability to
include any type of reactor, whether the system is innovative or standard.

CLASS principle

As all electronuclear scenario software, CLASS includes the entire set of key elements to
describe an electronuclear fleet, from the reactor to the storage of used fuel, including the
fuel reprocessing facility.

The main element of the CLASS library is the reactor. It is described by its power (in
W), its mass (in tonne), its fuel type (UOX/MOX/...) and the final burn-up (in GWj/tonne)
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of the used fuel. The cycle time of the fuel is calculated from the couple power/BUwmax
through the well-known relation Equation (1):

P Oyelelime )

By
= HeavyMetalMays

It is also possible to set another couple of the triplet (BU/Power/CycleTime),
depending on the user choices.

At the end of the irradiation, the spent fuel is sent to a cooling facility, from where it
will be sent to the storage, at the end of a cooling time (five years by default). In storage,
all output fuels from any reactor are stored individually. During all the cooling and
storage time, the decay of all radioisotopes present in the fuel is taken into account. In
addition to all the key parameters, a database is included to describe the evolution of the
fuel during the irradiation.

There are currently two separate types of reactors. The most basic one corresponds to
a reactor always filled with the same fresh fuel. This reactor type is used, for instance, to
manage PWR reactor filled with uranium oxide (UOX) fuel.

The complex part comes from the other type of reactors, which reprocess fuels. Here,
the composition of the used fuel in stock does not depend only on the final burn-up in
the reactor, but also on the time spent in storage due to the decay of all radioactive
isotopes. Thus, the composition of each reactor refill changes at each cycle. In order to
simulate the evolution of the reprocessed fuel, CLASS needs two additional modules: the
first one builds the reprocessed fuel with the correct properties in terms of reactivity (kes
evolution) and mass, and the other one describes the irradiated fuel evolution.

At the end of the cycle, the used fuel is sent to the cooling facility. At the end of the
cooling (usually five years) the fuel is either sent to a intermediate storage facility (to
await reprocessing), or to final storage. During all this time (cooling, storage, waste),
radioactive nucleus decays are taken into account.

Database, fuel reprocessing and evolution

The following part describes the procedure used to perform all the simulations with the
MURE software, and the processing scheme of the two modules mentioned previously:
the computation of the reprocessed fuel and the determination of the evolution of the
build fuel during irradiation.

Fresh fuel simulation

To compute the new fuel evolution database, the MURE software developed at CNRS has
been used. This software allows the evolution from MCNP calculation, which determines
at each time step (set by users) the system static parameters (mean cross-section, flux,
kerr). For the present example, to avoid full core geometry complexity, cubic assembly
simulation was performed (see Figure 1) assuming that the fuel evolution in a cubic
assembly with total reflecting surfaces is close to the core evolution.
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Figure 1. Schematic representation of the simulated “cubic” assembly
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In the present case, a constant power of 2.8 GWw was used for the entire reactor. The
simulation was set to perform a new MCNP calculation every quarter of a year. The UOX
fuel standard burn-up in France ranges from 33 to 46 GWd/tonnes depending on the fuel
campaign, so the irradiation time was set to 5 years, which corresponds to a burn-up of
about 75 GWd/tonnes to reach the correct burn-up.

For each simulated composition, a CLASS database (called EvolutiveProduct) was
generated, containing all the useful physical parameters (as the effective neutron
multiplication factor, kerr, the flux ¢, nuclei quantities and fission, capture and (n, 2n)
mean cross-sections). Figure 2 shows these parameters stored as an ASCII matrix.

Figure 2 presents the format of the CLASS EvolutiveProduct. The database can be
generated by only formatting it in the right ASCII format.

Figure 2. Representation CLASS evolutive product in matrix form
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Recycling fuel process

Both modules dedicated to recycled fuel reprocessing rely on a large number of realistic
fuel composition evolutions. In order to create them, a random composition of the fuel is
first generated within a realistic range (see Table 1) and then its evolution is simulated
inside the cubic assembly described previously. The remaining composition is filled with
depleted uranium at 3% of #°U.
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Table 1. Range of the random composition generation

Isotopes % Maximum of the % Minimum of the final
final composition composition
238py 0.03 0.09
239py 1.7 438
0Py 0.65 2.00
41Py 0.00 0.72
42Py 0.15 0.45
Depleted U Remaining

For each generated fuel, the corresponding maximal burn-up has also been
determined. The main limitation for a radioactive fuel is its reactivity, expressed by the
effective neutron multiplication factor kes. In the following work, the maximal burn-up is
defined where the mean value (for one-fourth core reloads) of the infinite neutron
multiplication factor is equal to 1.06, as illustrated in Figure 3.

Figure 3. Evolution of the ki as a function of the burn-up and
determination of the maximal burn-up
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Each different random composition evolution and associated maximal burn-up
comprised a database, all databases are stored in the data bank.

Recycled fuel fabrication

To build the proper reprocess fuel, it is necessary to determine the maximal burn-up that
each composition can reach. For a set range of burn-ups, the o parameter is adjusted with
the “linear Pu equivalent” method [2], which leads to the formula Equation (2):

i { . er} LA - (2)
where n; represents the isotopic fraction of the isotope i before irradiation.

In Figure 4, the formula dispersion can be observed; 1% error is obtained on the
estimated burn-up ranging between 30 and 40 GWd/tonnes. The accuracy of the result
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could be improved by reducing the considered burn-up range, but it would be
computationally intensive.

Figure 4. Dispersion on the burn-up estimation, on the left extrapolated burn-up versus
measured one in [GWd/tonnes] and on the right, the relative discrepancy between them
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Once the maximal burn-up is estimated for any reprocessed fuel composition, a
reprocessed fuel can be built for a reactor set by Equation (3):

"ff Jlll:u.a.l. Z rra”: * f'rLl
: (3)
'ldrr:rl:ﬂr - "HJ'H + 'l”

wepiete !

In the previous equation, Mreactor represents the mass in the reactor using the built fuel,
Mpu the mass of plutonium extracted from the recycled stock (composed of used UOX fuel)
and Maepeteau the mass of depleted uranium needed to build the proper fuel in terms of the
maximal burn-up and total mass, and BUmax the maximal burn-up reached by the fuel
inside the reactor set. From Equation (3), the fraction of the stock required and the
amount of depleted uranium needed to build a reprocessed fuel can be determined. If
more than the tested stock is required to build the fuel (fraction>1), all the plutonium
isotopes of this stock are used and the remaining portion is taken in the next stock.

This way, this built fuel is able to reach the maximal burn-up of the specific reactor
that should be filled. The next step is to determine how the composition of this fuel could
evolve inside the reactor through irradiation.

Recycled fuel evolution

In order to determine the evolution of the reprocessed fuel composition, the data bank of
the fuel evolution (described previously), from which the closest fuel composition is
extracted, was sed. Thus, a reference database was defined for the specific reprocessed
fuel composition.

Using the cross-sections, i, and flux, ¢;, given by the reference database, and the
well-known Bateman equation [Equation (4)], the evolution of the built fuel is calculated
after renormalisation of the flux. At each time step, the cross-sections and the flux are
updated from the reference database (and the flux renormalised), until the end of the
evolution. This module performs the evolution only for the main actinide isotopes.

'TIN AN, —aeN, +Z,J{J WV Z(:r_l LN Y (4)
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An on-going study allows estimating the error associated with this method. This
study consists of reconstructing the evolution of each random composition fuel using
Equation 4 from all the other databases in the data bank. So far only one parameter has
been studied; the relative differences in reaction rate, “no¢ variation”, Equation (5):

}__: ey g2 e PR PN e

E{HIU.Q’?]LMM“‘,
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where the estimated parameter corresponds to the calculation through previously
described method, the simulated parameter corresponds to the simulation, n is the
quantity of isotope i, o the cross-section for a set reaction, and ¢ the renormalised flux
(the sum is made on all isotopes present in the fuel and on the fission, capture and (n, 2n)
reactions).

Figure 5. Dispersion of the relative reaction rate differences at first time step
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In Figure 4, the dispersion of the “nog variation” is about 1% (in Figure 4, each point of
the distribution corresponds to the relative difference for one randomly generated fuel),
which seems reasonable. As shown in Figures 5-6, this dispersion exponentially increases
with time and decreases with the number of random fuel composition initially generated,

following a well-known tendency in
w M
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Figure 6. Evolution of the mean of relative reaction rate dispersion as a function of the time
step, each curve represents the number of random fuel composition simulated
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Figure 7. Evolution of the mean of relative reaction rate dispersion as a function of the number
of random fuel composition simulated
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On-going studies are being performed in order to improve this result. There are two
main ideas: one is to improve the flux management in the evolution module and the
other is to test different algorithms to determine the distance between two isotopic
vectors. Flux management is necessary in order to conserve a constant power. Indeed, it
would be better to renormalise the flux many times between two time steps. Finally, the
definition of distance between two isotopic vectors is a crucial aspect, because the
evolution method is very sensitive to it. To define this distance, different algorithms will
be examined.

CLASS application: French electronuclear fleet 1978-2011

In the present study, the CLASS software has been used to reproduce the evolution of the
French electronuclear fleet from 1978 until 2011. The Pressurised Water Reactors (PWR)
installed after 1978 are considered here, but the Uranium Naturel Graphite Gas (UNGG)
reactors used before are not. Only the stocks produced by the French reactors are taken
into account.
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The French fleet

Six different types of PWR constitute the French electronuclear fleet: the CPO, CP1 and
CP2, the P4 and P’4, and the N4. In order to simplify the description of the fleet and
because their characteristics are close, we will consider that the CP1 and CP2 are identical,
as are the P4 and P’4, and are, respectively, called CPY and P4. Table 2 shows the
characteristics in terms of enrichment, burn-up and loading plan for all the considered
campaigns.

In order to simplify the realisation of the scenario, the different loading plans have
not been taken into account. We are assuming that all the fuels inside the reactor are
removed at the end of the cycle, and that the reactor is completely refilled at the
beginning of the new cycle. Consequently, the cycle corresponding to a loading plan by a
third and by a quarter, respectively, lasts 3 and 4 years. This can fluctuate a little,
depending on the reactor and the campaign.

Table 2. Characteristics of the different fuel campaigns

Campaign 235y Enrichment Pu quantity | Burn-up max Cycle time (day Loading
equiv. full Px) plan
Standard 1450 34 % None 43 258 1/4
Standard 1300 31 % None 33 300 13
Standard 900 3.25% None 33 298 113
Garance 3.7 % None 42 275 1/4
Cyclades 4.2 % None 42 355 1/3
Gemmes 40% None 43 395 13
MOX 16% Equiv. 3.7 % 7% 35 280 13
MOW “low” Equiv. 3.25 % 5.3% 36 290 1/3

The used fuel stock

Throughout the process from reactor to storage, the CLASS software allows us to follow
the composition of each fuel in each facility of the fleet. The aim of this work is to
present the total inventory in stock and in cooling for UOX and MOX. This information is
also provided by the ANDRA organism [3].

For UOX used fuels, the ANDRA reported 12 006 tonnes of heavy metal in stock,
including cooling, versus 18 500 tonnes of heavy metal predicted by CLASS (see Figure 8).
The large difference is easily explained by the presence of 56 tonnes of plutonium already
separated from used UOX fuel, which corresponds to about 5600 tonnes of heavy metal
before separation. However, CLASS still overestimates the amount of UOX fuel in the fleet
by about 1000 tonnes. This could be explained by the large tendency of the PWR operator
to always use the fuel at maximum burn-up, adding about 20 days’ equivalent full power
at the normal irradiation of the fuel.
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Figure 8. Evolution of the total amount of UOX used fuel in stock and cooling,
in tonnes of heavy metal
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For the MOX fuel, the predictions are in good agreement: 1250 tonnes is predicted by
CLASS versus 1287 tonnes for ANDRA. Overall, CLASS is performing well in estimating
the total amount of fuel in the fleet, these results are the first step towards the validation
of the CLASS software. A detailed benchmark will be performed in the coming years,
including a comparison with the COSI software developed by CEA. In this comparison,
the isotopic evolution of the different fuels will be analysed.

Conclusion

In the present work, the current status of the CLASS software is detailed and illustrated
with a simple example. The main working scheme is explained through the example of
the French fleet. The basic capacities of the CLASS software are verified, nevertheless, a
detailed analysis and a precise benchmark are still required.

CLASS is a young software (about 1 year’s development), but it has got off to a
promising start. Many further developments and analyses are already in progress, and
other will come in order to make CLASS, some precise software for electronuclear
scenario simulation. During the upcoming year, precise comparisons with different items
of scenario software such as COSI will be performed on transitional scenarios. This
benchmark will allow validating the CLASS software.

Future improvements will also concern the development of a standard method for
data bank generation. Priority will be given to the generation of a sodium fast reactor
MOX and Multi MOX data bank and one for ADS in order to consider the management of
minor actinides and eventually plutonium in “end game” scenarios.

As mentioned previously, on-going analyses will also study different aspects of the
definition of distances between two isotopic vectors and their influence on the evolution
module. The evolution modules will also be extended to the entire nuclear chart.
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Transient analysis for lead-bismuth-cooled accelerator-driven
system proposed by JAEA
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Abstract

It is supposed that an Accelerator-driven System (ADS) is safer than conventional critical
reactors since an ADS is driven by the external neutron source in the subcritical state. In
this study, the transient analyses for the lead-bismuth cooled ADS proposed by JAEA were
performed using the SIMMER-III and RELAP5/mod3.2 codes to investigate the possibility of
core damage.

In this research, three accidents; the protected loss of heat sink, the protected overcooling
and the unprotected blockage accident were considered as typical ADS accidents. Through
these calculations, it was confirmed that all calculation results, except for the protected
loss of heat sink, fulfilled the no-damage criteria. In the protected loss of heat sink, the
cladding tube temperature reached its melting temperature after 18-21 hours, although the
calculation condition was very conservative. These results have led to requirements to
design a safety system of the ADS to decrease the frequencies of accidents.

Introduction

The Japan Atomic Energy Agency (JAEA) has performed research and development of an
Accelerator-driven System (ADS) to reduce the burden for the conditioning and disposal
of high-level radioactive waste. The proposed ADS is a lead-bismuth eutectic (LBE) cooled
tank type ADS, which consists of a high intensity proton accelerator with 1.5 GeV beam
energy and a subcritical core with 800 MW thermal power [1, 2]. It can transmute 250 kg
minor actinide (MA) per year.

It is supposed that the ADS is safer than critical reactors since an ADS is operated in a
subcritical state. The advantages of the subcritical system are:

e the shutdown is easy (just to stop the supply of spallation neutrons by the
shutdown of the accelerator);

e a possibility of a critical accident is smaller than the critical reactors.
The advantages of using the LBE as a coolant are the following:

o there is little possibility of a void generation by boiling due to the high boiling
point of the LBE (1670°C);

o the LBE is inactive against the water, unlike sodium.

On the other hand, it is very important to control oxygen concentration in the LBE to
protect corrosion and the generation of lead oxide. Preventing the LBE from overcooling is
also important in an LBE-cooled system. It is supposed that the lead oxide or frozen LBE
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will be one of the causes of a flow blockage at a fuel assembly, a heat exchanger tube or
other components.

In the previous study, a preliminary investigation of safety was performed by Level 1
PSA (probabilistic safety assessment) with the consideration of such characteristics of the
LBE-cooled ADS [3]. The previous study showed that the probabilities of the two cases,
beam window breakage (BWB) and protected loss of heat sink (PLOHS) were more than
10°¢ [reactor year]. For other events, such as beam overpower (BOP) and unprotected loss
of flow (ULOF), Level 1 PSA showed that the frequencies of these events were less than
10°¢ [reactor year]. Here, “protected” and “unprotected” mean a success and a failure of
the beam-shutdown, respectively. In addition, the previous study showed that there was
little possibility of core damage in BWB, BOP and ULOF through the transient analysis.

This study aims to analyse transients of other typical accidents for the ADS based on
past assessments. Two calculation codes, the SIMMER-III [4] and the RELAP5/mod3.2
codes [5], are employed for the analyses. Throughout these analyses, the possibility of the
core damage in the ADS is discussed.

Calculation condition

Calculation code

The SIMMER-III code is an advanced safety analysis code, which has been developed to
investigate postulated core disruptive accidents in fast reactors [4]. The SIMMER-III code
is a two-dimensional three-velocity field, multi-phase, multi-component, eulerian fluid
dynamics codes coupled with a structure model and a space-, time- and energy-
dependent neutron kinetics model. The latest version of the SIMMER-III code is available
to analyse the LBE-cooled ADS by adding features to treat the subcritical state with the
external neutron source and physical properties for the LBE [6]. However, it is unable to
treat a heat generation by the spallation reaction in the target region. Hence, heat
generation in the target region was ignored in the SIMMER-III calculation. It is
appropriate to analyse a short-range (a few seconds, for example) transient.

Figure 1. Conceptual diagram of ADS
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The RELAP5/mod3.2 (RELAPS in the following) code is a thermal hydraulic computer
code, which has been developed to predict the behaviour of nuclear plants during
transient and accidental conditions [5]. The code models the coupled behaviour of the
reactor coolant system, the core for loss of coolant accidents and operational transients
such as anticipated transient without scram and loss of flow. The module to use the LBE
as a coolant was prepared and employed in this study. The code models the whole flow
of the system including a secondary cooling system but no eutronic model is available. It
is adequate to calculate a long-range (several hours, for example) transient.

Table 1. Main parameters of ADS

Plant Thermal power 800 MWt
Coolant LBE
Inlet temperature 300°C
Coolant velocity 2.0 m/sec
Upper limitation of ket 0.97
Operation period 600 EFPDs’

Fuel assembly Type Ductless and

hexagonal

Number of fuel assemblies 84
Pitch 233.9mm
Width 2329 mm
Number of fuel pins per
assembly 391
Number of tie rods per 6
assembly

Fuel Composition (MA+Pu)N+ZrN
Pu enrichment (inner/outer) 15.1/21.3 wt%
ZrN ratio (inner/outer) 49.7/49.7 wt%
Pin outer diameter 7.65 mm
Thickness of cladding tube 0.5mm
Pin pitch 11.48 mm
Active height 1000 mm

«Effective full power days

Calculation model

The calculation was performed for the ADS proposed by JAEA [7]. Table 1 summarises the
main parameters of the ADS and Figure 1 presents a conceptual diagram of the ADS. The
reactor vessel contains a beam duct, a subcritical core, a steam generator (SG) and a
primary pump. A primary reactor auxiliary cooling system (PRACS) is prepared to remove
decay heat. However, in this study, the PRACS was not considered for the treatment of
the most severe case.
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As described above, the LBE is used as both the spallation target and the coolant. A
nitride fuel of plutonium and MA is cladded by T91 steel as a fuel pin. The fuel pins are

assembled as a ductless hexagonal fuel assembly (FA), then these 84 FAs are loaded into
the subcritical core.

SIMMER-11I

Since the SIMMER-III code is unable to treat a hexagonal model, the subcritical core
was simulated by an RZ calculation model, as shown in Figure 2. The subcritical core
consists of 84 FAs that are divided into four rings. The inner most one is named the first
ring, the next one is the second ring. These zones were used in the investigation of a
multi-zoned ADS [7], and in this study, a two-zoned model, which has two different types
of plutonium enrichment is employed.

When the subcriticality is large, the importance of the fission reaction near the
spallation target increases. This means that the cladding tube temperature at the nearest
position from the spallation target reaches maximum value at this moment. The power
distribution in the second EOC (End of Cycle) was the most severe state since the
subcriticality in the second EOC was the largest during the ADS operation [7]. Based on
this result, a neutronic calculation model in the second EOC state was employed.

Figure 2. RZ calculation model for SIMMER-III
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Figure 3 shows the calculation model used in the RELAPS5 calculation. In this
calculation model, the subcritical core consists of three components, the spallation target,
first ring and other rings (second-fourth), hence, the most important point of this
analysis is to confirm the cladding tube temperature at the first ring. Thus, the
calculation model is simplified for other FA rings. The heat structure of the RELAPS input
is given to the spallation target, each FA ring and the SG. For other components, the
adiabatic assumption is considered, so the heat removal from the reactor vessel is
ignored, for example. For the heat distribution in the subcritical core, the calculation
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result by the SIMMER-III code provides the same cladding tube temperature. In the SG,
the heat balance is adjusted to keep the LBE temperature at the inlet of the core at 300°C.

Figure 3. Calculation model for RELAPS calculation
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Table 2 summarises the parameters for the RELAPS calculation model. Some
parameters shown in Table 1 are also employed in the RELAP5 calculation. The pressure
in the SG is 6.0 MPa and the water mass flowrate is 870 kg/s. A detailed design of the
primary pump for the ADS has not been performed yet and Table 2 shows the parameters
of the primary pump [8]. The decay heat calculated by the ORIGEN-II code [9] in second
EOC condition was used in that case.

Table 2. Parameters for RELAP5S calculation model

SG LBE inlet temperature 400°C
LBE outlet temperature 300°C
Water inlet temperature 243.8°C
Water outlet temperature 275.4°C
Pressure in SG 6.0 MPa
Water mass flow rate 870 kg/s

Pump Pump head 45m
NPSH™ 25m
Inertia moment? 12 000 kg m?2
Rated torque™ 40 000 Nm

Coolant Mass flow rate 56 900 kg/s
Total amount of LBE 8240 t

*1: Net positive suction head.

*2: Provisional value.
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Calculation case

In the previous study [3], Level 1 PSA was used to quantify the frequency of an abnormal
event. As a result, the frequencies of beam window breakage (BWB) and protected loss of
heat sink (PLOHS) were larger than the criteria (10 [reactor year]), which were employed
in the feasibility study of fast reactors [10]. The transient of BWB was calculated by the
SIMMER-III code and the result showed that there was no possibility of the core damage
by BWB because the LBE flowed into the beam duct and the external neutron source
decreased.

The frequencies of other events, such as Beam Overpower (BOP) and Unprotected
Loss of Flow (ULOF), were less than those of the criteria. However, the transient analyses
for these two events were also performed in the previous study because BOP was the
inherent event of ADS and ULOF was reported as one of the most severe events for
ADS [11]. The calculation results indicated that there was very little possibility of core
damage by BOP and ULOF although there was the possibility of the creep rapture of the
cladding tube.

Table 3. Calculation cases and codes

Previous study* SIMMER-III RELAP5
BWB 0
PLOHS - - 0
POVC - - 0
BOP 0
ULOF 0
UBA - 0

*The case has already been calculated in the previous study [3]. Therefore, the case is not treated in this study.

