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FOREWORD

The accelerator-driven system (ADS) has been receiving considerable interest due to its possible
use in radioactive waste transmutation. The performance of such hybrid systems largely depends on
the reliability of the high power proton accelerators (HPPA), as well as the integration of the spallation
targets and subcritical systems.
Since 1998, the OECD/NEA Nuclear Science Committee has been organising workshops on the
Utilisation and Reliability of High Power Proton Accelerators to discuss technical issues, to provide
state-of-the-art reports and to identify any specific needs for developing ADS. Previous workshops
were held in Mito (Japan, 1998), in Cadarache (France, 1999), in Santa Fe, NM (USA, 2002) and in
Daejon (Korea, 2004). The fifth workshop was held in Mol, Belgium on 6-9 May 2007 and organised
in co-operation with the SCKxCEN.
A total of 41 papers were presented. The workshop included a special session on the MEGAPIE
programme and five technical sessions: accelerator programmes and applications; accelerator
reliability; spallation target development and coolant technology; subcritical system design and ADS
simulations; and finally, ADS experiments and test facilities.
These proceedings include all the papers presented at the fifth workshop. The opinions expressed
are those of the authors only and do not necessarily reflect the views of the NEA or its member
countries.
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EXECUTIVE SUMMARY

Reducing the radiotoxicity of nuclear wastes is one of most pressing requirements for the future
of the nuclear fuel cycle. One viable option is the subcritical accelerator-driven system (ADS), since it
is capable of transmuting the long-lived minor actinides to short-lived or stable elements, with an
internal neutron source driven by high-power proton accelerators (HPPA). The improvement of beam
reliability as well as lead-bismuth technology, windowless spallation target and subcritical core design
are identified as challenging technologies.
To promote the development of such hybrid nuclear systems and to provide a forum for
discussion, the OECD/NEA has held a series of international workshops on the utilisation and
reliability of high-power proton accelerators since 1998. Four workshops have been organised and
hosted by the following major national laboratories: JAERI (former JAEA) in 1998 (Mito, Japan),
CEA in 1999 (Cadarache, France), LANL in 2002 (Santa Fe, USA) and KAERI in 2004 (Daejon,
Korea). The fifth workshop, hosted by SCKxCEN, was held on 5-9 May 2007 in Mol, Belgium.
The workshop opened with welcome addresses from Hamid Aït Abderdahim (Belgium),
SCKxCEN, Director of the Advanced Nuclear Systems Institute and Pierre J. D’hondt (Belgium), the
vice chair of the NEA Nuclear Science Committee. Two plenary speeches were given, chaired by
P. D’hondt and A. Mueller (France):
x

Y. Jongen (Belgium) presented accelerator applications used in cancer therapy for their ability
to produce radioactive isotopes. Medical radioactive isotopes such as 99Tc have been
produced in the reactors. Recently, some very important isotopes (201Tl, 123I) have been
produced by high-energy cyclotrons, and it is now possible to distribute them world wide with
powerful cyclotrons owned by radiopharmaceutical companies. The application of
brachytherapy, proton therapy and carbon therapy were also presented.

x

F. Groeschel (Switzerland) reported on the MEGAPIE irradiation experience of the first
megawatt liquid metal spallation target SINQ. MEGAPIE is an experiment that is being
carried out in the SINQ target location at the Paul Scherrer Institute (PSI), and aims to
demonstrate the safe operation of a liquid metal spallation target at a beam power in the
region of 1 MW. Target material is Pb-Bi eutectic mixture. He concluded that the MEGAPIE
target operation was successful and the neutronic performance yielded the expected flux
increase. The thermal-hydraulic behaviour was stable and beam trips could be well-controlled.

One special session and five technical sessions were organised. Each session was comprised of
invited speeches and presentations of contributed papers. The contents of the different sessions are
described below, together with a brief explanation of the papers’ content.
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Special session on MEGAPIE programme (Chair: F. Groeschel)
Three contributed papers were presented during this session.
x

L. Podofillini (Switzerland) gave an overview of the main issues for the safety evaluation of
the MEGAPIE experimental facility. The operational characteristics of safety procedures of
the MEGAPIE were reported. He demonstrated that probability safety assessment can provide
insights into safety and identify measures for informing designers of the safety of experimental
installations. He concluded that the lack of data could be covered by studies on uncertainties.
Identifying weaknesses by order of priority, rather than by degree of risk, is necessary.

x

K. Thomsen (Switzerland) introduced MEGAPIE safety systems which help concentrate the
beam so that it reaches the SINQ target. Three independent systems are installed: a dedicated
current monitoring system, a beam collimating slit and a novel beam diagnostic device named
VIMOS. All these systems have to meet basic requirements to ensure the beam’s reliability.

x

M. Dierckx (Belgium) presented the role of the SCKxCEN in the MEGAPIE project.
SCKxCEN is planning to build an experimental accelerator-driven subcritical system
(XT-ADS) using the liquid metal spallation target. He introduced the successful completion
of the MEGAPIE irradiation phase, which will ease future ADS design. He concluded that the
PIE of MEGAPIE is important for developing XT-ADS, as it will provide crucial information
on the behaviour of XT-ADS structural materials.

Session I: Accelerator programmes and applications (Chairs: H. Klein, P. Pierini)
Two invited speeches and five contributed papers were presented at this session.
x

J-L. Biarrotte (France) was invited to present the status of the EUROTRANS R&D activities
for ADS accelerator development. He described the purpose, strategy and systems features
and characteristics of EUROTRANS and ADS accelerator reference solution, based on a
reliability-oriented linear superconducting accelerator and summarised the ongoing R&D on
prototypical accelerator components, which is being carried out within the 6th Framework
Programme of the EC’s EUROTRANS project.

x

S. Barbanotti (Italy) introduced the technical features and design characteristics of the test
cryomodule for the high-energy section of the EUROTRANS linear accelerator (linac), which
is equipped with elliptical superconducting niobium cavities. She also said that the module
design would be completed soon and pointed out that the time line for finalising the assembly
would be determined in the autumn of 2008.

x

Y.S. Cho (Korea) gave an overview of the Korean project on proton accelerator utilisation
(PEFP). Korea is now developing technology that will enhance the reliability of the linac by
installing 20 and 100 MeV machines. The high-power proton beam facility will be constructed
in 2009. The beam will be available to users as of 2010, and will be extended to the 100 MeV
linac.

x

A. Ponton (France) reported on the current status of developing the superconducting spoke
cavities for ADS linac in France. Redundancy elimination and fault tolerance design are
important for linac construction in order to enhance reliability. The result of the development
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of the vertical cryostat for the digital LLRF and a new horizontal small-scale cryostat was
reported. He concluded that the spoke components exist in order to reach good reliability,
which in turn fulfils the XADS linac requirements.
x

N. Panzeri (Italy) presented the status of the preparation of the elliptical cavity system for the
EUROTRANS cryomodule. The tuner and helium tank have been designed to fulfil the cavity
requirements in terms of stiffness and tuning range. The reliability is based on tests performed
on the TTF blade tuner, which share the same design. The tuner and helium tank are ready,
and the low power test is scheduled for the beginning of 2008, after cavity preparation and
assembly in the HT.

x

H. Podlech (Germany) addressed the development status of the room temperature and
superconducting CH structures for high power linacs. The CH structure is a highly efficient
DTL structure that is suitable for room temperature and superconducting operations. Currently,
the prototypes have been developed and tested successfully, under the projects of FAIR
p-Linac, EUROTRANS and IFMIF.

x

The second invited speech in this session was delivered by P. Schmelzbach (Switzerland). He
analysed the potential for improvements from the ion source to the spallation target and gave
an overview of the work in progress on the proton accelerator facility of the PSI including
upgrading the 1.8 MW and 3 mA beams. They will also upgrade Al cavities to Cu cavities.
New bunchers and additional cavities in the injector cyclotron will be installed. The conclusion
indicated that space charge effects will play a larger role.

x

D. Schumann (Switzerland) presented the ERAWAST project: exotic radionuclides from
accelerator waste for science and technology. The main goal of this project is to reduce the
burden of radioactive waste from the accelerators by applying exotic long-life isotopes to the
scientific or medical industry. Currently, Cu and C samples are available and works on Pb
targets are ongoing. More isotopes are studied and separated for use in medical applications,
for instance. Plans for the future were also introduced.

x

M. Tanigaki (Japan) reported on the development status of the Japanese 150 MeV FFAG
accelerator complex for utilisation of ADS. Kyoto University launched the KART (Kumatori
Accelerator-driven Reactor Test) project in 2002 to demonstrate the feasibility of ADS. The
test operation for the FFAG accelerator is in its final stage. The current status of the project
and future plans related to it were presented.

x

V. Vaccaro (Italy) presented the simulations and measurement status of the hybrid PBG
cavities based on the triangular lattice. The hybrid structure showed expected mono-modal
behaviour and a good frequency agreement between the simulated and measured scattering
parameters. TM02 hybrid resonator was also introduced, which is expected to be more
confined in the central region. Simulations were performed using a free software package or
commercial 3-D codes.

Session II: Accelerator reliability (Chairs: D. Van de Plassche and J-L. Biarrotte)
Two invited speeches and two contributed papers were presented at this session:
x

J. Galambos (USA) gave an invited speech that reported on the experimental results of the
superconducting cavity fault recovery system of the US spallation neutron source (SNS).
He provided an overview of the SNS facility, normal and superconducting linac, RF systems
11

and beam test results. The development and test status of the fault recovery scheme for
superconducting cavity failure followed. To date, its primary application has been for quick
recovery from events involving multiple cavities that run successfully at high energies.
x

P. Pierini (Italy) presented an invited speech that focused on reliability studies for the
superconducting driver for an ADS linac. After HPPA4, the reliability study and development
of the RBD models were extended to the sensitivity study. A large degree of fault tolerance is
provided in order to promote fault detection, isolation and correction procedures. The
minimal tweaking of the MTBF simple model for an accelerator system can be altered.

x

H. Takei (Japan) introduced the conceptual design of developing ADS linac in Japan. Beam
trip frequency on the experimental data estimation is presented. The acceptable frequency of
beam trips ranges from 50 to 25 000 times per year. The beam trip frequency (t < 5 s) is
within the acceptable value at the current level of accelerator technology. Under the shorter
VSWR assumption, the beam trip frequency (t < 10 s) is within the acceptable level, while that
exceeding 10 seconds should be reduced by about 1/30 to satisfy thermal stress conditions.

x

V. Vaccaro (Italy) presented the cavity detuning method by finite element numerical codes.
Temperature rises in the accelerator cavity wall may be hazardous to detuning, and accurate
distribution is needed to estimate mechanical deformation of the structure. Using the balance
of electric and magnetic energy at resonance allows good results. The application of this new
approach to PALME linac cavities and a comparison with other techniques were also reported.

Session III: Spallation target development and coolant technology (Chairs: H. Oigawa, Y. Gohar)
One invited speech and eight contributed papers were presented at this session.
x

In his invited speech, J. Hayse (Belgium) gave an overview of the WEBExpIr: the
windowless electron beam experimental irradiation. WEBExpIr was initially developed to
study the interaction of a proton beam with a liquid lead-bismuth eutectic (LBE) free surface.
After various tests at beam currents up to 10 mA (= 40 u XT-ADS), neither shockwave effects
nor significant droplet ejection effects and significant evaporation enhancement were detected.
It was concluded that WEBExpIr free surface flow was not disturbed by the interaction with
the electron beam and that vacuum conditions stay well within the design specifications.

x

S. Heusdains (Belgium) presented RELAP code implications on the LBE loop at steady and
transient states. RELAP version mod 3.2 E was used. The following challenges, which placed
restrictions on the code, have been successfully dealt with: non-condensable pressure control
above the free surfaces; flow and free surface target levels and stability; and rapid tower
increase from 0 to 1.43 MW.

x

The behaviour of polonium in eutectic lead-bismuth alloy was presented by J. Neuhausen
(Switzerland). For LBE, significant amounts of high radiotoxic polonium isotopes are formed
due to spallation, fission and neutron capture. Investigations of polonium in solidified LBE as
well as its release from the eutectic under vacuum conditions were reported.

x

V. Sobolev (Belgium) gave an overview of the thermodynamic properties and the equation of
state associated with heavy liquid metals of interest: Pb, Bi, Hg and Pb-Bi eutectic. A brief
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history including the range of temperature and availabilities was also presented. A modified
Redlich-Kwong equation of state was introduced. This can be used for temperature
dependence of main thermodynamic properties of Hg, Bi, Pb and Pb-Bi eutectic.
x

P. Schuurmans (Belgium) presented the conceptual design of XT-ADS spallation target loop.
MYRRHA draft 2 provides no target window, compact vertical confluent flow for target
formation; off-axis servicing and two pump uncoupled LBE pumping systems. Recently the
experimental facility MYRRHA draft 2 has modified its boundary conditions. It has also
detached flow spallation target nozzle, active pump-in feeder line and vacuum system.

x

K. Abe (Japan) presented development status of the measurement method of high-energy
neutrons for the ADS. The high-energy neutrons were measured by the bismuth activation
method and followed by an experimental verification. A measurement system for the entire
range of neutron energy spectrum existing in the ADS was developed. Future work will cover
improving accuracy.

x

Th. Aoust (Belgium) reported the results of a study on the evolution of spallation targets by
extending the Liège intra-nuclear cascade model INCL coupled to ABLA evaporation-fission
reaction model. This model is found to be suitable for proton-induced spallation reactions
on thin targets in the 200 MeV-2 GeV range. The study covered comparison and validation
of models.

x

A. Herrera-Martínez (Switzerland) gave an overview of the European Isotope Separation
On-line Radioactive Ion Beam Project (EURISOL) design study devoted to the coupled
neutronics of the mercury proton-to-neutron converter and the fission targets. Challenging
technical issues as well as future plans were also presented.

x

D. Ridikas (France) presented the study results on the delayed neutron yields and time spectra
from 1 GeV protons interacting with the natPb, 209Bi and natFe targets of variable thicknesses
from 5 cm to 55 cm. Both experimental and numerical studies by MCNPX and PHITS codes
were performed. Significant dependence on the choice of the intra-nuclear cascade and
fission-evaporation models were shown. By determining cross-sections of interesting isotopes,
results permitted examination of both fission and fragmentation.

Session IV: Subcritical systems design and ADS simulations (Chairs: P. Baeten and S. Monti)
One invited speech and six contributed papers were presented at this session.
x

P. Richard (France) presented an invited speech that reported on the work status of the
pre-conceptual design of helium-cooled ADS: He-EFIT. A summary of the first two years of
the project as well as facility features such as proton beam characteristics; core power, inlet/
outlet temperatures, etc. were presented. A discussion on the He-EFIT core as well as spallation
module design followed.

x

A-BAQUS, a multi-entry graph assisting the neutronic design of an ADS case study on EFIT,
was presented by C. Artioli (Italy). A-BAQUS is developed to facilitate the design of EFIT’s
reactor core. A-BAQUS shows the performance (MA burning capability and the conjugated
Pu breeding), burn-up reactivity swing, power of the core and proton current as well as range
during the cycle. Features and characterisations of the A-BAQUS and future plans were
presented.
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x

Y. Gohar (USA) presented two different external neutron source options for driving subcritical
assembly: by low-energy particles, either electrons (<200 MeV) or deuterons (<100 MeV).
The comparative analysis of both options was performed. It was concluded that the energy
range of 150 to 200 MeV is preferable in the production of neutron sources. An assessment of
uranium targets, which produces the highest neutron yield per electron, was also reported.

x

R. Sheffield (USA) filled in for an absent speaker. He gave an overview on the US LANL’s
ADS programme. The LANL is pursuing a step-by-step realisation of a 4 MW class
accelerator research complex, clustering existing facilities and new installations in order to
obtain 0.8/3/20 GeV protons (the full paper is not provided in the proceedings).

x

M. Suzuki (Japan) reported on the improvement of a dynamic calculation code for subcritical
systems with an external neutron source (DSE) for ADS. DSE consists of two sub-codes:
diffusion code DSE-C and the Monte Carlo method based transport code DSE-M, which were
only presented at the workshop. Characterisations and features of the DSE-M as well as
applications were presented and followed by a summary and plans for the future.

x

M. Takahashi (Japan) presented corrosion resistance tests of various metals, which were
probably used in the ADS, to investigate compatibility in stirred lead-bismuth eutectic under
high temperatures (700qC). The results showed that while Al-Fe coated steel, W, Mo, SiC and
Ti3SiC2 exhibited good corrosion resistance, Nb did not. SiC/SiC composite showed that LBE
penetrated into the matrix due to the material’s high porosity and a thin crack layer appeared
in LBE at 700qC.

x

G. Van den Eynde (Belgium) reported on the work status of developing the XT-ADS core and
neutronic design with in-pile positions. The XT-ADS core is composed of 72 fuel assemblies
surrounding three spallation target modules. Eight positions were identified as so-called in-pile
sections that can hold experimental facilities while remaining accessible during the operation.
A neutron physics analysis has been performed to quantify the core’s characteristics.

x

P. Xia (China) gave an overview of the developing status of Chinese ADS subcritical
assembly, VENUS-1. Since 2000, the Chinese government has been funding basic research
on ADS physics and related technologies. The structure, design goals and results of calculations
and experiments as well as future plans were presented.

Session V: ADS experiments and test facilities (Chairs: H. Aït Abderdahim, M. Takahashi)
Two invited speeches and four contributed papers made up this session.
x

P. Baeten (Belgium) presented an invited speech on the GUINEVERE project at the VENUS
facility. The GUINEVERE project is especially devoted to experiments on the accelerator,
target and subcritical core coupling to investigate operation characteristics of the VENUS
reactor. In conclusion, it is expected that the GUINEVERE project will provide a unique
experiment with a continuous beam coupled to a fast (sub) critical assembly, allowing full
investigation of the methodology of reactivity monitoring for XT-ADS and EFIT.

x

H. Oigawa (Japan), the second invited speaker gave an overview of the research and
development programme on ADS in JAEA. JAEA is currently pursuing an ADS of
lead-bismuth eutectic (LBE) cooled, tank-type subcritical reactor with the thermal power of

14

800 MWth driven by a 30-MW superconducting linac. Two aspects are being conducted: one
on the development of large scale ADS and one on transmutation experiments under J-PARC.
He concluded by emphasising international co-operation and the use of a common roadmap.
x

J-M. de Conto (France) presented the GENEPI neutron sources at Grenoble, France, and the
perspectives for the GUINEVERE project at VENUS. GENEPI is a deuteron, high-intensity,
electrostatic accelerator producing neutrons on a tritium target located in the reactor core.
After installing two GENEPI accelerators, a new machine (GENEPI-3C) is now under
preparation. The presentation covered characteristics and features of the GENEPI series.

x

M. Carta (Italy) presented reactivity measurements in a subcritical core, the RACE-T
experiment, a part of experiment on the coupling of an accelerator (ECATS) of EUROTRANS.
The RACE-T project comprises fission rate measurement, the study of different subcritical
configurations and the development of devoted instruments and acquisition systems. The
experiment is also participating in the IAEA benchmark study.

x

E. Pitcher (USA) gave an overview of the Material Test Station (MTS): a fast spectrum
irradiation facility. The MTS provides a fast neutron spectrum that meets programmatic
requirements for transmutation fuel testing by using Pb-Bi liquid metal coolant that meets
experimenters’ needs for elevated irradiation temperatures. MTS will produce irradiation data
results for the development of transmutation fuels starting in 2012.

x

C-H. Pyeon (Japan) reported on the benchmark study of ADS in Kyoto University, Japan. The
benchmark programme study on both 14 MeV neutrons generated from pulsed neutron
generator and 150 MeV protons generated from the fixed field alternating gradient (FFAG)
accelerator. General presentation and results followed. The presentation also covers Japanese
collaboration on developing the ADS as well as international co-operation.