Based on previous results, this study aims to calculate three events: PLOHS, protected
overcooling (POVC) and unprotected blockage accident (UBA), as a typical accident of ADS.
For PLOHS, the frequency was larger than that of the criteria, 10° [reactor year], so it is
necessary to confirm the possibility of core damage. For POVC, it is supposed that there is
no possibility of core damage by the overcooling of the LBE. However, it is an inherent
issue for the LBE-cooled system and will be a cause for a flow blockage at the FA, the heat
exchanger tube or other components. Thus, it is important to understand a boundary
condition for a temperature of a secondary system. For UBA, which is an accident of the
flow channel block in a fuel assembly without the beam-shutdown, it was pointed out
that UBA has an effect leading to core damage in the LBE-cooled system [11]. UBA was
also selected as a calculation case in this study.

Table 3 summarises the calculation cases and codes to be used in each calculation
case. It was considered that the time range of transient analysis would be long for PLOHS.
It was also supposed that the SG model was necessary to model a loss of heat sink.
Therefore, the RELAP5 code was employed for PLOHS. In the case of POVC, it was
reasonable to use the SG model to change the LBE inlet temperature. Hence, the RELAPS
code was used for the POVC calculation. For UBA, it was necessary to model the FA to
represent a blockage of the flow. It was considered that both calculation codes were able
to treat the blockage of the flow, but the RELAPS code was unable to treat the ductless FA.
Hence, the SIMMER-III code was employed for UBA.
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Figure 4. Change of water flow rate at SG in PLOHS
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Figure 5. Change of LBE flow rate in PLOHS
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In this study, the following criteria were used to judge core damage, namely, the fuel
and cladding tube temperatures should be less than those melting temperatures, 2781°C
and 1320°C, respectively. If the temperatures exceed those, it is deemed that the core has
been damaged.

Calculation result

Protected loss of heat sink (PLOHS)

The calculation of PLOHS was carried out by the RELAP5 code. The loss of heat sink was
expressed as a decrease of the water mass flow rate in the SG. Three calculation cases
were performed in this study. In each calculation case, the time during which the water
mass flow rate reached zero was changed as 0 minutes, 10 minutes and 20 minutes
(case00, casel0 and case20, respectively). Case00 was the hypothetical case to see the
most severe result. A linear decrease was assumed for the water mass flow rate. Figure 4
shows the change of the water flow rate for each case. When the water flow rate in the
SG began to decrease, the operation of both the accelerator and the primary pump was
stopped. The coolant flow decreased with a flow halving time of about 8 seconds. Figure 5
presents the change of the LBE flow rate in the core region. When the primary pump was
stopped, the LBE mass flow rate decreased immediately, but a natural convection by the
decay heat was generated. The mass flow rate by the natural convection was about 3.5%
of the nominal value.
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Figure 6 presents the changes of the cladding tube temperature at the first ring for
each calculation case. When the accelerator was shut down, the temperature decreased
rapidly (small window in Figure 6). After the rapid decrease, the temperature decreased
moderately in casel0 and case20 until about 600 seconds and 1000 seconds, respectively,
because the water was supplied to the SG in that time. Then, the temperature increased
moderately due to the loss of heat sink. The times which the cladding tube temperature
reached at 1320°C were 65,000 seconds (18h), 71,800 seconds (20h) and 75,200 seconds
(21h) in case00, casel0 and case20, respectively. These results exceeded the damage
criteria, so there was a possibility of the core being damaged by the loss of heat sink,
although the PRACS was ignored. On the other hand, these results indicate that there is
18 hours at minimum to manage the accident when PLOHS would occur.

Figure 6. Change of cladding tube temperature at first ring in PLOHS
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Figure 7. Change of LBE temperature at the core inlet in POVC
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Protected overcooling (POVC)

The transient of POVC was calculated by the RELAPS code. In this calculation, a water
inlet temperature at the SG was decreased -50°C, -100°C and -150°C (case-50, case-100
and case-150, respectively) within 200 seconds and it was expected that the LBE
temperature would converge to 193.8°C, 143.8°C and 93.8°C since the water inlet
temperature in the normal operation was 243.8°C. This means that the LBE will freeze in
case-150 because the melting point of the LBE is about 124°C. One of the purposes of
calculating POVC was to confirm the time until the LBE froze.

Figure 7 plots the LBE temperatures at the core inlet in POVC. It was confirmed that
the LBE temperature decreased to the SG water inlet temperature in each case. In case-

248 TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015



NEA/NSC/DOC(2015)7

150, the LBE temperature reached at its melting point at about 900 seconds (15 minutes).
Since the adiabatic condition was assumed for the reactor vessel, this time would be
shorter with the consideration of heat release from the reactor vessel. It is necessary to
detect the decrease of the water inlet temperature at the SG during 15 minutes, at least,
to avoid freezing of the LBE by overcooling.

Unprotected blockage accident (UBA)

The calculation of UBA was performed by the SIMMER-III code. A full blockage at the
firstring was supposed. This assumption is extremely conservative because the first ring
corresponds to 12FAs, so it makes no sense that the flow of the 12 FAs is blocked at the
same time. However, the calculation was carried out as one of the most severe cases.
Three calculation cases, case-bottom, case-middle and case-top, were considered by
changing a blockage position for z-direction. Figure 8 shows the blockage positions for
three cases and an LBE flow vector in the core region before and after the blockage. In
this figure, blue and black colours represent the LBE and steel, respectively, and grey
colour corresponds to fuel particle. Before the blockage (steady state in Figure 8), the LBE
flowed from bottom to top at the first and second rings (Radial 3 and 4 in Figure 8) and
the vector looked slightly towards the right. After the blockage at the first ring, it was
observed that the LBE velocity decreased but the flow was maintained by a cross-flow in
all cases. The vector at the first and secondrings looked towards the left. It can be noted
that the flow at the second ring moved into the first ring when the blockage occurred.

Figure 8. LBE flow vector in the FA region before and after the blockage

Figure 9 presents the cladding tube temperature distributions at the first ring for each
case. The horizontal axis in Figure 9 corresponds to the z-axis shown in Figure 2. When
the bottom of the first ring was blocked, the cladding tube temperature increased with a
maximum temperature less than 700°C. In case-top, the cladding tube temperature near
a top region (z=360-390cm) increased, however, the value was much smaller than the
melting point of the cladding tube. In case-middle, it was found that the cladding tube
temperature near the blockage position increased significantly. The value reached 1260°C

TECHNOLOGY AND COMPONENTS OF ACCELERATOR-DRIVEN SYSTEMS, © OECD 2015 249



NEA/NSC/DOC(2015)7

at z=345cm, and the values decreased as the z-position increased by the increase of the
cross-flow from the second ring. Although creep damage of the cladding tube might have
occured, this result fulfilled the no-damage criteria.

Figure 10 presents the transients of the cladding tube temperature at z=345 cm in
UBA. In this figure, the calculation result with wrapper tube (FA with duct) is added as
case-duct. In case-duct, the duct was added to each FA region in the calculation model
and the temperature condition was adjusted to that steady state by changing the flow
rate. The bottom of FA was blocked in case-duct. It was observed that the cladding tube
temperature increased immediately and reached 1260°C after 5 seconds in case-middle. It
was found that the cladding tube temperature reached the melting point at two seconds
after the blockage in case-duct. This means that UBA has an impact leading to core
damage in the LBE-cooled system, as described in [11]. However, the present results
indicated that UBA would not be a serious accident if the ductless FA was employed.

Figure 9. Cladding tube temperature distributions in UBA
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Conclusion

The transient analyses for the LBE-cooled ADS were performed using the SIMMER-III and
RELAPS codes to investigate the possibility of core damage. Based on the previous study,
three cases were calculated as typical accidents of the ADS.

In the case of PLOHS, the cladding tube temperature decreased immediately after the
shutdown of the accelerator. After the shutdown, the temperature increased moderately
by the loss of heat sink and the cladding tube temperature reached 1320°C after 18 hours,
20 hours and 21 hours in case-00, case-10 and case-20, respectively. These calculation
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results showed that there was a possibility of core damage by PLOHS, although the
calculation condition was very conservative (adiabatic assumption for the reactor vessel
and no PRACS). In the case of POVC, it was confirmed that the LBE temperature decreased
to the water inlet temperature at the SG. In case-150, the LBE temperature reached its
melting point at 15 minutes. Although there was no possibility of core damage by POVC,
it was necessary to detect the decrease of the water inlet temperature at the SG during
15 minutes to avoid freezing of the LBE by overcooling. Obviously, it is important to
design the secondary coolant system to maintain the water inlet temperature at the SG
above the LBE melting point.

In the case of UBA, it was found that the flow at the first ring, which was blocked, was
maintained by the cross-flow because the ductless FA was assumed to be used in the ADS
design. In case-middle, the cladding tube temperature reached 1260°C, and it was
supposed that the creep damage of the cladding tube might be possible. However, all
results fulfilled the no-damage criteria, although a very conservative calculation
condition was employed. These transient analyses indicated that there was a possibility
of the core being damaged by the loss of heat sink in the ADS investigated in this study, if
the PRACS were out of order. As a next step, it is required to design a safety system of the
ADS to decrease the frequencies of accidents.
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Abstract

Argonne National Laboratory (ANL) of the US is collaborating with the Kharkou Institute
of Physics and Technology (KIPT) of Ukraine to develop and construct a neutron source
facility. The facility is planned to produce medical isotopes, train young nuclear
professionals, support Ukraine’s nuclear industry and provide capability to perform reactor
physics, material research, and basic science experiments. It consists of a subcritical
assembly with low-enriched uranium fuel driven with an electron accelerator. The target
design utilises tungsten or natural uranium for neutron production through photonuclear
reactions from 100-MeV electrons. The accelerator electron beam power is 100 KW. The
neutron source intensity, spectrum, and spatial distribution have been studied as a
function of the electron beam parameters to maximise the neutron yield and satisfy
different engineering requirements. Physics, thermal-hydraulics, and thermal-stress
analyses were performed and iterated to maximise the neutron source strength and to
minimise the maximum temperature and the thermal stress in the target materials. The
subcritical assembly is designed to obtain the highest possible neutron flux intensity with
an effective neutron multiplication factor of <0.98. Different fuel and reflector materials are
considered for the subcritical assembly design. The mechanical design of the facility has
been developed to maximise its utility and minimise the time for replacing the target, fuel,
and irradiation cassettes by using simple and efficient procedures. Shielding analyses were
performed to define the dose map around the facility during operation as a function of the
heavy concrete shield thickness. Safety, reliability and environmental considerations are
included in the facility design. The facility is configured to accommodate future design
upgrades and new missions. In addition, it has unique features relative to the other
international facilities and it can be used for studying accelerator-driven systems. The
facility utilisation study shows that this neutron source facility has excellent capability for
producing different medical isotopes. Several horizontal neutron channels are incorporated
to perform basic research, including cold neutron source. This paper highlights the design,
the performed analyses, and the current status of the facility.
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Introduction

For more than five years, Argonne National Laboratory (ANL) of the US has been
collaborating with Kharkov Institute of Physics and Technology (KIPT) of Ukraine to
develop and construct a neutron source facility [1-28]. The facility has an accelerator-
driven subcritical assembly with low-enriched uranium (LEU) fuel. An electron
accelerator is utilised for generating neutrons from photonuclear reactions with high
mass number material, tungsten or natural uranium to drive the subcritical assembly.
The facility will be utilised to produce medical isotopes, train young nuclear professionals,
support Ukraine’s nuclear industry and provide capability to perform reactor physics,
material research and basic science experiments.

Several studies have been performed to develop the facility design and examine the
main design parameters to fulfill the above facility objectives. The electron beam target
assembly design, the spatial energy deposition in the target materials and the intensity,
spectrum and spatial distribution of the neutron source have been studied as a function
of the electron beam parameters, target materials, and target configurations. The main
objectives are to maximise the neutron production from the 100-KW electron beam
power and to fulfill the different engineering design requirements. Target designs have
been developed based on these studies and the engineering analyses have been
performed including heat transfer, thermal hydraulics, thermal stresses, and material
requirements. The target geometrical configuration has been designed to maximise the
neutron utilisation in the subcritical assembly and to match the geometry of the fuel
assemblies. The neutron flux distribution of the subcritical assembly design has been
examined as a function of uranium fuel enrichment, uranium density, reflector material
selection, reflector thickness, and target material for kesr of ~0.98. The facility design is
configured to maximise its utilisation by using simple and efficient procedures for its
operation and maintenance, to ensure safety, reliability, and environmental
considerations and to allow future upgrades and new functions. The medical isotope
production capability of the facility has been analysed to define the irradiation locations
and the sample sizes for about 50 radioactive isotopes. This paper highlights the current
facility design, the key results from the design analyses and the current status of the
facility.

Main components

The neutron source facility consists of several components, which are integrated for
steady-state operation. The main components are the target assembly, the subcritical
assembly, the biological shield, and the radial neutron ports. Auxiliary components are
also designed to support the operation including cooling loops, fuel loading machine,
removable biological shield for accessing the subcritical assembly and the target
assembly, and cold neutron source. The main components are presented with their key
performance parameters.

Target assembly

Several studies have been carried out to investigate the target design choices and the
accelerator beam parameters for a satisfactory design and an acceptable operating
performance. The main focus is to maximise the neutron production from the 100 KW
beam power. The target design has been configured to operate satisfactorily with
100 MeV electrons. The MCNPX computer program [29] is utilised to determine the
neutron source intensity, the neutron spectrum, the spatial neutron distribution, and the
spatial energy deposition in the target assembly as a function of the beam parameters,
the target materials, and the target design details. The Computational Fluid Dynamics
(CFD) software packages STAR-CD [30] and STAR-CCM+ [31] are used for the thermal-
hydraulics analyses. The coolant velocity profiles and the spatial temperature
distributions in the target assembly have been studied using the spatial energy
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deposition distributions obtained from the MCNPX analyses. The NASTRAN [32] structure
analysis computer code has been used to calculate the thermal stresses in the target
materials using the spatial temperature distributions from the CFD analyses. These
analyses have been iterated to satisfy the temperature and the thermal stress limits for a
satisfactory operation. Target designs have been developed based on the results of these
studies and the engineering practices including nuclear physics, heat transfer, thermal
hydraulics, structure, fabrication, and material requirements. Samples from the target
studies are summarised in this section.

The electron beam generates x-rays with a continuous energy spectrum
(Bremsstrahlung radiation) from the interactions with the target materials. These x-rays
are absorbed in a variety of photonuclear reactions in the target materials and neutrons
are produced from these reactions. Target materials with a high atomic number are
required to maximise the neutron yield. In addition, high melting point, high thermal
conductivity, chemical inertness, high radiation damage resistance, and low neutron
absorption cross-section are the desirable properties for the target materials. The physics
analyses of the possible target materials show that uranium, tungsten, lead, and
tantalum produce the highest number of neutrons per electron. The physical properties
of the uranium and tungsten materials, their neutron yields, and the operating
experience from different accelerator facilities around the world led to their selection to
generate neutrons. Tungsten has the highest melting point of all metals (~3422 C).
Uranium target material produces the highest neutron yield per electron due to its photo-
neutron reactions and the additional neutrons from the photo- and the neutron-fission
reactions. The operating lifetime of uranium target is shorter relative to tungsten because
of the extra swelling caused by fission gasses.

In order to characterise each target material, several performance parameters were
analysed in this study. These parameters include total neutron yield, total energy
deposition, neutron spectrum, neutron and energy deposition spatial distributions, and
required target length. Each of these parameters has a particular role in defining the
target performance and design. A high neutron yield enhances neutron source intensity,
which defines the neutron flux level and the total power of the subcritical assembly. The
target energy deposition influences the design of the target coolant system and the
neutron yield. The neutron spectrum affects the system’s effectiveness in performing
material characterisations and producing medical isotopes. The spatial neutron
distribution from the target determines the target position inside the subcritical assembly
and the neutron source utilisation fraction. All these parameters were studied to define
the target performance characteristics and the design configuration. The main
geometrical parameters of the target designs which resulted from parametric and
optimisation studies are shown in Table 1. The calculated neutron yields are 1.88x10™
and 3.06x10™ neutrons per second (n/s) using 100 KW electron beam power with the
tungsten and the uranium target designs, respectively. Figure 1 shows the spatial energy
deposition normalised to 2 KW/cm? power density on the beam window and the resulting
temperature distribution in the tungsten target disks.

Heat transfer and thermal-hydraulics parametric studies were performed to help
define the target mechanical configuration, the size of the water coolant channels, and
the temperature distribution in the target materials. The 100-KW electron beam with
~2-KW/cm? uniform beam power density, the 7.5-m/s water coolant velocity inside the
target manifold, and the 4-atm coolant pressure are used. The analyses showed that
higher coolant velocity enhanced the target performance. The target material has a
square geometry and its axis coincides with the electron beam axis. The flow direction of
the water coolant is perpendicular to the target axis. This arrangement results in a stack
of disks forming the target design. The water coolant channels between the target disks
have a constant thickness of 1.75 mm. The average increase in the water coolant
temperature is less than 5°C for the current coolant conditions. Each target disk is cooled
from both sides to minimise thermal deformation. The target water coolant channels are
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connected in parallel to the input and the output manifolds. The analyses defined the
thickness of the different target disks for a subcooled boiling margin of 30 to 40°C. The
uranium disks have a 0.7-mm aluminum clad to avoid water coolant contamination with
fission products while the tungsten disks are coated with tantalum to improve corrosion
resistance.

The results from the MCNPX studies using three-dimensional geometrical models
were used for the CFD thermal-hydraulics analyses. The three-dimensional geometrical
models account for the target design details. The CFD calculations were performed to
define the thickness of each target disk. In these analyses, water velocity distribution was
calculated for each coolant channel and spatial temperature profile was calculated for
each target disk and each coolant channel using a single geometrical model for the target
assembly and the three-dimensional MCNPX energy deposition results. Figure 2 shows
the temperature profile in the uranium material for the 100 KW uniform beam using
100-MeV electrons. These temperatures fulfill the adopted temperature design criteria.

The three-dimensional model and the corresponding temperature profiles of the
uranium and the tungsten targets were imported into NASTRAN computer code for
thermal stress analyses. The intensity and distribution of the thermal stresses were
evaluated for normal operating conditions. In the target design, the disks are allowed to
expand in the radial and axial directions to reduce operating stresses. Thermal stress
intensity distribution during the normal operation was evaluated. Although thermal
stresses are secondary stresses, their maximum values are limited to a fraction of the
material yield stress. This is a very conservative approach, leaving a large design margin
to account for radiation damage and thermal-cycling effects. These effects are important
to define the target operating lifetime. The tungsten target results show the peak thermal
stress is less than 100 MPa.

Table 1. Target design parameters

Tungsiun Target Uranium Targel
Beam Power 00 kW Channsl Wintes Tanged Clad Wates Target Clad
Maanbar Channel _Plulu Thickness| Channel Plate Thickness
Distribution: Uniform Thickness | Thickness mm Thickness | Thickness rh
mim i mim i
Election Energy 100 Mel ] 1.0 1.0

1 1.78 LN ] 0, 25x2 1.75 0 ¥
Beam Size 64 = B4 mm F 1.75 30 0252 175 25 | 0.88 #3
k] 1.75 30 0.25x2 1.75 5 [TLEF
Target Plote 06 = 85 mm 4 1.75 an 0.25x3 175 25 |o005w%2
5 1.75 4.0 0.25x2 1.78 2.0 0.7 %2
Coolant Wiler B 1.75 5.0 0252 178 30 K EF]
P 5 T 1.0 10.0 0.25x2 175 4.0 0.7 =2
ressute; atm 5 TTE =0 573
: § 178 7.0 0.7 %2
Imbet Temperatune 20.0C 0 T 00 07 =2
5 11 1.0 14.0 0T =2

Cutiet Temperature 241C Total L8 LRT] 35 9.5 5 58
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Figure 1. Power density distribution (left) and temperature distribution (right)
in tungsten target disks
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Subcritical assembly

Parametric studies were performed to maximise the neutron flux of the subcritical
assembly with an effective neutron multiplication of <0.98. Different fuel designs,
uranium enrichments, and reflector materials were considered. The target assembly is
placed at the subcritical assembly centre. LEU with <20% ?**U and HEU with 90% %*U were
analysed with two uranium densities of 1.0 and 2.7 g/cm?. The analyses focused on the
possibility of utilising LEU fuel instead of HEU fuel without penalising the neutron source
facility performance. Three-dimensional models of the subcritical assembly, including
the detailed target design, were developed to define the subcriticality level and the
neutron flux distribution. The target and the fuel assemblies are explicitly modelled
without any geometrical approximation or material homogenisation to obtain an
accurate performance characterisation. The MCNPX computer code with continuous
energy data libraries and S (o,B) thermal data was used for the analyses. Three reflector
materials, beryllium, water, and carbon were considered. Parametric analyses were
performed to assess the number of fuel assemblies required to get kesr of ~0.98 for
different combinations of the reflector and target materials, fuel densities, and fuel
enrichments. The corresponding neutron fluxes were also calculated.

The results show that the use of the uranium target requires the smallest number of
fuel assemblies to achieve the desirable kerr value. This small number of assemblies is due
to the extra neutron multiplication produced from the natural uranium target material.
The subcritical configurations with water reflector require a larger number of fuel
assemblies as compared to the configurations with beryllium and carbon reflectors,
because of the neutron absorption in the water. The very small number of fuel
assemblies limits the subcritical assembly flexibility to study different geometrical
configurations. In addition, the fuel assembly arrangements with beryllium reflector and
uranium target are significantly asymmetric. The fuel design of the Kiev research reactor
with low-enriched uranium (LEU) produced higher neutron flux relative to other fuel
designs.

In order to compare the performance of the subcritical assembly for irradiation
experiments with the LEU and the HEU fuels, the average neutron flux values in different
locations were calculated. The results show that no significant difference between the
subcritical assemblies with HEU and LEU fuels was observed. However, the HEU
subcritical assembly has an extremely small number of fuel assemblies, which limits its
utilisation for reactor physics experiments, generates difficulties for reactivity
measurements, and calibration procedures. Consequently, it is desirable to use the LEU
fuel instead of the HEU fuel to avoid such difficulties.
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The calculated neutron spectra in the fuel region of the subcritical assembly show
that about half of the neutrons have energies below 100 keV and the other half are in the
energy range of 100 keV to 20 MeV. The neutron fraction with energy above 20 MeV is
very small but impacts the biological shield design. The use of uranium instead of
tungsten as a target material doubles the neutron flux intensity because of the higher
neutron yield, as shown from the target analyses. The use of beryllium or carbon
reflectors produces higher neutron flux relative to the water reflector. A beryllium-carbon
hybrid reflector design is utilised to provide flexibility to change the subcritical assembly
configuration since a beryllium assembly can replace a fuel assembly. In addition, the
fabrication of high density carbon blocks is difficult and expensive relative to beryllium
blocks. A carbon reflector ring is used around the beryllium reflector.

Figure 2 shows the MCNPX geometrical model of the subcritical assembly with
uranium target, LEU fuel, and beryllium-carbon reflector while Figure 3 presents the
subcritical assembly configurations with tungsten and uranium targets. The main
parameters of the two subcritical configurations are listed in Table 1 including the
effective neutron multiplication factors, the average neutron flux in the target coolant
channel and the first fuel ring, and the energy deposition. Figure 4 shows the energy
deposition distribution in the different materials of the subcritical assembly with the
uranium target from the 100-KW electron beam. Figure 5 shows the corresponding total
neutron flux distributions.

Table 2. Effective neutron multiplication factor, average neutron flux and energy deposition
values using beryllium-graphite reflector and 100 kW/100 MeV electron beam

Average neutron flux (n/cm?-s) Target Subcritical Reflector
Total energy
Target # of Keff energy energy energy deposition
FAs ¢ First fuel ring Target coolant |  deposition deposition deposition (W)
channel (kW) (kW) (kW)
.9568 281e+12 7.873e+12 T A 84
W 28 0.95686 6.281e 873e 85.70 69.19 5 160.73
+0.00013 +0.26 % 10.23% 10.01% 10.24% +0.13%
+ +
U 57 0.97547 1.965+13 2.470e+13 90.57 196.89 11.57 299,04
+0.00012 +0.26 % +0.25% $0.01% +0.35% +0.19%

Figure 2. MCNPX geometrical model of the subcritical assembly, X-Y cross-section on the left
and X-Z cross-section on the right
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Figure 3. Subcritical assembly configurations with tungsten target on the left and uranium
target on the right with beryllium-graphite reflector
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Figure 4. Subcritical assembly configurations with tungsten target on the left and uranium
target on the right with beryllium-graphite reflector
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Figure 5. Total neutron flux distributions, X-Y map on the left, and X-Z map on the right for
the subcritical assembly configuration with uranium target and 100-KW electron beam power
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Biological shield

Biological shielding analyses have been performed to define the shield thickness to
permit personal access to the subcritical assembly during operation. The shielding design
criterion limits the biological dose to <2.5 mrem/hr. Such dose value allows the worker to

have 40-hour working week without exceeding the allowable international exposure limit.

In the design analyses, this value is reduced by a factor of 5 to account for uncertainties
in the nuclear data, the calculational method, and the modelling details. Elaborate three-
dimensional models have been developed to perform the shielding analyses with MCNPX
starting with the electron beam. The biological shield of the subcritical assembly has two
main sections, radial and top sections. The top section includes the top cover of the
subcritical assembly and the biological shield of the electron beam.

The parametric shielding results showed that the use of a steel shield zone in front of
the heavy concrete has a small impact on the biological dose and the shield thickness.
The heavy concrete density is 4.8 g/cm®and it is the selected shielding material to reduce
the cost and simplify the fabrication. In the radial direction, a shielding thickness of
140 cm is required to reduce the total (neutron and photon) biological dose to
0.5 mrem/hr, as shown in Table 3. On the top of the subcritical assembly, the water
coolant in the subcritical assembly pool acts as a shielding material, which reduces the
required heavy concrete shield thickness. However, the radiation streaming from the
beam tube and the electron beam losses at the bending beam magnet complicate the
shielding design in this area. The electron beam losses define the required shield
thickness of the top section. Figure 7 shows the calculated dose map and the required
shield dimensions at the top section due to 80-W electron beam losses at the first
bending magnet.
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Table 3. Calculated biological dose values around the subcritical assembly with uranium target
during operation with 100-KW beam power and 140 cm of heavy concrete radial shield thickness

Radiation source Radiation biological dose (mrem/hr)
Neutron 0.206 £ 7.24%
Photon 0.056 + 4.63%
Total 0.262

Figure 6. Main dimensions of the biological shield top section on the left and the
corresponding total biological dose map on the right
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Neutron source facility design

The subcritical assembly facility uses proven techniques and practices for its design,
operation, and maintenance to enhance its utilisation. The main facility components are
the target assembly, the subcritical assembly, the biological shield, and the auxiliary
supporting systems. Figure 8 shows a quarter cut isometric view of the subcritical
assembly design where the main components are viewed, including the target assembly,
the fuel assemblies, the beryllium reflector assemblies, the carbon ring reflector, the fuel
machine arm, the storage racks, and the support grid. The loading and unloading of the
fuel assemblies, beryllium reflector assemblies, and irradiation cassettes are performed
without opening the biological shield. Replacing the target assembly requires opening the
top shield sections without removing the top cover of the subcritical assembly.

Figure 8 shows the overview of the neutron source facility. It includes the accelerator
building, the subcritical assembly hall, the attached laboratory building, the secondary
coolant towers, and the electrical power station to operate the facility. Medical isotopes
and material testing glove boxes, water distillation facility, back-up diesel generator units,
temporary spent fuel and used target storage pool, and temporary liquid radioactive
waste storage are included in the design. At the time of writing this paper, the facility
was under construction and the expected start-up date was planned for March 2014.
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Figure 7. Quarter cut isometric view of the subcritical assembly design

Conclusion

The design of the KIPT accelerator-driven subcritical assembly facility has been
successfully developed using 100 KW - 100 MeV electron accelerator within the
collaborative activity between ANL and KIPT. The facility is designed with the low-
enriched uranium fuel design of the Kiev’s Research Reactor. The developed design
satisfies the facility objectives and it has flexibility for future upgrades and new functions.
It has excellent capabilities to produce medical isotopes, perform basic research using its
radial neutron beams, perform physics studies, and train young nuclear scientists. At the
time of writing this paper, the facility was under construction and the expected start-up
date was palnned for March 2014.
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A multi-megawatt compact neutron - source for ADS

Karel Samec
CERN, Geneva, Switzerland

Abstract

The development of high-power liquid-metal neutron sources is continuing in Switzerland,
in the context of the TIARA FP7 research programme. A design is being proposed which
draws on the combined experience from programmes previously conducted in Switzerland
such as MEGAPIE and EURISOL. The neutron source is a key component in an accelerator-
driven system, or ADS, requiring it to be safe, reliable and capable of absorbing vast
amounts of heat from the high-power proton beam in a very small volume so as to provide
a dense neutron field to the subcritical blanket.

The current work presents a neutron source concept able to operate safely under beam
power levels of several megawatts. Key to the novel design is a conical concave thin-gauge
beam window optimised for low stress as well as the implementation of multiple barriers
to mitigate the consequences of an eventual failure in any component. In terms of the
neutronic performance, the chosen configuration presents minimal neutron losses from the
central spallation zone, an important consideration for the neutron economy. The overall
design is based on a “matrioSka” concept in which successive components are enclosed
within one another, thus allowing rapid assembly and maintenance and at the same time
ensuring that the most active components are safely shielded by multiple barriers.

Introduction

In the description of an “Energy Amplifier” or Accelerator-driven System [1], C. Rubbia
laid out the plan for a nuclear reactor in which the usual method of controlling a nuclear
chain reaction, the proportion of delayed neutrons, would be replaced by a central
neutron source. The neutron source surrounded by a subcritical nuclear fuel core would
provide the additional neutrons needed to keep the fission process in equilibrium. In a
subsequent article [2], presenting an abridged version of the concept, the author
summarised the three main components of an ADS as:

e accelerator;
e energy producing tank;
o fuel fabrication and reprocessing.

The “energy producing tank” comprises the subcritical core and the spallation source
at its centre. The power of the source envisaged in these early studies was approximately
10 [MW], leading to a thermal power of the reactor of 1.5 [GW]. The power deposition in
the window was estimated at 1[kW/cm?] with a fairly wide proton beam characterised by
a Gaussian profile of 2o = 15 [cm]. The author highlighted the necessity to keep the beam
window thickness below 1.5 [mm], in order to keep stresses and temperatures at a safe
level.
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Since these early proposals were made, tests have been conducted on various
neutron spallation source concepts. A test of a liquid metal neutron source under proton
beam irradiation was conducted in 2006 with the MEGAPIE experiment at 0.76 [MW] of
beam power. The 4-month test showed that the concept was viable [3], although some
practical difficulties arose in relation to a faulty heat exchanger. Later in 2009, a more
compact liquid metal neutron source EURISOL was designed for operations under a
4 [MW] proton beam [4] and tested at full-scale in representative hydraulic conditions but
without beam irradiation [5]. The latter test was successful in validating the design of a
very thin concave shaped beam window capable of withstanding a multi-megawatt beam
with a very small footprint (26 = 5[cm]), which could result in very high neutron fluxes in
the range of ~10[n/cm?s].

The neutron spallation source envisaged in the current paper draws on experience
gained from both programmes and proposes a solution for designing a safe and compact
high-power neutron spallation source.

Lessons learnt from past research programmes

The design proposed draws heavily on the experience obtained recently in the test
mentioned above. The MEGAPIE test [3] registered a significant success for a first-of-a-
kind megawatt-class spallation source, notably the ability of the safety-critical beam
window to withstand very high thermal loads and high dpa (displacement per atom)
values. The irradiation over a period of 4 months reached 10 dpa on the window and
would have led to a high degree of embrittlement. This point is still being investigated in
the post-irradiation part of the MEGAPIE programme. The overall configuration of the
MEGAPIE source is that of an elongated cylinder, 4 metres in length impacted by a proton
beam from below. This configuration was originally chosen to allow natural convection of
the liquid metal in the target as the heat exchangers are situated at the top of the target.
However, later on in the development, serious doubts arose as to the coolability of the
target window under such natural convection conditions and the idea was dropped.
Instead, the flow was driven by an electromagnetic pump, which proved utterly
dependable in the test.

A second source of inspiration for the proposed design is the EURISOL liquid metal
spallation neutron source, which featured a concave conical beam window, only 0.8 mm
thick, as described in [4]. Despite the thinness of the target beam window, the specially
developed hyperbolic profile and tapered thickness allowed the source to be tested
hydraulically at full power without undergoing any failure [5]. A mass flow rate of
150 kg/s flowed through the central 6 cm diameter guide tube, resulting in speeds as high
as 6 m/s in the liquid metal. No beam irradiation was tested, however, the flow rate was
high enough to cool and evacuate a beam of 4 MW. The lessons learnt from these two
tests are summed up in Table 1 and Figure 1 shows the two designs for comparison.

Figure 1. MEGAPIE source (left in transport cask) and EURISOL source (right on hydraulic test stand)
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Table 1. Lessons learnt from testing liquid-metal spallation neutron sources

Relevance to Lesson learnt

Multiple containment strategy is vital.

Natural circulation is difficult to control.

Leaks will occur and must not flow into the path of the beam.

System
Leak analysis and mitigation strategy must be planned ahead.

No organic cooling liquid should be used inside a source.

Design supported by multi-physics codes is reliable.

Calibrated electro-magnetic pumps are reliable.

Component Novel concave beam window is effective.

T91 (316) stainless steel is an appropriate material choice.

Flow-meter instrumentation must be diversified.

Instrumentation is needed both inside and outside the source.

Monitoring
Ensure leak detection using diverse sensors.

Pressure transducers and thermocouples are resilient.

Essential principles of the new proposed design

The “matrioska” principle alluded to in the introduction, refers to a system of successive
confinements that would mitigate leaks from the central source of radioactivity in the
event of an accident. It is also a design concept facilitating rapid assembly or disassembly.

For greater clarity, Figure 2 shows the design principle schematically. The complete
actual engineering design is shown fully in the next section. The schematic below gives
but an approximate overview of the main advantages of the proposed design, and is
completed thereafter with a few details of the engineering aspects.

The source is divided into an upper part which contains a heat exchanger and a pump
and a lower part, where the beam impacts the liquid metal, releasing spallation neutrons.
This division is the same as in MEGAPIE. However, the new proposed design separates
completely the secondary circuit and the pump from the primary circuit located inside
the source containment, which is essentially an inert container with no active
components. Robustness is thus enhanced since the primary circuit contains the highest
activity but it contains no wiring for the pump or direct interface with the secondary fluid
as was the case in MEGAPIE.

Maintainability is also addressed by the proposed design by separating each
functionality of the source into distinct successive compartmentalised vessels which
slide into each other in a vertical position from the top. Using simple guiding techniques,
this method is by far the most convenient for precisely interfacing the successive
cylindrical vessels within one another.
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Figure 2. Proposed high-power neutron source: operation (left),
assembly procedure for maintenance (right)
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Improvements

Enhanced ability to handle beam trips

The vertical configuration has been retained in the proposed new design shown in
Figure 2, inspired by MEGAPIE. However, unlike MEGAPIE, the proton beam does not come
from below the source, instead, it is channelled down a central tube inside the source
through a conical concave beam window taken from EURISOL and impacts the liquid
metal in the bottom part of the source. Such a configuration allows a gentle coast-down
in the event of a pump trip since natural circulation driven by the proton beam impacting
the source in the bottom section will continue to cool the window. Hence it is not
necessary to immediately switch off the beam in the event of a pump trip, there would be
sufficient time to either restart the pump or take corrective action which can terminate
operation with an orderly beam shut-down if all else fails.

Conformal ribbed external heat exchanger

The heat exchanger in MEGAPIE has been traced as the source of the graphite
contamination which was placed in the containment upon inspection post-irradiation.
The heat exchanger placed in the new design offers significant improvements.

The ribbing showed in the figure below creates a considerably larger exchange
surface area in a relatively small space. In this manner it is not necessary to increase, by
a great amount, the heat transfer coefficient or the temperature gradient between the
primary and secondary circuit, which results in a greater flexibility as to the choice of the
coolant on the secondary side.
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Figure 3. Conformal ribbed external heat exchanger

Primary circulation: dashed arrows in grey ribs , secondary circulation: full arrows in blue ribs.

Hence the secondary circuit employs no organic fluids. Liquid metals such as LBE,
gallium or conventional water are all possible due to the presence of a gap between the
secondary and primary fluid, which excludes the possibility of an interaction in the event
of a vessel rupture on either side. Indeed, the secondary fluid is located in the channels of
the heat exchanger, which is a conformal part of the upper inner portion of the
containment. It is physically separated from the matching primary side of the heat
exchanger situated on the outer upper surface of the source and separated by a gas gap
1 mm thick. Since the two circuits do not share a common wall, like with the steam
generators of a conventional Nuclear Power Plant (NPP), it is not possible for activity from
the primary circuit to leak into the circuit as this would require multiple failures, an
unlikely event (its likelihood being the multiplication of the two likelihoods of either leak).

The gas also serves as a leak detector — any pressure change indicating a leak- and as
a means of controlling the heat transferred from the primary to the secondary side. It
acts as a self-adjusting mechanism since any increase in temperature inside the source
will lead to the swelling of the primary surface, which will close the gap and increase
heat exchange to the secondary side.

Low stresses due to a concave beam window

The beam window is impacted by the proton beam as it drives through the source into
the liquid metal contained inside. Its importance as a barrier is due to the presence of
active compounds inside the source and the maintenance of vacuum in the beam tube.
The beam tube is a major containment bypass in an ADS facility needing adequate
protection. Although some ADS designs purport to do away with a window by envisaging
impacting a film of liquid metal with the beam directly, it seems doubtful that
abandoning such an important barrier would meet the necessary safety requirements.

Beam window coolability is therefore paramount to its integrity and in the current
design this has been achieved by tapering the local thickness down to a minimum of
0.8 mm and adopting a hyperbolic curve for the window profile to give it structural
stability against internal pressure. Figure 4 shows a section of the beam window and the
corresponding temperature and stress profile under a 25 mm-sigma Gaussian profile
proton beam. A larger profile can lead to lower stresses.
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Figure 4. Concave window design (left) 15 cm in diameter, calculation results on an axis-
symmetric model of the resulting temperature (centre) and stress (right) from a 4 MW beam
withaoc=2.5cm

The maximum temperature for a low-temperature liquid metal such as mercury was
shown in [4] to reach 250°C. Hence for lead-bismuth eutectic (LBE), the temperature
would be approximately 100°C higher or 350°C. In the case of pure lead, the peak
temperature in the window would reach 550°C, such temperatures are within the range
that is admissible for T91 under irradiation. The stress shown in the left figure is a
function of the temperature gradient through the beam window thickness, which does
not change significantly according to the liquid metal used. Hence the peak total stress in
the beam window, including membrane, bending and secondary thermal stresses
reaches a peak of 135 MPa, below the admissible at high dpa, which is approximately
200 MPa at 550°C.

Figure 5 shows the implementation of the concave beam window in the proposed
new design. The direction of the flow in this design is towards the pointed concave
window whereas in EURISOL it was the opposite. The cooling effect remains the same
and thereofore, stresses are also similar.

Figure 5. Concave window implementation in new proposed design
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Robustness against beam window failure

An eventual rupture of the beam window due to material fatigue or beam over-focusing
would result in a partial flooding of the central tube inside the source, up to 1/2 of the
height but would not leak into the beam tube of the accelerator and would not impact
any containment and thus cannot result in any bypass of the containment. This is a great
advantage compared to MEGAPIE, where any leak of the window would have impacted
the containment, which could have ruptured. The entire beam tube would then have
been contaminated, thus breaching all containment barriers and releasing activity into
the environment. Furthermore, in the new design, progress of such an accident would be
arrested. Any flooding of the central tube of the source would not impact the
containment which is situated outside the source opposite the beam tube. In order for
the beam to impact the containment, it would be necessary to first evaporate the entire
liquid metal inventory inside the neutron source container which takes about five
minutes if the full power of the beam (4 MW) is left on. This lapse of time is quite
sufficient for a series of engineered safety systems to respond to a variety of diversified
shutdown signals such as loss of flow inside the source container, overpressure in the
containment, overpressure in the source beam tube, multiple temperature exceeds, and
activity release inside the target beam tube.

Protection of the pumps

The pumps are of primary importance as the heat of the beam must be evacuated at all
times and the window must be adequately cooled. The pump serves as the primary
source driving the circulation of liquid metal, although the vertical configuration with the
beam impacting the lower end of the source provides natural circulation of the liquid
metal, sufficient to protect against pump trip at least for a short time. An electro-
magnetic pump (EMP) of the type used in MEGAPIE or the current design consists in an
active part with coils, through which circulates an alternating current, as well as a
passive core without any wiring. Conventional EMPs (shown on the left in Figure 6)
feature an annulus with the liquid metal flowing between two cylinders, an active core
situated in the inner-most cylindrical shell and a passive core located on the outermost
cylinder. This order has been inversed in the current design (see Figure 6 right), the
reason being that by locating the active coils inside the innermost cylinder, it is possible
to position these active electrical components outside the liquid metal container of the
neutron source, inside the beam tube. Thus, the coils and their wiring cannot be brought
into contact with liquid metal and are well protected against short-circuiting. Past EMPs
have used a special ceramic coating to guard against this danger, but the coating is
neither well-known nor manufactured to well-defined nuclear specifications. It therefore
gives a certain advantage to position the active core of the EMPs in the beam tube outside
the liquid metal container to offer the best possible protection for the active coils. The
passive core, on the other hand, contains no wiring and is less sensitive. It is therefore
left in the guide tube, which is immersed in the liquid metal container.

Figure 6. Conventional EMP (left) and new proposed EMP configuration (cut-away right)

Annular flow

Active core
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Having examined the essential details of the proposed improvements featured most
prominently in the new design, the next section gives an overview of the overall design.

Engineering overview

The following figures illustrate how the different details for improving the operation of a
neutron source as described above may be brought into a single engineering design.
Figure 7 (left) shows the outer containment with the integrated ribbing. Each rib is
traversed by secondary cooling fluid, as shown in Figure 3. The source shown in the right
figure has a matching ribbed surface set at a distance of 1 mm, thus allowing a very
narrow 1 mm gas gap between the two components. The ribs on the source are traversed
by primary fluid flowing up from the central spallation zone, to be cooled by releasing
heat into the containment ribbed surface.

The piping connected to the upper containment heat exchanger comprises a set of
distribution outlets so as to ensure equal supply of cooling to the cooling jacket.

Figure 7. Source section view (top), separate containment with ribbed integrated heat
exchanger (bottom left), containment with inlaid source
(containment cut-away bottom right)

Figure 8 shows the method of placing the pump; the active part of the pump containing
the coils is inserted in the beam tube and rests on the inner surface of the annulus containing
the driven liquid metal opposite the passive core (see Figure 6 in more detail).

Figure 8. Integration of pump and diagnostics in beam tube
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Fluid dynamic analysis

Some preliminary CFD analyses have been performed on a two-dimensional axis-
symmetric section model. It shows the overall distribution of velocities in the source; a
peak velocity is reached in the primary side of the heat exchanger due to the reduced
local section used to enhance heat transfer. The simplifications caused by the axis-
symmetry are also partly responsible for this high velocity since it is impossible to
reproduce the ribbing in such a model. In the upwards flowing section of the spallation
zone, the velocity is approximately 8 m/s, which is compatible with the velocities
observed in the EURISOL test. No large-scale recirculation zone has been detected in this
first simple CFD model.

Figure 9. Flow calculated with CFD for a two-dimensional model of the source

Conclusion

The design proposed in the current work will fulfill most operational requirements for a
high-power target at 4 MW. Higher power ratings may be reached by changing the beam
profile, essentially widening it and using either a chopped parabolic or rectangular profile
in lieu of a 25 mm sigma Gaussian, as was retained above, a conservative assumption.

Many safety aspects dealing with the integrity of the containment, the retention of
successive barriers, passive heat evacuation and coast-down times of the pumps have
been optimised to ease operational use. A vertical stacking of all the components gives
the operator greater flexibility in maintaining the source as each separate component can
be easily extracted from the assembly and dispatched to an overhaul facility while a new
replacement part is inserted in its place. Since the different components have been
ordered according to their degree of exposition to irradiation, it may be expected that
scheduling replacements can easily be optimised as the likely mean time between
failures can be more easily predicted than if the components contained heterogeneous
exposed parts.