Summary session
Each session chair summarised their sessions. H. Aït Abderdahim gave a presentation on the
importance of leaving theoretical assessment and entering experimental demonstration. He emphasised
achievements and milestones as well as the future of ADS development.
During the discussion, it was concluded that the accelerator’s reliability has been significantly
improved during the last decade and lead-bismuth eutectic technology has demonstrated its reliability.
Moreover, compared to previous editions of the workshop, a great deal of interest has been generated
not only in accelerator development but also in ADS applications, in subcritical core design and in
spallation target development, etc. From this interest, one can deduce that improvement of accelerator
reliability leads to a greater interest in ADS development. It was also agreed that the study of ADS
safety and coolant thermal-hydraulics are more needed. There was a consensus among participants that
future workshops could be restructured to include many disciplines in the field of ADS.
The workshop was closed by P. D’hondt, the chair of the workshop.
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MEGAPIE – IRRADIATION EXPERIENCE OF THE FIRST
MEGAWATT LIQUID METAL SPALLATION TARGET

F. Groeschel, S. Dementjev, H. Heyck, W. Leung, K. Thomson, W. Wagner, L. Zanini
On behalf of the MEGAPIE Initiative
Paul Scherrer Institut, Switzerland

Abstract
A key experiment in the roadmap for accelerator-driven systems [1] is the demonstration of the
feasibility, licensibility and reliable operation of a high-power spallation target. The MEGAwatt PIlot
Experiment (MEGAPIE) was initiated in 1999 in order to design and build a liquid lead-bismuth
spallation target, then to operate it at the Swiss spallation neutron facility SINQ at Paul Scherrer
Institute (PSI) [2]. The project is supported by an international group of research institutions.
After completion of the manufacturing in mid-2005, the target and the ancillary systems were first
integrated into a test bench to verify the proper functioning and design predictions and to train the
handling operations like filling and draining. The test bench was able to deliver about 200 kW heating
power, which allowed to simulate the principal thermal-hydraulic processes. The results confirmed the
proper functioning and readiness for beam.
The target system was integrated and tested in the SINQ facility at the beginning of 2006. This
process, as well as the upgrading of some of its supporting systems, took several months. The license
for active operation was obtained in August.
First protons were delivered on 14 August 2006 on the target. During a short start-up procedure of
about a week, the proton beam was ramped up in steps to full power and the response of the target and
its safety systems was verified. With all systems working satisfactorily and according to predictions,
standard (24 hour) operation delivering neutrons for the regular users of the facility was started, first in
manned operation, then unmanned. Until its scheduled stop on 21 December 2006 an accumulated
proton current of 2.8 Ah has been achieved and more than 6 000 beam trips have been experienced.
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Introduction
A key experiment in the roadmap for accelerator-driven systems [1] is the demonstration of the
feasibility, licensibility and reliable operation of a high-power spallation target. The MEGAwatt PIlot
Experiment (MEGAPIE) was initiated in 1999 in order to design and build a liquid lead-bismuth
spallation target, then to operate it into the Swiss spallation neutron facility SINQ at Paul Scherrer
Institute (PSI) [2]. The project is supported by an international group of research institutions: PSI
(Switzerland), CEA (France), FZK (Germany), CNRS (France), ENEA (Italy), SCKxCEN (Belgium),
DOE (USA), JAEA (Japan), KAERI (Korea) and the European Commission. The objective was to
reach at least three months of operation at full power.
The design of the target and of the main ancillary systems has previously been described in
Ref. [3]. Manufacturing took place in different European countries and the components were tested
individually in dedicated tests to prove their compliance with design. Special attention was paid to the
pump system [4], which was tested before integration into the target. Whereas the electromagnetic
pumps were in full compliance with the specification, the performance of the electromagnetic flow
meters was not satisfactory. Improvement of electronics and the algorithm to compensate parasitic, in
particular thermal, effects were expected to increase sensitivity and stability.
Integral test and main outcome
In the second half of 2005, the target and the main ancillary systems for heat removal, cover gas
handling and LBE filling and draining were first integrated in a test stand at PSI to allow testing of the
target functions, the temperature control and training of the main operations. Figure 1 shows the tests
stand with the main systems. The operations consisted of preheating, filling and draining of the target
with LBE and simulating gas sampling. Dedicated tests [5] were carried out to:
x

Assess the performance of the electromagnetic pumps. Both performed according to design.

x

Recalibrate the electromagnetic flow meters. The accuracy and stability of the signals was
insufficient for the planned flow control. Further improvements to compensate noise effects
were necessary. In parallel, the development of a flow analysis technique based on the
temperature distribution in the target was initiated.

x

Determine the heat removal capacity of the system using a 200-kW electric heater [6].
Measurements based on thermal balance indicated a 25% increase in heat transfer capacity of
the target heat exchanger compared to predictions. The reason was found in the inadequate
modelling of the secondary (oil) channel of the pins. As a consequence, the predicted oil inlet
and outlet temperatures at full beam power operation had to be raised from 138 and 175qC to
182 and 217qC.

x

Assess and optimise the temperature control of the target during steady state and transients
simulating beam trips and interrupts. Scaling laws were applied to extrapolate to the expected
580 kW power during beam operation. The temperature control proved adequate, although the
strong non-linearity of the three-way valve yielded rather large fluctuations at low power.

x

Visualise the effectiveness of the bypass jet to cool the beam entrance window using infrared
technology [7]. An effective bypass jet washing across the centre of the beam window was
observed under nominal flow conditions; i.e. 4 l/s main flow and 0.3 l/s for the bypass flow.
The flow pattern was stable and rather insensitive to small changes in the flow ratio.
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Figure 1. Target integrated in MEGAPIE test stand
and connected to heat removal and fill and drain system
Control system

Heat removal
Fill & drain

Target

The test phase lasted over four months and the target was operated for 133 hours with LBE.
The failure of the three-way valve of the oil loop due to seizure of the valve stem was observed. The
thermal expansion of the pipes had not been sufficiently compensated and caused a bending moment
on the valve stem. Fortunately, the valve could be removed, repaired and re-installed.
Target assembly and integration in SINQ
The target had been tested without its second enclosure and with only temporary cable connections.
It therefore had to be completed. Integration of the target and the ancillary systems in the SINQ facility
was done in the first half of 2006. The integration was made without major changes to the existing
systems in order to allow a rapid change back to the standard, heavy-water-cooled solid Pb-target in
case of premature failure of the liquid metal target.
Some of the support systems had to be upgraded in order to comply with the increased hazard of
the liquid metal target under severe accidents; i.e. break of the target:
x

The ventilation system had to be strengthened by adding additional active carbon filters to the
existing HEPA filters in order to retain gaseous volatiles in case of an accidental release.
Earthquake-proof shut-off valves were installed in the in- and outlet ducts to seal the
penetrations in case of a heavy earthquake, in which functioning of the ventilation system was
no longer expected. In addition, an autonomous, earthquake-proof filter unit was installed in
order to assure a controlled evacuation of contaminated atmosphere from the target block.
Figure 2 shows this unit, which consists of a filter unit, a ventilator unit, a battery set and a
diesel-driven power generator. The start of the unit is triggered by an earthquake switch.

x

The use of Diphyl THT coolant required an upgrade in fire prevention. We opted for reduction
of the oxygen content in the critical compartments by injection of nitrogen to below 13%, the
oil flash point. The nitrogen was generated from compressed air by a membrane separator.

x

The control system had to be integrated into the existing system of the SINQ facility and the
beam monitoring systems and the beam trip logic had to be adapted to the MEGAPIE specific
requirements. In addition to the trip command triggered by the control system, a separate
hard-wired set of signals acted directly and independently on the fast beam shut-off system as
well as on the slow beam shut-off system.
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Figure 2. Autonomous, earthquake-proof filter unit

Readiness for beam and licensing approval
The licensing process of the experiment was undertaken in 2004 by the competent authorities, but
four milestones had to be passed to demonstrate the proper functioning of the main systems and
52 additional requirements had to be cleared to obtain permission for irradiation. A review technique
was adopted to assess the readiness of the target system for the final steps, comprising the readiness
for filling of the target with LBE and the beam readiness. The licensing authority verified the status of
the target system with corresponding inspections, in which the proper functioning was demonstrated.
On 28 July 2006 the target was filled with 926 kg of LBE and operated for 17 days off-beam in
hot standby mode, i.e. maintaining a LBE temperature of 230qC. During this time, the filling vessel
was removed and the facility was closed and prepared for irradiation. After several tests including
simulations of loss of pump and loss of heat sink and their effects on the cooling water loops, the
Beam start
The first protons on MEGAPIE were received on 14 August 2006. The beam current was 45 PA,
corresponding to a beam power of 25 kW. This phase served to check the beam alignment and the
response of the surveillance systems. For about two hours a stable beam was sent to the target. The
thermocouples in the target recorded the small heat input and the temperature control activated the
heat removal system. The first neutrons were detected at the instruments. The analysis of the data
recorded yielded that all systems responded as expected.
Therefore, the second phase of the start-up procedure was carried out, in which the beam power
was stepwise increased to 150 kW (250 PA proton current). The goal of this phase was to verify the
response of the heat removal system at power conditions comparable to those used when operated out
of beam at the test stand in the autumn of 2005. During this phase, a “hot” test of the beam shut-off
system was also carried out and gas samples were taken from the target expansion volume.
The third and final phase of the start-up procedure was successfully accomplished on 17 August,
when the power was stepwise increased to 700 kW (1 200 PA proton current). Figure 3 shows the
beam history during the ramp-up phase. At each power level the beam was interrupted after some
10 minutes of stable proton beam to verify the predicted temperature transients in the target.
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Figure 3. Beam history during ramp-up to full power at day three of the start-up of MEGAPIE

Normal operations
As all systems behaved as predicted, continuous operation was started on 21 August. During the
first four days, 24-hour surveillance of the operation was maintained. After 24 August, the target was
operated unmanned, which is the standard procedure for the SINQ facility. The operation parameters
were only surveyed remotely via internet. Figure 4 shows the start of the normal operation phase.
Figure 4. Beam current on target during first 12 hours
of normal operation. Beam current is 1 000 PA

Normal operation continued until 21 December 2006. The accumulated charge was 2.86 Ah. The
proton current peaked at 1 400 PA, corresponding to beam power of 805 kW. During the operation
period, we registered 5 800 beam trips of less than 1 minute duration and 570 interrupts of longer
durations. Among these interrupts were scheduled weekly beam shutdowns for servicing purposes
lasting between 8 and 36 hours. Figure 5 shows the evolution of the beam current over the whole
irradiation period.
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Figure 5. Beam current on target during the irradiation period

The temperature control and the heat removal from the target functioned as predicted. Figure 6
shows the evolution of the main target temperatures over the irradiation period. The highest LBE
temperatures were recorded just above the spallation zone (a). During the upflow, some heat was
dissipated mainly to the annular downflow through the guide tube. The target heat exchanger (THX)
temperature (b) was therefore slightly lower. The THX outlet temperature (c) was maintained at
230qC. The oil outlet temperature (d) was about 210qC as predicted after the integral test.
Figure 6. Main target temperatures and beam current (black) during the irradiation period

a
b

c

d

The target temperature control could well manage power transients caused by the beam trips and
irradiation interrupts as shown in Figure 7. The drop in temperature above the spallation zone during a
trip was between 100 and 130qC. The transient was reduced to about 70qC at the THX inlet due to the
thermal inertia of the target. At the THX outlet, the temperature swing was less than r10qC.
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Figure 7. LBE temperature variations in the target
during power transients caused by beam trips and interrupts

Temperature above spallation zone

Temperature at THX inlet

Temperature at THX outlet

Beam current

Measurement programme
An extensive measurement programme was carried out to assess the neutronic, nuclear and
thermal-hydraulic performance of the target.
Neutron fluxes were measured using micro-fission chambers placed in the central rod and gold
foils positioned in the SINQ irradiation position NAA and at several beam lines at the instrument
positions. Figure 8 shows the increase of the flux in comparison to that measured with the previous
solid lead target. The increase was about 80%, which was more than predicted by pre-calculations due
to the overestimated flux of the solid target.
Figure 8. Increase in neutron yield at the SINQ irradiation position
NAA and three beam lines in comparison to the previous solid lead target

With respect to the thermal assessment, a key figure is the amount of heat deposited in the target
and the surrounding systems. The heat deposited in the target itself was evaluated to 415 kW/mA of
beam current, which corresponds to about 72% of the beam power. A large fraction of the power
difference is dissipated in the moderator (about 13%), whereas the remainder is found in the beam
window cooling and the cooled shielding structure of the target block.
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End of experiment and target cooldown
The target irradiation was terminated according to plan on 21 December 2006 and, after a final
measurement programme, the LBE temperature was lowered to the solidification temperature. The
LBE temperature was then lowered in a controlled manner at a rate of 0.02qC/min by adjusting the
central rod heating and the temperature of the oil loop. After about four days, the target was close to
room temperature. The decay heat of the LBE had dropped to about 100 W.
Conclusions
The MEGAPIE irradiation experiment was successfully accomplished and met the objectives to
safely operate a liquid metal target at a beam power of about 1 MW over a reasonable time (> 3 months)
under normal operating conditions of a user facility.
The neutronic performance of the target yielded the expected flux increase, which was surprisingly
high compared to the standard solid targets used before.
The thermal-hydraulic behaviour of the target system was stable and the beam trips and interrupts
could be well managed.
The large amount of data collected and experience gained requires further evaluation and
documentation. The experience gained is extremely important for future LM target design and operation.
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SAFETY EVALUATION OF THE MEGAPIE EXPERIMENTAL FACILITY: RESULTS AND
INSIGHTS FROM THE APPLICATION OF PROBABILISTIC SAFETY ASSESSMENT

Luca Podofillini, Vinh N. Dang
Paul Scherrer Institute, Villigen PSI, Switzerland

Abstract
A scoping-level probabilistic safety assessment (PSA) was applied to selected systems of the
experimental facility hosting the Megawatt Pilot Target Experiment (MEGAPIE) at the Paul Scherrer
Institut (PSI). MEGAPIE demonstrated the feasibility of a liquid lead-bismuth target for spallation
facilities at a proton beam power level of 1 MW (website: http://megapie.web.psi.ch/).
In performing a PSA to this type of facility, a number of challenges arise, mainly due to: 1) the extensive
use of electronic and programmable components and of one-of-a-kind components; 2) difficulties in
estimating the probabilities of initiating and failure events. A previous work by the same authors
emphasised the qualitative results obtainable from the application of PSA. No attempt was made to
evaluate probabilities of initiating and failure events. Some level of importance/significance evaluation
was nevertheless feasible, and practical and detailed recommendations concerning potential system
improvements were derived.
In this paper, a preliminary quantification of the facility risk profile is attempted. This provides more
information on risk significance, which allows prioritising the insights and recommendations obtainable
from the PSA. At the present stage, the limited knowledge on initiating and failure events leads to
uncertainties in their probabilities; the propagation of these uncertainties through the PSA model
results in large uncertainties in the quantitative results. Consequently, the reported results should be
considered as examples of how quantification can support risk-informed decisions, rather than realistic
figures of the facility risk profile.
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Introduction
A scoping-level PSA was recently performed for the experimental facility hosting MEGAPIE [1].
The PSA, reported in [3,4], considered scenarios initiated by excessive beam focusing, which may
have exposed the target window in the liquid metal container (LMC) to an excessive intensity,
eventually causing a breach of the container [2].
The PSA study identified a number of challenges for the application of PSA to experimental
facilities, connected with the extensive use of digital components and software systems, for which
error modes are difficult to predict and quantify [5]. In addition, experimental facilities often use
one-of-a-kind components that are designed especially for the needs of the particular experiment. Past
experience with similar components is also difficult to use as it is often the case that the software
developed for such components are revised to accommodate new hardware, fix errors or add new
functionality. The operating environment and performance requirements may also differ.
As a result of these challenges, in the study of [3,4], emphasis is placed on the qualitative insights
obtainable from the PSA. However, quantification of the risk profile with the associated uncertainty is
an important output of the PSA, since it allows comparing sequences from different initiating events
and quantifying the contribution of the events to the risk. Recommendations for system improvement
can also be prioritised based on their impact on risk.
As a first step in this direction, the present paper reports on a preliminary attempt to quantify the
PSA in order to obtain the risk profile of the facility. The PSA builds on previous safety evaluations of
MEGAPIE. Deterministic studies of fluid dynamics and structural mechanics can be found in [6].
These give the bases for the MEGAPIE safety concepts and requirements presented in the MEGAPIE
safety report [2]. Probabilistic approaches were followed by [7] and [8]. In Ref. [7] a feasibility study
was performed on the reliability assessment of the MEGAPIE safety systems. The study gives a positive
evaluation on the feasibility and highlights difficulties from the lack of data available to estimate the
components reliability. In Ref. [8], PSA is used to evaluate the relevant causes of LMC failure and the
severity of different scenarios following the failure. The Ref. [9] study confirms that target failure due
to an excessively focused beam is the scenario of most concern for the experiment and its safety.
PSA in brief
The PSA methodology, which is widely used in the nuclear power industry as well as in other
domains with complex systems, consists of a set of analysis methods. The methodology is based on
systematically: 1) postulating potential accident scenarios; 2) identifying the technical and non-technical
“defences” against these scenarios; 3) decomposing the systems and defences into components, their
failure modes and the probabilities associated with these. Two elements of the PSA methodology
typically stand out:
x

The event tree (ET), which is used to model the accident scenarios. It represents the main
sequences of functional success and failure events (of the system functions that are required
in response to an initiating event, i.e. the “barriers” and “defences” against accidents) and the
consequences for each sequence. These consequences or end states, as a minimum, include a
safe end state and a failure or accident end state.

x

The fault tree (FT), which documents the systematic, deductive analysis of the possible causes
for the failure or a required function within the accident scenario model (within the ET). A fault
tree analysis is performed for each of the system functions required in the response to an IE.
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Assigning the safe end state to a sequence means that the scenario has been successfully terminated
and undesired consequences have not occurred. In contrast, the failure or accident end state means that
the sequence has resulted in undesired consequences. An important feature of PSA is that the end
states may be defined in terms of a range of consequences; in other words, small accidents vs. more
severe accidents. This represents additional information with which to prioritise safety improvements
and recommendations.
The PSA analysis tasks are:
x

Initiating event (IE) analysis. This analysis considers how accidents can start. More
specifically, it identifies the events that require the response of the system to avoid undesired
consequences.

x

Accident sequence analysis examines the systems that are needed to respond to an IE. This is
the process of building the scenarios. While the ET is the product of accident sequence
analysis, it is often helpful to begin with an event sequence diagram, which maps out the
sequence of event successes and failures that could occur starting with the IE.

x

Both IE analysis and the accident sequence analysis are supported by information in the
design documentation. In addition, the experience of the facility or of similar facilities is also
analysed to assess the comprehensiveness of the IE and the scenarios (review of experience).
This experience may include incidents, accidents or precursor events (near misses).

x

In systems analysis, the possible causes for the failure of a function required in the scenarios
are systematically identified. This is where the fault trees are developed. In addition to
component failures such as mechanical defects, the systems analysis considers how the
system is maintained, tested and returned to service, in terms of its impact on system failures.

x

Human reliability analysis (HRA). The purpose of the HRA is to identify and analyse the
personnel-related failure events that need to be included in event trees or fault trees. The HRA
considers the personnel tasks in maintenance and testing as well as those tasks required in the
response to an initiating event.

x

Data analysis refers to the estimation of the frequencies of initiating events and of the
probabilities of the causes of function failures (the “basic events” in the fault trees).

x

Model quantification. In this step, the ETs and FTs are quantified using the frequencies and
probabilities of the events. Some of the results of model quantification include the probabilities
of accidents, the most probable (dominant) scenarios and their contributors. The quantitative
contribution of the IEs, of failure events and of system failures are measured with
(risk) importance values. These provide a ranking of the contributions that identify what is
risk-significant. In addition, when modifications are considered, the importance values
provide an indication of how much the risk may be reduced by these modifications.

Description of the facility
The MEGAPIE set-up
MEGAPIE has been carried out at the SINQ neutron source at PSI [1]. Figure 1 shows a rough
schematic of the beam line and of the components and systems relevant for this PSA study. A detailed
description of the experiment is outside the scope of this paper and can be found in [1] and on the
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Figure 1. Simplified schematic of MEGAPIE
Only components relevant for this study are shown

experiment website http://megapie.web.psi.ch/. The target is contained in a liquid metal container
(LMC). A helium-filled gap separates the LMC from the lower target enclosure (LTE), a double-walled
safety hull that encapsulates the LMC.
MEGAPIE safety concepts
Safety concepts and requirements for MEGAPIE are presented in the safety report [2]. One of the
most important concerns for the safe operation was to maintain a correct intensity distribution of the
incident beam onto the target. A focused beam may invest with excessive intensity the target window
in the LMC, causing overheating of the window and, eventually, a breach of the LMC.
Of special importance for the beam intensity distribution is scattering Target E [9] (Figure 1),
which spreads the beam intensity distribution to a full-width at half-maximum (FWHM) of about
7 cm. If for any reason the protons were not scattered, their footprint on the target would shrink to a
FWHM of less than 2 cm, leading to a rise in the maximum density of the incident beam by a factor
of 25 [6]. At the corresponding current density of 700 PA/cm2 it would take 170 ms until the beam
causes a breach of the LMC.
Improper beam focusing can also be due to erroneous settings of the bending magnets and
quadrupole magnets along the beam line. In particular, the quadrupole magnets QHJ31 or QHJ32 have
a critical role due to their position. They are located right underneath the MEGAPIE target (Figure 1,
last two components of the beam line) and downstream to the monitors associated to two out of three
safety systems. Therefore, as discussed later, if the incorrect beam intensity distribution were due to
incorrect settings in these magnets, only one safety system, the Visual Monitor System (VIMOS)
would be able to react.
In addition to the MEGAPIE safety system, the accelerator Machine Run Permit System (RPS)
constitutes an additional safety barrier. Among other functions, the RPS supervises the beam
parameters and the beam line component settings, and if these have out-of-specification values, the
RPS does not give the permission of starting the beam, or shuts it down if it is operating. The
additional safety barrier from the RPS is not modelled in this study, which focuses only on the safety
systems that are dedicated exclusively to the MEGAPIE safety.
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The safety systems for MEGAPIE
The defence against an excessively focused beam is based on monitoring the beam and its
footprint and on shutting down the beam when the monitored characteristics deviate from acceptable
values. Not all of the components and systems are presented here. A more detailed overview of the
systems can be found in [9].
There are three monitor systems: the MHC4/5 transmission monitor system, the slit KHNY30
current monitor system and the VIMOS monitor. In particular, the function of VIMOS is to monitor
the beam intensity distribution and trigger a beam shutdown signal in case the distribution is
out-of-specification [13]. VIMOS visually monitors the light emitted by a glowing mesh, which is
heated by the beam. A camera takes pictures of the mesh light emission. A software processes the
images and computes the average beam intensity over two regions of interest (ROI1 and ROI2) of the
beam section and evaluates a number of parameters. If any of these exceeds predefined threshold
values, a beam shutdown signal is raised.
The Schnelles Abschalt System (SAS, German for “fast shutdown system”) has the function to
process the beam shutdown signals. It is composed by six logic modules (designated: M-SAS A,
M-SAS B, S-SAS A, S-SAS B, SAS-AM, AWK1-U) and a sophisticated signal transmission system
that handles electrical and optical signals conversions. Simplifying the discussion, SAS delivers an
AWK1 actuation signal and a BW2 actuation signal in case it receives a beam shutdown signal from
any of the monitoring devices.
The AWK1 magnetic kicker is the main device used to divert the proton beam from the target.
The magnetic kicker allows diverting the beam within 100 Ps from the time when the actuation signal
reaches the magnet power supply.
In parallel to the AWK1 actuation signal, SAS delivers an actuation signal to the BW2 shutter,
which is a copper block that, when actuated, slides into the beam trajectory and intercepts it. Its response
time is slower than that of AWK1, i.e. about 700 ms. When the BW2 feedback is confirmed, the
actuation signal of AWK1 is cancelled and the magnet is switched off. The AWK1 magnet cannot be
kept on in the long term, as beam diversion is expected to damage the walls of the magnet against
which the beam is diverted. The SAS also supervises that the beam has been actually diverted by the
AWK1 magnetic kicker, on the basis of two AWK1 feedback signals. In case at least one AWK1
actuation feedback signal does not reach the SAS back, then fast (300 Ps) beam switch-off is
performed acting at the level of the ion source (Ionquelle – IQ) of the main PSI accelerator.
Scope of the PSA: Scenarios and initiating events
Three initiating events were selected for the PSA as representative scenarios with challenges that
may lead to an excessively focused beam:
x

TE100: total (100%) bypass of Target E by the proton beam.

x

WSET1: Wrong settings of the quadrupole magnets QHJ31 or QHJ32. Wrong settings loaded
into the component control devices.

x

WSET2: Wrong settings of the quadrupole magnets QHJ31 or QHJ32. Correct values loaded
into the component control devices but failure of the components to set or of the control
devices to command the quadrupole current.
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The two quadrupoles were selected for their critical location, right underneath the MEGAPIE
target, downstream to the MHC4/5 and the KHNY30 systems (Figure 1).
Accident sequence modelling
Total bypass of Target E (TE-BY)
The events sequence starts with the beam totally bypassing Target E (Figure 2). For brevity, the
discussion below addresses only some representative blocks of the diagram. The detailed model can be
found in [4].
Figure 2. Event sequence diagram for total (100%) Target E bypass
Dotted blocks are not modelled in the PSA
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Block 1, TE-BY, models the response to the initiating event of the three monitoring systems, the
MHC4/5 system, the KHNY30 system and VIMOS. Success of this block entails that at least one
shutdown signal is delivered to the inputs of M-SAS A or of M-SAS B. Each of the three systems can
deliver two redundant shutdown signals to SAS, so that the total number of signals to SAS is 6 = 3*2.
Block 2a models the processing by the SAS (inclusive of the M-SAS, the S-SAS, the SAS-AM
and AWK1-U) of the shutdown signals from the three monitoring systems. Success of Block 2a entails
that the two signals for actuation of the AWK1 kicker magnet and the BW2 beam shutter are available
at the outputs of the SAS-AM (a module of the SAS).
Block 2b models the same process as Block 2a, but it has a different success criterion. Success of
Block 2b entails that only the AWK1 actuation signal is available at the SAS-AM output. This has the
consequence that AWK1 needs to stay on for long-term shutdown (Block 5b), as the BW2 block will
not be available.
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Block 5a models the actuation of the AWK1 kicker magnet, following the actuation signals from
the SAS. The signal at the output of the Abschaltmodul is sent to the AWK1 power supply, which
provides the current to the magnet. Success of this block entails that the magnetic field in the AWKI
magnet is successfully switched on, and remains on for at least 700 ms.
Wrong settings in the quadrupoles (WSET1 – wrong values loaded and WSET2 – magnets failure)
The WSET1 sequence starts with incorrect settings being loaded into control devices for the
quadrupole magnets QHJ31 or QHJ32, producing a highly focused beam distribution that could lead to
the breach of the safety hull. The only difference between this sequence and the TE100 scenario is
that WSET1 can be detected by VIMOS only (see Figure 1). The WSET2 sequence starts with failures
of the quadrupole magnets QHJ31 or QHJ32 that result in fields producing an excessively focused
beam distribution that could lead to a safety hull breach. The difference between this sequence and
WSET1 is that the IE can also be revealed by the magnet control devices which check the actual magnet
parameters (e.g. current in the magnet, resulting magnetic field) against the loaded (demand) settings.
Preliminary risk quantification
As mentioned in the introduction, in a first phase of this work, qualitative results were used to
obtain safety insights and to derive safety-enhancing recommendations. These recommendations were
oriented to make sure that the VIMOS system is actively working [3]. They addressed concerns that
were found with potential failure modes of the system in which VIMOS would continue to evaluate
the same frames (either due to a failure to load new images or to a failure of the frame grabber to save
new images), thus not recognising a disturbance in the beam intensity distribution.
A first step towards quantification is attempted here. The approach, like the one used in [10], is to
obtain qualitative ranks for the IEs or failure probabilities, which express relative expectations of
likelihood, i.e. operational, likely, unlikely, extremely unlikely and hypothetical. The next step is
to associate a probability or frequency range to these ranks. Given the lack of information, large
uncertainties enter here and the ranges are correspondingly broad. It is worth noting that the PSA
methodology systematically addresses uncertainties in parameters and probabilities and can propagate
these; this application is remarkable and problematic in terms of the ranges of the uncertainties rather
than the uncertainties in themselves, which are present in all analyses.
The initiating events WSET1 and WSET2 are both considered unlikely (range 1E-4/y to 1E-2/y).
The WSET1 value to some extent represents an upper bound which assumes frequent setting changes
as well as neglecting the opportunities for detection provided by the progressive increase in beam
current. WSET2 is expected to be less frequent and with a lower upper bound (than WSET1) because
the failures have to result in excessive focus (the incorrect field could lead to an unfocused beam as
well). In this scoping-level analysis, the TE-BY frequency includes IEs that are expected to be less
severe (less than 100% bypass) and is therefore set relatively high. Consequently, all of these
distributions (shown in Table 1) are considered very conservative.
For the failure events, reference probabilities from programmable logic components and
hardwired connection components are derived from [12], with the process described in the note at
Table 1. Then, upper and lower percentiles of the distributions are computed by multiplying and
dividing by 10 the values obtained from [12], i.e. this corresponds to an error factor of 10, which is
relatively large for hardware. The probability values of the other events have been derived based
on the judgment of the authors on how the likelihood of the events compares to the one derived
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Table 1. Data of the parameters uncertainty
distributions (lognormal) used for the preliminary quantification

1

Initiating event

Mean

Median

5th perc.

95th perc.

TE-BY
WSET1
WSET2

2.67E-3
1.33E-2
2.02E-3

1E-3
5E-3
158E-3

1E-4
5E-4
5E-4

1E-2
5E-2
5E-3

Failure event

Mean

Median

5th perc.

95th perc.

Cables: stuck at failure
Cables: unplugged or contact failure
Optical/digital converters: stuck-at failure of one output
Optical/digital converters: stuck-at failure of all outputs
Human errors
Hardwired connections: stuck at failure of one or all outputs
Optical connection panels: stuck-at failure of one output
Optical connection panels: stuck-at failure of all outputs
Programmable logic components: all failures modes involving
one output
Programmable logic components: all failures modes involving
multiple output
All other events

2.67E-5
2.67E-3
2.67E-4
2.67E-5
2.67E-3
2.67E-5
2.67E-5
2.67E-6
2.67E-4

1E-5
1E-3
1E-4
1E-5
1E-3
1E-51
1E-5
1E-6
1E-41

1E-6
1E-4
1E-5
1E-6
1E-4
1E-6
1E-6
1E-7
1E-5

1E-4
1E-2
1E-3
1E-4
1E-2
1E-4
1E-4
1E-5
1E-3

2.67E-5

1E-5

1E-6

1E-4

1E-2

Dummy value, no uncertainty distribution

Derived from Ref. [12] = ODU * W/2, where ODU is taken from Table 5.2.1 of [12]) and W is the interval between
functional tests (1 week = 176 hours). Upper and lower percentiles are computed by multiplying and dividing by
10 the median value.

from [12]. Common cause failures are modelled among components of the same type (E-factor model,
with E = 0.05). Other events, for which not enough information is available to derive a credible range,
are assigned an artificially high dummy probability value of 1E-2, without a distribution.
Figure 3 (left) and Table 2 present the results. The risk profile distribution is obtained by
propagating via Monte Carlo simulation (104 samples) the uncertainty on failure and initiating events
probabilities. Then the profile obtained is interpolated with a lognormal distribution. Figure 3 shows
that the risk profile is dominated by the WSET1 scenarios. This results from two factors. First, the
WSET1 IE has a higher likelihood compared to the other IEs (Table 1). Second, as discussed earlier in
the paper, this scenario can be detected by VIMOS only, while the other two scenarios have additional
protective barriers. This confirms the important contribution of VIMOS to the MEGAPIE safety.
Figure 3. Left: Results from the preliminary quantification of the risk profile associated
with the considered scenarios. Right: Effect of the recommendations on the risk distribution.
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Table 2. Results from the preliminary quantification of the risk profile
Initiating event
TE-BY
WSET1
WSET2
Total
Total, after recommendations

Mean (/y)
8E-6
1E-3
2E-6

5% (/y)
3E-7
4E-5
4E-7

95% (/y)
3E-5
4E-3
4E-6

1E-3
9E-4

5E-5
4E-5

4E-3
3E-3

A relevant outcome of the quantification is the importance of the basic events, indicated by
importance measures (IMs) [11]. Table 3 lists the events of top importance with respect to the
Fussell-Vesely (FV) IM (i.e. with FV > 5E-2). FV ranks events based on their contribution to the
measure of the risk. Table 3 shows that the two events addressed by the two recommendations derived
from the qualitative study [3] (VIMOSSW-SA and FRAMEGR-BUFFER-SA) are among the top
importance events, thus confirming the appropriateness of the recommendations.
Table 3. Top-importance basic events (with FV > 5E-2)
ID

Description

VBOX-O_SAS_AB-SA

VIMOS box – HW failure causes common cause stuck-at OK of outputs
SAS A and B
Frame grabber – HW failure causes common cause stuck-at OK of all
digital outputs
VIMOS SW – stuck-at while executing due to programming error or
operating system failure
VIMOS SW – execution failure (failure to set outputs 1 and 2 to 0)
Mesh – excessive number of mesh wires break
Frame grabber – memory buffer stuck-at due to buffer failure or failure to
save new picture
Camera – clock failure, pictures delivered with frequency lower than
50 Hz
VIMOS SW – slowed execution due to software failure or operating
system failure

FRAMEGR-O_DGALL-SA
VIMOSSW-SA
VIMOSSW-EF
MESH-WB
FRAMEGRR-BUFFER-SA
CAMERA-TM
VIMOSSW-TM

Mean
probability

FV

1E-2

1.14E-1

1E-2

1.14E-1

1E-2

1.14E-1

1E-2
1E-2
1E-2

1.14E-1
1.14E-1
1.14E-1

1E-2

1.14E-1

1E-2

1.14E-1

As a final analysis it is worthwhile to compare the risk profile before and after the recommendations
are implemented, to verify their impact on the safety of the facility. To model this, the probability of
the affected events (VIMOSSW-SA and FRAMEGR-BUFFER-SA) is changed from 1E-2 to 1E-5.
Figure 3 (right) shows that as an effect of the recommendations the risk distribution is shifted towards
lower values; the shift corresponds to a reduction in the mean of about 20%. In reviewing the results
shown in Table 2, the conservatisms applied in many parts of the PSA as well as the large
uncertainties in the results should be kept in mind.
Work still needs to be done to achieve a risk profile with an acceptable level of realism.
In particular, as can be seen in Table 3, the risk is dominated by events quantified with the dummy
value of 1E-2. Therefore, information should be collected to assign uncertainty ranges to these events
as well. In addition, proper quantification entails improving the PSA model for systems testing. So far,
the impact of test is modelled by miscalibration errors that may occur while performing the test.
However, the impact of the test on the failure events probabilities should also be represented.
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Conclusions
In previous work, a scoping-level PSA was applied to an experimental facility, the MEGAPIE
facility at PSI. Emphasis was placed on the qualitative results obtainable from the PSA, given
difficulties to quantify the probabilities of initiating and failure events. Recommendations on potential
system improvements were also derived.
In this paper, a first step to quantify the facility risk profile is attempted. Failure and initiating
events probabilities are assigned values with distributions with significant uncertainties. Other events
for which not enough information was available were assigned dummy probabilities. The results from
this first quantification attempt confirm the appropriateness of the recommendations derived from the
qualitative results obtained in previous work.
Improvement of the quantification should still be the direction to pursue. In particular, information
should be collected to reduce the uncertainty in the events’ probabilities and to assess the events with
probabilities quantified with dummy values. This latter is an important aspect since these events still
dominate the risk profile. The PSA model for systems testing should also be improved. Reaching an
acceptable level of realism in the quantification of the scenario probabilities, with their uncertainty
ranges, is of utmost importance to support decision making. Indeed, quantification reveals the different
priorities in protecting against the various failure modes. In addition, the quantification can be used to
evaluate the impact on safety of further design and operational changes (e.g. redundancy allocation
and/or test prioritisation).
As demonstrated by this study, PSA methodologies can indeed provide a useful tool for informing
the designers of the safety of experimental installations and provide insights on the contributions of
the different components and systems to the safety. In particular, in this study the PSA results could be
used to inform specific and practical measures oriented to enhance the safety of the installation.

Acknowledgements
The authors would like to offer their thanks to Leonid Rivkin, Knud Thomsen, Timo Korhonen,
Pierre Schmelzbach, Pierre-Andre Duperrex, Stefan Staudenmann and all the people of the MEGAPIE
project for their support and suggestions during the development of the study.

REFERENCES

[1]

Bauer, G.S., M. Salvatores, G. Heusener, “MEGAPIE, a 1 MW Pilot Experiment for a Liquid
Metal Spallation Target”, J. Nuclear Mat., 296, 17-35 (2001).

[2]

MEGAPIE Safety Report. Sicherheitsbericht zum MEGAPIE-Experiment an einem Target mit
flüssigem Blei-Bismut-Eutektikum in der Neutronenquelle SINQ des PSIs. Paul Scherrer Institut
(PSI), Villigen, Switzerland (2002).

38

[3]

Podofillini, L., V.N. Dang, “Probabilistic Safety Assessment of Complex Experimental
Facilities: Lessons Learned from the Application to a Neutron Source Facility (MEGAPIE)”,
Proceedings of the European Safety and Reliability Conference (ESREL 2007), Stavanger,
Norway, 25-27 June 2007.

[4]

Podofillini, L., V.N. Dang, Probabilistic Safety Assessment (PSA) of the MEGAPIE Safety
Systems – Beam Footprint Deformation Scenarios, PSI Report (forthcoming).

[5]

Garret, C.J., G.E. Apostolakis, “Automated Hazard Analysis of Digital Control Systems”,
Reliability Engineering and System Safety, 77 1-17 (2002).

[6]

Smith, B.L., Summary Report For Megapie R&D Task Group X4: Fluid Dynamics And
Structure Mechanics, PSI Report PSI-06-01 (2006).

[7]

Mock, R., S. Wagner, Zuverlässigkeitsanalyse des SINQ-MEGAPIE-Sicherheitssystems. Eine
Machbarkeitsstudie, Version 2.1, Laboratorium für Sicherheitsanalytik, ETH Zürich, draft
report (2005).

[8]

Bertrand, F., MEGAPIE Experiment, Reliability and Safety Study on the Failure of the Lower
Liquid Metal Container of the Target, Report of the Commissariat à l’Energie Atomique (CEA),
France CEA/DEN/CAD/DER /SESI/LCFR/NT DO 27 19/12/05 (2006).

[9]

Thomsen, K., P. Schmelzbach, Report on Beam Safety Systems for MEGAPIE, MPR-3-TK34167/3 (2006).

[10] Burgazzi, L., “Probabilistic Safety Analysis of an Accelerator – Lithium Target Based
Experimental Facility”, Nuclear Engineering and Design, 236, 1264-1274 (2006).
[11] Cheok, M.C., G.W. Parry, R.R. Sherry, “Use of Importance Measures in Risk Informed
Applications”, Reliability Engineering and System Safety, 60, 213-226 (1998).
[12] Hauge, S., P. Hokstad, Reliability Data for Safety Instrumented Systems, SINTEF Report STF38
A04423 (2004).
[13] Thomsen, K., VIMOS, A Novel Optical Safety Device for MEGAPIE, PSI Scientific and
Technical Report 2002, Volume III, 144 (2002).

39

A DEDICATED BEAM INTERRUPT SYSTEM FOR THE
SAFE OPERATION OF THE MEGAPIE LIQUID METAL TARGET

Knud Thomsen, P.A. Schmelzbach
Paul Scherrer Institut, Switzerland

Abstract
MEGAPIE is an experiment which aimed to design, build and demonstrate the safe operation of a
liquid metal spallation target at a beam power level of 1 MW in the SINQ target station at the Paul
Scherrer Institute. MEGAPIE is an international collaboration joining ten partners with a strong
interest in ADS. At PSI the spallation target inside SINQ is located at the far end of the proton beam
line. Of special importance for its safe operation is a meson production target located upstream of
SINQ. The proton beam is scattered in this target, leading to a wide intensity distribution on the SINQ
target. If for any reason the protons were not scattered their footprint on the SINQ target would shrink
leading to a rise in the maximum density of the incident beam by a factor of 25. At the resulting high
current density it would have taken only 170 ms until a hole was burned through both the liquid metal
container inside the target and the lower target enclosure. The liquid metal would have spilled into the
beam line and the catcher vertically below the SINQ target. This constituted a most severe accident
scenario for MEGAPIE.
In order to prevent an insufficiently scattered beam from reaching the SINQ target three independent
safety systems have been installed: a dedicated current monitoring system, a beam collimating slit and
a novel beam diagnostic device named VIMOS. The latter monitors the correct glowing of a tungsten
mesh closely in front of the liquid metal target. All these systems have to meet the basic requirement
to switch off the beam within 100 ms when 10% of the protons bypass Target E (corresponding to an
increase in peak intensity by a factor of two to 50 PAcm–2).
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General background
A correct intensity distribution in the incident beam was of highest importance for the MEGAPIE
liquid metal spallation target at PSI. High peaks in the beam intensity distribution could have damaged
the target. MEGAPIE was more sensitive in this respect than a standard solid state target in SINQ and
the potential damage was larger.
Situation of the beam at PSI
At PSI the spallation target inside SINQ sits at the far end of the proton beam line. Of special
importance for SINQ is Target E. During normal operation the proton beam is scattered in Target E
leading to a widening in beam distribution on the SINQ target with a FWHM in the order of 7 cm.
If for any reason the protons were not scattered in Target E their footprint on the SINQ target would
shrink to a FWHM of less than 2 cm. Detailed simulations yield a rise in the maximum density of the
incident beam by a factor of 25 [1]. At the corresponding current density of 700 PA/cm2 it would have
taken only 170 ms until both the liquid metal container inside the target and probably subsequently the
lower target enclosure would have been perforated, with the liquid metal spilling into the beam line
and the catcher vertically below the SINQ target. This constituted a most severe accident scenario for
MEGAPIE [2,3].
Besides incomplete scattering of the beam, improper settings of bending magnets and quadrupoles
can also result in higher than nominal proton intensities.
Figure 1. Layout of the proton beam line at PSI, passing Target E, leading to the SINQ target

Requirements on beam safety systems
The MEGAPIE target can withstand a non-scattered fraction of 17% of the nominal beam for an
extended period of time. Thus the following basic requirement for all beam safety systems had
conservatively been derived:
The beam had to be switched off within 100 ms if 10% of the protons bypassed Target E
(corresponding to an increase in peak density by a factor of two) [1].
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Four safety systems for MEGAPIE (front end)
In order to detect, i.e. prevent, an insufficiently scattered beam from reaching SINQ three
independent primary safety systems are in place, i.e. current monitors, a collimating slit and the beam
density monitoring system VIMOS. As part of the machine run permit system (RPS) the monitoring of
the distribution of the beam losses along the beam line from Target E to SINQ also contributed to the
safety of MEGAPIE.
Scattering of the protons in Target E has three direct or “local” effects:
x

The beam current is reduced.

x

The energy of the protons is reduced.

x

The opening angle of the beam is enlarged.

These effects are each monitored with three dedicated and completely independent sensors/systems:
x

current monitors (MHC4/MHC5);

x

slit (KNHY30);

x

VIMOS.

These systems formed a genuine group of sensors to directly trigger switching off the beam if a
critical situation was detected. The accelerator operation crew had no access to the settings of VIMOS
and to the current monitor outputs dedicated to MEGAPIE safety. The slit position was key-locked
and could not be changed by the operator during beam production. Additionally, there is always:
x

loss distribution monitoring.