Finally, the overall configuration of the proposed neutron spallation source offers
advantages in terms of the neutron economy. The central spallation zone can be located
deep inside a subcritical core, enhancing the production fission potential from the
spallation source neutrons. The elongated shape of the source also reduces gamma
exposition by minimising possible leakage of direct radiation.
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Thermal hydraulic numerical investigation of the heavy liquid metal
free surface of MYRRHA spallation target experimental

A. Batta, A. Class
Karlsruhe Institute of Technology, Germany

Abstract

Accelerator-driven systems (ADS) are extensively investigated for the transmutation of
high-level nuclear waste within many worldwide research programmes. The first
advanced design of ADS is currently being built in SCKeCEN MOL-Belgium (Multi-purpose
hybrid research reactor for high-tech applications (MYRRHA)). Many European research
programmes support the design of MYRRHA. In the framework of the EU project Thermal
Hydraulics of Innovative nuclear Systems (THINS), a free surface experiment is performed
at the Karlsruhe Liquid Metal Laboratory (KALLA) of Karlsruhe Institute of Technology
(KIT). The experiment investigates the free surface design of the MYRRHA target. The
KALLA free surface lead-bismuth eutectic (LBE) liquid metal experiment is a full-scale
model of the concentric MYRRHA target. The design of the target is combined with CFD
simulations using a volume of fluid method accounting for mass transfer across the free
surface. The used model is verified with water experimental results obtained at the
University Catholic of Louvain (UCL) within the Integrated Project EUROpean Research
Programme for the TRANSmutation of High Level Nuclear Waste in Accelerator-driven
System (EUROTRANS). The design of the target enables a high fluid velocity and a stable
surface at the beam entry. In the current work, we present numerical results of Star- CD
simulations employing a high-resolution interface-capturing scheme in conjunction with
the cavitation model for the nominal operation conditions. Thermal hydraulic of the target
is considered for the nominal flow rate and nominal heat load. Results show that the target
has a very stable free surface configuration for the considered flow rate and heat load.

Introduction

Thermal hydraulic studies of free surface with Heavy Liquid Metals (HLM) has become
more important for innovative nuclear reactors design. In some of the reactors, the HLM
can be used as a coolant. In accelerator-driven systems (ADS) it can be used as a coolant
and a target. According to previous studies performed in the Integrated Project EUROpean
Research Programme for the TRANSmutation of High Level Nuclear Waste in Accelerator-
driven Systems (EUROTRANS), the first advanced design of a 50 to 100 MW experimental
facility demonstrated the technical feasibility of the transmutation in an accelerator-
driven system (XT-ADS) [1]. In SCKeCEN MOL-Belgium, the first advanced design of ADS
system is currently designed. Preparation for the construction of a Multi-purpose hybrid
research reactor for high-tech applications (MYRRHA) is under development. Several
European research programmes support the design of MYRRHA. The Thermal-Hydraulics
of the Innovative Nuclear Systems (THINS) project is one of these programmes. It is
devoted to important cross-cutting thermal-hydraulic issues encountered in various
innovative nuclear systems, such as advanced reactor core thermal-hydraulics, single
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phase mixed convection and turbulence, specific multiphase flow, and code coupling and
qualification. Another objective of THINS is to achieve optimum usage of available
European resources in experimental facilities, numerical tools and expertise [2]. Within
THINS, Karlsruhe Liquid Metal Laboratory (KALLA) is testing the performance of a free
surface target. A full-scale model of the concentric MYRRHA target is investigated for a
range of operation conditions. A thermal analysis of the target is performed by CFD. The
first design of the target was tested for water, which is easier to treat and characterise
than the LBE target. The design of the water experiment was based on CFD simulations
using a volume of fluid method accounting for mass transfer across the free surface [3-6].
The results of water target experiment were used for the variation and validation of the
used model. This was established within the FP6 EUROTRANS where a water experiment
was designed and run at the University Catholic of Louvain (UCL). The experience gained
from the water experiment is used for the design of the KALLA LBE free surface target.
The schematics of the spallation loop is shown in Figure 1-a. It shows the target
integrated in the core. It also shows the LBE loop and the proton beam hitting the free
surface of the target. According to the MYRRHA target design, the LBE free surface target
replaces three fuel assemblies of the core, as shown in Figure 1-b. The LBE flows through
three feeder tubes downstream to form a hollow flow with two free surfaces: one facing
the proton beam and the other one designated as the lower free surface, as shown in
Figure 1-c, which depicts the nominal volumetric heat source due to spallation reactions.

Figure 1. Illustration of, a) schematics of the spallation loop, [3], b) illustration of target
inserted into reactor core [3] c) typical beam characteristics

a b C

0

According to the design specification, the proton beam travels in a vacuum to hit the
upper free surface. This requires that potential cavitation in the feeder nozzle of the
target be suppressed by fins which raise the pressure in the feeder. A small injection
angle at the feeder nozzle outflow was optimised to minimise the size of recirculation
flow in the thermally highly loaded zones [7]. The high heat load within the limited space
available for the target makes the design a challenging task. Several iterations were
needed to come to a final target design. Many details about target design activities can be
found in [8-10]. The axi-symmetric design was considered to allow fast analysis for better
fundamental understanding. The final target design represents a more complex 3-feeder
configuration [4]. The final design v0.10LBE studied in [8] was built in KALLA after some
modifications introduced due to space limitation and available pump capacity. Due to the
previously mentioned limitations, a shorter feeder is selected to enable higher mass flow
rate (expected flow rate is lower than nominal, pump limitations). Beam pipe is slightly
modified at the tip and outer radius. The axial position of the beam pipe is adjustable
since larger acceleration lowers the risk of cavitation in cases of small flow rate. Due to
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shortening the feeder to 200 mm, the number of fins is increased from 100 to 122 fins.
Figure 2 shows the target mock-up construction and photographs of the target and the
drag limiter. The current design of the target enables a high fluid velocity and a stable
surface at the beam entry. This was studied in [10] for a wide range around nominal flow
rate. In what follows, Figure 1-c shows the numerical results of the thermalhydraulic
behaviour of the target for nominal flow (11 1/s) condition and the nominal heat load.

Figure 2. Blue print of MYRRHA mock-up, photograph of the target and the drag limiter with 122 fins

Numerical study

For the study of the mock-up target illustrated in Figure 2, an axi-symmetrically domain
of 5° is considered. 10 900 mesh cells, k-¢ model, fluid properties at 593 K, and the CFD
code Star-CD version 4.16 are used. Cavitation model is used with unsteady
computations, time step of 0.001 seconds. The results converge to a near steady-state
position of the free surface. The feeder part is not considered in these simulations, where
another study for flow rates above 5 1/s has proven that the used number of fins in the
drag limiter is sufficient to rule out cavitation in the feeder [10]. The tested power
provided in Figure 1-c is 900 kW. This corresponds to a heat source of 12.5 kW considered
in the domain. In order to reduce the computational time constant fluid properties are
also used for the thermal study. The heat source results in average heating of 56.7°C. The
proposed heat source shown in Figure 1-c is calculated by SCK as a volumetric heat
source as a function of local cartesian position by assuming fixed free surface position.

Isothermal hydraulic study of the target

The hydraulic behaviour of the KALLA-LBE target shown in Figure 2 is tested by using the
previously described model. Different flow cases are studied, where the nominal flow and
other lower flow cases are considered. In the analysis, the mesh illustrated in Figure 3 is
used, where the flow in the feeder is not considered. The axi-symmetrical domain
permits uniform inlet flow in the circumferential direction, where flow rates of 11.0 I/s,
8.08 I/s, 7.00 I/s and 5.88 1/s are studied. Details of the hydraulic study and a preliminary
comparison with the obtained experimental results are in [10]. Figure 3 shows contours of
volume fraction of LBE and the velocity of the fluid in the target for nominal flow
conditions. A pressure outlet condition was applied at the outlet, as illustrated
in Figure 3. This allows some additional flow to enter the domain from the outlet. The
very small amount re-entering the computational domain can be predicted from the
velocity vectors, as shown in Figure 3. Since the outlet is selected far downstream of the
target region, the outflow conditions do not influence the results in the spallation zone.
The hydraulic study of [10] shows that a stable free surface is generated for the tested
flow rates. When lowering the flow rate, the position of the small recirculation zone on
the axis of the conical free surface is also lowered. For flow rates of 11.01/s and 8.08 1 /s,
the radius of the recirculation zone area is about 1/3 of the beam tube radius.
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Figure 3. Illustration of the used computation mesh, computed vapour volume fraction, (CAV,
red vapour and blue is liquid LBE), velocity magnitude and velocity vectors
in the outlet region, nominal flow, 11 1/s

Measurements from the first experimental campaign are reported in [11]. These
results were obtained by a digital camera, which was installed at the height of the nozzle
exit to monitor the heavy liquid metal jet during start-up phase and in operational mode.
A second digital camera was mounted on top of the target to observe the free surface
area through the proton beam tube. Figure 4 presents a schema for comparison between
experimental and numerical results. On the left side the outer contour of the LBE flow
(blue) can be compared to the experimentally obtained average outer contour as
illustrated.

It should be noted that the position h of the recirculation zone approximately
coincides with the position of the slope “discontinuity” of the outer contour of the jet, as
highlighted by the white circle shown in Figure 4 (right) [10]. The predicted size of the
recirculation zone 1/3 r proves that the heat deposited in the target is outside of the
recirculation zone (referring to heat deposition profile in Figure 1c). Consequently,
overheating in the circulation zone is not expected. At this stage, the obtained
instantaneous experimental photographs are compared to time-averaged numerical
results. Calibration and extensive averaging are scheduled for the second measurement
campaign. Preliminary experimental results verify the numerically obtained hydraulic
results, where stable surface in a wide range of operating conditions starting from 35% of
the nominal flow rate was observed [10].

Figure 4. Comparison of flow rate effect on the HLM vapour volume fraction (VVF) domains,
(red is vapour, blue is liquid) and right is a side view onto the target nozzle
in stable operation mode at 4.6 I/s [11]
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Thermal hydraulic study of the target

The nominal flow case corresponding to a 3 mA proton beam is selected for the thermal
hydraulic study of the target. The heat source presented in Figure 1-c was used in this
study. It was calculated for a fixed position of the free surface. However, a small
oscillation in the position of the upper free surface was observed in the calculation. The
calculated oscillation of the free surface is very small compared to the height of a
computation cell at the interface. However, this results in a proportional change of the
mass fraction of the liquid in the boundary cell. Consequently, it results in an
unpredicted very high boundary temperature at the free surface for the case if the
boundary cell has a smaller mass than used for the calculation of the heat source. This is
due to the big difference in density between vapour and liquid. For an even more
accurate calculation, a heat source needs to be introduced, which is a function of time
and free surface position. This will add some numerical complexity to the investigated
problem. Accordingly, the heat generated in interface cells between LBE liquid and
vapour is not considered accurate in this initial study. Figure 5 shows the used heat
source and the resulting temperature contours. The results show that the generated heat
is removed effectively without overheating. The highest temperature values are
downstream of the free surface. As expected, the circulation zone did not adversely
influence the heat removal. Note that the heat source is a function of the vertical
distance from the free surface, with its maximum close to the surface. Since the flow is
almost aligned with the vertical direction, a fluid particle is substantially heated near the
surface and then subjected to weaker heating as it is transported downward. Therefore,
the maximum temperature is reached far away from the circulation region and the free
surface. The computed flow thus leads to stable heat removal in the target for the
nominal flow rate considered.

Figure 5. Nominal heat source and computed temperature contours, 11 1/s

Conclusion

Our thermohydraulic study considers the mock-up of the windowless target for MYRRHA
at nominal flow conditions and shows that the selected design results in stable
concentric flow forming a small recirculation zone in the centre. The size of the
recirculation zone is about 1/3 of the beam tube radius for flow cases around nominal,
8- 11.01/s. The beam is circularly swept around the centre region, so that direct heating of
the recirculation zone is omitted. This provides stable heat removal from the target for all
flow rates considered. In our simulation, the heat source profile is provided time-
independently. For accurate surface temperature predictions, the heat source would have
to be provided as a function of the free surface position, which slightly fluctuates in our
calculation. In the current study, the heat source in the interface cells is deactivated. Our
simulations show that the maximum temperature is reached far from the recirculation
zone. Overall, the heat can be successfully removed from the target so that only
moderate temperature is reached.
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Abstract

Building on recent experience in the field of applied physics, the TIARA work package (No. 9)
focuses on target applications for accelerators in Europe. A roadmap for target development
has been derived from major achievements in the EU-FP6 and EU-FP7 programmes such
as the MEGAPIE and EURISOL experiments. The TTARA management board concluded that
a worthwhile continuation of such projects would be in the development of a flexible
material irradiation facility which would be easily transportable and could be installed in
different laboratories. The power is limited to 100 kW in a very compact arrangement so
as to obtain the best neutron economy from a moderate beam power, which is more likely
to be found in laboratories across Europe. The challenges posed by such a compact design
and accompanying calculations are presented in the current work.

Introduction

A dedicated material test irradiation facility is being proposed that evolved from prior
work funded by the EU FP7 programme, the EURISOL design study, which examined the
feasibility of an advanced isotope production facility. The neutron source in EURISOL was
the subject of intense design work and was subsequently tested at full power in a
hydraulic test, an experience which can be relied on for the current work since the design
allowed the passage of a dense proton beam able to generate high neutron fluxes and
hence high displacement per atom damage in material or dpas.

As currently envisaged in [1], the testing station will allow critical issues concerning
materials under irradiation to be addressed, such as the impact of proton beam
irradiation, neutron irradiation, liquid metal corrosion and temperature. The material
samples to be investigated in such a facility will be subjected to tensile stress, either
constant or cyclical. The facility may also be used for sensor development under
irradiation and isotope production, albeit centred on medical applications instead of the
exotic nuclei aimed for in the EURISOL design study.

Another aspect of the facility is to aim for greater compatibility with visiting
laboratories. The recent spate of projects comprising neutron sources is promising; they
have, however, been one-off designs tailored to a specific accelerator infrastructure. The
goal of the current work is to propose a facility that is sufficiently versatile so that it may
be transported and used in different laboratories.
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Specifications

Focusing on testing materials and sensors under irradiated conditions led to the selection
of a key set of parameters defining the most promising design. A survey of compatible
installations, the parameters of the circuits and a beam were chosen as follows:

Table 1. Parameters defining the T-MIF Facility [1]

Particles Protons
Kinetic energy 200 MeV - 1 GeV
Beam shape Elliptical cros.s-secti.on ch/ .Gy = 1/3-6
Parabolic density distribution
Current <500 pA
Power <100 kW in beam (70 kW thermal)
Primary circuit and spallation source Lead or LBE < 15 liter inventory
Secondary circuit Gallium < 50 liter inventory
Cold source-open inventory Air or water
Saturation radioactivity in primary ~20-30 TBqg/kg
Decay heat in primary ~1-2Wrlkg
Neutron flux density ~10%nfcm?2 s

The cross-section of the beam deposition profile is elliptical, as can be seen in Table 1.
With such a profile it is possible to impact a fair length of a tensile stress specimen edge-
on and thus obtain high dpas homogeneously distributed on the sample without needing
to oscillate the beam to “paint” the specimen with particles. The latter method was
attempted in the LISOR programme and led to a containment failure leaking radioactive
liquid metal to the outside.

Essential characteristics of the new proposed design

The general aspect of the proposed irradiation facility is a cube, 2 metres deep and
comprising within it all the necessary systems (see Figure 1). The interface to the
laboratory is limited to the coolant connections, the secondary circuit, the electric energy
supply and the signals from the instrumentation.

The liquid metal target placed in the centre of the facility contains the samples which
are subjected to a proton beam (arrow marked P+), creating irradiation damage directly
through protons or indirectly through neutrons created by spallation of the surrounding
liquid metal by the incoming protons.
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Figure 1. Overall view of the proposed T-MIF Facility
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Note that the figure reflects the current design status and is not complete.
Flow control

The liquid metal in the target is re-circulated by an electromagnetic pump (EMP) with an
annular design in which a pulsating electromagnetic field created by coils drives the
liquid metal with an efficiency of 5-7%. The low efficiency of the chosen pump design is
compensated for by the absence of any moving parts, an important consideration in the
primary circuit. Unlike most EMP designs, the stator is located inside the inner diameter
of the annulus and the coils are located on the outer diameter. Thus, there is no
penetration of the EMP coil wires through the liquid metal and all the active parts of the
pump are easily accessible. The stator consists in stacks of ferritic steel plates and,
therefore, has no wired connections.

The pump is used to drive the liquid metal through a heat exchanger located at the
top of the facility, the position of which was chosen to encourage natural circulation.
Since there is a 1 metre difference between the heat source (target) and the cold source
(heat exchanger) and a temperature difference of 300°C, a positive pressure difference
entraining the flow from the target to the heat exchanger exits:

AP=g-p-B,,-AT-L=9.81-10'550-0.00012-300-1 = 3'725 [Pa]

The pressure difference is relatively small, but high enough to lengthen the coast-
down time of the liquid metal over the beam entrance window on the target in the event
of a beam trip. This aspect has an important positive safety implication.

Pressure control

The pressure inside the target may be varied as it will influence the dissolution of oxygen
in the target. It can also vary over short time periods if the beam intensity varies.
Therefore, it is necessary to provide the loop with a simple means of controlling internal
pressure.

The pressuriser situated at the top of the installation (see Figure 2) is controlled by the
release of nitrogen gas into the top of the pressuriser, which is half filled with liquid
metal. All gaseous spallation products thus accumulate at the top and lead to a gradual
rise in pressure. Release of excess pressure is either gradual through controlled release of
these radioactive gases to a series of decay gas bottles or sudden in accident cases,
through a series of pressure relief valves and burst disks. The pressuriser will also be
provided with gaseous analytical instrumentation capable of measuring activity and gas
composition such as a gas chromatograph.
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Figure 2. Details of the pressuriser
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The heat exchanger is made up of two separate parts which allow the primary and
secondary circuit to separate cleanly (see following paragraphs). This will enhance
maintainability and resistance to accidental leaks in the primary circuit.

Target station

The target station at the heart of the facility allows the testing of either material samples
or instrumentation under conditions representative of high-power neutron spallation
targets. The design (see Figure 3) of the target is based upon the EURISOL target. The
same beam window design is used, albeit stretched horizontally to adopt an elliptical
section which is compatible with the shape of the beam used to irradiate the samples
(see Figure 5). The sample holder located on the guide tube (in grey below) has an inner
surface which contains receptacles for loading mechanisms for testing samples (see
Figure 5). Note that the sample holder can be exchanged for another design. It is simply
bolted in place by a series of captured bolts that can be unscrewed by a robot, allowing
rapid exchange.

From a hydraulic point of view, the advantages of this configuration lie in the low
pressure loss at high flow rates, as was demonstrated in the hydraulic test of the
EURISOL target [4]. This improves the economics of the project by allowing the selection
of a smaller pump with lower specifications and decreasing the sizing of all the
connecting piping.

Figure 3. Details of the target [1]
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As illustrated in Figure 4, the inflow is divided equally over the guide tube and wets
the conical surface of the window at a speed of about 1 m/s. The flow rate in this
calculation is only half the full speed at full power. With 2 m/s over the window, there is
sufficient cooling to evacuate the projected 100 kW of the given past calculations on the
EURISOL converter target.

Figure 4. Flow inside the target [2]

Sample testing

The samples are held in place by a series of rocker arms which transform the
compression load form pusher roads into a tension load by inversion around a pivot. The
pusher roads transfer a compressive load coming from external electric drive actuators. A
compressive load is seen as intrinsically more robust in this design as it allows the
sample holder connection to be simplified. Thus, the pusher rod interfaces are in
compression and need no connection clips.

Figure 5. Sample loading inside the target [1]

The sample holder is essentially a flattened tube split in the middle and opens like a
clam-shell, allowing access to the sample loading mechanism and the samples. As can be
seen in the figure, the flattened elliptical beam, which is 1 cm across, fully envelopes the
sample thickness of 1 mm, which ensures a homogeneous distribution of dpa in the
sample. Thus the effect of proton damage on a loaded sample under the simultaneous
action of liquid metal and temperature may be investigated. The load can be cyclical or
constant.
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Heat exchanger

The design is based on the concept of a central pin which sends a flow of primary fluid
down a very narrow annulus. The secondary fluid surrounds the annulus with a spiral
flow. The two fluids are contained in their own vessel and do not share a common wall.
In contrast, each part is separated by a gas gap which provides robustness against leaks
and a method of detecting leaks.

As explained in the introduction, the heat exchanger allows primary and secondary
side to be detached (lower left in Figure 6) along with all the assorted cabling and
connection for data acquisition or the power supply to the electric drive actuators needed
on the target.

The heat transferred in the heat exchanger is estimated according to the latest CFD
calculation shown in Figure 7 to reach 130 kW, above the specifications already set out
for the design (see Table 2). The additional margin gives some scope for optimising the
gas gap and the nature of the gas contained therein which have not yet been determined.

Figure 6. Principles of the heat exchanger [1])/[2]
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Table 2. Heat exchanger characteristics

Power exchanged >100 kW
. . . Lead or LBE or mercury
Primary side fluid 550°C/250 °C
. . Gallium
Secondary side fluid 100°C/75°C
Leak-resistant
Leak detection
Specific requirements Able to disconnect primary/secondary
Gravity-fed in case of pump trip
Minimal inventory primary-side
Pressure 12 Bar
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Figure 7. Flow on primary side (top) and secondary side (bottom) of the heat exchanger [2]

Conclusion

An irradiation target is being proposed which should allow significant progress in the
field of materials and sensors used in highly irradiated environments. Given the current
focus on ever-higher power for scientific instruments, the interest in new forms of
nuclear energy, both for fission and fusion, there is a need to investigate designs such as
T-MIF.

These aspects relate to the neutronic performance in particular, as an estimate of the
dpas caused by protons and neutrons for different positions of the samples is required in
order to assess the performance of the proposed concept.