As an addition to the three direct effects listed above comes the specific distribution of the beam
losses along the entire beam line which is monitored by the machine crew with a dedicated system in
order to ensure the correct low values up to the SINQ target.
Current monitor
Beam current is measured at diverse locations; of greatest interest for MEGAPIE were the current
sensors immediately in front of Target E and behind it: MHC4 and MHC5. They consist of a coaxial
resonator (the so-called “current transformer”) tuned at the 2nd harmonic of the proton beam pulse
frequency [4]. After calibration, the total beam current measurement can be measured absolutely to a
level of few perc ent [5,6]. The important value for the SINQ target is the ratio between the currents
upstream and downstream of Target E.
The current transformers MHC4 and MHC5 have been installed in the beam line for decades.
Each monitor has two RF sensors enabling two independent beam current measurements. One of these
sensors is being used for the standard beam current measurements. The second sensor provides an
independent measurement for MEGAPIE that was handled via the SINQ Schnelles Abschalt System
(SAS). Possible improvements were identified with respect to stability and the requirement for regular
calibration [7], e.g. the installation of new cables providing similar temperature conditions for both
MHC4 and MHC5 measurements.
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Performance of the current monitor
Electronics similar to the standard beam measurement equipment were prepared in the beginning
of 2005 and adapted to MEGAPIE needs; in particular, the computerised on-line calibration had been
disabled to start with. The installation took place during the summer of 2005. Sufficient experience
could be gained demonstrating a stability of the MEGAPIE current measurement of a few per cent of
the beam intensity [8]. First results indicated that a threshold of 10% could be set, which meet the
MEGAPIE requirements and did not interfere with the separate RPS operations (which actually work
with a tighter limit, the measurements being calibrated at short intervals) [9].
Figure 2. Data from transmission measurement

Slit KHNY30
A slit was installed at a suitable location in the beam line in order to limit the allowed variation of
the beam path to the SINQ target, and to detect and to stop protons missing Target E.
As a result of the loss of energy that protons suffer from scattering in Target E, their bending
radius in the dipole magnets below the SINQ target is smaller than for non-scattered protons. At a
specific location inside the quadrupole QHJ30 the dispersion between the two beam fractions reaches
a maximum of about 20 mm [1]. Centering the opening of the slit on the trajectory of the correctly
scattered protons it is possible to actually block any protons with higher energy. A predefined current
limit on the lower jaw triggers an interrupt signal.
The jaws are built as massive copper bars. In case a large fraction of the beam hits one of them, it
would even provide a short-term passive safety: the jaw would not evaporate completely in the time
before the beam is switched off. The position of the jaws can be adjusted and tuned remotely [10,11].
For MEGAPIE operation the remote control of the position was disabled (key-locked).
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Current alarms from the slit were fed into the SAS. Further redundancy was given by sending an
interrupt signal to the Run Permit System of the accelerator. In addition to the direct alarm signal from
the slit, it is very likely that the vacuum breakdown would be detected by the gauges included in the
SAS and generates this way a further interrupt signal.
Figure 3. Locations of the slit KHNY30 and the main VIMOS components

Performance of the slit
The slit KHNY30 was installed inside the quadrupole QHJ30 in the shutdown at the beginning of
2004. Afterwards many tests were performed concerning the optimum positioning of the jaws: they
should be close enough to reliably detect any relevant deviation from nominal conditions while not
hampering normal operations. Results of the commissioning phase confirmed the expectations and
verified the excellent sensitivity of the slit; a fraction of less than one per cent of the protons missing
Target E already generates a reliable interlock signal [11]. The slit is now positioned routinely as for
MEGAPIE operation. The reproducibility of the beam set-ups was such that readjustments (with their
potential source of error) were not needed during MEGAPIE operation.
VIMOS
In contrast to the other beam safety systems, which all employ well known and proven technology
at the proton beam at PSI, VIMOS is a newly-developed, rather specific device. The acronym stands
for VIsual MOnitor and Sieve, indicating that besides optical monitoring one part of the system should
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Figure 4. Comparison of simulation results with actual measurements.
On the left side changes in the beam profile are clearly visible leading
to the exceeding of thresholds in several monitor signals (lower right).

well-centered beam

beam shifted 1.5 mm
appr. 0.1% protons
bypass Target E

also prevent clogging of the beamline in case of rupture of both the liquid metal container and the
lower target enclosure. VIMOS is also particular in the sense that it monitors the beam profile closest
to the SINQ target and watches most directly for the matter of concern, i.e. for possible “hot spots” in
the beam density distribution [12].
VIMOS visually monitors the light emitted by a glowing mesh, which is heated by the beam.
Employing fast analysis the proper light distribution in the obtained images is verified at a repetition
rate of 50 Hz. Basing the alarm signal on a trend over four consecutive frames guarantees that minor
fluctuations do not trigger false alarms. Any large discrepancy triggers an interrupt already based on
one frame [13-15].
On top of the last collimator in front of the SINQ target sits a “hat” which bears a glowing foil
made of tungsten wires carefully dimensioned to provide just enough glowing signal during normal
beam conditions that the correct operational state of the system can be verified. The light from the
glowing mesh is collected and focused by a large parabolic first surface mirror at the bottom of the
catcher right below the SINQ target. The newly built catcher for MEGAPIE features a window where
a special radiation-resistant camera samples the images. The video signal is processed at twice the
normal frame rate using a state-of-the-art frame grabber and a powerful PC [13]. An alarm signal
generated by VIMOS was handled by the SAS.
Performance of VIMOS
VIMOS was installed for the first time during the 2004 shutdown. In extended commissioning
and test phases the proper working of the system has been confirmed [16]. One incident, wherein
improper magnet parameters led to a peaked beam intensity distribution, was detected which proved
the functioning of VIMOS already during the commissioning phase.
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Figure 5. Narrow beam footprint detected by VIMOS

Beam loss distribution monitoring
Loss monitoring is a standard procedure belonging to the operation of the accelerator and the
beam lines [17]. The machine protection system is not designed to protect other equipment, but
nevertheless provides additional redundancy and could be taken into account as a well proven
powerful additional safety system which was already available.
The beam losses are measured by means of halo monitors and ionisation chambers. Based on
operational experience and protection requirements of the specific components each individual monitor
has been attributed a particular range of allowed values. Special attention has been focused on the
distribution of the losses along the beam line. All these monitors in their combination contribute to
ensuring nominal beam conditions [17,18].
Fifteen (15) loss monitors are deployed along the beam line between Target E and SINQ.
An interrupt triggered by the loss distribution monitoring is processed via the machine Run Permit
System.
Performance of the loss distribution monitoring
The loss monitors are the backbone of standard operations and well proven over decades at PSI.
The reached sensitivity of the system was much higher than that required by MEGAPIE [17,18].
Effector mechanisms to switch off the beam
Signals from the three specific beam safety systems, i.e. current monitor, slit and VIMOS, were
all wired to the SINQ Schnelles Abschalt System (SAS). Parameters reflecting the proper working of
two of the systems were also fed into the SINQ Langsames Abschalt System (LAS). This slow channel
would not have triggered a proper alarm if an insufficiently scattered beam was impinging on the
MEGAPIE target but a loss of the slit current measurement or the VIMOS video signal would have
tripped the beam. SAS and LAS were installed along with the SINQ and were cleared for operation at
that time [19].
The interrupt signals of the SINQ Schnelles Abschalt System (SAS) and the back-up signals of
the Run Permit System of the accelerator were fed to a unit consisting of kicking magnets and a beam
stopper to intercept the beam at the Cockcroft-Walton pre-accelerator. This unit worked very reliably,
handling over the past 20 years a rate of several 10 thousands interrupts per year without failure. For
the MEGAPIE experiment an additional duplication of the fast source switch was activated directly by
the SAS [21].
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The layout and working of the complete effector chain starting from the signal generation in the
diverse sensors up to the kicker magnets and beam blocker, which actually interrupt the proton beam
is documented in Refs. [20,21]. The maximum time delay between the occurrence of an alarm and the
tripping of the beam had been measured to be less than 5 ms.
Each year before irradiation of a SINQ target starts a check-list is worked through with a well
prescribed number of tests of all interrupt conditions generated by the SAS. At the same time the
proper functioning of the actual effectors, i.e. SINQ kicker and beam blocker is verified.
Operational and administrative measures
For and during the irradiation of MEGAPIE special precautions had be taken in terms of operations
in order to avoid the emergence of improper setting of the beam optics. The probability of human errors
was minimised by suppressing access to critical parameters usually free during normal operation:
x

Hardware windows set on the power supply settings of elements of the beam line between
Target E and SINQ forbade the use of optics differing from the reference one.

x

Accelerator operators were especially instructed about the requirements of MEGAPIE.
Dedicated rules, e.g. for set-up of the beam, were compiled [22].

x

For normal operation with the liquid metal target in SINQ the remote control of the jaws of
slit KHNY30 were disabled, i.e. the slit was to be locked in its effective position.

x

The beam set-up was supervised by the MEGAPIE operations manager.

x

Before the irradiation of the MEGAPIE target was started dedicated tests of the SAS devices
were performed.

Operational performance during the MEGAPIE irradiation phase
In summary it could be claimed even before starting with the irradiation of the MEGAPIE target
that every reasonable possible effort was undertaken to assure the switching-off of the proton beam if
it threatened to damage the MEGAPIE target. The above assessment was affirmed during the actual
operation of MEGAPIE. All systems met their respective expectations.
x

A few interlocks were triggered by the MEGAPIE transmission monitoring. In several cases
where the RPS transmission monitors triggered an interrupt, the installation for MEGAPIE
also produced an interlock. No substantial disturbance of the facility operation resulted.

x

The collimating slits produced even fewer interlocks than the transmission monitoring,
basically for the same events.

x

Two interlocks were triggered by VIMOS during the irradiation period of the MEGAPIE
target [23].It was quickly confirmed that an alarm criterion had actually been met, due to the
change of the settings of some quadrupoles upstream of Target E. As this setting had not yet
been used before with the MEGAPIE target, the corresponding VIMOS signal clearly lay
outside the expected range.

48

x

No unusual loss configuration was observed during MEGAPIE operation.

x

An initial inconvenience with the switching-off of the ion source resulted in the beginning
from an over-responsiveness of the system. After correction, the trigger electronics performed
as well as the other hardware.

After MEGAPIE irradiation phase
Based on the good performance of VIMOS and the other beam safety systems installed for
MEGAPIE these will become part of the standard instrumentation at the beam line leading to SINQ [24].
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THE ROLE OF SCKxCEN IN THE MEGAPIE PROJECT

Marc Dierckx
SCKxCEN, Belgium

Abstract
SCKxCEN has the ambition to design, build and operate an experimental accelerator driven subcritical
system (XT-ADS). With the liquid metal spallation target being one of its main components,
SCKxCEN decided to join the MEGAPIE project, which aims to design and operate a first-of-a-kind
megawatt liquid Pb-Bi spallation target. This paper compares the MEGAPIE and XT-ADS target,
highlighting the common use of liquid Pb-Bi technology. An overview is also given of past and future
scientific involvement of SCKxCEN in the MEGAPIE project.
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Introduction
SCKxCEN is one of the major partners in the European 6th Framework Programme EUROTRANS,
which aims to show the feasibility of an accelerator-driven system (ADS) for transmutation of nuclear
waste. Part of the project involves the design of XT-ADS, a small-scale ADS demonstrator. In a later
stage SCKxCEN is candidate to host this XT-ADS installation on site; this is why SCKxCEN is heavily
involved in the design phase of XT-ADS.
One of the main components of an ADS is the spallation target module which converts high-energy
protons from an accelerator into neutrons to feed the subcritical core. In XT-ADS a proton beam of
3 mA @ 600 MeV will hit a Pb-Bi liquid metal target. The feasibility and validation of such a
high-power spallation target is of crucial importance for the continuing development and licensing
of XT-ADS.
With the successful completion of the irradiation phase, MEGAPIE has become the first of a kind
Pb-Bi spallation target that has been demonstrated to operate safely during an extended period of time,
thus providing valuable input for future ADS systems.
MEGAPIE versus XT-ADS target
Figure 1. MEGAPIE target
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Table 1 shows the main operational parameters for the MEGAPIE and XT-ADS targets. Both
accept a 600 MeV proton beam to produce neutrons via a spallation reaction in liquid Pb-Bi. The
XT-ADS target will need a beam current of at least 3 mA to produce the required amount of neutrons
to feed its subcritical core. The current of 1.4 mA for the MEGAPIE target is mainly determined by
the maximum current of the accelerator. The MEAGPIE target itself is capable to handle well over a
2 mA beam current.
Table 1. Comparison of MEGAPIE and XT-ADS target specifications
MEGAPIE
Liquid Pb-Bi
595 MeV
1.4 mA max
4 months
2.8 Ah
Ø 20 cm
90 Ah/m2
Window

Coolant/target
Beam energy
Beam current
Target lifetime
Accumulated charge for total target
Target diameter
Accumulated charge/m2
Beam interface

XT-ADS target
Liquid Pb-Bi
600 MeV
3 mA
9 months
20 Ah
<Ø 10 cm
2 500 Ah/m2
Windowless

The cylindrical hole in the centre of the XT-ADS core contains the spallation target and must be
kept as small as possible in order to limit the total power of the reactor. In XT-ADS the diameter of
the target is limited to 10 cm. A bigger hole in the centre of the core would mean that fuel has to move
from the centre of the core to the edge and extra fuel needed to compensate for the extra neutron
leakage of the core due to an increased core diameter. The MEGAPIE target has an outer diameter of
20 cm. This means that MEGAPIE has four times more surface available for beam impact.
The XT-ADS target has a lifetime of at least one operational cycle of the reactor, which is nine
months of continuous operation. The total accumulated charge of the target at the end of a cycle is
20 Ah. The total irradiation time of MEGAPIE was four months, but not always at full power and with
regular shutdowns, thus reaching a total accumulated charge of 2.8 Ah.
The “window” in MEGAPIE is used to separate the liquid Pb-Bi target material from the beam
line vacuum. The window is therefore heavily loaded by high-energy protons and spallation neutrons
causing embrittlement of the window material. The amount of material damage in the window at the
end of a cycle is proportional to the “accumulated charge per unit target area”. For MEGAPIE this is
90 Ah/m2, while for XT-ADS this is 2 500 Ah/m2 which is a factor 27 higher. This is one of the main
reasons why in XT-ADS it is decided to mitigate the risk of window breakage and make a design that
eliminates the window and lets the proton beam directly hit the liquid Pb-Bi.
Importance of the MEGAPIE project for development of XT-ADS
Although specific differences exist between both targets (window versus windowless), there is
a general correspondence which is related to the fact that both targets use liquid Pb-Bi as target
material. Pb-Bi technology developed for the MEGAPIE target can therefore easily be translated to the
XT-ADS application: electromagnetic pumping, heat exchanger design, Pb-Bi conditioning, corrosion
protection, etc.
During the MEGAPIE irradiation phase neutron fluxes were measured at different locations
outside as well as inside the MEGAPIE target. Linking measured neutron fluxes with measured beam
currents provides an excellent opportunity to benchmark neutronic codes and enhance the accuracy
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and reliability of XT-ADS neutronic calculations. Inventory of the spallation products in both the
cover gas as well as the Pb-Bi target material of the MEGAPIE target provides insight in the solubility
and evaporation of spallation products, which is of crucial importance for the design of the XT-ADS
vacuum/cover gas system.
T91 and 316L steels are foreseen as the main structural materials for the construction of the
XT-ADS reactor. The same structural materials are used to build the MEGAPIE target. As such the
post-irradiation examination (PIE) of the irradiated MEGAPIE target will provide essential information
on the behaviour of these materials under XT-ADS-like conditions (proton and neutron flux, Pb-Bi
flow, thermal stress, corrosion, erosion, …).
Beside these technical aspects the MEGAPIE target creates an important precedent that
demonstrates to the authorities that a megawatt spallation target is licensable and the XT-ADS concept
is built upon known and proven technology.
SCKxCEN contribution in the MEGAPIE project
With the MEGAPIE project liquid Pb-Bi technology would be developed to a stage where a fully
licensed megawatt spallation target could be built and operated for an extended time period. MEGAPIE
gives unique hands-on experience on liquid Pb-Bi technology and provides a proven concept for future
ADS targets. That is why SCKxCEN decided to join the MEGAPIE initiative in 2001 and contributed
11% of the total budget, becoming one of main partners in this consortium.
In addition to this financial investment, SCKxCEN has also contributed to the design, validation
and operation of the target and will undertake a large part of the PIE on the structural materials of the
irradiated target.
SCKxCEN has developed a target temperature control strategy to keep the temperature inside the
target between certain limits to avoid LBE freezing or overheating which would cause excessive
thermal stresses on the beam window and other parts of the system. The accelerator of the SINQ
facility has on average two to three beam trips per hour, during which the total heat input will instantly
drop from 600 kW to 10 kW. If the corresponding 600 kW target cooling is not immediately switched
off, the temperature will drop rapidly, with the risk of freezing liquid Pb-Bi in the target. This shows
that a fast reaction of the target temperature control system is required A Matlab Simulink model was
constructed to deduce the system dynamics and test different control strategies. Although more complex
control schemes were evaluated, a simple PI controller was chosen for easy implementation into the
MEGAPIE control system.
The temperature control strategy was verified during the MEGAPIE Integral Test phase [1,2].
A 200-kW resistive heater was mounted on the target to simulate the heat input from a proton beam.
Tests revealed that the control valve in the oil loop has a highly non-linear characteristic (Figure 2),
severely limiting the performance of the temperature control. A digital compensation was implemented
in the MEGAPIE control system to solve this problem. The tests also showed that the efficiency of the
target heat exchanger was 25% higher than initially calculated. The MEGAPIE Integral Test phase has
shown that the target will be able to safely handle the full beam power of the SINQ accelerator.
During the start-up phase of MEGAPIE in SINQ the beam power was gradually increased
(Figure 3) while target temperatures and other vital system parameters were closely monitored. No
irregularities were detected and within one day the target was at nearly full beam power. The temperature
control system performed as expected under steady-state as well as under transient conditions.
No additional adjustments to the temperature control parameters were needed.
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Figure 2. Highly non-linear control valve characteristic

Figure 3. Start-up of MEGAPIE in SINQ

Future contributions to the MEGAPIE project
In 2008 the MEGAPIE target will be dismantled and irradiated structural materials will
be extracted for further examination (PIE phase). Part of these irradiated structural materials will be
examined at SCKxCEN to quantify the effect of high-energy proton and neutron radiation together
with Pb-Bi embrittlement, thermal stress and fatigue.
Based on data gathered during the irradiation phase of MEGAPIE an extensive study on the
performance of the heat removal system will be made. SCKxCEN will mainly focus on the overall
performance of the heat removal system, looking for signs of possible degradation in the heat removal
system. The performance of the target temperature control will be assessed both during stable operation
and during beam transients.
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Conclusion
With the successful completion of the irradiation phase MEGAPIE has proven that safe operation
of a megawatt Pb-Bi spallation target is possible, making the licensing of future ADS systems easier.
The PIE of MEGAPIE will be very important for further development XT-ADS as it will provide
crucial information on the behaviour of XT-ADS structural materials under relevant XT-ADS
conditions.
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STATUS OF THE EUROTRANS R&D ACTIVITIES
FOR ADS ACCELERATOR DEVELOPMENT
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Abstract
An accelerator-driven system (ADS) for transmutation of nuclear waste typically requires a
600 MeV-1 GeV accelerator delivering a proton flux of a few mAs for demonstrators, and of a few
tens of mAs for large industrial systems. This paper briefly describes the reference solution adopted
for such a machine, based on a reliability-oriented linear superconducting accelerator, and focuses on
the status of the R&D presently ongoing on some prototypical accelerator components. This work is
performed within the 6th Framework Programme EC project “EUROTRANS”.

* EC Contract N° FI6W 516520, “EUROTRANS”.
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Introduction
The basic purpose of accelerator-driven systems (ADS) is to reduce the nuclear wastes’
radiotoxicity, volume and heat load before their underground storage in deep geological depositories.
This issue is particularly significant in Europe where 2 500 tonnes of spent fuel are produced every
year by the 145 reactors of the European Union [1].
The proposed solution relies on the partitioning and transmutation strategy: the different elements
of the spent fuel are chemically separated, minor actinides, plutonium and long-lived fission products
are isolated and recombined to obtain new fuel assemblies to be used and “burnt” in dedicated
“transmuter” systems. Such a strategy should significantly – by orders of magnitude – decrease the
long-term radiotoxicity of the spent fuel: with a separation efficiency of 99.9% of the long-lived
products from the waste, followed by transmutation, the natural uranium ore radioactivity level can be
reached in less than 1 000 years, instead of millions of years if no action is performed [1].
An ADS transmuter system is composed of two main parts: a subcritical reactor (keff < 1), in
which the chain reaction can not be self-sustained, that greatly relieves the safety problem aspect, and
an intense spallation source that provides the “missing” neutrons needed to maintain the reaction. Such
a neutron source, composed by a liquid lead target subjected to a high-energy proton flux, also
produces the suited broad energy spectrum required to “burn” the minor actinides components, that are
otherwise accumulated in conventional thermal spectrum critical reactors.
The EUROTRANS research programme
The European research programme for the transmutation of high-level nuclear waste in
accelerator-driven systems (EUROTRANS) is funded by the European Commission within the
6th Framework Programme, and involves 31 partners (research agencies and nuclear industries) with
the contribution of 16 universities. EUROTRANS is a four-year programme (2005-2009) extending
previous activities (Preliminary Design Study for an Experimental Accelerator-driven System –
PDS-XADS) and paving the road towards the construction, during subsequent EC framework
programmes, of an experimental facility demonstrating the technical feasibility of transmutation in an
accelerator-driven system (XT-ADS).
Within the EUROTRANS programme, activities are split into five main technical areas (called
Domains), respectively devoted to: the design of the ADS system and its sub-components; small-scale
experiments on the coupling of an accelerator, a spallation target and a subcritical core; studies on
advanced fuels for transmuters; investigations on suited structural materials and heavy liquid metal
technology; collection of nuclear data for transmutation. The main objective is to work towards a
European Transmutation Demonstration (ETD) in a step-wise manner, i.e.:
x

provide an advanced design of all the components of an XT-ADS system, in order to allow its
realisation in a short-term view (~10 years);

x

provide a generic conceptual design of modular European Facility for Industrial Transmutation
(EFIT) for the long-term objective of the programme.

Machine design for the European Transmutation Demonstration
The XT-ADS machine, that will be loaded with conventional MOX fuel, is meant to be built and
tested in the near future (before 2020) so as to fulfil three main objectives: 1) demonstrate the ADS
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concept (coupling of proton accelerator, spallation target and subcritical assembly) at significant but
reasonable core power levels (50-100 MWth); 2) demonstrate the transmutation using some dedicated
positions able to accept minor actinides assemblies; 3) provide a multi-purpose irradiation facility for
the neutron community in general, and for the testing of different EFIT components in particular
(samples, fuel pins…).
The EFIT facility will be an industrial-scale transmutation demonstrator system, loaded with
transmutation dedicated fuel. Its characteristics are meant to maximise the efficiency of transmutation,
the ease of operation and maintenance, and the high level of availability in order to achieve an
economical transmutation. Despite these sometimes contradictory objectives, the XT-ADS and the
EFIT machines share the same fundamental features. Especially, both designs use (cf. Table 1):
x

a superconducting linac solution to produce the required high-power proton beam, the main
reasons for this choice being the power-upgrading capability of this solution and the
perspectives of improvement of the beam reliability;

x

a liquid metal core coolant and spallation target, the metal being pure lead for the EFIT design
and lead-bismuth eutectic (LBE) for the XT-ADS, allowing for lower working temperatures.
Table 1. Baseline characteristics of the XT-ADS and EFIT machines

Goals

Main
features

XT-ADS (ADS prototype)
Demonstrate the concept
Demonstrate the transmutation
Provide an irradiation facility
50-100 MWth power
Keff around 0.95
600 MeV, 2.5 mA proton beam
(back-up: 350 MeV, 5 mA)
Conventional MOX fuel
Lead-bismuth eutectic coolant & target

EFIT (industrial transmuter)
Maximise the transmutation efficiency
Ease of operation & maintenance
High level of availability
Several 100 MWth power
Keff around 0.97
800 MeV, 20 mA proton beam
Minor actinide fuel
Lead coolant & target (back-up: gas)

The reliability-oriented reference accelerator for ADS
The European Transmutation Demonstration requires a high-power proton accelerator operating
in CW mode, ranging from 1.5 MW (XT-ADS operation) up to 16 MW (EFIT). The main beam
specifications are shown in Table 2. At first glance, the extremely high reliability requirement (beam
trip number) can immediately be identified as the main technological challenge to achieve.
The reference design for the accelerator was developed during the PDS-XADS programme [2,3]
and is based on the use of a superconducting linac (see Figure 1). Such a choice allows to obtain a
very modular and upgradeable machine (same concept for prototype and industrial scale), an excellent
potential for reliability (see hereafter), and a high RF-to-beam efficiency thanks to superconductivity
(optimised operation cost). For the injector, an ECR source with a normal conducting RFQ is used up
to 3 or 5 MeV, followed by an energy booster section which uses normal conducting H-type DTL
or/and superconducting CH-DTL structures up to a transition energy still under optimisation, around
20 MeV. This first part of the linac is duplicated in order to provide good reliability perspectives. Then
a fully modular superconducting linac, based on different RF structures (spoke, elliptical), accelerates
the beam up to the final energy (350, 600, 800 or 1 000 MeV). Finally a doubly-achromatic beam line
with a redundant beam scanning system transports the beam up to the spallation target.
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Table 2. XT-ADS and EFIT proton beam general specifications

Max. beam intensity
Proton energy
Beam entry
Beam trip (>1 sec) number
Beam stability
Beam time structure

XT-ADS
2.5-4 mA
600 MeV

EFIT
20 mA
800 MeV

Vertical from above
< 5 per 3-month operation cycle
< 3 per year
Energy: r1%, intensity: r2%, size: r10%
CW with 200 Ps low frequency 0-current holes

Figure 1. The reference accelerator scheme for the XT-ADS (and EFIT)

The ADS accelerator is expected – especially in the long-term EFIT scenario – to have a very
limited number of unexpected beam interruptions per year, which would cause the absence of the
beam on the spallation target for times longer than one second. This requirement is motivated by the
fact that frequently repeated beam interruptions induce thermal stresses and fatigue on the reactor
structures, the target or the fuel elements, with possible significant damages, especially on the fuel
claddings; moreover these beam interruptions decrease the plant availability, implying plant shutdowns
in most of the cases. Therefore, it has been estimated that beam trips in excess of one second duration
should not occur more frequently than five times per three-month operation period for the XT-ADS,
and three times per year for the EFIT.
To reach such an ambitious goal, which is lower than the reliability experience of typical
accelerator-based user facilities by as many as 2 or 3 orders of magnitude, it is clear that design practices
oriented toward reliability need to be followed from the early stage of component design. In particular:
x

“Strong design” practices are needed: every linac main component has to be de-rated with
respect to its technological limitation (over-design).

x

A rather high degree of redundancy needs to be planned in critical areas; this is especially true
for the identified “poor-reliability” components: linac injector and RF power systems, where
solid-state amplifiers should be used as much as possible.

x

Fault tolerance capabilities have to be introduced to the maximum extent: such a capability is
expected in the highly modular superconducting RF linac, from at least 20 MeV [9].
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A preliminary bottom-up reliability analysis (Failure Mode and Effects Analysis – FMEA) has
been performed in order to identify the critical areas in the design in terms of impact on the overall
reliability [11]. This activity confirms the choice to provide a second, redundant, proton injector stage
(composed of the source, RFQ and low-energy booster), with fast switching capabilities. After the
injector stage, the superconducting linac has a high degree of modularity, since the whole beam line is
an array of nearly identical “periods”. All components are operating well below any technological
limitation in terms of potential performances, and therefore a high degree of fault tolerance with
respect to cavity and magnets can be expected in the superconducting linac, where neighbouring
components have the potential to provide the functions of a failing component without affecting the
accelerator availability. Clearly this approach implies a reliable and sophisticated machine control
system, and in particular a digital RF control system to handle the RF set points to perform fast beam
recovery in the case of cavity failures.
R&D activities for ADS accelerator development
The EUROTRANS accelerator work package (WP 1.3) is split into several tasks, focused to
design the main subcomponents of the ADS linac in the different energy areas, and to identify their
reliability characteristics. Activities are dedicated to:
x

experimental evaluation of the proton injector reliability, performed at the IPHI injector;

x

assessment of the reliability performances of the intermediate-energy accelerator components,
with particular attention to the comparison of different accelerating structures;

x

design and experimental qualification of the reliability performances of a high-energy
cryomodule tested at full power and nominal temperature;

x

design and test of a prototypical RF control system intended to provide fault tolerance
operation of the linear accelerator;

x

update of the accelerator design, including beam dynamics issues and investigation of control
strategies for fault tolerance, development of further reliability analyses and cost estimations
for the XT-ADS and EFIT.

Proton injector reliability tests
The IPHI injector (see Figure 2), developed in France at Saclay by CEA and CNRS, fulfils the
specifications of the ADS proton injector, with wide margins in terms of beam current capabilities.
It is composed by the 95 keV SILHI ECR ion source, an already tuned low-energy beam transport
line, a 3 MeV copper RFQ under final completion, and the associated diagnostic beam line [4].
In recent years, the SILHI source has been successfully used for several week-long reliability
tests at currents of 30 mA, showing no beam stops and occasional sparks in the extraction region,
causing no beam interruptions. In the EUROTRANS context, these tests will be extended, to include
acceleration in the RFQ and propagation in the beam lines: the IPHI injector, once completed in 2008,
will be used for a long-run test (two months), to demonstrate and assess, on a real scale, the reliability
characteristics of this accelerator subcomponent.
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Figure 2. Scheme of the IPHI injector and picture of the diagnostic beam line installation in Saclay

Moreover, the possibility to achieve the sharp 200 Ps “beam holes” at low repetition rate (10–3 to
1 Hz), that is required for the subcriticality monitoring of the ADS core, has been successfully tested
directly pulsing the SILHI source. Encouraging fall and rise time durations of less than 30 Ps have
been obtained. This test will also be extended to the full beam of the IPHI injector, at 3 MeV.
RF structures for the intermediate-energy section
For the intermediate-energy region after the RFQ and up to approximately 100 MeV, several
cavity types are considered as valid “candidates”. Studies and tests of prototypes are being developed
in order to evaluate their feasibility and assess their potential reliability performances. In particular,
activities concentrate on: 1) high shunt impedance copper DTL structures of the IH and CH type,
using “Konus” focusing scheme (focusing elements outside the drift tubes) that provides high real
estate gradients; 2) superconducting multi-gap CH structures, with “Konus” focusing scheme, ensuring
both high real estate gradients and optimised RF-to-beam efficiency thanks to superconductivity;
3) superconducting spoke cavities, which are very modular, providing some fault tolerance capability,
and can operate efficiently from very low energies (around 5 MeV) up to 100 MeV and more. The two
first structures are meant to be part of the redundant injector front end, while the spoke structures will
be part of the fault tolerant independently-phased linac. At the present phase of the project, the
transition energy is around 17 MeV, still to be optimised given the results of the ongoing R&D.
The first activity is being carried out by IBA and IAP Frankfurt and is still in the design phase.
Concerning the second activity, a 19-gap superconducting 350 MHz CH prototype has been
successfully tested at IAP Frankfurt in vertical test (Figure 3) and is ready to be installed in an existing
horizontal cryostat, with an external driven mechanical tuner for further testing [5]. Concerning the
spoke activities, CNRS/IPN Orsay is equipping an existing cryomodule (Figure 3) with a 350-MHz
E = 0.15 spoke cavity, fully dressed with its stainless steel helium reservoir, its cold frequency tuning
mechanism and its high power (20 kW) RF coupler [6]. The cavity, which has already reached
the design goals in vertical tests, once completed with its ancillary RF components, will be operated
in 2008 at nominal operating conditions in long tests to determine the reliability characteristics of
the components.
The high-energy cryomodule
The high-energy part of the linac uses low-beta elliptical cavities from an energy of approximately
100 MeV, using three different beta-sections (0.5, 0.65, 0.85). Such a technology is already successfully
used world wide (e.g. at the SNS), but the full demonstration of the very low-beta section is not yet
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Figure 3. Pictures of the SC CH-cavity during vertical test at Frankfurt (left)
and of the spoke horizontal test cryomodule during its installation at Orsay (right)

fully accomplished. Excellent test results have been achieved with the E = 0.47 TRASCO cavities at
INFN Milano [7], but besides the development of the bare superconducting cavity, it is important to
prototype and test each auxiliary system needed for the cavity operation in a real environment (power
coupler, RF source, power supply, RF control system, cryogenic system, cryostat…).
The goal of this EUROTRANS third task is thus to design, build and test before 2009 an
operational prototypical cryomodule of the high-energy first section of the proton linac [8]. This
cryomodule will host one of the existLQJ = 0.47 TRASCO cavities, equipped with a cold frequency
tuner, developed by INFN, and a 150 kW CW RF coupler, developed by CNRS. This cryostat, under
development at INFN and CNRS, will be assembled and tested at IPN Orsay under nominal 2 K
operating conditions, and extensive tests (without beam but at full 80 kW RF power level) will be
performed to qualify its reliability characteristics. Figure 4 shows a conceptual layout of the module
and of the RF power coupler.
Figure 4. Conceptual layout of the single cavity module (left) and
associated power coupler (right) for the testing of high-energy components
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Low-level RF control system and fault-tolerance
The scope of this activity is to develop a digital low-level RF control system intended to provide
the necessary field and phase stability (r0.5% in amplitude, r0.5° in phase) and to identify and handle
fast recovery scenarios for cavity failures in the superconducting linac, by means of local
compensation at neighbouring cavities.
This local compensation method (cf. Figure 5), in which neighbouring components have the
potential to provide the functions of a failing component, has been demonstrated on the beam
dynamics point of view from 10 MeV [9], given that modular independently-phased accelerating
cavities are used and that some RF power margin (up to 30%) is available. Such a fault-recovery
system has even been recently demonstrated on real operation at the SNS for high-energy beams
(>200 MeV) [10], using a global compensation method where all the linac components are retuned,
but with the advantage of requiring very few margins in terms of RF power. The remaining step is
now to identify and develop fast failure recovery scenarios to ensure that such a retuning is performed
in less than 1 second. This would probably require: fast fault detection and beam shut-down; fast
communication between neighbouring LLRF systems; fast update and tracking of the new field and
phase set-points; adequate management of the tuner of the failed cavity; final beam recovery.
Digital techniques become necessary to meet the speed and software configuration required by
such a retuning procedure. A FPGA-based digital LLRF control system, in which a number of key
functionalities are implemented on a single chip, offers indeed a high-grade reliability and flexibility.
Developments are going on in CEA and CNRS at 704 MHz and 352 MHz respectively, with very
encouraging preliminary results [6]. Figure 5 shows a picture of a first prototype developed by CNRS
(LPNHE/IPNO).
Figure 5. Principle of the local compensation method (left) and picture of a
prototypical FPGA-based digital LLRF control card developed at CNRS (right)

Accelerator design
The last task in the accelerator work package deals with the progress of the accelerator design and
the characterisation of its reliability characteristics, the final goal being to obtain in 2009 a frozen
detailed conceptual design of the XT-ADS linac, with assessed reliability and costing.
Start-to-end beam dynamics simulations are being performed, especially for the different options
for the intermediate-energy structures. The modelling also includes in the independently-phased linac
the effect of the beam transients induced by RF faults, and explores the possible recovery scenarios
needed to provide the necessary beam availability to the ADS application. The design of the final
beam line connecting the linac to the reactor is also ongoing, based on the previous PDS-XADS
design guidelines.
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Furthermore, an integrated reliability analysis is being performed to predict the reliability
characteristics of the proposed accelerator, following the standard practices used in the nuclear energy
applications (mainly failure mode and effects analysis and reliability block diagrams), and integrating
the experimental results and demonstrated reliability numbers. This activity is the continuation of the
PDS-XADS work, that already showed that a reliability-oriented design can, without necessarily
improving the mean time between failure (MTBF) values of each sub-system, greatly improve the
MTBF of the whole system by one or two orders of magnitude, especially with the implementation of
redundancy, fault-tolerance and corrective maintenance strategies in critical areas [11,12].
The deduced and optimised design will then provide the basis for the cost estimation for XT-ADS
and EFIT and a possible schedule for its realisation. This costing activity has already been started with
parametric studies to test the influence of the final energy on the linac price, especially showing that a
600 MeV solution appears to be only 20% more expensive that a 350 MeV solution.
Conclusion
This paper describes the ADS accelerator reference solution, based on a reliability-oriented linear
superconducting accelerator, and summarises the R&D presently ongoing on some prototypical
accelerator components. Compared to warm temperature linacs or circular machines, a superconducting
linac, much more “forgiving”, has a great potential for high reliability that is the main requirement for
the ADS application.
The “less than a few beam trips per year” goal is still two or three orders of magnitude below
present accelerator performance, but seems to be reachable. As a matter of fact, the concept of
fault-tolerance in a superconducting linac with independently-phased cavities is now proven, at least at
high energies, by the SNS experience, where a beam recovery system is successfully running [10].
An integrated reliability analysis of the whole system shows that this SNS proof of principle of the
fault-tolerance concept potentially improves the reliability figure by at least one order of magnitude
(given that we can implement it in less than the 1-second limit) [12]. The remaining order of magnitude
will be gained by redundancy, corrective maintenance plans, careful design of auxiliary systems and
by improving the MTBF of individual components using the results from the ongoing R&D performed
within EUROTRANS.
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Abstract
One task of the Accelerator Work Package of the EUROTRANS programme is dedicated to the design
and realisation of a prototype cryomodule of the high-energy section of the linac, equipped with
elliptical superconducting niobium cavities. We present the status of the design and the planned
programme that foresees the experimental characterisation of the fully-equipped cavity and RF system
under its nominal operating conditions.
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Introduction
The EUROTRANS programme and its prototypical activities intended to provide an experimental
evaluation of the reliability figures for the main modular components of the accelerator configuration
are described in a separate contribution of these proceedings [1]. One of the tasks in the accelerator
working package of the EUROTRANS project is dedicated to building and testing a full prototypical
cryomodule of the high-energy section of the superconducting proton linac.
A cryomodule is the basic building block of the superconducting accelerator section and has the
main role to provide to the cavities both a mechanical support and their cryogenic environment for
operation. The XADS/XADT linac, the main parameters of which were briefly reviewed in Ref. [1],
on the basis of the high availability/reliability requirements and maintenance considerations, needs a
cryomodule designed for easy disconnection both from the beam line and the cryogenic liquids
distribution plant [2]. The aim of the work briefly presented here is to deliver an operational prototype
cryomodule, which can be extensively tested (without beam, but at high RF power levels as in its
operating condition), to assess its main reliability characteristics.
The test cryomodule will be a prototypical module of the beta 0.5 section containing one single
elliptical multi-cell superconducting niobium cavity with all its auxiliary equipments. In the high-energy
section of a proton linac, consisting of a few families of elliptical cavities with gradually increasing
lengths, the technological complexities decrease gradually with the increase of the cavity length (that
is, with the increase of the velocity, and energy, for which the proton cavity is designed). It is felt by
the accelerator designers that the lowest limit for the elliptical cavity technology is a cavity design for
proton velocities at half the speed of light (beta = 0.5), which has been indeed chosen for the first
family of the high-energy section of the XADS linac.
Figure 1. XT-ADS reference accelerator scheme: a doubled linac front end is
followed by a fully modular spoke and elliptical cavity SC section, upgradeable from
350 MeV up to 1 GeV for the EFIT needs. Typical cavity prototypes are shown
in the lower part: from left to right RFQ, CH structure, spoke, elliptical 5-cell.
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Besides the development of the bare superconducting cavities, it is important to prototype each
auxiliary system needed for the cavity operation in a real environment (frequency tuner, power
coupler, RF source, power supply, RF control system, cryogenic system, cryostat…), and relative
procedures of assembly and alignment. The construction of a full-scale module with a E = 0.5 cavity
(100-200 MeV energy range) can be considered as a rather general proof-of-principle of the
technology and a test stand for determining its reliability characteristics.
The development of the cryomodule relies heavily on prior R&D results, existing infrastructures
and investments of INFN, CNRS and CEA. INFN will make available its two beta 0.5 TRASCO [3]
cavities equipped with the cold tuning system [4], which have outperformed the EUROTRANS
specifications during vertical tests [5]. CNRS will contribute with clean room for cryomodule
assembly, cryogenic infrastructure for test at 2 K, and manpower for integration, assembly and tests.
CEA will contribute with cavity preparation (chemical treatment) and RF digital controls.
The final installation and testing of the cryomodule will be done at the Supratech infrastructure
under preparation at IPN/Orsay, where the following hardware and facilities will be available:
x

x

High-power RF sources:
–

a 350 MHz source (for EURISOL and EUROTRANS spoke cavities): 10 kW unit;

–

700 MHz sources: 80 kW unit (IOT).

A clean room for cryomodule assembly:
–

85 m2 clean room, with 45 m2 of class 10/100 for cavity assembling and handling;

–

ultra-pure water production system and HPR facility.

x

A helium liquefier.

x

A cavity chemistry facility.

Layout of the module
The actual layout of the module is shown in Figure 2. The vessel of the module for a single cavity
has a diameter of about 1.2 meters (namely 48s, as the SNS vessel) and a length of about 1.4 meters.
The design has been performed on the following reliability-based considerations:
x

As a general request, easy and reliable connection interfaces to the cryogenic and RF system
and fast and reliable cold mass alignment strategies are needed to guarantee a short mean time
to recover in the case of a module exchange in the linac.

x

As in the SNS experience, in order not to produce mechanical stresses on the warm ceramic
RF window the fundamental power coupler is positioned vertically. Furthermore, in order to
avoid the possibility of contamination of the inner cavity surface during the coupler assembly
with dust particles, the warm RF window is positioned below the cavity.

x

The actual layout simplifies the handling of the subassembly coming out of the clean room.
As discussed further on, the suspension of the dressed cavity to a room temperature “space
frame” with tension tie rods does not require any vertical movement of the cavity during
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assembly. In more details the cavity, with its ancillary components, will be supported by eight
tension rods in a symmetric X pattern to a room temperature “space frame” support cage
similar to the SNS concept. The space frame also acts as the support for the thermal shield
that protects the cold mass at 2 K from the room temperature surfaces of the vacuum vessel,
intercepting the thermal radiation at higher temperatures.
x

This design allows the connection to the cold box providing the liquid cryogenic circuits at
different temperature levels already developed by IPN Orsay and similar to the CM0 cold box
used for the spoke cryomodule. The cold box will be located above the module, connected
through a big flange on the top of the vacuum vessel.
Figure 2. Cryomodule layout

Cold box
connection

Cavity support
Phase
separator

Piping

70 K shield
Alignment ports

Coupler port

Space frame

As a last consideration, it seems important to borrow, as extensively as possible, proven
technologies from existing state-of-art cryomodule designs, again with the perspective of reaching the
ADS reliability goals. Most of the technical solutions, and the underlying superconducting RF
technology, outlined for the module layout have been derived from the huge experience accumulated
by the TESLA Test Facility (TTF) and the Spallation Neutron Source (SNS) experience [6]. These
technologies represent the state-of-art in the design of a large superconducting RF infrastructure with
perspectives of reaching an unprecedented high operational availability, necessary for an acceptable
economical cost of the underlying applied and fundamental physics experimental programmes for
which both accelerators have been designed.
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The “dressed” cavity
The module will be equipped with one of the two TRASCO cavities, fully “dressed” with the
components required for their operation in a linac cryomodule. In particular, the cavity will be
equipped with a Ti-He reservoir (which provides the low pressure bath liquid He for the operation at
2 K) and with a jacket of a high-permittivity (at low temperatures) material (Cryoperm) that provides
the required shielding from the earth magnetic field in order to guarantee low values of surface
resistance for RF loss minimisation. An alternative and simpler solution for using a magnetic shield at
the inside of the helium reservoir is currently under investigation.
Design verification according to pressure vessel standards
An ASME calculation package has been set up to analyse the main vessel package according to
pressure vessel standards. The calculation package allows to rapidly check the conformity of the
parametric design as it evolves. The formal ASME procedure has been followed to verify the design
data, in terms of vessel dimensioning (thickness), nozzle verification, vessel head dimensioning and
stresses under dead load. Finally, all the QA/QC procedures used in the TTF module fabrication
(mainly welding procedures and testing) will be used for the module fabrication.
Thermal design
One of the main issues driving the technical design of a cryomodule is the heat load budget at low
temperatures. This can be either coming from a static contribution (thermal radiation, heat conduction
or convective heat transfer from the room temperature environment) or from a dynamic contribution
driven by the presence of the RF fields sustained by the accelerating cavities.
Static heat loads
Static losses can be handled with several technological expedients in a module, minimising the heat
flows towards the 2 K He bath and intercepting it at higher temperatures, thus gaining in thermodynamic
efficiency. The thermal radiation flowing from surfaces at room temperature is intercepted with a
thermal shield fixed at intermediate temperature, and minimised by using multi-layer insulating (MLI)
blankets (layers of doubly aluminised Mylar sheets separated by a low thermal-conducting spacer
material). Ideally, a single thermal shield level in the temperature range between 35 and 50 K would
be the best solution to minimise effectively these sources of static in-leak. This solution, however,
requires a cryogenic system with the ability to mix warm helium gas at the module entrance, in order
to produce the desired temperature coolant for the shields. The actual cold box system that will be
used during testing lacks this feature and thus an independent circuit using liquid nitrogen has been
assumed in the design. Direct heat conduction paths from the room temperature environment to the
2 K circuit need to be carefully intercepted at intermediate temperatures. Finally, convective effects
are prevented by providing a good insulating vacuum between the cold mass and the external room
temperature containing vessel.
For the estimation of the static heat load budget, and its proper handling, a thermal analysis of
each direct path from the room temperature vessel to the cold mass environment has been performed,
by taking into account the proper temperature-dependent material properties. Estimation based on
simplified geometries and tabulated material data has been verified with finite element calculations on
the model geometry.
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Dynamic loads: RF losses
A superconducting cavity deposits the power Pcav on its walls according to the relation:
Pcav

E acc Lactive
R
Q
Q 0

2

where Eacc is the accelerating field level, Lactive the active cavity length, Q0 the quality factor of the
resonator and R/Q is a geometrical parameter, determined only by the shape of the resonator.
For the TRASCO cavity operation at its design parameters (Eacc = 8.5 MV/m, Q0 = 1010, with
Lactive = 0.5 m and R/Q = 160 :), this estimation gives 11.3 W of dissipated power at each cavity. For
comparison, in the SNS case, the two cryomodule types (medium beta and high beta) have a nominal
RF dynamic load of 10 and 13 W, respectively. Even if the vertical tests performed on the existing
structures were able to exceed these limits, for the heat load computations, a conservative value of
Q0 = 5 109 has been assumed.
Heat load budget
Table 1 reviews the overall heat load budget on the module. Only the 2 K main circuit and the
shield circuit have been taken into account. The overall heat load estimates, even with the uncertainties
arising from a few missing contributions from the table, seems to be well within the capacity of the
CM0 cold box (~ 50 W).
Table 1. Heat load budget on the module

RF load @ 8.5 MV/m and 5 109
Tie rod connections from shield
Phase separator support frame
Thermal radiation1
Cabling
Coupler2
Total [W]
1
2

2 K circuit
Static
Dynamic
22.58
0.12
0.44
0.40
0.10
1.00
06.77
2.07
29.35

70 K circuit
Static
Dynamic
08.14
52.10
18.33
15.08
01.00
94.65

0.00

Based on 0.1 W/m2 from 77 K surfaces and 2 W/m2 from 300 K.
Static from SNS estimates (30% conduction, 70% radiation). Dynamic based on SNS estimate, 30% of RF load.