A final report, which is an EU deliverable report, was expected in 2013, and
recapitulates the design aspects and includes further analysis in the field of neutronics
and thermal-hydraulics.
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Abstract

The Japan Atomic Energy Agency (JAEA) has been researching and developing an
accelerator-driven system (ADS) as a dedicated system for the transmutation of long-lived
radioactive nuclides. The ADS proposed by JAEA is a tank-type subcritical reactor with a
thermal power of 800 MW which uses lead-bismuth eutectic (LBE) alloy as a target
material and a coolant, driven by a 30 MW superconducting proton linac. In the various
R&D activities for ADS, the construction of the Transmutation Experimental Facility (TEF)
is planned within the framework of the J-PARC project as a preceding step before the
construction of the demonstrative ADS. In the development of the TEF, the estimation of
the thermal-fluid properties of the flowing LBE is an important issue. The LBE has the
tendency to cause corrosion/erosion to the structural materials. The beam window of ADS,
which separates the proton accelerator and the LBE subcritical core vessel, is exposed to
the high-temperature environment induced by the incidence of proton beam. Therefore, the
feasibility of the beam window is the most important factor for the realisation of TEF. The
objective of this study is to evaluate the feasibility of a designed beam window of TEF
target by the numerical analysis with a three-dimensional model. The analysis was
performed by considering (1) the current density and shape of the incident beam, (2) the
thermal-fluid behaviour of LBE around the beam window as a function of the flow rate and
inlet temperature, (3) the material and the thickness of the beam window, (4) the
structural strength of the beam window. In the reference case, the current density and the
profile of the proton beam were 20 pA/cm? and a Gaussian shape, respectively. The flow
rate of LBE and temperature at the inlet were 1 1/sec and 350°C. The material of a beam
window was SUS316 stainless steel 2 mm thick. In this reference case, the maximum
velocity of LBE and the maximum temperature located at the top of the beam window were
about 1.2 m/sec and 477°C. By increasing the flow rate of LBE up to 4L/sec, the maximum
temperature of a beam window was reduced to around 420°C. The maximum shear stress
was 194 MPa, which was observed at the centre on the outside surface of a beam window.
The analysed stress in the reference case was lower than the tolerance level of the stress
strength of the material, and hence the feasibility of a designed beam window was
confirmed.
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Introduction

The Japan Atomic Energy Agency (JAEA) has been researching and developing an
accelerator-driven system (ADS) as a dedicated system for the transmutation of long-
lived radioactive nuclides. The ADS proposed by JAEA is a tank-type subcritical reactor
with a thermal power of 800 MW which uses the lead-bismuth eutectic (LBE) alloy as a
target material and a coolant, driven by a 30 MW superconducting proton linac. In the
various R&D activities for ADS, the construction of the Transmutation Experimental
Facility (TEF) is planned within the framework of the J-PARC project as a preceding step
before the construction of a demonstrative ADS. In this R&D, TEF is considered for the
experimental investigation of the feasibility of the beam window, the structural materials,
and to investigate the operation properties of the target system. This system consists of a
proton accelerator and LBE spallation target, like the actual ADS. Figure 1 shows the
schematic illustration of TEF in J-PARC [1]. The beam window of ADS, which separates
the proton accelerator and the LBE subcritical reactor vessel, is exposed to the high-
temperature environment induced by the incidence of the proton beam. The structural
materials are damaged by irradiation due to the corrosiveness of LBE. These factors make
it more difficult to conduct the design and development of TEF. Therefore, the feasibility
of the beam window is the most important factor for the realisation of TEF. In particlar, to
understand the LBE flow around the beam window is a requisite for the detailed design of
TEF because the flow behaviour is closely related to not only thermal-fluid characteristics
but also erosion/corrosion. The objective of this study is to evaluate the feasibility of a
designed beam window of TEF target by the numerical analysis with a three-dimensional
model. This analysis was performed by considering the current density and the shape of
the incident beam in the target region, and the thermal-fluid behaviour of LBE around the
beam window as a function of changing the flow rate and inlet temperature of LBE, and
the material and thickness and the structural strength of the beam window:.

Analysis conditions

Present design of the TEF target system and the analysis model

A beam window which has a concave shape was used for this analysis. The prototype
design of the beam window for TEF target system is shown in Figure 2. The material of
the beam window would be type 316 stainless steel or T91 steel. The curvature of the
concave section was 79.5 mm. The concave section was connected to the other curved
surface with a curvature of 32 mm to the opposite direction in the terminal part, and
finally, it was connected to the straight tube. In this analysis, the thickness of the beam
window was set to 3 or 2 mm. This design has the coaxially arranged annular and tube
type channels. The inner diameter of the outside and the inside tube was set to 150 mm
and 105 mm, respectively. The gap between the two coaxial tubes was 19.5 mm. The total
length of the analysis region was 600 mm. The irradiation sample holder, which was
shown on the right of Figure 2, was installed in the front side of inner tube. There were
eight irradiation specimens, which were arranged every 4 mm in the horizontal direction.
In this situation, the specimen of both ends acts as the side wall of the sample holder.
The size of each specimen was 40x145x2 mm. The rectification lattice having the
aperture of the plural squares type was installed at the front-end of the sample holder.
The size of the rectification lattice was 52x52x5 mm, and the size of the square aperture
was 4x4 mm. A slit of 2 mm in width was arranged along the side of the rectification
lattice to cool off the side wall of the sample holder by flowing LBE.
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Figure 1. Schematic illustration of the Transmutation Experimental Facility (TEF)
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Proton beam profile

In the condition of the incident beam for the TEF target system, the beam current density
was expressed by the following equation:

2

.
eXP(-F) : 1)

1(r) =

2
2no

where, I(r) and A represent beam current density and beam current, respectively.
Table 1 summarises the condition of the proton beam profile used for the verification of
the feasibility of the TEF target system. The material of the target system was type 316
stainless steel or T91 steel. Figure 3 shows a heat generation density at the beam window
with a different beam profile. Figure 4 shows the examples of head deposition
distribution in the TEF spallation target. These were analysed by PHITS code [2] by
keeping the beam current as 625 pA, which would be the maximum beam current during
the TEF operation. The Gaussian profile was set to the reference case in JAEA’s beam
window studies [3]. As shown in Figure 3, two types of profiles, Gaussian and flat, have
different beam shapes by changing the density of the beam current for the direction of
the beam diameter.
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Table 1. Conditions of proton beam profile

Parameters
Case 1 | Case 2 | Case 3 | Case 4
Energy 400 MeV
Beam current 625 pA
Power 250 kW
Beam shape Gaussian Flat top
Current density 20 pAlcm? | 40 pAlcm? | 60 pA/cm? 20 pAlcm?

Figure 3. Heat generation density profile of the incident beam
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Figure 4. Examples of heat deposition distribution in the TEF target
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Analysis methods and conditions

It is obvious that the beam window is exposed to the severe environment, which is
caused by the flowing LBE and the incident of proton beam. The temperature profile of
the beam window greatly catches the influence of the temperature profile of the flowing
LBE around the beam window. To secure the soundness of the window structure, it is
necessary to prevent the immoderate temperature difference in the local region.
Furthermore, because the flowing LBE is used not only for the window but also for the
cooling of irradiation specimens, its temperature profile affects the irradiation
temperature of each specimen. Therefore, it is important that (1) the temperature profile
of structural materials and LBE should be predicted by the thermal-fluid analysis and
(2) the verification of the feasibility of the beam window and other problems should be
predicted previously by the structural analysis. Also, it is necessary to decide the
operative condition that the soundness of the TEF target system would be secured by
these analysis results.

The thermal-fluid behaviour of LBE in the TEF target was calculated by the STAR-CD
with a detailed three-dimensional model. The model used for this analysis is shown in
Figure 5. In this calculation model, a hexahedral element was used and the total number
of the elements was about 220,000. First, LBE flowed through the annular region towards
the centre of the beam window and flowed in the inner tube after a rectification lattice
and an irradiation sample. In a default condition, the flow rate at the inlet of the annulus
region was 1 I/sec, and this was equivalent to the flow velocity of 0.125 m/sec. In the
actual target system, because LBE would be driven uniformly by the electromagnetic
pump (EMP), the inlet velocity was set in a uniform velocity condition. Therefore, the k-«
model for high Re number type was used for a turbulence model. Each condition of heat
generation given by the incident proton beam (see Figure 5) was used for the CFD analysis.
The internal pressure to the inside of the beam window was set to 0.3 MPa in
consideration of the flowing LBE and the cover gas. Release of the radiant heat on the
outer wall of the beam window and the border of the atmosphere was considered. In this
analysis, embrittlement of the structural materials by the irradiation was not considered.
Based on the results provided by the CFD analysis, the analysis to verify the feasibility of
the beam window was performed by the ABAQUS code.

Figure 5. CFD analysis model of tetra metric type
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Analysis results

Velocity profile and temperature profile

This section introduces the CFD analysis result of the present conceptual design in order
to investigate the thermal-fluid behaviour of LBE. In this paper, the result of the inlet LBE
temperature of 350°C is introduced. This condition is the prioritised temperature
condition that should be clarified in the development of the TEF target system. The result,
which uses type 316 stainless steel as the structural material of a beam window and the
other components, is introduced.

The flow rates were set to 1, 2, and 4 I/sec. In each flow rate, a similar tendency was
confirmed as for the overall LBE flow. The dead region was formed in the centre region of
the inside of the beam window, and the scale was hardly changed even if the inlet flow
rate was increased. The maximum velocity of the LBE flow was confirmed at the region
that passed a rectification lattice, and it was approximately 1.2 m/sec in the case of the
inlet flow rate of 1 I/sec. Where the flow rate was set to 4 I/sec, this maximum velocity
was reached approximately at 4.8 m/sec. As the flowing velocity was too fast in this
condition, vibration of the target vessel by the LBE flow and acceleration of
erosion/corrosion could arise. An additional analysis by changing the gravity direction
was performed; however, the deflection of LBE flow was not observed in this operation
condition.

Figure 6. Velocity profile by changing the inlet flow rate

flow rate: 1 s flow rate: 2 I's flow rate: 4 l's

#

Max. velocity. 1.2 mis < T [Max velocity: 4.8 m/s
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Figure 7. Temperature profile of beam window by changing thickness

An example of the analysis result is shown in Figure 7. This result was the
temperature profile on the beam window by changing the thickness of the beam window
from 2 mm to 3 mm. The flow rate of LBE was 1 I/sec, and the proton beam profile was
Case 1. The maximum temperature of 554°C was observed at the centre of the outside
surface of the beam window due to the formation of the dead region of the LBE flow in
the case of a 3 mm thick beam window. In the case of 2 mm thick window, peak
temperature reaches 477°C. In this condition, it was confirmed that the maximum
temperature was reduced to 12% by decreasing the thickness of the window. The
temperature difference of the outside and the inside was 65°C and 37°C in the case of
3 mm window and 2 mm window, respectively. From these results, it was clear that a
condition of 2 mm was reasonable. The result of the condition that changed the current
density of the proton beam is shown in Figure 8. The flow rate was 1 I/sec, and the
thickness of the beam window was 2 mm. In the conditions of Case 2 and Case 3, in
which the beam current density was increased, the maximum temperature reached more
than 500°C. The temperature differences also increased in both conditions, it was
confirmed that this was a severe condition in the structural soundness of the beam
window. As one method to realise a uniform exposure dose for each specimen, the beam
of the flat top type has been considered. The temperature profile of Case 4 is shown in
Figure 9. The flow rate was 1 I/sec, and the thickness of the beam window was 2 mm. The
current density of the proton beam was 20 pA/cm? which was the same condition as
Case 1. The maximum temperature was 482°C and the temperature difference was 38°C.
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Figure 9. Temperature profile of Case 4

As a result of these analyses, the following conditions are reasonable for the TEF
operation; (1) the flow rate of LBE is 1 I/sec, (2) the thickness of the beam window is 2 mm,
and (3) the proton beam which has a Gaussian shape with the current density of 20 pA/cm?
These conditions were set as a reference case for the realisation of TEF and thermal-stress
analyses of the beam window were carried out.

Thermal stress analysis

The temperature and thermal stress for the steady-state was estimated using the
ABAQUS code, the computational code for the finite element method. In the ABAQUS
code, the beam window was modelled as the cylinder-slab geometry. The model
consisted of 1,896 4-node axial-symmetric elements. For the estimation, the numerical
results of the STAR-CD were converted to the temperature of each node. Figure 10 shows
the analysis results under the reference condition. This figure is the contour plot of the
stress strength (Tresca stress) in the in the cross-section of the beam window along the
direction of the beam-axis, which is taken upwards in the vertical direction. The stress
strength reached the maximum value of 190 MPa on the outer surface of the beam
window.

Next, the stress strength obtained by steady-state analysis was divided into primary
general membrane stress (Pm), primary bending stress (P») and secondary thermal-load
stress (Q) to estimate the structural integrity of the beam window. At this time, P» and Py
were calculated only from the inner pressure of the beam window. On the other hand,
Pn+Py+Q was calculated from both the inner pressure and the temperature distribution of
the beam window. The results are tabulated in Table 2. These stresses should fulfill the
following Equations 2-4 [4]:

P <SS
m m' (2)

P +P <158
m b m. (3)

P +PF +0<3S§
Here, Sn is time-independent design stress strength, and we adopted values for the

maximum temperature at the centre of the wall thickness of the beam window (470°C).

Table 2 tabulates the evaluated values obtained in the left-hand side of Equations 2-4
and the acceptable values in the right-hand side. These stresses were lower than the
tolerance level of the stress strength of the material because the feasibility of a designed
beam window was confirmed.
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Table 2. Comparison of the evaluated and acceptable values for each equation

Equation Evaluated values Acceptable values
) 44 MPa 98 MPa
(3) 73 MPa 147 MPa
(4) 190 MPa 294 MPa

Figure 10. Contour plot of the stress strength of the beam window

Max. +1.903e+02

Conclusion

The reference case that was a first target condition in the development of TEF was
decided by the thermal-fluid analysis result and it was shown that the soundness of the
beam window was established in this condition by a result of stress analysis. In the near
future, the following analyses will be performed, (a) the optimisation of a beam shape
and the configuration of the flow channel, (b) the inlet LBE condition including the
deflection of the LBE flow, and (c) the change in cooling performance for the beam
window by the additional bypass jet flow.
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Abstract

The use of liquid lead-bismuth eutectic (LBE) as a spallation target and a coolant in
accelerator-driven systems raises the question of the reliability of structural materials,
such as T91 martensitic steel in terms of liquid metal assisted damage and corrosion. In
this study, the mechanical behaviour of the T91 martensitic steel was examined in liquid
lead-bismuth eutectic (LBE) and in inert atmosphere. Several conditions showed the most
sensitive embrittling factor. The Small Punch Test technique was employed using smooth
specimens.

In this standard heat treatment, T91 appeared in general as a ductile material, and
became brittle in the considered conditions if the test was performed in LBE. It turns out
that the loading rate appeared as a critical parameter for the occurrence of LME of the T91
steel in LBE. Loading the T91 very slowly instead of rapidly in oxygen saturated LBE
resulted in brittle fracture. Furthermore, low-oxygen content in LBE and an increase in
temperature promote this LME.

Introduction

The use of liquid lead-bismuth eutectic (LBE) as a spallation target and a coolant in
accelerator-driven systems raises the question of the reliability of structural materials,
T91 martensitic steel and 316L austenitic stainless steel in terms of liquid metal assisted
damage and of corrosion. Previous studies have analysed the corrosion resistance and
the mechanical properties of the T91 steel in LBE [1] [2]. The corrosion phenomena
depend on the oxygen content in the LBE bath: a) oxidation when the oxygen
concentration is high enough to permit the magnetite formation according to
thermodynamic equilibrium and b) dissolution of the metal substrate when the oxygen
concentration is too low [3]. The fatigue resistance of the T91 steel decreases in an LBE
bath saturated in oxygen compared with the fatigue resistance in air. LBE assists the
propagation of the first short cracks by preventing the nucleation and propagation of
other cracks. Thus, the grain boundary resistance to crystallographic growth vanishes
when LBE is in contact and allows easy extension of the crack into the bulk [4]. Some
studies aimed to analyse the coupling effect between corrosion degradation and
mechanical damage for these steels have been conducted in two successive stages: pre-
immersion in an LBE bath at controlled oxygen content without mechanical loading
followed by a mechanical test in saturated oxygen LBE. Pre-immersion has a negative
impact on the monotonic resistance, the creep properties and the fatigue resistance of
the T91 according to the oxygen content in the LBE bath of the pre-immersion and the
loading conditions. LBE can be considered as a source of “microcracks” when the
dissolution process occurs and a promoter of crack growth [5].
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One of the major criteria used to evaluate the compatibility of the structural materials
with the presence of a liquid metal is the risk of Liquid Metal Embrittlement (LME). Liquid
metal embrittlement refers to a loss of ductility of an otherwise ductile material when
stressed in contact with a liquid metal [6] [7]. In this case, the liquid metal induces a
ductile to brittle transition in the mechanical behaviour of the material. Some studies
showed a risk of LME of the T91 steel by the LBE saturated in oxygen. Then, LME was
associated to a hardening of the microstructure of the T91 steel or to the nature of the
oxide layer. In high-strength materials (T91 steel as quenched, tempered at 600°C or
500°C), a ductile to brittle transition is induced by LBE, confirmed by the observation of
brittle fracture [8] [9]. In relative high-strength materials (tempered at 650°C and 700°C),
LBE promotes a decrease in the mechanical properties and a reduction of the ductility of
materials, with a mixed ductile and brittle fracture. For the standard heat treatment
(tempered at 750°C), no effect of the LBE has been observed for the following conditions:
LBE saturated in oxygen, T91 steel with its native oxide layer, strain rate around 5.10% s™.
The absence of the native oxide layer or the presence of a Fe;Os layer promotes the LME
of the T91 steel in his standard heat treatment [10].

The objective of the present paper is to study whether other factors (velocity,
temperature, oxygen content in LBE) promote the embrittlement in LBE of the T91 steel in
standard heat treatment. The Small Punch Test (SPT) has been employed as a mechanical
test. Indeed, even if first it was developed to study irradiated materials because it
requires small amounts of materials, it later proved very sensitive to evidence liquid
metal embrittlement.

Material and experiment

The material studied in this investigation is the T91 martensitic steel supplied in the
form of rolled plate. Its chemical composition is given in Table 1. The standard heat
treatment of the steel is normalised at 1050°C for 1h followed by air cooling and
subsequent tempering for 1h at 750°C. The microstructure observed after etching with
Villela’s reagent is martensitic with a prior austenitic grain size of 20 pm. The Vickers
hardness (Hvio) of the steel is 278 Hv.

Table 1. Chemical composition of T91 steel

Element C Cr Mo Nb \ Si Mn Ni Fe

wt% 0.11 8.80 1.00 | 0.07 0.25 0.41 0.38 0.17 Bal

Small Punch Tests (SPT) were performed in air, in an argon/hydrogen gas mixture
environment, in an oxygen saturated LBE (44 wt% Pb and 56 wt% Bi) bath and in a
purified low-oxygen LBE bath. The SPT consists of a disk specimen holder, a pushing rod
and a ball. The specimen holder includes a lower die and an upper die, which is also used
as the tank for the liquid metal. The load is transferred onto the specimen by means of a
pushing rod and a 2.5 mm diameter tungsten carbide ball in contact with the lower
surface of the disk specimen. In this way, the puncher being under the specimen, the
upper surface of the specimen is in contact with the liquid metal and is submitted to
tensile loading. SPT specimens with dimensions of 10x10x0.5 mm were mechanically
polished with SiC paper up to 1200 grade, and then polished step by step with a
suspension liquid to 1 pm. The thickness of the specimen was controlled around
500+10 pm. SPT were performed using an INSTRON electronic mechanical machine which
can control the experimental cross-head displacement velocities of 0.0005 mm/min,
0.005 mm/min, 0.05 mm/min and 0.5 mm/min. A heat ring surrounded the set-up with the
specimen and the liquid metal. The temperature was controlled by a thermocouple placed
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3 mm away from the specimen to perform tests at different temperatures: from 200°C to
450°C. Other details concerning the SPT set up can be found in [8] [11].

To perform SPT in a low-oxygen LBE (purified LBE), a purification unit was designed. It
consisted in filling the LBE bath with a mixture of argon/hydrogen gas which allowed
decreasing the oxygen content up to 10® wt% at 450°C. Then the purified LBE was
transferred to the SPT set-up installed in a test cell made of stainless steel, where the
atmosphere was controlled. Indeed, to protect the purified LBE from oxidation, the cell
interior atmosphere was controlled due to a purification unit in order to remove water
vapour and oxygen. This was based on flux sweeping by argon and argon/hydrogen, and
on the use of reactive filters. The oxygen content and the water content in the cell
interior are lowered as low as 0.1 ppm and 10 ppm, respectively.

After SPT, the fracture surfaces were analysed by a scanning electron microscope
(SEM). Prior to the SEM examination, some samples tested in LBE were cleaned in a
solution containing CHsCOOH, H,0: and C,HsOH at a ratio of 1:1:1 to remove the LBE.

Results

Influence of the protective Ar-3.5% H. gas on the testing cell

The removal of the oxygen from LBE and the cleaning of the test cell were achieved by
using a mixture of argon/hydrogen. Then, SPT at 300°C in air and in Ar-3.5% H» gas (see
Figure 1) were performed to confirm that the gas mixture (Ar-3.5% H,) did not have any
effect on the mechanical response of the T91 steel in the absence of liquid metal. In the
two environments, the SPT curves showed the ductile behaviour of the T91 steel, which
was confirmed by the observation of a large plastic deformation of the sample, of a
circular crack, and of the presence of dimples on the fracture surfaces. No effect of Ar-
3.5% H, was observed. This result also showed that the presence of hydrogen in the
protective gas in the testing cell had no effect on the mechanical response of the T91
steel.

Figure 1. Load-displacement curves of the T91 steel tested in air and in Ar-3.5% H: gas,
at 300°C and 400°C, at 0.5 mm/min
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Influence of the temperature and of the oxygen content

SPT were performed at a displacement speed of 0.5 mm/min, at different temperatures
(200, 250, 300 and 400°C), in air, in Ar-3.5% H: gas, in oxygen saturated LBE, and in liquid
LBE purified by Ar-3.5% Ho..

Figure 2. Load-displacement curves of the T91 steel tested in air, in Ar-3.5% H: gas, in oxygen
saturated LBE, in low oxygen LBE, at 300°C and at 0.5 mm/min
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As for 300°C, for all the studied temperatures, all the curves exhibited a ductile
behaviour of the T91 steel (see Figure 2). The SEM observations of the specimens showed
the ductility of the fracture (see Figure 3).

Figure 3. Fracture surface of the T91 tested in oxygen saturated LBE at 200°C, at 0.5 mm/min

The fracture energy at the maximum load Fmax corresponds to the area under the load
versus displacement curve. It was normalised by the thickness of the sample. This
normalised energy represents the energy necessary for the elastic and plastic
deformations of the sample and for the formation of cracks which are sufficient to
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promote the damage of the sample. The graph in Figure 4 shows the evolution of the
normalised fracture energy at Fmax according to the temperature and the environment.