On the basis of the heat load assessment reported above have been calculated the required mass
flow for the shield and cavity circuits. For these calculations, it has been assumed that the shield
circuit is cooled by nitrogen evaporation. The calculation does not take into account the additional heat
losses in the cold box. Even using a conservative estimate for the dynamic heat loads and a 30%
overcapacity budget for the coolant mass flow, a total requirement of 1.7 g/s at 2 K is needed for the
LHe circuit, consistently with the 2.2 g/s capabilities of the CM0 cold box.
For the moment, the estimation of the cryogenic needs does not include the cooling circuit for the
coupler, since the details of this component are still under finalisation. Nonetheless, for comparison,
the SNS coupler requires a flow of 5 K, 3 atm He of 0.0375 g/s, of which 2/3 is used to handle the
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static losses and the rest handles the dynamic losses at 6% RF duty cycle. In terms of cold box
capabilities, the extra flow needed for the coupler cooling should be compatible with the existing CM0
cold box flow limitations.
The cryogenic cold box
The cryogenic cold valves box is derived from the IPN Orsay CM0 design, which has a nominal
cooling capacity of 50 W at 2 K. The cold box supplies 3.3 g/s of liquid helium for the cavity cooling,
2.5 g/s of liquid helium at 4.3 K and a Joule Thomson valve for the 2 K operation (it can produce a
maximum flow rate of 2.2 g/s at 1.9 K, ~50 W).
A ~20-litre helium buffer is placed inside the valve box to prevent pressure perturbations on the
cavity when feeding liquid helium. A thermal shield, able to evacuate around 60 W at around 60 K,
made of copper and covered with multi-layer insulation, surrounds the cold internal parts of the valve
box. The valve box has no specific cryogenic loop for the power coupler cooling.
The coupler
The 704.4 MHz power coupler is under development at IPN Orsay and is based on the SNS
design, adapted and optimised for the needs of this design (different frequency, more CW power,
cooling included).
Figure 3. Scheme of the SNS fundamental power coupler
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The main characteristics of the coupler are the following:
x

capacitive coupling to the cavity;

x

coaxial geometry of the antenna;

x

ceramic window geometry: disk with chokes;

x

doorknob to perform the transition from the coaxial to the waveguide geometry;

x

capable to transmit 150 kW of RF power to the cavity;

x

inner cooling of the antenna with room temperature water;

x

window cooling by water @ 300 K;

x

cooling of the outer conductor between the ceramic and the cavity by supercritical liquid
helium @ 4.5 K.

Considerations about the global dimensions of the coupler
The only part of the coupler which has already been fabricated is the window. Every other coupler
part has been designed, but not fabricated. A further iteration of the coupler design will be performed
during the finalisation of the cryomodule engineering in the following months.
Figure 4. Fundamental coupler components
Cavity

Cavity coupler port

Cold external conductor

 100 to  80 adaptation
To the cryostat flange

Window block (fabricated)

Warm external conductor
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The cold external conductor and the diameter adaptation could be only one mechanical piece, as
the one which has been used for the module development.
At the present stage of the study, the only constraints on the dimensions are given by:
x

The already-fabricated window block (fixed dimensions).

x

The height of the adaptation from  100 to  80 which has not yet been calculated (the
height should be between 5 and 20 cm).

x

The height of the cold external conductor has a minimum value because this part is also the
thermal transition between 4 K and 300 K. A ~25-cm height should be a minimum value for
this dimension, but the thermal calculation has to be performed (this answer is also linked to
the cooling fluid properties). An interception point at 80 K will also be defined and placed on
this coupler part.

The clean room cavity-coupler assembly
The cavity, the helium tank and the coupler window have to be mounted inside a clean room in
order to seal the cavity volume and to avoid any contamination. The assembly procedure inside the
cryomodule has to allow the positioning of the window outside the cryostat volume.
The following procedure is envisaged for the assembly of the cavity in the module:
x

STEP 1 – Pre-assembly of the cold mass on the space frame. The cavity and cold coupler part
(up to the room temperature window) are connected in the clean room and the entire assembly,
translated on a temporary support, is attached to the space frame via the tension tie rods.

x

STEP 2 – Rolling into the vessel: The space frame is rolled into the vessel.

Introduction of the
whole cavity + coupler
assembly inside the
cryostat (horizontal
translation)
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x

STEP 3 – Vacuum enclosure: The vacuum closure which separates the warm coupler part
from the cryostat vacuum is slid from below to separate the two environments.

Insertion of the vacuum
closure separating the warm
coupler window and extension.

Future work
The next step in the design activities will be the finalisation of the following aspects in the
cryomodule layout:
x

final choice of beam vacuum details: metal gate valves, cavity pumping system …;

x

definition of all service ports: insulation vacuum openings, pressure relief valves and
alignment references;

x

adaptation of the present design to the final coupler choice and to the RF system provided by
IPN Orsay;

x

review and finalisation of the cryogenic piping and interface with the cryogenic facility at
Orsay.

The expected timeline for the cryomodule production, including cold mass integration after
tuning, cleaning and tests, and installation at the IPN Orsay facility is:
x

12/2007 final engineering and start procurement;

x

Fall 2008, assembly in Orsay.
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Abstract
The Proton Engineering Frontier Project (PEFP), promoted by the Korean government since 2002, has
the goal to develop a 100-MeV high-current proton linear accelerator, its beam utilisation and industrial
applications. The 100-MeV proton accelerator will be operated with maximum 8% duty and maximum
160 kW beam power. High-power proton beam handling technology and accelerator reliability are the
key issues in the R&D for PEFP. The front-end 20-MeV accelerator has been constructed and tested at
KAERI test stand. The user beam lines, which can utilise high-power proton beam for many applications,
have been designed. In addition, site preparation and construction works are being carried out in
co-operation with the city of Gyeongju. In the workshop, the status and the future plan of the project
including the test results of the front-end accelerator, the site preparation and construction works will
be presented in detail.
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Introduction
The PEFP was launched by the Korean government in 2002 to realise potential applications of the
high-power proton beams. Its primary goal is to develop a high-power proton linear accelerator to
supply 100-MeV, 20-mA proton beams [1] and to construct user beam line facilities, with which the
users can utilise proton beams of wide ranges of energies and currents for their research and
development programmes. In addition, the 100-MeV accelerator can be used as a proton injector for
the next-stage high-power accelerators with higher energy, such as a higher-energy linac or rapid
cycling synchrotron for GeV proton beam application like a spallation neutron source.
The main concept of the PEFP proton beam facility is that a high-power proton accelerator
supplies proton beam to many users simultaneously. This concept can be compared with a facility with
many low-power proton accelerators for many users. Based on the user demand survey for proton
beam applications, we chose a facility with a high-power accelerator. There are many types of proton
accelerator for proton beam applications, such as cyclotron, synchrotron, and linear accelerator.
Because the capability of high beam power and future extension is the most important feature, we had
decided to choose a linear accelerator as the main accelerator of this facility. Figure 1 shows the
schematic diagram of the PEFP user beam line.
Figure 1. Schematic diagram PEFP accelerator facility

Proton beams of 100 MeV and 20 MeV will be extracted and distributed to a maximum of five
users simultaneously by AC magnets with a programmable current power supply. The total power of
100 MeV beam is 160 kW and that of 20 MeV is 96 kW. We will control the beam energy step-wise
with RF ON/OFF for each DTL tank. To control the beam energy continuously, we will put energy
degraders and energy filters in the beam lines for special applications.
Proton beam requirements
The surveys for proton beam demands from many application fields, such as nanotechnology
(NT), biotechnology (BT), space technology (ST) and radioisotope production, were undertaken
through the homepage (http://www.komac.re.kr) and the user programme from 2003 to 2006. From
these activities, we selected the common requirements for many applications and summarised the
beam line requirements for 10 beam lines of 100 MeV and 20 MeV (see Tables 1 and 2). In the
selection process, we put more weight on high beam power applications, which will be the main
applications in this facility.
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Table 1. 100 MeV beam line requirements
Beam line no.
Energy (MeV)
BL100
103
BL101
33,45,57,69,80,92,103
BL102
20~103
BL103
20~103
BL104
20~103
BL105
103

Average current
~1.8 mA
30~300 PA
~10 PA (10 nA)
30~300 PA
10 nA~10 PA
30~300 PA

Irradiation condition Max. target size
Horizontal/vacuum
Beam dump
Horizontal/vacuum
100 mm
Vertical/external
300 mm
Horizontal/external
300 mm
Horizontal/external
300 mm
Horizontal/vacuum
100 mm

Table 2. 20 MeV beam line requirements
Beam line no.
BL20
BL21
BL22
BL23
BL24
BL25

Energy (MeV)
20 MeV
20 MeV
3~20 MeV
3~20 MeV
20 MeV
20 MeV

Average current
~4.8 mA
120 PA~1.2 mA
10 nA~60 PA
60 PA~1.2 mA
120 PA~1.2 mA
120 PA~1.2 mA

Irradiation condition Max. target size
Horizontal/vacuum
Beam dump
Horizontal/vacuum
100 mm
Vertical/external
300 mm
Horizontal/external
300 mm
Horizontal/vacuum
100 mm
Horizontal/vacuum
300 mm

20-MeV accelerator at KAERI test stand
The PEFP 20-MeV proton accelerator has been developed and tested at KAERI test stand as
shown in Figure 2. The main accelerator facilities at KAERI test stand are the 20-MeV accelerator
which consists of a 50-keV proton injector, 3-MeV RFQ and 20-MeV DTL, two sets of 1-MW,
350-MHz RF system, two sets of –100-kV, 20-A DC high voltage power supply for the klystron, two
sets of 2-MW cooling system for the cavity and RF system. The design duty of the 20-MeV accelerator
is 24% and two sets of 1-MW, 350-MHz klystron are used to drive a 20-MeV accelerator, one is for
RFQ and the other is for DTL. All the other ancillary facilities such as klystron power supply and
cooling system were designed for 100% duty operation. During the low duty operation at KAERI test
stand, the RF system is operating such that the electron beam of the klystron is CW whereas only the
input RF signal is modulated for the low duty pulse operation. The purposes of the initial test of the
Figure 2. 20-MeV linac at KAERI test stand
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20-MeV accelerator are to check and evaluate the overall system performance and to study the machine
operation parameters for proper beam acceleration. Especially during the initial test, we should limit
the average beam current because the radiation shield is not enough for full beam power at KAERI test
stand. Therefore, the operation parameters for initial test are 50 Ps beam pulse width with 0.1 Hz
repetition rate [2].
The proton injector includes a duoplasmatron proton source and a low-energy beam transport
(LEBT). The beam current extracted from the source reached up to 50 mA at a voltage of 50 keV
using a 120-V, 10-A arc power. The normalised emittance of the beam from the proton source is
0.2S mm  mrad of a 90% beam current, and the proton fraction is larger than 80%. To operate the ion
source in pulse mode, a high voltage semiconductor switch is installed in the high voltage power
supply of which the rising and falling time are less than 50 ns. With the semiconductor switch, the
pulse length and the repetition rate can be easily changed [2]. The LEBT consists of two solenoid
magnets for the beam focusing, two steering magnets for the beam position and angle correction,
ACCT for beam current measurement and electron trap at the entrance of the RFQ to remove the
electrons. Figure 3 shows the beam signal, which is measured with the Faraday cup at the exit of the
ion source.
Figure 3. Beam signal (1 mA/div. 200 Ps)

The output beam current from the RFQ was measured with respect to the LEBT magnet
parameters and RFQ vane voltage. A current transformer developed by the Bergoz was installed at the
exit of the RFQ to measure the beam current. The current transformer is tuned to the fundamental
beam frequency and can measure only the bunched beam signal component of 350 MHz. During the
test, the current transformer tuned to 350 MHz operated like a band-pass filter, therefore the current
transformer picked up the accelerated beam signal. From the test results, the operating point of the RF
amplitude could be determined, which was about 10% higher than the design value [3].
During the initial test, the beam signal was not stabilised because of the improper LLRF control.
Therefore, the digital LLRF system was newly developed. The stability requirements of the RF field
are r1% in amplitude and r1q in phase. The digital feedback control system is based on the
commercial FPGA PMC board hosted in VME board as shown in Figure 4. An ICS-572B commercial
board was used, which is a PMC module with a two-channel 105-MHz ADC, a two-channel 200-MHz
DAC, and a four million gate onboard Xilinx FPGA. For the host system, a Motorola VME processor
module, MV5100 was used. The main features of the system are a sampling rate of 40 MHz, which is
four times higher than the down converted cavity signal frequency, a digital in-phase and quadrature
detection, and a simple proportional-integral (PI) feedback and feed-forward algorithm. The control
logic based on the feedback and feed-forward control is implemented in the FPGA by using very high
speed integrated circuit hardware description language (VHDL).
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Figure 4. FPGA PMC board hosted in VME board

The closed loop test results using dummy cavity showed that the stabilities in amplitude and phase
were enhanced by about 10 times better than those of the open loop test. To check the pulse-to-pulse
stability under high-power conditions, the high-power RF system was operated in pulse mode without
beam loading. During the test, the pulse width was 200 Ps and repetition rate was 0.1 Hz. The RF
phase of the DTL cavity is shown in Figure 5. The measured RF amplitude and phase were kept within
r0.10% and r0.15q respectively, with the standard deviations of 0.02% in amplitude and 0.03q in
phase, which meet the requirements of the RF control system [4].
Figure 5. Pulse-to-pulse RF phase variation

The unique characteristic of PEFP 20-MeV DTL is that one klystron drives four DTL tanks
simultaneously. Also, the cavity cooling circuits for four tanks are connected in parallel from one
cooling system. For this multi-cavity driving concept, the tank wall temperature control mechanism
with heater was adopted, and mechanical phase shifters were also installed in each waveguide leg to
the tank. By doing this, the four independent tanks can be considered as one tank. During operation,
the overall frequency deviation of four tanks was compensated by controlling the coolant temperature
and the resonant frequencies of each tank were finely adjusted by controlling the wall temperature.
The current transformers were installed at the entrance of tank 1 and at the exit of tanks 2 and 3.
Also a Faraday cup was installed at the exit of tank 4. The beam transmission through the DTL tanks
was measured using these beam diagnostic devices for tuning the machine parameters. The typical
beam signal is shown in Figure 6, when the peak beam current was 2 mA. The signals of channels 1, 2
and 3 correspond to the current transformer signals of the entrance of tank 1 and at the exit of tanks 2
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Figure 6. 20-MeV DTL beam signal

and 3, whereas the Faraday cup signal from the exit of tank 4 is shown in channel 4 of Figure 8.
Recently, the 20-MeV proton beams were extracted into the air through the beam window for future
beam user. The beam profile was measured using MD-55 Gafchromic film as shown in Figure 7.
Figure 7. Beam profile on the film

DTL2 and MEBT [5]
The low-energy part (3 MeV ~ 20 MeV), called DTL1, of DTL structures was designed for 24%
beam duty. But after 20 MeV the beam duty is 8%, and we designed the higher-energy part of the linac
for more efficient acceleration under the 8% beam duty. First, we determined the dimensions of the
DTL2 tanks and drift tubes (DTs) by studying how the effective shunt impedance per unit length
(ZTT) depends on the geometry. The sensitive geometrical parameters are the tank diameter, face
angle, DT diameter and bore radius. We additionally considered the installation of the quadrupole
magnet into the drift tubes when determining the DT diameter and face angles. Figure 8 shows the
resulting ZTT as a function of energy. It also includes the shunt impedance of the DTL1 for
completeness. The geometric parameters of DTL2 tanks are summarised in Table 3.
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Figure 8. Effective shunt impedance per unit length depending on energy

Table 3. Summary of PEFP DTL2 parameters
Parameters
Tank diameter
DT diameter
Bore radius
Face angle
Stem diameter
Post-coupler diameter
Lattice
Integrated field

Values
546.657 mm*
135 mm
10 mm
40q, 50q, 55q**
40 mm
26 mm
FFDD
1.75 T

* The value determined by including the effects of slug
tuners, stems and post-couplers.
** 40q for the initial three tanks, 50q for the following two
tanks, and 55q for the remaining two tanks.