Figure 4. Normalised fracture energy at Fmax according to the temperature
and the environment (SPT at 0.5 mm/min)
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The small decrease of the fracture energy in the presence of the LBE does not involve
LME, but only some earlier damage in LBE without transition in fracture mode. This effect
seems to increase with temperature. On the other hand, in the studied conditions of
strain rate and temperature, no effect of the oxygen content on LBE was observed.

Influence of the strain rate

In order to analyse the role of loading rate or strain rate, tests were performed in oxygen-
saturated LBE at 300°C at different displacement velocities: 0.5 mm/min, 0.05 mm/min,
0.005 mm/min and 0.0005 mm/min. SPT curves are reported in Figure 5.

Figure 5. Load-displacements curves of the T91 steel tested in oxygen-saturated LBE,
at 300°C and for different loading rates
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SPT curves showed a strong dependence on displacement speed. First, for the lowest
displacement speed, the maximum load is strongly reduced as compared to the other
tests performed at high speed by a factor of two third. Second, the displacement at
maximum load is decreased in the same way.

The analysis of the fracture surfaces also highlighted an effect of the displacement
velocity (see Figure 6).

Figure 6. Fracture surfaces of the T91 steel tested in oxygen saturated LBE at 300°C

All the SPT specimens exhibited circular and radial cracks but the decrease in the
displacement velocity promoted radial cracking. For the lowest displacement velocity, the
number of radial cracks is greatly reduced as compared to the other tests and the radial
cracks are also much longer. In addition, transgranular brittle fracture was observed. At
0.005 mm/min, the brittle fracture was observed only near the surface of the specimen in
contact with the liquid metal. In the case of the lowest strain rate (0.0005 mm/min), the
fracture was brittle.

Figure 7 presents the evolution of the normalised fracture at Fmax according to the
displacement rate and the oxygen content in LBE. The lower the displacement speed is,
more sensitive the T91 steel of the presence of the liquid metal is. Furthermore, low-
oxygen content in LBE promotes this LME.

Figure 7. Normalised fracture energy at Fmax according to the temperature
and the environment (SPT at 0.5 mm/min)
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Figure 8. Fracture surface of the T91 steel tested in low oxygen LBE at 300°C and at 0.005 mm/min

Indeed, at 0.005 mm/min, the T91 steel is more sensitive to LBE if the oxygen content
of the liquid metal is low. While the steel is essentially ductile in the presence of oxygen
saturated LBE, the facture surface (see Figure 8) is brittle in the presence of low-oxygen
LBE. The fracture is transgranular, but some intergranular fractures were observed.

Discussion

The present investigation shows that T91 steel is a ductile material but its ductility can
be reduced by several factors, resulting in a ductile to brittle transition. Weakening
effects of LBE on T91 steel properties have been reported. Basically, two groups of
experiments that have pointed out the harmful effect of LBE can be distinguished
depending on whether smooth or notched specimens have been employed. By using
notched specimens, a reduction in toughness and/or acceleration in crack growth by LBE
has been reported on T91 steel [12-15]. On smooth specimens, occurrence of the LBE
effect on the ductility of T91 required modification of the microstructure by changing the
tempering temperature in the heat treatment of the steel or by decreasing the oxygen
content in the LBE bath [8] [11] [16] [17]. A key factor which is systematically presented as
a condition is the possibility of wetting. In general, oxidation avoids wetting and
brittleness [11].

The present investigation, which employed smooth specimens, tends to show that
the situation is not as clear as expected. Indeed, changing the saturated oxygen LBE bath
for the low-oxygen LBE, it was not possible to modify much the behaviour of the T91 in a
temperature range between 200°C and 400°C when it was deformed at 0.5 mm/min.
Indeed, when the steel is in contact with the purified LBE, the native oxide is not affected
and the liquid metal could act only at the non-oxidised slip bands surfaces. It should be
noted that the reduction was in mechanical resistance in the T91 tempered at 750°C in
the low-oxygen LBE bath if deformed at a low displacement velocity (0.005mm/min and
0.0005 mm/min) and in oxygen-saturated LBE at 0.0005 mm/min. The decrease in the
displacement velocity resulted not only in a decrease in the maximum load but also in a
decrease in the displacement value at maximum load. In the present study, the duration
of immersion of the T91 steel in LBE varies from a few minutes to a few hours from the
investigated displacement velocity range. This contrasts very much with Hojna’ results,
where localised conditions for the occurrence of LME required pre-exposure for
1000 hours at 500°C and oxygen less than 10°wt%. No corrosion effect such as dissolution
occurred. Thus, the effect of displacement speed can be related to the rate of adsorbed
atoms of the liquid metal at fresh surfaces and the entrance of these atoms into the bulk
at favourable sites such lath boundaries. In this way, the surface energy of such an
interface could be decreased if a critical number of adsorbed atoms is reached due to the
increased duration of contact with the liquid metal. This investigation leads us to believe
that the low-oxygen LBE does not modify the wetting conditions, e.g. by removing the
oxide layer. However, the low-oxygen content should promote the adsorption effect and
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further entry in the material along interfaces from fresh deformation bands since their
oxidation is disfavoured. The embrittlement of the T91 steel in oxygen-saturated LBE at
very low strain rate tends to confirm this hypothesis.

Conclusion

The mechanical behaviour of the T91 steel has been studied by taking into account
various parameters in order to identify the most effective ones that promote liquid
embrittlement by LBE. The T91 steel is not very sensitive to LME by LBE even for low-
oxygen LBE at high displacement speed. A decrease in the displacement spped leads to a
ductile to brittle transition of the T91 steel deformed in oxygen-saturated LBE. Low-
oxygen content in LBE and an increase in temperature promote liquid metal
embrittlement.
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Abstract

A re-evaluation of various target concepts was decided by the target station concept
selection group during the design update phase of the European Spallation Source (ESS) in
order to include new target concepts in their selection process. During this phase, the
META:LIC (Megawatt Target: Lead bIsmuth Cooled) concept was invented and developed
based on an analysis of existing and new liquid metal targets. Within two years of design
and R&D activities, the META:LIC concept reached the level of proof of principle and was
selected as comparative target solution for assessment purposes for ESS. Both a window
target option for the start of operation and a windowless target option with extended
lifetime are foreseen. The present work describes the META:LIC target concept that has
LBE (lead-bismuth eutectic) as a spallation material and a primary coolant. Emphasis has
been placed on the target module. Thermo-hydraulic simulations for both options are
presented, as well as design measures to mitigate pulsed proton beam induced phenomena.

Introduction

The European Spallation Source is a European initiative to build the world’s most
powerful spallation neutron source in Lund, Sweden. In the 2003 ESS report [6] an
extensive feasibility study, including a complete design proposal is provided. The concept
is based on directing high-power protons on heavy atoms, which are fragmented in the
process yielding free neutrons. The protons provided by an ion source are accelerated to
high power by the linear accelerator. This proton beam then hits the spallation target,
which represents the subject of our current work. Fast neutrons from the spallation
reaction are moderated to fairly low energies in a cold an ultra-cold moderator. Reflectors
surrounding the target and moderators enhance the neutron flux. The target monolith
ensures safe enclosure of activated structures and materials.

Within ESS, several high-power spallation target design options have been
investigated. Among them a helium-cooled solid tungsten rotating target, named
RoTHeTa [13], has been selected as the reference option and a water-cooled solid target,
as well as the LBE target, as comparative solutions [13]. The above-mentioned META:LIC
target is the LBE comparative solution. META:LIC is being currently developed by the
Karlsruhe Institute of Technology (KIT) supported by the Helmholtz Zentrum Dresden-
Rossendorf (HZDR), Forschungszentrum Jiilich (FZ]), Institute of Physics at the University
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of Latvia (IPUL) and the Paul Scherrer Institute (PSI). Table 1 shows the relevant beam
proton beam parameters for the target design.

Table 1. Relevant beam parameters considered for the META:LIC target design

Average beam power 5MW
Beam energy 2.5GeV
Average beam current 2mA
Pulse length 2.86 ms
Pulse repetition rate 14 Hz
Parabolic beam profile 160 mm x 60 mm

The design motivation of META:LIC is descibed in the following sections. Next, the
conceptual design is described with a focus on the two target module options, the
window and the windowless option. For each target module a preliminary thermo-
hydraulic analysis is presented.

META:LIC design motivation

The META:LIC target design is based on the experience and lessons learnt from previous
liquid metal target designs such as the target for the MYRRHA research reactor [14],
MEGAPIE [3] [9], NuSTAR [8], SNS [10] and JSNS [11]. The design of the above-mentioned
targets, in particular the design of the liquid metal flow was taken into account for the
development of META:LIC in order to incorporate the previous experience [14-15]. In
particular, the analysed flow characteristics are the angle between the coolant flow and
the proton beam, the necessity of flow conditioning upstream of the spallation zone and
sensitivity with respect to the outflow. In addition, the flow configuration ensuring
window cooling and the pressure inside the target compared to ambient conditions were
studied. The resulting design guidelines for the META:LIC concept are hereafter
summarised:

e the beam direction has been kept almost coaxial to the LBE flow;
e stagnation points have been avoided;
¢ flow limiter has been avoided;

o complex flow conditioning has been avoided mainly to allow for an analytical pre-
design;

e decoupling of the outflow has been kept.

Concerning the selection of the liquid metal as a spallation material, several options
have been available as e.g. mercury, LBE etc. However, liquid lead-bismuth eutectic (LBE)
has been selected as the preferred spallation material since considerable experience is
available for this liquid metal in Europe. Indeed, the licensing, operation, on-going post-
irradiation analysis and decommissioning of the high-power LBE cooled target MEGAPIE
(a window target concept) are demonstrated at PSI. Moreover, an extensive database of
LBE is summarised in the handbook on LBE published by the OECD/NEA [4].

Conceptual design
As mentioned before, the META:LIC target is a liquid metal target in which LBE is both a

target material and a primary coolant. Figure 1 shows the conceptual design of the
modular target systems. The displayed concept is valid for both the window and the
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windowless target systems. The target system has three separately replaceable modules:
a target module (window/windowless), a pump module and a heat exchanger module.
These three modules are connected to a LBE pool. In particular, the heat exchanger and
pump are submerged in the pool and the target module (either the window or the
windowless option) is attached to the pool. A containment which safely encloses the
whole system is foreseen, however, it is not shown in Figure 1. In order to replace the
individual modules, the whole META:LIC target system is moved on a trolley into the hot
cells where the containment can be opened. The anticipated trolley system is similar to
the arrangements at SNS [1] and JSNS [2].

The decision to develop two target module variants is related to the possibility to
handle at the start-up phase, a known concept, namely the window target module and to
implement in a later stage the window target option with an extended lifetime and for
higher proton beam power.

Figure 1. Modular META:LIC concept including target module, pump module, heat exchanger
module, LBE pool, proton beam, proton beam guide and two moderators
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moderator pump
heat exchanger

proton beam guide target module

pool

Window target module

Figure 2 depicts the window option of the target module which is double walled. The
window target module consists of a proton beam guide with a safety window (not shown),
an inflow channel leading to a nozzle producing a uniform block velocity profile, a U-bend
with an expansion chamber and spoiler enforcing flow detachment to counteract the
effects of the thermal expansion in the LBE due to the pulsed proton beam, and an
outflow duct. The flow is pumped upwards into the inclined inflow channel (+3 degree
angle), then accelerated by the nozzle producing an extremely stable and uniform block
velocity profile that does not suffer instabilities. Next, the LBE flows through the proton
beam interaction zone which is inclined relative to the horizontal plane by 15 degrees.
The LBE returns to the pool through a U-bend and an outflow duct. A horizontal proton
beam enters the liquid metal through a solid wall approximately 1.5 mm thick. The small
inclination angle of the proton beam interaction zone provides an almost coaxial LBE
flow and proton beam. This results in a fairly uniform heating of the coolant so that a
minimal coolant flow rate can be established. Due to the inclination of the proton beam
interaction zone, the flow component perpendicular to the proton beam transports the
fluid across the beam in a fairly short time. This is advantageous for pulsed beams, as
successive beam pulses interact with fluid that was not subjected to the beam previously.
Since the window of the target module does not count as a safety barrier, a double-walled
proton beam guide welded to the target module and a double-walled target station beam
entrance window acting as safety barriers are proposed. In the gap between the walls, a
cover gas system is implemented for the monitoring of leakage.

The pulsed nature of the ESS proton beam results in water hammer phenomena in
the window target module. Indeed, the energy deposition due to a proton pulse leads to a
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temperature rise in the material within a short timescale. Due to inertia of the
surrounding LBE the thermal expansion of the target material within the spallation zone
is suppressed. This results in an initial pressure rise and thus a pressure wave.
Potentially this leads to high stresses on the target container material. Cavitation damage
can occur when the pressure wave is reflected, leading to negative pressures. The time-
scale of the ESS pulse is such that the target material can respond through an appreciable
expansion during the pulse. For normal operation conditions, preliminary calculations of
the pressure transients for the META:LIC window option indicate moderate peak
pressures up to 10 bars at the container material. Potentially critical are sudden events
like beam trips. Starting with normal operation conditions the pressures in the window
region will significantly decrease due to the inertia of the liquid metal flow and the
deficient thermal expansion when the beam is suddenly cut off. Once the flow field
conforms to the beam-off conditions, the pressure will increase during the first pulses,
when the beam starts again. There is insufficient stress relaxation during the first pulses
following a beam trip and deformations so that stresses will be accumulated for several
pulses [7].

Figure 2. Window target module including proton beam and proton beam guide

proton beam

The META:LIC window option incorporates design measures to limit the effects of
cavitation and high stresses that can occur on the container material during transients.
These design measures include an expansion chamber in the U-bend and a spoiler
enforcing flow detachment. This results in two internal free surfaces, (i) in the outflow
channel and (ii) in the expansion chamber. Moreover, the free surfaces in an effective
manner decouple flow in the beam interaction zone from conditions in the outflow duct.

Figure 3 (left) schematically shows how the integrated free surfaces achieved by the
described design modifications interact with transients due to unsteady events (e.g. in
the case of a sudden beam trip). Starting with steady-state operation conditions the fluid
pressure in the window region will decrease due to the inertia of the liquid metal flow
and the absence of thermal expansion when the beam is suddenly cut off. This sudden
change in volume is compensated by deformations of the container in the window region
and probably cavitation within the fluid. Once the flow field conforms to the beam-off
conditions the pressure will increase during the first pulses when the beam starts again
and the sudden thermal expansion is compensated by deformations of the container in
the window region. Figure 3 (left) depicts the approximate locations of the thermally
expanded volume /cavitation bubbles for a time scale, corresponding to three successive
pulses. The thermally expanded zone/cavitation zone is transported downstream with
the bulk velocity to the free surface in the expansion volume chamber zone within
2-3 pulses. When the thermally expanded zone/cavitation zone reaches the free surface,
they are neutralised. With this design modification wall stresses due to compensation of
a missing thermal expansion during a beam trip or the starting thermal expansion after a
beam trip are accumulated for 2-3 pulses until saturation is reached.
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Figure 3. META:LIC design with internal free surfaces (left) and geometry and boundary
conditions for window/windowless target module thermo hydraulic simulations (right)
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Window target: feasibility of expansion volumes

The feasibility of the expansion volume and the transient behaviour of the target
module have been investigated with two and three dimensional isothermal, transient
CFD simulations with the open source CFD tool OpenFOAM Version 2.1. The utilised
OpenFOAM solver is InterFoam, which uses a volume of fluid (VOF) approach to simulate
two fluids. The two simulated fluids are air at 525 K (phase 0) and liquid LBE at 525 K
(phase 1). The material properties of LBE are taken from [4]. The numerical grid used for
the three-dimensional case consists of approximately 1.8 million hexahedral elements
and for the two-dimensional case of 102 000 hexahedral elements. At the wall boundaries,
a no-slip condition is applied. Turbulence is modelled with the high Reynolds number k-o
SST model. For both simulations, an inflow velocity of 1.5 m/s in x-direction and a
vanishing pressure at the outlet have been assumed. The initial and boundary conditions
for both calculations are displayed in Figure 4.

Figure 4. Initial and boundary conditions 3d (left) and 2d (right) VOF simulation
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Figure 5 displays the resulting distribution of the velocity magnitude of the LBE phase
at t=1.5s (left) and t=3.0s (right). The two figures confirm that the internal free surfaces
are formed at the desired locations. The computed flow velocities range between 1 and
4 m/s. However, it can be anticipated that the corrosion limit of the proposed structure
material (T91) at the critical locations, i.e. at thin walls, might not be exceeded. Less can
be said about erosion limits, since these seem to be dependent on the formation of
vortices or similar phenomena. The two figures also show that non-wetted walls are
subjected to splashes, so that these structures can possibly be cooled from the inside
alone. Splashing can be supported by design if needed.

Figure 5. LBE velocity magnitude distribution in m/s for t=1.5 (left) and t=3.0s (right)

-

The filling process of the META:LIC target module is simulated with a two-
dimensional simulation and shown in Figure 6. In this figure, the filling process of the
target module is displayed by the VOF phase fraction for representative time steps. The
two-dimensional calculation illustrates that a start-up transient with nominal flow rate
establishes the desired flow configuration in META:LIC, with free surfaces at desired
locations. A start-up transient with half the nominal flow rate yields a partially filled
target module, i.e. an inappropriate flow configuration.

Figure 6. Filling process of the META:LIC target indicated by the VOF PhaseFraction
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Window target: thermo-hydraulic analysis

A thermohydraulic analysis of the window target module has been conducted using
the commercially available programme package Star-CCM+. The geometry for the
simulation as well as the applied boundary patches are shown in Figure 3 (right). It is to
be noted that the thermohydraulic results obtained here are for an earlier window target
layout. However, since the design modifications occurred outside the beam interaction
zone, the obtained results can be applied to the latest design as described in the previous
section. A mesh of about 10° polyhedral cells has been used for the simulation. For the
turbulent flow modelling, the k-« high Reynolds number model is chosen, since it
features a reasonable physical representation of the problem at a reasonable
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computational time. Standard wall functions are applied. A second order UPWIND
discretisation scheme has been used for momentum, turbulent kinetic energy, turbulent
dissipation rate and energy. The test section is modelled, assuming non-slip boundary
conditions at each wall.

Figure 7. Energy deposition in LBE (left) and heat deposition in time (right)
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Figure 8. Mean temperature distribution LBE (left) and structure material (right)
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Figure 9. Maximum temperature as a function of time LBE (left) and structure material (right)
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At the inlet a uniform velocity profile is assumed. At the outlet a pressure condition is
taken applying an absolute pressure of 1 Pa. The unsteady calculation with the time step
of 2:10*s was carried out with a total calculation time of 3.6 seconds. The thermo-
mechanical properties of the structural material (Steel T91) are taken from [5]. The proton
beam is modelled as a heat source assuming long pulses of 2 ms and a repetition rate of
f=20 Hz. Figure 7 depicts the maximum heat deposition as a function of time and the
energy release within the LBE. These proton beam parameters differ from the baseline
parameters given in Table 1. The local maximum in time average power density is similar
and therefore the effect on time-averaged stationary temperatures is small. However,
lower beam pulse repetition rate will signigicantly increase the energy deposition and
temperature increments per pulse and corresponding cyclic thermal stresses still need to
be investigated.

The proton beam enters the liquid metal through a 1.5 mm thick window made of
structural material. The flow velocity in the irradiated area is approximately 2 m/s.
Figure 8 displays the mean temperature distribution in the fluid and target structure. The
maximum temperatures in LBE and in the target structure as a function of time are given
in Figure 9. With the assumed conditions, all computed temperatures are within the
temperature range allowed for the proposed structure material. Thermal stresses are yet
to be computed. They might be acceptable for the indentified temperature cycling.

Windowless target module

Figure 10 shows the windowless target module. As previously indicated, the windowless
target module mainly differs from the window target by the fact that the window is
removed and a free surface flow is established. Moreover, no design measures need to be
implemented to mitigate the water hammer phenomena induced by the pulsed proton
beam, since the proton beam-induced high pressure and cavitation zones are neutralised
at the free surface. In general, the windowless target option can potentially provide a
larger margin for proton beam power upgrades with respect to the window option since
all related performance aspects of the window material are not applicable here.

Figure 10. Windowless target module

inflow channel

outflow channel

In the windowless target design, the proton beam is directed on a free surface so that
no solid structures are subjected to the proton beam. Since the proton beam will interact
with any material within its path the beam must be guided through a vacuum
environment before hitting the target. In general, targets are enclosed in a safety shroud
to safely enclose the activated inventory in case of an accident, thus limiting mitigation
of the activated material. In the case of the windowless target module, the free surface is
a natural boundary between the LBE and a vacuum. Since this natural boundary cannot
be counted as a safety barrier, the role of the safety shroud becomes more pronounced.
As a safety barrier for this target concept, a double-walled beam guide welded to the
target module and a double-walled beam entrance window are proposed. In the gap
between the walls, a cover gas system is installed in order to implement leak detection.
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Potential splashing from the free surface can be collected in the beam guide and returned
to the pool. Vapour condensation is achieved by cooling appropriate sections of the beam
guide. This ensures that the target station beam entrance window is protected from
direct contact with LBE, allowing the use of low cross-section aluminum alloys.

Windowless target: thermo-hydraulic analysis

One of the major concerns in the windowless configuration is flow stability of the free
surface. To simulate the interface, the volume of fluid technique (VOF) applying a fixed
eulerian mesh is used as a surface-tracking method. This technique is designed for the
interface position prediction of two or more immiscible fluids. The discretisation of the
transport equation is realised by an explicit time scheme. For the solution of the
differential equations, the Courant number is less than 0.5. The time step for the VOF
calculation is refined based on the maximum courant number near the free surface. The
thermal-hydraulic analysis of the turbulent flow behaviour is conducted for 2 m/s. Star-
CCM+ is used for the simulation. Figure 3 (right) displays the simulated geometry
including the applied boundary patches. A mesh of 106 polyhedral cells has been used for
the simulations. The two-phase flow problem is solved assuming liquid LBE and vacuum
environment, here approximated by air at 1 Pa. The used heat source in the liquid phase
is displayed in Figure 7. It should be noted that all other numerical parameters are
described in the section: “Window target: thermo-hydraulic analysis”.