We used the PARMILA code in order to determine the tank length which is less than 7 m. Each
tank is divided into three sections and driven by one 1.3-MW klystron. From the engineering design
point of view, the thermal stability is the most important issue. We verified the thermal stability of the
tank using a thermal analysis code. RF duty was assumed as 9%. The maximum temperature increase
was 12q at the bottom of the tank. The increase of the tank diameter due to thermal deformation was
20 Pm. The frequency change due to the thermal deformation was expected to be about 10 kHz, which
is in the controllable range. The thermal stability of the other parts such as vacuum grill and post
coupler was also analysed. The maximum temperature increase was just 4q at the vacuum grill, so it
was concluded that there would be no problem during normal operation.
After finishing the design of the PEFP DTL2, the fabrication of DTL tanks, drift tubes,
quadrupole magnets, slug tuners and post coupler is under progress as shown in Figure 9.
One of the main characteristics of the PEFP linac is the supply of 20-MeV proton beams for
low-energy beam utilisation. A 90q bending magnet which is located after the 20-MeV accelerator for
the beam extraction makes a serious potential problem in beam matching at the entrance of the higher
energy part (20 MeV ~ 100 MeV) called DTL2. In order to solve the matching problem, we will install
a MEBT system which consists of eight quadrupole magnets and two buncher cavities. The initial four
magnets are controlling the beam size in the drift space where a 90q bending magnet is located for the
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Figure 9. Fabrication DTL tanks and some components

beam extraction. The following quadrupoles are matching 20-MeV proton beams into the next
accelerating structure. The buncher cavities are for longitudinal matching. The system can be realised
as two small DTL tanks with three cells. We used the TRACE-3D code for the beam matching
between DTL1 and DTL2 through the MEBT. We used the PARMILA code for beam simulation in the
linac in MEBT and DTL2. The simulated output beam of the DTL1 is used for the MEBT input beam
which is obtained by the PARMILA code. The 20-MeV beam properties depend on the matching
scheme between RFQ and DTL1. In this design, the beam matching between the RFQ and DTL1 was
achieved by adding a quadrupole magnet between two accelerators. Figure 10 shows the 100-MeV
output beam calculated with the PARMILA code.
Figure 10. DTL2 output beam: 100 MeV

Beam line design
A 20-MeV proton beam from the drift tube linac (DTL) is transported with bending magnets and
quadrupole magnets from linear accelerator tunnel to experimental hall. The first bending magnet for
the user beam line is located between two buncher cavities of medium energy beam transport (MEBT)
at the end of the 20-MeV linear accelerator. The basic lattice for beam transport line is FODO from the
linac to the targets. Dipole magnets exited with shaped AC currents will distribute the beam from the
linac to five targets simultaneously. Figure 11 shows the layout of the 20-MeV beam lines.
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Figure 11. Schematics of 20-MeV beam lines

To provide flexibilities of irradiation conditions for users from many application fields, we design
beam lines to the targets with wide or focused, external or in-vacuum, and horizontal or vertical beams.
Figure 12 is an example of the beam optics calculation from the 20-MeV linear accelerator to target
room #25 with TRACE-3D. For 100-MeV beam lines, the schematic layout is almost the same as that
for the 20-MeV beam lines. A 100-MeV beam is transported through long transport line with doublet
lattice from the 100-MeV DTL. Figure 13 shows the layout of the experimental hall, which is developed
with the beam requirements and the other constraints.
Figure 12. Beam optics of BL25
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Figure 13. Layout of experimental hall

R&D for future extension
We are studying two technologies for the future extension of the PEFP accelerator programme.
One is the superconducting radio frequency (SRF) cavity, and the other is rapid cycling synchrotron
(RCS). A 1-GeV superconducting linac or 2-GeV RCS with 200-MeV superconducting linac are being
considered, after the existing 100-MeV linac.
The SRF linac is designed to accelerate proton beams upwards of 80 MeV at a frequency of
700 MHz. It consists of three sections. We have completed a preliminary design of the cryomodule,
which includes the design of superconducting RF cavity, a HOM coupler, a fundamental power coupler,
a tuner, a cooling system, a magnetic shielding, a vacuum system, a cryomodule stand and a PEFP
superconducting RF laboratory. Five-cell superconducting RF cavities with beta value of 0.42 and
frequency of 700 MHz are shown in Figure 14. As concerns the cavity design, we studied cavity shape
optimisation, HOM analysis, multipacting simulation and mechanical analysis.
Figure 14. Superconducting linac design
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A RCS is designed for nuclear physics experiments, spallation neutron source, radioisotope
production, medical research, etc. The spallation neutron source requires high power and high current
proton beam, but the radioisotope production and medical research facilities need relatively low
energy and low current proton beam. The RCS with the extraction energy 1-2 GeV and injection
energy 100-200 MeV is able to optimally support both the spallation neutron source and radioisotope
production and medical research facilities. The fast extraction system of the RCS machine can be a
spallation neutron source facility and the slow extraction system can be a radioisotope production and
medical research facility simultaneously. The RCS is composed a of magnet lattice with main ring,
injection system and extraction system. The schematic layout of the RCS machine is shown in
Figure 15. The RCS is initially at 15 Hz with injection energy of 100 MeV where the target beam
power is about 58 kW at 1 GeV at the first stage. In addition, the RCS is designed to have upgrade
option of the beam power from 58 kW to 900 kW step by step.
Figure 15. Lattice layout of the RCS

Construction works
The project host site was selected, in January 2006, to be Gyeongju city. After geological surveys
of the site and site plan have been done, the preliminary facility layout has been undertaken, as shown
in Figure 16. The architectural works of conventional facilities are under way. This work is to build up
facilities to supply the research centre with electric power, water and other kinds of utilities from
outward sources.
Conclusion
We have developed and tested a 20-MeV proton linac, and are fabricating a 100-MeV proton
linac. User beam lines have been designed with the beam requirements from many users. The site for
utilisation of high-power proton beam will be constructed in 2009 and the beam will be supplied to
users from 2010. For the extension of the 100-MeV linac, we are studying SCL and RCS.
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Figure 16. Bird’s eye view of the PEFP research centre
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Abstract
A high degree of reliability is required for the XADS linac in order to demonstrate the feasibility of a
nuclear waste transmutation facility including a high-power proton linac, a spallation neutron source
and a subcritical core reactor. IPN Orsay is strongly involved in the XADS project in the frame of
which a new horizontal small-scale cryostat called CM0 has been acquired and modified in order to
perform cold tests of a fully equipped spoke cavity that will compose one part of the superconducting
linac. With a working operation of CM0 close to an accelerator configuration, a good reliability is
foreseen for all the spoke subsystems. In this work, fully linked with reliability engineering, we report
the experimental results of the spoke subsystems and describe the future work that will be completed
with CM0.
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Introduction
Reliability engineering is already one of the main concerns for many high-level technical branches
such as aviation, automobile or medicine. An accelerator-driven system (ADS) for nuclear waste
transmutation purposes must also meet a high degree of reliability that will be discussed in this paper.
We will underline the consequences of beam trips and therefore the tight requirements that will be
compared with data from the LANSCE accelerator. Three main guidelines can be followed to reach
the wanted degree of reliability: overdesign, redundancy and the concept of fault tolerance. They will
be defined and their effects on the PDS-XADS [1] design will be shown. We will present IPN Orsay
activities related to spoke cavities and the link of this work with the XADS proton linac reliability.
We will show current experimental spoke subsystem results and give outlooks with CM0: a new
horizontal small-scale cryostat dedicated to fully equipped spoke cavities. ADS reliability has been
strongly highlighted throughout this work.
Reliability for a waste transmutation ADS
Needs for reliability
In the most general case, reliability can be defined as follows: facing each component failure of a
complex system, such as a driver accelerator, i.e. anticipating and monitoring the probability of these
failures to achieve the nominal and required behaviour of the system.
Concerning an ADS linac, it is obviously mandatory to reach a high level of reliability. Indeed,
frequent beam interruptions, in addition to reducing plant availability, can seriously damage the target,
the reactor structure and the fuel elements.
Proton beam specifications
Taking into account the consequences of beam trips, the proton beam is submitted not only to
classic requirements but also to acute considerations about its stability and the acceptable number of
interruptions. The proton beam specifications for the PDS-XADS are summarised in Table 1 [2].
Table 1. Proton beam specifications for the PDS-XADS (data extracted from [2])
Maximum beam intensity
Proton energy
Beam entry
Beam trip number
Beam stability

4 mA CW on target
600 MeV
Vertically
< 5 per three-month operating cycle
(exceeding 1 second)
Energy: ±1%, intensity: ±2%, size: ±10%

State of the art of reliability: Example of the LANSCE accelerator
A large amount of data dealing with accelerator reliability has been accumulated at LANSCE in
operation for many years [3]. The facility delivers 800-MeV protons at 1 mA of beam current. What
captures attention in Figure 1 is the number of trips which are quite beyond the PDS-XADS
requirements: 3 515 and 1 167 beam interruptions per operating year lasting less than one minute for
the H– and H+ beam respectively. Furthermore, according to Figure 2, it can be seen that the injector
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Figure 1. Number of trips vs. duration of beam interruption at LANSCE

Figure 2. Histogram showing the LANSCE components
accountable for most beam trips and downtime

and the RF system fail very frequently and cause the most downtime. Failures to the injector constitute
77% of the trips and 30% of the downtime, while 8% of the trips and 23% of the downtime come from
the RF system.
Designing the XADS linac is consequently a very challenging work and many efforts must be
focused on injectors and RF systems in order to increase their reliability. In the next section the main
guidelines to reach the proton beam requirements will be described and the experimental results from
IPN Orsay will be shown.
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Reliability guidelines for an ADS linac
Derating/overdesign
Any one component of the linac must operate well below its own technological limit.
Taking as an example the superconducting (SC) spoke E0.35, the maximum accelerating field is
twice as much as the working one: Eacc,max = 2Eacc,nominal (see Figure 3).
Figure 3. Photograph of the spoke E0.35 cavity (left)
and quality factor vs. accelerating field curves (right)

Redundancy
Several components achieve the same function. In case of failure, we could switch to the doubled
components to ensure the smooth running of the function.
As was already mentioned, the injector is one of the most critical points when a high level of
reliability is required. This is why it has been decided to duplicate the first part of the linac up to
17 MeV: the transition energy before entering the spoke structure. One can see the proposed linac
layout for the XADS in Figure 4..
Figure 4. Linac layout of the XADS
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Fault tolerance
In order to achieve fault tolerance, it is necessary to monitor the system in such a way that
component failures do not lead to a system failure. In this context, a beam dynamics study has been
performed by J-L. Biarrotte [4] concerning the local compensation method, which is presented in
Figure 5. In case of a cavity or a quadrupole failure, it has been shown that with an adequate retuning
of the surrounding cavities or quadrupole doublets, the proton beam can be transported up to the high
energy. There is not any beam loss and very similar envelopes, in comparison to the nominal case, can
be obtained. Figure 6 shows, as an example, a multi-particle simulation when a cavity is faulty and the
local compensation method is used.
Figure 5. The local compensation method for a faulty cavity

Figure 6. Multi-particle beam envelopes (x-transverse and phase) if spoke
cavity #4 (5.5 MeV, 3 m) is faulty and local compensation method is performed

Reliability and spoke activities at IPN Orsay
Strong requirements and guidelines to reach a very high reliability level for the proton XADS
linac have been presented. IPN Orsay is currently developing a horizontal small-scale cryostat, CM0,
to perform cold tests of a fully equipped spoke cavity. Main focus on reliability engineering has been
engaged for all the spoke subsystems such as the tuning system, the digital LLRF system, the power
source and the high power coupler. In this section, we will present recent results concerning spoke
activities and the outlook with CM0.
SC spoke cavities
Two prototypes of spoke cavities [5] working at 352.2 MHz with two different geometrical Betas,
0.35 and 0.15, have been designed and tested in a vertical cryostat at IPN Orsay. The E0.15 is shown
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in Figure 7 during test preparations. These cavities seem, under beam dynamics considerations, to be
very suitable candidates for an acceleration of high intensity proton beams from 20 to 150 MeV. Since
they are two-gap structures, the proton energy loss through one faulty cavity could easily be recovered
by using the local compensation method already mentioned earlier. Radiation safety is also very good
thanks to the large beam aperture: 50 to 60 mm. Another point deals with the performances foreseen
with such a cavity. Table 2 shows that, over 20 years of spoke cavity development, in three different
laboratories, mean values of 6 MV/m, 38 MV/m and 100 mT have been reached for the accelerating
gradient, the peak electric field and the peak magnetic field respectively.
Figure 7. The E0.15 spoke cavity on its supporting frame
without (left) and with (right) its super-insulation coat

Table 2. Summary of spoke cavity development

* Accelerating gradient given with the EO convention.

RF couplers and amplifiers
A 10-kW solid state amplifier (see Figure 8) has been built in strong collaboration with INFN
Legnaro and will be delivered within the next two months to IPN Orsay. It is composed of several
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Figure 8. The solid state amplifier at Legnaro

modules of 315 W each for which a test bench shown in Figure 9 has been realised at IPN Orsay in
order to characterise their parameters. The following points, about the solid state amplifier technology,
are of crucial importance from reliability point of view:
x

one module failure shall not significantly affect the amplifier;

x

circulators, implemented in each module, shall support the total reflected power.
Figure 9. RF module test bench principle (left) and photo (right)

As a first step, this 10-KW solid state amplifier will be used for the high-power conditioning of
RF power couplers (see Figure 10) dedicated to spoke cavities. They will be tested in transmission
through a stainless steel coupling cavity at room temperature in July 2007. This power source will then
be used to feed a fully equipped spoke cavity in CM0.
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Figure 10. High-power conditioning test bench for spoke power couplers

Next steps with CM0
CM0 is a horizontal cryostat dedicated to fully equipped spoke cavities with a tuning system and
a power coupler. It has a useful space of 690 mm in length and 490 mm in diameter while its
dimensions are 1.5 m in length and 1 m in diameter as shown in Figure 11. The working operation of
CM0 is close to an accelerator configuration.
Figure 11. Photograph of the cryostat CM0 closed (left) and opened
with a view of the SC spoke E0.15 cavity in its supporting frame

Some components have been already tested independently from CM0:
x

The cold tuning system, presented in Figure 12, has shown very good behaviour at room
temperature in good agreement with calculations. A frequency shift of 1.887 Hz per motor
step (2 Hz for calculations) has been found.

x

The digital LLRF system has been already successfully tested in a vertical cryostat with the
E0.15 spoke cavity at 4.2 K. While the XADS linac requires less than 0.1% in amplitude and
less than 0.5q in phase for the regulation of the field inside the cavity, first analysis showed
encouraging performances of 2% and 1.6q for the regulation of the field amplitude and phase
respectively (see Figure 13).
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Figure 12. Photograph of the cold tuning system on the E0.15 spoke cavity (left)
and room temperature results giving frequency shift vs. motor step
Frequency shift Vs. Motor step
Average sensitivity 1.887Hz/Motor step
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Figure 13. Phase and amplitude without (left) and with the digital LLRF system regulation (right)

CM0 is now almost ready for the first cryogenic test in July 2007 including an upgraded digital
LLRF system and the cold tuning system. Next year, long duration tests are planned with the 352 MHz
RF power coupler supplied with the 10-kW solid state amplifier. An upgraded digital LLRF is currently
under development and piezo actuators will be soon implemented in the present cold tuning system to
face fast frequency variations.
Conclusion
A high degree of reliability is required for the XADS linac in order to enhance the availability of
the nuclear plant and thereby demonstrate the concept of nuclear waste transmutation with a nuclear
reactor coupled with a high-power proton linac. To reach the needed degree of reliability, derating,
redundancy and the concept of fault tolerance are the main guidelines. At IPN Orsay, good results
have already been obtained in the vertical cryostat for the digital LLRF and at room temperature for
the cold tuning system. A new horizontal small-scale cryostat CM0 has recently been acquired and is
now almost ready for the first cryogenic test of a fully equipped spoke cavity. Thanks to its working
operation close to an accelerator one, every spoke component is foreseen to reach a good reliability in
order to fulfil the XADS linac requirements.
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STATUS OF THE PREPARATION OF THE ELLIPTICAL
CAVITY SYSTEM FOR THE EUROTRANS CRYOMODULE

Nicola Panzeri, Serena Barbanotti, Angelo Bosotti, Paolo Pierini
Istituto Nazionale di Fisica Nucleare, Italy

Abstract
One of the TRASCO low-beta elliptical cavities is being equipped with a helium tank and cold tuning
system in order to be used in the cryomodule prototype for the high-energy section of the
EUROTRANS linac. The cold tuning system has been fabricated and its performances evaluated by
means of numerical simulations. An experimental test will be done in short time.
We report on the status of the cavity preparation procedures necessary for the integration in
the cryomodule.
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Introduction
The activities of the EUROTRANS project [1] and the activities in the task dedicated to the
cryomodule design [2] are presented in dedicated contributions to these proceedings. One TRASCO
low-beta elliptical cavity will be installed in the EUROTRANS test cryomodule described in Ref. [2].
This design activity can be considered as a proof-of-concept prototype for the construction of the
full-scale module in the 100-200 MeV energy range (the first section of the high-energy superconducting
linac). For the installation in the cryomodule the cavity has to be “dressed” with its helium vessel and
tuning system. These components were properly designed at the LASA department of INFN Milano in
order to obtain the required performances with a reasonable manufacturing cost and good reliability
perspectives.
The manufacturing phase has just been completed and the experimental tests are foreseen in the
next months to verify the correct behaviour of all the mechanical parts and motorised actuators.
A complete test at low and high power is foreseen in the horizontal test cryostat CryHoLab (Saclay) at
the beginning of the next year before its use in the EUROTRANS module.
In this paper the design process of the tuning system will be reviewed, pointing out the main
aspects and the requirements driven by the cavity RF behaviour.
The TRASCO cavities
Two five-cell SC cavities (Z501 and Z502) were developed at INFN Milano for the TRASCO/ADS
national programme and built at Zanon in 2002. Their main mechanical and RF parameters are
reported in [3]. The cavities were tested at JLAB (see Figure 1) and Saclay and they fulfilled the
requirements of the project quite well in terms of accelerating field [4,5], with ample margins. During
these tests the Lorentz force detuning (LFD) coefficient was also derived; the values obtained were
larger than expected and with a relevant spread (Figure 2), but this is mainly due to the uncertainty of
the external constraints applied to the cavities during the tests, as explained in [6].
Figure 1. Results of several vertical test on cavity Z501 performed at JLAB
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Figure 2. LFD coefficient from the test performed at JLAB (Z501) and Saclay (Z502)
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Because the LFD strongly depends on the external stiffness seen by the cavity (see Figure 3), one
of the main requirements that the helium tank and tuning system must satisfy is to have a sufficiently
high axial stiffness. With a design accelerating field of 8.5 MV/m, the overall KL in the operating
condition should be limited below -10 Hz/(MV/m)2 to allow for LFD compensation by the LLRF
system. In order to achieve this condition the combined stiffness of the He tank and tuning system
needs to be greater than 9 kN/mm.
Figure 3. Lorentz force detuning coefficient as a function of external stiffness
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The helium tank
The helium tank is a titanium reservoir connected to the cavity end dishes (see Figure 4). In order
to allow the longitudinal tuner action on the cavity, it is made of two cylindrical parts connected by a
bellow in the central region. The tank is slid on the cavity at the smaller end dish side, where an
adaptation ring allows adjusting the final length for the final welding to the cavity. This solution has
been studied with these goals in mind: reduction of cost, easy cavity inclusion, simplest as possible
execution of welds and optimisation of overall stiffness. Moreover the cylindrical parts are also used
to support the tuning system: at one side a ring welded to the helium tank is used to fix the blade tuner
while the piezo elements required for LFD feedforward and microphonic oscillation compensation are
positioned against the pad support at the other side in such a way to not waste longitudinal space.
Figure 4. The helium tank: manufactured part and complete 3-D model

The stiffness of the helium tank, bellow and end dishes has been evaluated by means of the finite
element method. The obtained values are reported in Table 1. Because these elements can be
considered as spring in series, the overall compliance is equal to the sum of the three compliances. It is
important to point out that, the bellow being in parallel with the tuning system, the overall stiffness of
the reservoir is governed by the stiffness of the end dishes.
Table 1. Stiffnesses of the helium tank, end dishes, tuner and piezo elements
Part
Helium tank
End dishes
Bellow
Blade tuner
Piezo PIC255

Axial stiffness
KH
KW
KB
KT
KP

c (Pm/kN)
1.17
63.4
3 205
40.0
4.176

k (kN/mm)
856
15.7
0.312
25.0
2 u 105

The tuning system
Under working conditions at cold temperatures the cavity frequency must be maintained as near
as possible to the nominal value of 704.4 MHz, to guarantee proper matching to the RF amplifier,
avoiding power reflection at the coupler due to the extremely narrow bandwidth of the resonator.
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Two different tuning actions are required:
x

a slow tuning action to compensate the quasi-static frequency variations that can occur during
the operation of the cavity;

x

a fast tuning action to compensate the Lorentz force detuning (LFD) due to pulsed RF or
compensation of microphonic oscillations.

These two actions will be provided by a coaxial piezo blade tuner, the design of which has been
inspired by the concept proposed for the TESLA and ILC projects [7,8]. It should be noted that a blade
tuner has already successfully been tested for the slow tuning of the TTF superstructures [9].
The tuner consists of three main components (see Figure 5, left):
x

the rings-blades assembly, made of titanium, that provide the cavity slow tuning action;

x

the leverage mechanism, in stainless steel 316L and brass MS58, that, equipped with a stepping
motor, drives the rings-blade assembly movements;

x

the piezo actuator part, that, during operation, provides the fast tuning action necessary for
Lorentz Force Detuning compensation under pulsed operation.

The tuner stiffness and its elongation range are presented in the following subsections.
Figure 5. Drawing of the piezo blade tuner and the FE model used for the mechanical analyses

Tuning stiffness
The tuner device, although simple in its kinematics (Figure 6), is composed of many parts and the
global behaviour has been obtained studying separately the leverage mechanism and the rings-blades
assembly. The adopted finite element models are reported in Figures 5 and 6 (right-hand images).
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Figure 6. Slow tuning working scheme and driving mechanism FE model

The detailed computations are described in [10]. Here we report two reference values of the axial
stiffness obtained applying different boundary conditions at the central ring:
x

central ring free (without leverage): KT = 2.4 kN/mm;

x

central ring with leverage (working condition): KT = 52.3 kN/mm.

The values obtained by these analyses do not include the compliance of the motor and of the
bearings. Moreover, the unavoidable lacks and slack joints can not be included consistently in the FE
analysis, therefore it seems convenient to use as reference for the whole tuner stiffness the value which
has been measured experimentally (25 kN/mm) on the proven TTF tuner. In spite of the different
geometries of the two tuners, the design has been scaled so as to provide a similar stiffness. In fact the
blade number is the same in both designs and the bigger dimensions of the leverage arm for the
present tuner are compensated by the adoption of a different design for the saddle and plates.
Tuning axial range
Slow tuning
The elongation of the whole tuner is provided by the blades that transform the azimuthal rotation
of the central ring into axial displacement. Figure 7 displays the tuner elongation as a function of the
shaft displacement driven by the stepping motor. The “theoretical” curve has been obtained by FE
analysis of the single blade, coupled with the leverage kinematics of Figure 6.
The experience gained with the TTF tuner shows that real conditions reduce the range by
approximately 20% with respect to the FE estimation. This effect has been taken into account in the
“expected data” curve. Thus, with the actual leverage configuration, the tuner is capable of a maximum
elongation of approximately 1.3 mm.
Fast tuning
The fast tuning is provided by two piezo elements acting between the blade tuner and the pad
fixed at the other side of the helium tank. Piezo of different length, up to 72 mm, can be used. One of
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Figure 7. Tuner elongation as a function of shaft displacement

the remaining uncertainties concerning the piezo materials is their stroke capabilities at the low
operating temperatures [11]. By assuming a 2 Pm stroke capability for the 40-mm long piezo, a very
conservative value (if compared with the data recently obtained at DESY), a 700-Hz frequency offset
can be compensated during the fast tuning action (meeting the KL > -10 Hz/(MV/m)2 requirement.
Behaviour of dressed cavity
From the mechanical point of view, the dressed cavity can be described as a spring system. Two
different configurations may be considered: the first (Figure 8) for the slow tuning and the second one
for the fast tuning. It easy to demonstrate that not all the tuning action is transferred to the cavity, but a
non-negligible part is lost in the deformations of the end dishes. In particular only 92% of the slow
tuning action is transferred to the cavity, while for the fast tuning the efficiency is 85%.
Figure 8. spring model for the slow (left) and fast (right) tuning

The external stiffness seen by the cavity can be easily computed by considering a series of sprigs:
end dishes, helium tank, blade tuner and piezo elements. The bellow can be neglected. Assuming the use
of PIC 255 piezo elements, 40 mm length with a stiffness of 105 kN/mm each, the external stiffness is:
1/Kext = 1/KH + 1/KT + 1/KW + 1/(2KP) o Kext = 9.2 kN/mm
This value is near, but acceptable, to the limit value of 9 kN/mm required for LFD and microphonic
compensation capabilities.
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Preparation of the cavity for the welding procedure
To obtain the nominal frequency of 704.4 MHz in the working environment at 2 K, the room
temperature cavity frequency, after surface treatments and integration into the helium tank, has to be
702.8 r 0.1 MHz. Chemical treatment and welding to the helium tank effects have to be separately
considered in order to get the right frequency reported above. After the installation of the tuner (with
the tuner blade in rest position and the driving arm as near as possible to the motor), the cavity
frequency is tuned to 703.2 r 0.01 MHz, preloading the piezo elements by means of their threaded
supports. After cool down the frequency should be 704.2 r 0.05 MHz, so that the working frequency
of 704.4 MHz at 2 K is obtained by moving the mechanism to its central working position.
Cavity tuning philosophy
With the introduction of the dynamic capabilities on the tuner, the cavity has to be tuned at room
temperature in such a way to guarantee the correct preload range on the piezoelectric elements. In fact
the cavity elasticity is used to give the piezo pre-load, therefore the elastic deformation of the cavity at
cold has to be determined to simultaneously obtain the nominal frequency and a good preload on each
piezo. Moreover the wider tuning range has to be assured to avoid piezoelectric element breakage or
their complete unload, which would result in an unusable device.
Therefore the correct cavity pre-tuning has to take in account for:
x

warm/cold frequency shift;

x

piezoelectric element pre-load;

x

tuner range capabilities.