Figure 11. Development of the free surface flow (left),
temperature distribution for inlet flow velocity 2 m/s (right)

Figure 11 shows that the computed maximal temperature of the LBE in the heat
deposition area is between 356°C and 435°C. To detect potential flow instabilities, an
unsteady formulation of the VOF calculations is used. These simulations demonstrate the
advantageous development of a rather smooth free surface. Some longitudinal standing
waves near the side walls are visible, which originate from nozzle corners at their outlet.
Figure 11 confirms that they do not propagate towards the beam centreline. Large waves
or surface structures caused by effects such as the boundary layer relaxation at the
nozzle outlet or the transport of turbulence towards the free surface are not detected.
Analytical estimates on the potential height of these types of instabilities indicate that
the expected wave amplitude will not exceed 1 mm for the flow conditions assumed. It
should be emphasised that the present study has only a preliminary character and does
not intend to analyse instability phenomena to their full extent. Moreover, the “flow
catcher” needs to be designed yet.
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Conclusion

The META:LIC concept exploits the experience of high-power liquid metal spallation
sources and accelerator-driven systems. This allowed freezing the nozzle design at an
early stage of the project yet keeping the possibility for flow modifications. For the
window target option, adequate window cooling has been shown by thermo-hydraulic
simulations without reaching flow corrosion relevant velocities. Furthermore, both the
effects of propagating pressure waves and cavitation are of major concern for liquid
metal window targets subjected to a pulsed proton beam. These are addressed for the
META:LIC window option by design measures. Design measures include an expansion
volume and result in internal free surfaces. The feasibility of internal free surfaces is
proven by VOF simulations. In addition, VOF simulations demonstrate that for the
widowless target module a stable free surface flow can be established. In conclusion, the
modular META:LIC concept represents an innovative target solution which fits the
boundary conditions of ESS. Many of the innovative target design ideas realised within
META:LIC can be adapted to ADS targets, e.g. better beam trip performance.
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Horst Klein - Scientist, Teacher, Leader and Friend

Horst Stoecker?, A. C. Mueller?
'Goethe-Universitat Frankfurt and FIAS, Germany
“National Institute for Nuclear and Particle Physics, France

In memoriam Horst Klein

Our colleague and friend, Prof. em., Dr.phil.nat Horst Klein passed away on 12 December
2012. During his final years as a scientist, Horst was a particularly active member of the
community performing research and development for the “technology and components
of accelerator-driven systems”. As members of the international advisory committees to
TCADS-1 (Karlsruhe, 2010) and TCADS-2, we all have benefited from Horst's outstanding
expertise. The present contribution is to honour his memory and legacy as a Scientist,
Teacher, Leader and Friend.

Horst first came to Goethe University, Frankfurt am Main, as a young man, in the
1950s to study physics.

As early as during his undergraduate work there he caught the attention of his
teacher, and later mentor and friend, Daenzer. Daenzer's Institut fir Angewandte Physik
was the place were Horst flourished soon.

IAP was then - and is till today — a wonderful place where senior scientists fostered
the scientific independence of ambitious young colleagues, urging them to learn, to try,
to seek, to find - to do their own research and practice teaching, at the board and in the
laboratory, in an extraordinarily delightful collegial atmosphere.

After a few years, Daenzer was convinced that Horst could be the right person to
succeed him as Head of the Institute — and asked him to help shape the future of the
accelerator group there — and Horst did just that, with great enthusiasm, energy and a
wonderful attention to the other young people in the group.

When Horst accepted an offer for a Professorship in Karlsruhe and engaged in novel
interesting accelerator projects, his colleagues in Frankfurt immediately started to think
about ways to lure him back to his alma mater.

A few years later, the faculty in Frankfurt announced a key professorship in
accelerator physics at IAP. Horst’s mentors and colleagues, who had shaped his scientific
taste, were successful in luring him back - Horst accepted the offer to take over what is
now “his” Institute at Goethe University to strengthen accelerator science and applied
science at the faculty.

Over the years, Horst built a large world, leading accelerator institute, as witnessed by
many of his own scientific achievements, and by the large flock of excellent students and
collaborators, who are now located all over the world. They will now continue his
scientific legacy and his ambitious spirit for physics, accelerator science and ever new
applications.
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He was also famous for his way of influencing the University President's and Senate's
strategy. Horst was highly respected by all faculties and fractions in the convent and in
the senate as one who, in his quiet way, was deeply involved in shaping Goethe's
research programme for about four decades. Famous, his strawberry tarts - plus coffee -
meetings were also popular, where he usually gained support for his points of view and
convinced many of us to go ahead, stand up for the good of the university and engage in
duties and institutional responsibilities. With coffee, strawberry cake and whipped cream,
he also persuaded one of us (HS) to run for the Presidium as ViP in 2000, and then, to
leave the Presidium at Goethe to take on the directorate at GSI and the Helmholtz-
Presidium as ViP in 2007.

Horst was one of the founding fathers of GSI, the former Gesellschaft fuer
Schwerionenforschung GmbH, now GSI Helmholtzzentrum fuer Schwerionenforschung
GmbH.

Relying on its unique linear accelerator, this national research center for Heavy Ion
Research was driven from the middle sixties by the “gang of six”'at the Hessian
Universities, plus Mainz and Heidelberg, to become a reality in 1974, and developed into
an international focal point for our science: heavy ion-driven nuclear structure,
superheavy element research, nuclear astrophysics, hadron physics, relativistic heavy
ion physics, atomic physics, biomedical- and material science applications, plasma
physics and heavy ion driven fusion, etc.

Today, GSI is also the mother-laboratory for the outstanding international “Facility for
Antiproton and Ion Research in Europe”, FAIR, under construction adjacent to the GSI
premises, with 2500 founding scientists from over 40 countries and a dozen or so
shareholding partner countries, which have invested about one and a half billion euros
and tremendous manpower for the construction of this world’s largest fundamental
science project of this decade.

Many of the staff at GSI are alumni of Goethe University, and many members, youngs
researchers and seniors alike, of our accelerator group hold an IAP master diploma or
hold PhD degrees from Horst's Institute. Also at CERN, at Brookhaven, Fermi Lab, RIKEN,
the MYRRHA project R&D, Lanzhou. We find today both people and accelerator
components, which originated in Horst's IAP group.

In the past ten years, while Horst was very keen to check the shaping of the FAIR
projet and guided many students and collaborators to participate in it, most of his own
research was focused on the development of linear accelerators of the highest possible
intensities and reliabilities for nuclear energy applications, both in fusion, and in fission
for accelerator-driven systems. Horst led IAP participation to the relevant EURATOM
contracts, like PDS-XADS (FP5), EUROTRANS (FP6), MAX (FP7) to name just a few. The
collaboration for the recently started EURATOM project MARISA, to which Horst's
contribution for its preparation was instrumental, will now have to continue without its
elder statesman.

As an intellectual leader in heavy ion accelerator science for more than half a century,
Horst shaped this field of science, mentored more than a hundred Diploma and PhD
students. He will be sorely missed.

! The Hessians Klein, Greiner and Schopper from Frankfurt, Walcher senior from Marburg, Brix

and Beck from Darmstadt, as well as Schmelzer and Boehne from Heidelberg, and Hermann
from Mainz.
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Horst and Rudolf Bock, and their first ladies, receiving the honorary award “senior professor” from the Frankfurter
Forderverein fir die Physikalische Grundlagenforschung in 2011.
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The FAIR proton linac

O. Kester
GSI and Goethe-Universitat, Germany

Abstract

FAIR - the Facility for Antiproton and Ion Research in Europe — constructed at GSI
Helmholtzzentrum fiir Schwerionenforschung GmbH in Darmstadt comprises an
international centre of heavy ion accelerators that will drive heavy ion and antimatter
research [1]. FAIR will provide worldwide unique accelerator and experimental facilities,
allowing a large variety of fore-front research in physics and applied science. FAIR will
deliver antiproton and ion beams of unprecedented intensities and qualities. The main part
of the FAIR facility is a sophisticated accelerator system, which delivers beams to different
experiments of the FAIR experimental collaborations — APPA, NuSTAR, CBM and PANDA
— in parallel. The accelerated primary beams will then be employed to create new, highly
exotic particles in a series of experimental programmes.

Introduction

In the PANDA experiment, collision of the antiproton beam with the internal hydrogen
gas-target will be possible. In order to generate the required intensity of antiproton
beams, the proton beam intensity must be driven to 2*10% per spill. Those intensities
cannot be delivered by the existing UNILAC but a high intensity proton linac injector is
required for the SIS18. A significant part of the experimental programme at FAIR is
dedicated to antiproton physics and for some experiments up to 7-10% cooled antiprotons
per hour are required. Taking into account the pbar production and cooling rate, this is
equivalent to a primary beam of 2-10 protons/h to be provided by the chain of
accelerators comprising the proton linac and the two synchrotrons SIS18 and SIS100 (see
Figure 1).

The driver accelerator of FAIR is the fast ramping, superconducting heavy ion
synchrotron - SIS100 - that allows the acceleration of the most intense beams of stable
elements from protons (30 GeV) to uranium (10 AGeV). SIS100 is installed in a 20 m deep
tunnel, which is designed for the installation of the SIS300 synchrotron in a later stage of
the project. The CBM - Plasma- and Biomat-experiments are directly supplied with
primary beams from the SIS100. Two target stations for the generation of secondary
beams (antiprotons and RIBs) allow the conversion of primary ions. The intensities of
secondary beams will increase by a factor of 1,000-10,000 as compared to currently
available beams. With beams of antiprotons, a variety of experiments is planned at FAIR.
Antiprotons are produced in high-energy collisions of nuclei. The common technique
uses a set of 10 cm long nickel rods, which are bombarded with proton beams. SIS100 will
deliver proton beams with 29 GeV to the target. At 29 GeV beam energy, one out of ten-
thousand protons will produce an antiproton. About 10® antiprotons per spill are
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expected and injected into the collector ring (CR) for beam preparation via stochastic
cooling. The maximum rate of cooled pbars is limited by the stochastic cooling power
since the cooling time scale is proportional to the number of hot pbars for a sufficiently
high signal-to-noise ratio. Typical cooling times in the case of a non-ideal signal-to-noise
ratio are about five seconds. During the stochastic cooling process in the CR, the SIS100
can be used to accelerate ion species different from protons.

Figure 1. Overview of the FAIR Facility and the steps required for
the production and accumulation of antiprotons

Acceleration
to 29 GeV

The FAIR proton linac design

For the high-intensity proton beams, as required for antiproton production, a dedicated
325 MHz proton linac delivering 35 mA and 70 MeV protons is needed [2]. The structure
and elements of the p-linac are depicted in Figure 2. The FAIR proton injector has to
provide at least 35 mA at the final energy with a repetition rate of 4 Hz. A 2.45 GHz ECR
source generating 100 mA of 95 keV protons is employed, followed by a Radio-Frequency
Quadrupole (RFQ). The subsequent Low-Energy Beam Transport (LEBT) is based on two-
solenoid magnetic focusing and provides the required separation of H*, H*, and H
fractions from the proton beam. At present, a 4-rod RFQ and a ladder-RFQ are under
investigation at the University of Frankfurt. The RFQ beam dynamics layout is based on
the New-Four-Section-Procedure which drops the constant-focusing strength scheme [3].

At 3 MeV, the beam is accelerated by three coupled crossed-bar (CH) resonators to
36 MeV where a dedicated section for beam diagnostics is installed [4]. The remaining
three CH-resonators perform the final acceleration to 70 MeV where the beam enters the
transfer channel towards the SIS 18. Although at SIS18 injection a current of 35 mA is
required, a maximum design current of 70 mA for the linac was chosen. If the stochastic
cooling power is increased in future, the accelerator chain will demand higher proton
linac currents.

Figure 2. Overview of the 70 MeV p- linac of FAIR

to SIS18
Source LEBT RFQ — 3CCH-DTL——— 3CH-DTL
[ e e R e R e R -"Ah.ér'_t_ﬂ D‘_I.JIT_"IJp
95 keV 3 MeV 35 MeV 70 MeV

Modern H-type cavities offer highest shunt impedances of resonant structures of
heavy ion linacs at low beam energies < 20 MeV/u and enable the acceleration of intense
proton and ion beams. One example is the interdigital H-type structure. The crossed-bar
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H-cavities extend these properties to high energies even beyond 100 MeV/u. Compared to
conventional Alvarez cavities, these crossed-bar (CH) cavities feature much higher shunt
impedance at low energies. The design of the proton linac is based on those cavities. As
usual for H-mode structures, the beam dynamics lattice is derived from the KONUS beam
dynamics [5].

Three coupled CH-DTL perform the first stage of acceleration to the energy of 36 MeV.
At this energy, space charge effects are of reduced importance and KONUS offers the
possibility to build long lens free sections. The coupled structures consist of two CH-DTL
connected through a single cell resonator. This intertank section oscillates in the Alvarez
mode and the large drift tube houses an electromagnetic quadrupole triplet. The radius of
the single cell resonator has to be adjusted so that the resonance frequency of this unit
matches the adjacent CH cavities. The first coupled CH has been fabricated (see Figure 3)
and low level RF-tuning has been performed with respect to frequency and field flatness.
The low-energy part consists of 13 gaps, followed by the coupling cell and by the 14 gap
high energy part. The whole cavity has an inner length of about 2.8 m and an inner
diameter of about 360 mm. For all structures, the power consumption is expected to be
lower than 1 MW, although it is expected to feed the structures with a 3.0 MW-class
klystrons.

Figure 3. Prototype cavity of the 325 MHz CH-structures of the FAIR p- linac

to SIS18,

s
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The KONUS design has been optimised in order to fulfill the transverse acceptance
requirements of the SIS18 of about 5 mm mrad at 70 MeV injection energy. The injection
into the synchrotron is planned by a multiturn injection scheme. The horizontal
acceptance of the SIS 18 will be filled by a 35 mA within a normalised brilliance of
16.5 mA/pm, while a momentum spread of less than 1% is required. The maximum
repetition rate is fixed at 4 Hz.

To determine the beam brilliance and the beam losses due to alignment errors, an
error analysis has been performed. The error study comprises the DTL section, i.e. after
the end plate of the RFQ. With this analysis mechanical tolerances and the design
robustness against random errors can be determined. The errors include quadrupole
rotation, translation, and variations of operational parameters such as voltage and phase
oscillations of the amplifiers. The simulations show that the present design is robust
against errors. At present, only three pairs of XY steerers are planned along the linac, one
pair after the RFQ and two pairs at the end of the diagnostics sections. The design,
mechanical integration, and data acquisition of the phase probe and BPMs in the p-linac
are challenging. These four-button BPMs are partially to be integrated into the end drift
tubes of the CH-cavities. Special care must be taken for the suppression of primary RF
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leeking into the drift tube that houses the BPM. Therefore, a ferrite shield is expected to
reduce this effect.
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Linac strategies for the lower beam energies

Ulrich Ratzinger
IAP, Goethe-University Frankfurt, Germany

Abstract

Linear accelerator capabilities are improved steadily to fulfill the demands on driver beams
for new beam facilities. At high beam energies above 200 AMeV and towards g - 1, well-
established concepts exist for both room temperature (r.t.) and superconducting (s.c.) linacs,
while for low and medium beam energies many different solutions have been developed
and realised to meet specifications for individual cases. However, there is still no low - and
medium - energy standard concept for “long” linacs. This paper mentions a main limitation
of present technology, namely field emission already at modest surface fields and, as a
result, limited acceleration rate. Moreover, current cavity developments and trends are
discussed.

Introduction

Proton beam currents up to 100 mA and at duty factors up to cw operation have been
demonstrated successfully at low-energy test stands — up to a few MeV beam energy [1].
At present, the most powerful linac in routine operation is the spallation neutron source
SNS in Oak Ridge, Tennessee. It accelerates negatively charged hydrogen ions H™ to beam
energies around 940 MeV approaching the 1 MW level of averaged beam power at pulse
lengths around 1 ms and beam currents around 30 mA. One main limitation in beam loss
reduction is the intra — beam scattering of ions where the weakly bound additional
electron is easily lost followed by particle loss and activation of the accelerator
equipment [2]. Upgrades to 3 MW beam power levels seem feasible. There is the 590 MeV
sector cyclotrons at the Paul Scherrer Institute PSI, Villigen, Suisse, which holds the beam
power record with a 1.4 MW beam, 2.4 mA, cw operation [3]. This case shows some
potential for an upgrade in beam power.

The 6 MW European Spallation Source ESS has been under investigation for many
years and will be realised in the forthcoming years in Lund, Sweden. This facility will be
driven by a 2.5 GeV proton beam. The layout of the proposed linac is shown in Figure 1.
An averaged voltage gain of 7 MV/m along the linac results in a total length of 357 m. This
relatively high averaged value is due to the most efficient high beta section.

Figure 1. Layout scheme of the 2.5 GeV driver linac for ESS [4]
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Acceleration by linacs starts with an electrostatic beam extraction from ion sources
followed by a main acceleration along RF cavities. While at low beam energies the voltage
gain is typically at the 1 MV/m level, it is seriously increased at the high energy end.
Another parameter to increase the voltage gain is a reduced duty factor; this is true for
room temperature as well as for superconducting structures.

Transverse beam focusing along linacs is provided by magnetic quadrupoles. Only at
low-energy sections are magnetic solenoid focusing and electrostatic focusing used
alternatively. The quadrupole focusing lattice along the linac is FODO along Alvarez -
type DTL’s and doublet or triplet channels with magnet free drift tube sections between
lenses in most other cases. It has been demonstrated in many cases that the separated
function linacs mentioned last achieve considerably higher effective acceleration fields.

One severe disadvantage of linacs is the great extension along the beam axis, which
often causes problems during the acquisition of a suited building site.

Another important issue is the RF amplifier costs. Linacs offer the fastest acceleration
but with the disadvantage that every gap voltage is exploited only once per beam particle.

This article presents the following topics:
¢ higher acceleration fields;
e accelerator cavities;

e linac front end concepts;
Field emission

A typical behaviour of cavities is an increase in cavity power losses over-proportionally to
the square of the voltage amplitude beyond a certain field level. This effect is due to
“field emission” between cavity surface spots. There is a great variety of effects in detail,
differing also between r.t. and s.c. cavities [5]. The local field emission current density is
predicted by the Fowler -Nordheim equation:

Figure 2. Fowler-Nordheim equation and sketch of the effective surface potential
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In this case, Ir is the current from an added sum of cavity surfaces exposed to the
maximum surface field E. The enhancement factor g indicates by which factor the
calculated field at a given cavity operation level has to be increased to explain the
measured field emission current. In experiments B is derived from data points in the so-
called Fowler-Nordheim plot, which allows directly evaluating the value 1/p. Figures 3
and 4 show some results from measurements at r.t. and s.c. H - type cavities. It should be
noted that B typically varies in the range from 100 to several hundred. There should still
be a potential for improvements with respect to effective voltage gains.

Figure 3. The 19 gap, 359 MHz s.c.CH - cavity, quality factor Q over acceleration field (left),
Fowler-Nordheim - plots after two separate BCP treatments (centre), and 3D - sketch of the
cavity (right)
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Figure 4. Results from measurements on the r.t. CERN Linac3 IH2-cavity at field gain levels up
to 10.7 MV/m and at peak surface field levels up to 54 MV/m /6/: dark current dependence at
field level, Fowler - Nordheim-Plot, photo from the 1.5 m long IH2 cavity
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The Kilpatrick criterium gives additional orientation for the layout of cavity
parameters: It predicts a maximum for the surface fields at a given RF frequency before

sparking occurs:
-85

[=164E>-e® .  E/MV/m ; f/MH:

Table 1 predicts the maximum surface field levels from the Kilpatrick — criterium at
RF frequencies:
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A comparison with experiments shows that this criterion for frequencies below
300 MHz is too pessimistic while it is too optimistic for frequencies above 10 GHz.

Many studies about surface treatment and about sparking limits have been performed
during the last decades but there is still no breakthrough towards surface preparation
techniques resulting in field enhancement factors f closer to one.

However, progress was achieved with respect to maximum operable field levels in

superconducting cavities. In that case,

the critical magnetic field level sets another

barrier, and this limit has been nearly achieved in the case of superconducting bulk
niobium elliptical cavities for a relativistic f=1. They reach 40 MV/m voltage gain.

Figures 5 and 6 show results from prototyping work on superconducting cavities for

lower beam velocity [7] [8].

Figure 5. Single spoke cavity development: performance of the 352 MHz, g = 0.35 cavity from IPN
Orsay (top left) and of the 350 MHz, p = 0.175 cavity at LANL, Los Alamos (top right), from [7]
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Figure 6. Quarter wave resonator development for FRIB and
achieved performance, 80.5 MHz, p= 0.08 [8]
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Effective voltage gain

Room temperature structures at low beam energies improved a lot with respect to
acceleration gradients after applying multi-cell H-type structures. One example is shown
in Figure 7. This 217 MHz IH - type cavity follows the “Combined Zero Degree Beam
dynamics” KONUS and is in use at medical facilities for cancer treatment by carbon
beams in several places now [9]. The effective shunt impedance is as high as 125 MQ/m,
resulting in 830 kW thermal losses.

Figure 7. 19.8 MV, 217 MHz IH-cavity accelerating C4+ ions from 400 AkeV to 7 AMeV
within an outer tank length of 3.8 m

It contains 3 quadrupole triplet lenses for transverse focusing.

In a next step, a CH - cavity is under development at IAP [10] to reach even higher
acceleration fields (see Figure 8 and Table 2). This stainless steel cavity will be operated at
325 MHz, there will be tests on two different galvanic copperplating techniques (shining
against mat surface). The geometry was optimised for a high shunt impedance and at the
same time for maximum local field maxima below 100 MV/m.

Figure 8. High-field test cavity, 325 MHz
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Table 2. The main CH - cavity parameters for the high - field prototype cavity

Number of gaps 7
Frequency (MHz) 325.2
Voltage gain (MV) 6

Eff. Accel. length (mm) 529.6
Eff. Accel. field (MV/m) 11.2
Power loss (MW) 1.58
Qo - value 13500
Effective shunt impedance (M 573
Q/m)

Beam aperture (mm) 27

Maximum electric field levels appear locally on the drift tubes at a radius of 19.43 mm.
Maximum field spots are up to 97 MV at the envisaged amplitude level. Figure 9 shows
the electric and magnetic field distributions, respectively.

Figure 9. Electric (left) and magnetic field levels in the cross-sectional area

A first CH - type proton linac is under development for the FAIR Facility at GSI
Darmstadt [11]. It will provide 70 MeV protons at beam currents up to 70 mA for
synchrotron injection. The CH - section has a length of only about 20 m.
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Figure 10. Electric field levels along the beam axis (path 1)
and along the aperture radius (path 2) (upper left), indication of a path on the drift tube
surfaces, containing the maximum field spot (upper right) and showing a variation along ¢
with two maxima at 0 (lower left) and at 180 deg (lower right)
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Amplifier technology

Solid state amplifiers have been increased rapidly, their maximum RF power levels at
frequencies being attractive for ion acceleration. At the same time the investment costs
per watt are sinking. This trend might influence future accelerators in such a way that
room temperature structures could become attractive again in some large linac projects,
where pulsed beam operation is acceptable and pulsed beam current levels can be
handled [12].

Transverse focusing

After reaching a certain beam energy the transverse beam focusing is achieved by
quadrupole doublets or quadrupole triplets located in intertank sections between cavities.
At lower beam energies several techniques are applied: at superconducting linacs
superconducting solenoids can be integrated into a long cryostat containing cavities and
lenses. This technique was applied successfully at ATLAS, ANL, Argonne for the first time,
and later at the TRIUMF- ISAC Facility. At ALPI, INFN, Legnaro and at SPIRAL2, GANIL,
Caen (under construction) room temperature quadrupole doublets between s.c. cavities
provide the transverse focusing. In the latter case, an easy control of the transverse lens
position is guaranteed, while lens integration into the cryostat reduces the drift between
cavities, providing better longitudinal beam acceptance.

At Alvarez - type DTL’s every drift tube is equipped with a magnetic quadrupole.
Recently, also permanent magnetic quadrupoles are used to save in transverse space and
by that reducing the outer drift tube diameter. This technique was used at the SNS DTL
front end and will now be applied at the CERN Linac 4 and probably at the ESS Alvarez —
type DTL section in Lund, Sweden.
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In TH - type linacs quadrupole triplet lenses are integrated between slim drift tubes
for acceleration at the low energy end to minimise the drift between neighboured
acceleration sections. Moreover, this technique allows matching the RF power
requirement of the first cavity to the available amplifier power class, reducing
investment costs for traditional tube-driven amplifier systems. The following lenses are
mounted on the intertank sections between the cavities.

RFQ development

The RF ion linac begins with an RFQ, providing a high acceptance for low energetic beams
- down to several 10 keV for protons and down to several AkeV for heavy ions (the ion
source needs only electrostatic voltages on the 30 kV to 100 kV level typically). The RFQ
forms the bunch structure and accelerates the beam to energies of some 100 AkeV for
heavy ions and to some MeV for protons. For 30 years, RFQs have been used in most ion
beam facilities as the first element of the RF linac.

Two types of RFQ resonators are in use - the 4 Vane Cavity and the 4-Rod- type
resonator (see Figure 11). For proton acceleration, at frequencies around and beyond
300 MHz the 4 - Vane cavity is mostly used. For ion acceleration, at frequencies up to
220 MHz 4-Rod-RFQs are commonly chosen.

Studies about 4-Rod RFQs for higher frequencies have not been successful so far. At
IAP, a new attempt was made to develop a 325 MHz RFQ of the 4 -Rod type, namely the
“ladder — RFQ”. This geometry should allow achieving reasonable transverse dimensions
at high frequencies [13]. Figure 11 shows the design concept.

Figure 11. 402.5 MHz SNS 4-Vane RFQ (left), 176 MHz 4-Rod-RFQ
and 325 MHz ladder type 4-Rod RFQ (right)

MYRRHA front-end design

The ADS project MYRRHA in Mol, Belgium needs a very safe linac layout with very
restricted rules for beam delivery failures [14]. To secure these needs, the front end is
doubled up to energies of 17 MeV. Both lines will be in operation and only one will deliver
beams to the main linac. If a fault occurs in this line the second one can immediately
overtake the duty. Both lines have to achieve as much independence from each other as
possible with respect to supplying systems. Figure 12 shows two versions discussed for
the front end: one is operated at 352 MHz, the main linac frequency, the other one uses
176 MHz. A warm section is followed by a superconducting CH - section in both cases.
The subharmonic frequency is feasible at the relatively low beam current foreseen at this
facility. It allows a classical 4-Rod RFQ design and a low transition energy to the more
efficient DTL - section.
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Figure 12. Conceptual design options for the MYRRHA front end
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Focusing is provided by quadrupole triplets along the room temperature section and afterwards by superconducting
solenoids, integrated in the cryostat.
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Recent developments of the MYRRHA Project

P. Baeten, D. De Bruyn, R. Fernandez, G. Van den Eynde, H. Ait Abderrahim
Studie Centrum voor Kernenergie-Centre d’Etude de I'’Energie Nucléaire (SCK*CEN), Belgium

Abstract

MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications) is a multi-
purpose research facility currently being developed at SCK*CEN. MYRRHA is based on the
ADS (Accelerator-driven System) concept where a proton accelerator, a spallation target
and a subcritical reactor are coupled. MYRRHA will demonstrate the ADS full concept by
coupling these three components at a reasonable power level to allow operation feedback.

As a flexible irradiation facility, the MYRRHA research facility will be able to work in both
critical and subcritical modes. In this way, MYRRHA will allow fuel developments for
innovative reactor systems, material developments for GEN-IV and fusion reactors, and
radioisotope production for medical and industrial applications. MYRRHA will be cooled by
lead-bismuth eutectic and will play an important role in the development of the Pb-alloys
technology needed for the LFR (Lead Fast Reactor) GEN-IV concept.

MYRRHA will also contribute to the study of partitioning and transmutation of high-level
waste. Transmutation of minor actinides can be completed in an efficient way in fast
neutron spectrum facilities, so both critical reactors and subcritical ADS are potential
candidates as dedicated transmutation systems. However, critical reactors heavily loaded
with fuel containing large amounts of MA pose reactivity control problems, and thus safety
problems. A subcritical ADS operates in a flexible and safe manner, even with a core
loading containing a high amount of MA, leading to a high transmutation rate.

The MYRRHA design has progressed through various framework programmes (FP) of the
European Commission in the context of Partitioning and Transmutation. The XT-ADS
version was a short-term, small-scale (57 MWuw) experimental facility, and has been
developed within the EUROTRANS project in the FP6 (2005-2010). The most recent version
FASTEF is a further upgrade of XT-ADS, still conceived as a flexible irradiation facility,
now able to work in both subcritical and critical modes. FASTEF has been developed within
the CDT project in FP7 (2009-2012). The MYRRHA design has now entered into the Front
End Engineering Phase, covering the period 2012-2014. The engineering company which
will handle this phase is currently being selected.

This paper presents the most recent developments in the design of the MYRRHA Facility.
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Introduction

Since its creation in 1952, the Belgian Nuclear Research Centre (SCK*CEN) at Mol has
always been heavily involved in the conception, design, realisation and operation of large
nuclear infrastructures. It has even played a pioneering role in such type of
infrastructures in Europe and worldwide. SCKCEN has successfully operated these
facilities at all times due to the high degree of qualification and competence of its
personnel and by inserting these facilities in European and international research
networks, contributing to the development of crucial aspects of nuclear energy at an
international level.

One of the flagships of the nuclear infrastructure of SCK*CEN is the BR2 reactor, a
flexible irradiation facility known as a multi-purpose materials testing reactor (MTR). This
reactor has been in operation since 1962 and has proven to be an excellent research tool,
which has produced remarkable results for the international nuclear energy community
in various fields such as material research for fission and fusion reactors, fuel research,
reactor safety, reactor technology and for the production of radioisotopes for medical and
industrial applications. BR2 has been refurbished twice, consisting of the replacement of
the beryllium matrix and considerable safety improvements at the beginning of the 1980s
and 1990s.

The BR2 reactor is now licensed for operation until 2016 with a potential extension for
another ten-year period until 2026. The SCK'CEN at Mol has been working for several
years at the pre- and conceptual design of a multi-purpose flexible irradiation facility,
which can replace BR2 and is innovative to support long-term oriented research projects
ensuring the future of our research centre. This facility, called MYRRHA (Multi-purpose
hYbrid Research Reactor for High-tech Applications), has been designed as a multi-
purpose accelerator-driven system (ADS) for R&D applications, and consists of a proton
accelerator delivering its beam to a spallation target which, in turn, couples to a
subcritical fast core, cooled with lead-bismuth eutectic (LBE).

MYRRHA is able to work both in subcritical (ADS) and in critical modes. To determine
the characteristics of this multi-purpose flexible irradiation facility, an analysis of the
present day needs of the international community has been conducted in particular in
the European Union, and as a result, MYRRHA should target the following applications:

e to demonstrate the full ADS concept by coupling the three components
(accelerator, spallation target and subcritical reactor) at a reasonable power level
to allow operation feedback and scalability to an industrial demonstrator;

e to allow the study of the efficient technological transmutation of high-level
nuclear waste, in particular minor actinides that would require high fast flux
intensity (®s07smev = 10" n/cm?.s);

e to be operated as a flexible fast spectrum irradiation facility allowing for:

— fuel developments for innovative reactor systems, which need irradiation rigs
with a representative flux spectrum, a representative irradiation temperature
and high total flux levels (¢w: = 5-10"* to 10" n/cm?s); the main target will be
Gen-IV systems which require fast spectrum conditions;

— material developments for Gen-IV systems, which need large irradiation
volumes (3000 cm?3) with high uniform fast flux level (®-1mev = ~ 5-10™ n/cm?.s) in
various irradiation positions, representative irradiation temperature and
representative neutron spectrum conditions; the main target will be fast
spectrum Gen-IV systems;

— material developments for fusion reactors which also need large irradiation
volumes (3000 cm?3) with high fast flux level (¢-1mev= ~ 5-10" n/cm?.s) with low
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gradients, a representative and controlled irradiation temperature and a
representative ratio appm He/dpa(Fe)* = 10;

— radioisotope production for medical and industrial applications by:
— holding a back-up role for classical medical radioisotopes;

— focusing on R&D and production of radioisotopes requiring very high
thermal flux levels (®thema = 2 to 3-10® n/cm?s) due to double capture
reactions;

— industrial applications, such as Si-doping which needs a thermal flux level
depending on the desired irradiation time: for a flux level ®mema = 10 n/cm?s,
an irradiation time in the order of days is needed and for a flux level of ®tmema =
10 n/cm?.s, an irradiation time in the order of hours is needed to obtain the
required specifications.

MYRRHA developed from the ADONIS Project (1995 — 1997), which was the first project
at SCKeCEN where the coupling between an accelerator, a spallation target and a
subcritical core was studied. ADONIS was a small irradiation facility, having the
production of ®Mo as its single objective. In 1998, the ad-hoc scientific advisory committee
recommended extending the purpose of the ADONIS machine to become a material
testing reactor for material and fuel research, to study the feasibility of transmutation of
minor actinides and to demonstrate the principle of the ADS at a reasonable power scale.
Since 1998, the project has been called MYRRHA.

In 2005 MYRRHA consisted of a proton accelerator delivering 350 MeV * 5 mA to a
windowless spallation target coupled to a subcritical fast core of 50 MWth. This 2005
version is the “MYRRHA - draft 2” design [1]. The different versions of MYRRHA have
been included in successive collaborative projects of the European Commission in its
framework programmes. The 2005 design was used as a starting base within the FP6
EUROTRANS integrated project [2], which resulted in the XT-ADS (Experimental
Demonstration of the Technical Feasibility of Transmutation in an Accelerator-driven
System) design [3], where a linear proton accelerator delivers a 600 MeV * 3.2 mA beam
into the spallation target. The reactor power of XT-ADS was 57 MWth.

The XT-ADS design was taken as a starting point for the work performed in the FP7
CDT project, which resulted in the MYRRHA-FASTEF (MYRRHA Fast Spectrum
Transmutation Experimental Facility) design [4-5]. The current design of MYRRHA-
FASTEF is described in more detail in this paper.

The MYRRHA accelerator

The accelerator is the driver of MYRRHA since it provides the high energy protons that
are used in the spallation target to create primary neutrons, which, in turn, feed the
subcritical core. In the current design of MYRRHA, the machine must be able to provide a
proton beam with an energy of 600 MeV and an average beam current of 3.2 mA. The
beam is delivered in continuous wave (CW) mode. Once a second, the beam is shut off for
200 ps so that accurate on-line measurements and monitoring of the subcriticality of the
reactor can take place. The beam is delivered to the core from above through a beam
window.

Accelerator reliability is a crucial issue for the operation of an ADS. A high reliability
is expressed by a long Mean Time Between Failure (MTBF), which is commonly obtained
by a combination of over-design and redundancy. On top of these two strategies, fault
tolerance in the high-energy section of the linac (above 17 MeV) must be implemented to

! appm He/dpa = atomic parts per million helium per displacement per atom
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obtain the required MTBF. Fault tolerance will allow the accelerator to recover the beam
within a beam trip duration tolerance after failure of a single cavity. In the MYRRHA case,
the beam trip duration tolerance is three seconds. Within an operational period of
MYRRHA of three months, the number of allowed beam trips exceeding three seconds
must remain under 10, shorter beam trips are allowed without limitations. The
combination of redundancy and fault tolerance should allow obtaining a MTBF value in
excess of 250 hours to meet the required number of beam trips per operation cycle of
three months.

At present, proton accelerators with megawatt level beam power in CW mode only
exist in two basic concepts: sector-focused cyclotrons and linear accelerators (linacs).
Cyclotrons are an attractive option with respect to construction costs, but they do not
have any modularity, which means that a fault tolerance scheme cannot be implemented.
Also, an upgrade of its beam energy is not a realistic option. A linear accelerator,
especially if made superconducting, has the potential for implementing a fault tolerance
scheme and offers a high modularity, resulting in the possibility to recover the beam
within a short time and increasing the beam energy.

A basic layout of the MYRRHA accelerator, aiming at maximising its efficiency, its
reliability (or MTBF) and its modularity, is provided in Figure 1.

Figure 1. A schematic layout of the reference design of the MYRRHA accelerator
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MYRRHA core and primary system

The main components or systems of the current MYRRHA-FASTEF design are of the same
MYRRHA/XT-ADS type, as defined within the EUROTRANS project, with only increased
size. The primary and secondary systems have been designed to evacuate a maximum
core power of 100 MWu. All the MYRRHA-FASTEF components are optimised for the
extensive use of the remote handling system during components replacement,
inspection and handling.

Since MYRRHA-FASTEF is a pool-type ADS, the reactor vessel houses all the primary
systems. In previous designs of MYRRHA, an outer vessel served as secondary
containment in case the reactor vessel leaks or breaks. In the current design, the reactor
pit implements this function, improving the capabilities of the reactor vault air cooling
system. The vessel is closed by the reactor cover which supports all the in-vessel
components. A diaphragm inside the vessel functions to separate the hot and cold lead-
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bismuth eutectic (LBE), to support the In-Vessel Fuel Storage (IVFS) and to provide a
pressure separation. The core is held in place by the core support structure consisting of
a core barrel and a core support plate. Figure 2 shows a section of the MYRRHA-FASTEF
reactor showing its main internal components.

Figure 2. Section of the MYRRHA-FASTEF reactor showing its main internal components

A. Reactor vessel F. In-vessel fuel handling machine
B. Reactor cover G. Core

C. Diaphragm H. Above core structure

D. Primary heat exchanger 1. Core restraint system

E.  Primary pump

At the present state of the design, the reactor core (see Figure 3) consists of mixed
oxide (MOX) fuel pins, typical of fast reactors. A major change with respect to the
previous version of the core is the switch from a windowless loop-type spallation target
to a window beam tube-type spallation target. The previous version needed three central
hexagons to house the spallation target while the present day design only needs one
central hexagon. To better accommodate this central target, the fuel assemblies’ size is a
little bit increased as compared to the MYRRHA/XT-ADS design. Consequently, the In-Pile
test Sections (IPS), which will be located in dedicated FAs positions, are larger in diameter,
giving more flexibility to experiments. Thirty-seven positions can be occupied by IPSs or
by the spallation target (the central one of the core in subcritical configuration) or by
control and shutdown rods (in the core critical configuration). This gives a large flexibility
in the choice of the more suitable position (neutron flux) for each experiment.

The requested high fast flux intensity has been obtained by optimising the core
configuration geometry (fuel rod diameter and pitch) and maximising power density. For
the first core loadings, 15-15Ti will be used as a cladding material instead of T91, which
will be qualified progressively further on during MYRRHA operation for a later use. The
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use of lead-bismuth eutectic (LBE) as a coolant permits lowering the core inlet operating

temperature (down to 270°C), decreasing the risk of corrosion and allowing an increase in
the core AT. This, together with the adoption of reliable and passive shutdown systems,

will permit meeting the high fast flux intensity target.

Figure 3. Cut in the MYRRHA-FASTEF core showing the central target, the different types of

fuel assemblies and dummy components
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As depicted in the figure, showing a critical core layout (with 7 central IPS) at the
equilibrium of the fuel cycle, 37 positions are available for Multi-Functional Channels

(MFC) that can host indifferently:
o fuel assembly and dummy, loaded from the bottom (in all the 151 positions);

e IPS, control and scram rods, loaded from the top.

In subcritical mode, the accelerator (as described in the previous section) is the driver
of the system. It provides the high-energy protons that are used in the spallation target to
create neutrons which, in their turn, feed the subcritical core. The accelerator is able to

provide a proton beam with energies of 600 MeV and a maximum current of 4 mA.

In subcritical mode, the spallation target assembly, located in the central position of
the core, brings the proton beam via the beam tube into the central core region. The
spallation heat deposit is dissipated to the reactor primary circuit. The spallation module
guarantees the barrier between the reactor LBE and the reactor hall and ensures optimal
conditions for the spallation reaction. The spallation module assembly is conceived of as

an IPS and is easily removable or replaceable.

Unlike the critical layout, in ADS mode the six control rods (buoyancy driven in LBE)

and the three scram rods (gravity driven in LBE) will be replaced by absorbing devices to
be adopted only during refuelling. Due to the (aimed and reached) flexibility, such
absorbing devices will be implemented by adopting the control rods, but they will be

controlled manually only by the operator.

The primary, secondary and tertiary cooling systems were designed to evacuate a
maximum thermal core power of 110 MW. The 10 MW more than the nominal core power
account for the power deposited by the protons, for the power of in-vessel fuel and for
the power deposited in the structures by y-heating. The average coolant temperature
increase in the core in nominal conditions is 140°C with a coolant velocity of 2 m/s. The

primary cooling system consists of two pumps and four primary heat exchangers (PHX).
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The primary pumps will deliver the LBE to the core with a mass flow rate of 15-15Ti
4750 kg/s (453 1/s per pump). The working pressure of the pump is 300 kPa. The pump will
be fixed at the top of the reactor cover, which is supposed to be the only supporting and
guiding element of the pump assembly.

The secondary cooling system is a water cooling system while the tertiary system is
an air cooling system. These systems function in active mode during normal operation
and in passive mode in emergency conditions for decay heat removal.

The main thermal connection between the primary and secondary cooling systems is
provided by the primary heat exchangers (see Figure 4). These heat exchangers are shell
and tube, single-pass and counter-current heat exchangers. Pressurised water at 200°C is
used as a secondary coolant, flowing through the feed-water pipe in the centre of the
PHX to the lower dome. All the walls separating the LBE and water plena (feed-water tube,
lower dome and upper annular space) are double-walled to avoid pre-heating of the
secondary coolant and to prevent water leaking in the LBE in case of tube rupture.

Figure 4. Heat exchangers

In the case of loss of the primary flow (primary pumps failure), the primary heat
exchangers are not able to extract the full heat power. In such cases, the beam must be
shut off in the subcritical case and the shutdown rods inserted in the critical case. Decay
heat removal (DHR) is achieved by natural convection. Ultimate DHR is performed
through the reactor vessel cooling system (RVACS, reactor vessel air cooling system) by
natural convection.

The interference of the core with the proton beam, the fact that the room located
directly above the core will be occupied by a great deal of instrumentation and IPS
penetrations, and core compactness results in insufficient space for fuel handling to
(un)load the core from above. Since the very first design of MYRRHA, fuel handling has
been performed from underneath the core. Fuel assemblies are kept by buoyancy under
the core support plate.
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Two fuel handling machines are used, located at opposite sides of the core. Each
machine covers one side of the core. The use of two machines provides sufficient range
to cover the necessary fuel storage positions without the need of an increase for the
reactor vessel when only one fuel-handling machine is used. Each machine is based on
the well-known fast reactor technology of the “rotating plug” concept using SCARA
(Selective Compliant Assembly Robot Arm) robots. To extract or insert the fuel assemblies,
the robot arm can move up or down for about two meters. A gripper and guide arm is
used to handle the FAs: the gripper locks the FA and the guide has two functions, namely
to hold the FA in the vertical orientation and to ensure neighboring FAs are not disturbed
when a FA is extracted from the core. An ultrasonic (US) sensor is used to uniquely
identify the FAs.

Figure 5. The in-vessel fuel handling machine

The in-vessel fuel handling machine will also perform in-vessel inspection and
recovery of an unconstrained FA. Incremental single-point scanning of the diaphragm
can be performed by a US sensor mounted at the gripper of the IVFHM. The baffle under
the diaphragm is crucial for the strategy as it limits the work area where inspection and
recovery are needed. It also eliminates the need of additional recovery and inspection
manipulators, prevents items from migrating into the space between the diaphragm and
the reactor cover, and permits side scanning.

Conclusion
SCK*CEN is proposing to replace its ageing flagship facility, the Material Testing Reactor
BR2, by a new flexible irradiation facility, MYRRHA. Considering the international and

European needs, MYRRHA is conceived as a flexible fast spectrum irradiation facility able
to work in both subcritical and critical modes.
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MYRRHA is expected to be in full operation by 2024 and it will be able to operate in
both operation modes: subcritical and critical. In subcritical mode, it will demonstrate
ADS technology and the efficient demonstration of MA in subcritical mode. As a fast
spectrum irradiation facility, it will address fuel research for innovative reactor systems,
material research for Gen-IV systems and for fusion reactors, radioisotope production for
medical and industrial applications and industrial applications, such as Si-doping.

The MYRRHA design has now, with the latest FASTEF version, entered into the Front
End Engineering Phase covering the period 2012-2014. The engineering company which
will handle this phase is currently being selected. At the end of this phase, the purpose is
to have progressed in such a way in the design of the facility that the specifications for
the different procurement packages of the facility can be written, to have adequately
addressed the remaining R&D issues, to have obtained the licensability agreement from
the Belgian Safety Authorities and to have formed the international members'
consortium for MYRRHA.
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