The application of a pre-load force on the piezo, mandatory for reliability reasons, can be exerted
compressing it while stretching the cavity of the proper amount. If P [N] is the total pre-load force to
apply to the piezos, and kcav = 1 248 is the cavity stiffness, the cavity must be elongated by 'l = P/kcav
to apply the chosen pre-load force. This operation will result in a positive frequency shift 'fP = 'l S,
where S = 353 kHz/mm is the cavity axial frequency sensitivity.
Moreover, in nominal conditions we want the working frequency when the tuner is in its middle
range position. Therefore an additional frequency shift, equal to half of the tuning range, has to be
considered in the computation of the room temperature cavity frequency.
Thus the cavity room temperature resonant frequency at the end of the preparation operations will
be: fRT = f0 -'fC -'fP -'ft/2 where f0 is the nominal frequency at 2 K, 'fc # 1 000 kHz is the warm/cold
frequency shift and 'ft = 420 kHz is the expected tuning range. With a pre-load P = 750 N for each
piezo element, the goal value of 702.8 kHz at room temperature is obtained.
Cavity tuning procedure
The two cavities were originally built without planning to test them in a cryomodule environment,
hence during fabrication their frequency was not adjusted, and they have now a frequency of about
699.9 MHz at room temperature, below the required value of 702.8 MHz needed to meet the nominal
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frequency of 704.4 MHz at cryogenic temperature with the correct tuner setting. This would be
unacceptable for the horizontal test and the subsequent installation in the EUROTRANS test module.
Therefore a tuning procedure, consisting of the following steps, has been set-up:
x

a first tuning from 699.9 MHz to about 702 MHz followed by a leak test;

x

a heat treatment, mandatory for the hydrogen degassing of the cavity;

x

tuning to the final frequency of 702.8 MHz at room temperature, followed by a leak test.

The first tuning phase has successfully been carried out in our laboratory, and now the cavity is
ready for the heat treatment in a vacuum furnace that will be done at CERN. This treatment is required
to desorb from the niobium the hydrogen introduced by the deep etching performed after fabrication to
remove the surface damage layer. When the cavity is cooled down slowly (as is the case for a horizontal
cryostat or a cryomodule) a high hydrogen content would lead to the formation of lossy hydrides
within the RF penetration length, and therefore to a substantial degradation of the cavity performances
(so-called “Q-disease”).
Figure 9. The Z502 cavity constrained in our tuning device before the leak test

Conclusions
The helium tank and tuning system have been designed to fulfil the requirements driven by the
Lorentz force detuning and the total tuning range. The effect of the end dishes deformability is not
negligible, indeed they are less stiff than the tuning system. Nevertheless an external stiffness higher
than the minimum required has been obtained and the total tuning range is of the order of 1.2 mm,
which corresponds to about 400 kHz. The construction of the helium tank and of the piezo blade tuner
has just finished and we are preparing for mechanical testing and for the horizontal RF tests in
CryHoLab. This last activity requires the tuning of the cavity from the actual frequency of 699.9 MHz
to 702.8 MHz. The first phase of the tuning has been done, showing the possibility to reach the
nominal resonance frequency without problems.
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Figure 10. Assembly of the manufactured helium tank and tuning system

Acknowledgements
This work is supported by the EURATOM 6th Framework Programme of the EC under contract
FI6KW-CT-2004-516520.

REFERENCES

[1]

Biarrotte, J-L., “Status of the EUROTRANS R&D Activities for ADS Accelerator
Development”, these proceedings.

[2]

Barbanotti, S., N. Panzeri, P. Pierini, J-L. Biarrotte, S. Bousson, E. Rampnoux, H. Saugnac,
“Design of a Test Cryomodule for the High-energy Section of the EUROTRANS Linac”, these
proceedings.

[3]

Barni, D., A. Bosotti, G. Ciovati, C. Pagani, P. Pierini, “SC Cavity Design for the 700 MHZ
TRASCO Linac”, Proceedings of EPAC 2000, Vienna, Austria, p. 2019.

[4]

Bosotti, A., C. Pagani, P. Pierini, P. Michelato, R. Paulon, G. Corniani, J-P. Charrier, B. Visentin,
Y. Gasser, J-P. Poupeau, B. Caodou, Report on Cavity A (Z502) Fabrication and Tests,
CARE-NOTE-2005-001-HIPPI.

[5]

Bosotti, A., C. Pagani, P. Pierini, J-P. Charrier, B. Visentin, G. Ciovati, P. Kneisel, “RF Tests of
the Beta = 0.5 Five Cell TRASCO Cavities”, Proceedings of EPAC04, Lucerne, Switzerland,
p. 1024.
112

[6]

Bosotti, A., C. Pagani, N. Panzeri, P. Pierini, G. Ciovati, P. Kneisel, “Characterization of an
Elliptical Low Beta Multicell Structure for Pulsed Operation”, Proceedings of 12th International
Workshop on RF Superconductivity (SRF 2005), Ithaca, New York, USA, July 2005.

[7]

Barni, D., A. Bosotti, C. Pagani, “A New Tuner for TESLA”, Proceedings of EPAC 2002, Paris,
France, p. 2205.

[8]

Pagani, C., N. Panzeri, “Comparative Analysis of Blade Tuner Optimization Options for the
ILC”, APAC 07, WEPMA123, Indore, India, 29 January-2 February 2007.

[9]

Sekutowicz, J., et al., “Test of Two Nb Superstructure Prototypes”, Phys. RST-AB, 7, 012002
(2004).

[10] Pierini, P., N. Panzeri, A. Bosotti, P. Michelato, C. Pagani, R. Paparella, Report on Tuner
Design, CARE-Note-2006-003-HIPPI.
[11] Sekalski, P., et al., “Static Absolute Force Measurement for Preloaded Piezo Elements Used for
Active Lorentz Force Detuning System”, Proceedings of Linac 2004, Lubeck, Germany, p. 48.

113
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Abstract
The Crossbar-H mode (CH) structure developed at the IAP in Frankfurt is a multi-cell drift tube cavity
for the efficient acceleration of low- and medium-energy ions and protons. A room temperature as
well as a superconducting prototype cavity have been developed and tested. These cavities could be
used for high-intensity linacs like accelerator-driven systems (ADS, EUROTRANS) or the international
fusion material irradiation facility (IFMIF). Additionally, the new proton injector for FAIR (324 MHz,
70 mA, 70 MeV) will use room temperature CH cavities. The development of this new type of drift
tube cavity and the tests of the prototypes are presented.
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Introduction
The CH structure is a multi-cell cavity and belongs to the family of H-mode cavities which are
operated in an Hn1-mode. This new structure has been named CH structure because of its cross-bar
geometry and the H21-mode [1,2]. H-mode cavities have been developed and operated successfully
over the past 30 years [3-7]. Considering the two lowest modes (H11 and H21) there are four types of
accelerating cavities, two RFQ structures and two drift tube cavities (IH cavity and CH cavity). Figure 1
shows the family of H-mode cavities used. The IH structure is used at lower operation frequencies
between 30 MHz and 250 MHz whereas the CH structure can be used between 175 MHz and
700 MHz. The typical energy range of the CH structure is between 3 and 100 AMeV.
Figure 1. H-mode drift tube cavities: r.t. IH-DTL (217 MHz, left),
r.t. CH-DTL (350 MHz, centre) and s.c. CH-DTL (350 MHz, right)

One main feature of H-mode drift tube cavities which boosts the efficiency and makes long lens
free multi-cell cavities possible is the KONUS (Kombinierte Null-Grad-Struktur) beam dynamics [8].
The KONUS concept reduces the transverse rf defocusing by using zero-degree main accelerating
sections. A KONUS period consists of three sections with separate functions. The first section consists
of a few gaps with a negative synchronous phase of typically -35q and acts as a rebuncher. The beam
is then injected into the 0q section with a surplus in energy compared with a “synchronous” particle.
This multi-gap main accelerating section is then followed by transverse focusing elements which are
magnetic quadrupole triplets. Superconducting CH cavities will house only the rebuncher and the main
acceleration section. The transverse focusing elements will be located in the inter-tank sections. The
number of cells in each section depends mainly on the rf frequency, on the gradient and on the beam
current.
In general H-mode structures have high acceleration efficiencies in the low- and medium-energy
range especially when using slim drift tubes without internal lenses. The IH and the CH DTL have no
competitor with respect to efficiency and shunt impedance in the energy range from E = 0.01-0.3. For
E-values up to 0.1 the plug power needed to operate an IH linac is competitive with superconducting
solutions at identical accelerator length. Figure 2 shows the effective shunt impedance Z as a function
of the particle velocity E = v/c for different rf structures.
In many cases the rf linac efficiency can be increased significantly by the use of multi-cell
cavities. For instance, in case of actual projects involving proton and light ion driver linacs with rf
frequencies between 175 and 350 MHz there is an obvious lack of efficient superconducting low E
cavities. In these cases efficient means a high-energy gain per cavity which leads to a low total number
of individual cavities and rf systems. Due to the rf frequency and to the RFQ voltage gain which is
typically between 1 MV and 5 MV the cell length EO is around 40 mm at the superconducting DTL
front end. Using conventional superconducting two-gap cavities this significantly reduces the filling
factor as cavities with a small number of cells imply a lot of drift spaces and increase the mechanical
complexity of the linac greatly.
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Figure 2. Effective shunt impedance for different rf structures including the transit
time factor T and the synchronous phase I as function of the particle velocity E = v/c
The black horizontal bars represent some existing IH DTLs and the red bars represent the
expected shunt impedance of the rt CH cavities for the GSI-FAIR 70 MeV, 70 mA proton injector

Room temperature CH cavity development for the p-linac of the FAIR facility
The Facility for Antiproton and Ion Research (FAIR), presently under design, will provide new
features for experiments in the field of atomic, nuclear and particle physics. One main feature of the
new facility will be the availability of intense cooled antiproton beams [9]. The antiprotons are
produced by a primary beam of protons with an energy of up to 30 GeV. But the existing UNILAC as
injector is unable to deliver the required beam current to fulfil the physics programme. The intensity
has to be increased by more than two orders of magnitude. Therefore a dedicated proton linac is
necessary. The new p-linac must provide a 70 MeV, 70 mA proton beam [10]. The linac will consist
of a 3 MeV RFQ followed by r.t. six coupled CH cavity (CCH) doublets (Figure 3). One doublet
consists of two CH cavities operated in the H21-mode coupled by a cylindrical coupling cell operated
in the E010-mode. The coupling cell is housing a magnetic quadrupole lens for transverse focusing. The
frequency of the linac is 325.2 MHz for which commercial 2.5 MW klystron are available. The rf
power will be coupled magnetically into the coupling cell. Figure 4 shows the cavity doublet 2 of the
p linac. The effective shunt impedance is between 100 M:/m and 45 M:/m. The required rf power
including beam loading is around 2 MW per doublet. The rf pulse length is 70 Ps, the beam pulse
length is 36 Ps. Together with a repetition rate of 4 Hz the rf duty cycle is very low (2.8E-4) although
the pulse beam power is significant (4.9 MW). The high shunt impedance and the low duty cycle
allow very high accelerating gradients between 2.5 and 6.7 MV/m. A r.t. CH prototype has been built
and tested successfully. Figure 5 shows the test set-up. The measured Q-factor was 13 000, which is
about 95% of the value predicted by MicrowaveStudio [11]. The available rf power of 2 kW cw could
be coupled to the cavity within 10 minutes. The cavity has not shown any multi-pacting problems.
Table 1 summarises the parameters of the p-linac.
Figure 3. Schematic layout of the proton-injector for the new FAIR facility.
The linac will consist of an RFQ followed by 12 coupled CH-structures.
The operation frequency is 325.2 MHz; the linac length is about 25 m.
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Figure 4. Schematic layout of a coupled CH structure (CCH)
Two cavities operated in the H21-mode will be coupled with a coupling cell
housing a magnetic triplet lens. The coupling cell is operated in the E010-mode.

Figure 5. Test of a r.t. prototype for the proton-linac. The cavity has been tested with 2 kW cw.

Table 1. Parameters of the p-linac for the FAIR facility
Particles

Protons

RF pulse length (Ps)

70

Beam current (mA)

70

Beam pulse length (Ps)

36

Energy (MeV)

70

'p/p (%)

0.1

RF structures

CCH r.t. (6u)

H (95%, norm., mm*mrad)

3.3

325.2

H (95%, norm., mm*mrad)

3.4

Frequency (MHz)
Klystron power (MW)
Zeff (M:/m)

2.5
100-45

Ea (MV/m)
Repetition rate (Hz)
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6.7-2.5
4

Superconducting CH-cavity development
The CH-structure with its crossed-stem geometry provides a high mechanical stability which is
required for superconducting operation. A superconducting CH prototype cavity with 19 accelerating
cells (f = 350 MHz, E = v/c = 0.1) has been designed and built [12]. Figure 6 shows the prototype
before the final welding of the end walls. It is the first superconducting multi-cell cavity for the
low- and medium-energy range. Table 2 summarises the main parameters of the prototype cavity.
Figure 6. View into the superconducting CH cavity,
b = 0.1, f = 350 MHz, before welding of the end walls
Courtesy ACCEL instruments GmbH, Bergisch Gladbach, Germany

The superconducting CH-structure has been tested in the cryogenic rf laboratory at the IAP in
Frankfurt. Effective gradients of up to 4.7 MV/m have been achieved which is significantly more than
required [13]. This corresponds to electric peak fields of 25 MV/m and of magnetic peak fields of
26 mT. Presently the limitation is field emission due to a single field emitter. As expected the
CH-structure has shown only little multi-pacting which could be conditioned within one hour. The
Q-value at low field level was 5.7E8. Table 2 summarises the parameters of the prototype cavity.
Table 2. Main parameters of the superconducting CH prototype cavity
Cavity type
Material

CH

Ra/Q0 (:)

Bulk niobium

3 180
56

G (:)
2

180 000

Accelerating cells

19

RaRs (: )

E

0.1

Ea (MV/m)

4.7

Frequency (MHz)

350

Ua (MV)

3.6

Length (mm)

1 048

Q0 (low fields)
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5.7E8

Figure 7. Measured unloaded quality factor Q0 as function of the acceleration gradient Ea.
The maximum achieved gradient of 4.7 MV/m corresponds to an effective voltage of 3.7 MV.

EUROTRANS
For future accelerator-driven systems (ADS) efficient and reliable high-power proton drivers have
to be developed. Within the XADS project (eXperimental ADS) the feasibility of an ADS for nuclear
waste transmutation has been studied [15]. EUROTRANS is the continuation of XADS and it has been
launched by the EU in 2006. One goal of EUROTRANS is to build, to test and to assess different
accelerator structures for a driver linac of a European Transmutation Demonstrator (ETD). The linac
parameters are mainly inspired from the MYRRHA project [16]. The beam current is 3.5 mA with a
final proton energy of 600 MeV. The beam with a power of 2 MW will hit a spallation target within a
subcritical core.
The most challenging feature of the transmuter driver linac is the extremely high reliability
requirement. Beam trips longer than 1 s will cause severe stress in the material of the target and of the
core due to thermal shocks. Therefore the number of trips with t > 1 s has to be limited to about 10 per
year for an ETD. In case of a future industrial transmuter with a beam power of 25 MW (25 mA,
1 GeV) the number of beam trips should not exceed three per year. Beam trips will most likely be
caused in the low- and intermediate-energy part of the linac. At higher energies (i.e. several 10 MeV)
the failure of a cavity or magnet will not cause a beam trip: It is planned to raise the field and to
readjust the phases in the cavities neighbouring a failing cavity. But even using redundancy with
respect to power supplies, control systems and amplifiers it seems to be questionable to fulfil the
reliability requirements for the low-energy part. Therefore a possibility is to use two identical injectors
up to a certain energy, which may be 17 MeV or higher. Injector 1 delivers the beam while Injector 2
is on-line and ready to deliver the beam in case of a failure in Injector 1. Due to the required cw
operation the main part of the linac will be superconducting. In the design which has been proposed by
IAP the beam will be delivered by an ECR source followed by a 352 MHz four-vane RFQ with a final
energy of 3 MeV. A r.t. CH structure accelerated the beam to 5 MeV. The energy range between 5 and
17 MeV could be covered by four superconducting 352 MHz CH cavities. The energy gain in each
cavity is typically 3 MeV. Three quadrupole triplets will be placed between the tanks for transverse
focusing. The total length of the superconducting CH linac is about 6 m. The average beam load in
case of the ETD is 15 kW per cavity.
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Figure 8. Schematic layout of the EUROTRANS
driver linac for a European transmutation demonstrator
The IAP proposal for EUROTRANS consists of an RFQ with an energy of 3 MeV followed by a
room temperature CH structure which delivers 2 MV effective voltage. The energy range from
5 to 17 MeV could be covered by four superconducting CH structures. Between 17 and 100 MeV
single-spoke cavities are foreseen. The high-energy section will consist of elliptical cavities.

Table 3. Parameters of the CH injector linac for EUROTRANS
RFQ energy (MeV)
r.t. CH energy (MeV)
s.c. CH (MeV)

3
3-5
5-17

Nr. of s.c. CH-cavities
Length CH-linac 3-17 MeV(m)
Number of cryomodules

4
9
1

IFMIF
Future fusion reactors using the D-T-reaction need inner walls which can stand very high fluxes
of fast neutrons of up to 14 MeV. This is especially true for the first wall of the vacuum chamber.
A certain fraction of this flux will be absorbed in the material causing displacements of lattice atoms.
This will result in a fatigue of the used material. To extend the lifetime and to limit the activation
damages of the first wall it is necessary to find new alloys with sufficient robustness against neutron
radiation. Presently there is not any high flux source of fast neutrons which can probe the conditions in
future reactors. The International Fusion Material Irradiation Facility (IFMIF) which is under design
will provide the neutron flux needed to develop new reactor materials [16].
Figure 9. Schematic layout of the 175 MHz IFMIF linac proposed
by the IAP Frankfurt. The DTL consists of a room temperature
IH or CH structure and eight superconducting CH structures.
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The neutrons will be produced from a 40 MeV deuteron beam hitting a liquid lithium target. The
total required beam current is 250 mA with cw operation delivered by two linacs in parallel operation.
The beam power is 10 MW. The loss rate along the accelerator must be very low, about the order of
1 W/m to avoid activation and to guarantee hands-on maintenance. The front end of each IFMIF
accelerator will consist of an ECR source injecting into a 175 MHz four-vane RFQ. The reference
design of the DTL is an Alvarez-type accelerator. The IAP Frankfurt has proposed an alternative DTL
concept using room temperature and superconducting CH structures. Within this concept the beam
will be accelerated after the RFQ from 2.5 AMeV to 4.7 AMeV by a 175 MHz r.t. IH or CH structure.
A following chain of s.c. CH structures accelerates the beam to the final energy of 20 AMeV. The
superconducting part of the linac consists of four cavity doublets each corresponding to one KONUS
period. One main advantage of the superconducting option is significantly higher accelerating fields,
as the limiting cooling power aspect is not valid here. Additionally, larger apertures up to 8 cm in
diameter become possible, providing an additional safety margin against particle losses. A third surplus
is the significant saving in electricity costs. The rf power for the two Alvarez-type linacs is estimated
to 4.1 MW without beam loading. Assuming an amplifier efficiency of 60% the required plug power
due to Ohmic losses in the DTL is 6.2 MW. The two r.t. CH cavities need 240 kW rf power and
400 kW plug power, respectively. A conservative estimation for the rf power in one superconducting
cavity is 30 W. Both s.c. linacs require a maximum of 480 W at 4.5 K. The plug power is typically
300 times higher because of the efficiency of the cryogenic system. The total plug power for two CH
linacs is less than 0.6 MW. Assuming 8 000 hours of operation time per year a s.c. solution could save
45 million kWh per year. The accelerating gradient will be between 3.5 and 4 MV/m. This results in
electric peak fields of about 20 MV/m and in magnetic peak fields between 25 and 30 mT.
Table 4. Main parameters of the proposed CH-linac for IFMIF
Cavity type

CH

Particles

Deuterons

Energy range (AMeV)

2.5-20

Beam current (mA)

2 u 125

r.t. CH (AMeV)

2.5-4.5

RF power per cavity (kW)

400-500

Number of s.c. CH-cavities
Frequency (MHz)

8

Ea r.t. CH (MV/m)

2.0

175

Ea s.c. CH (MV/m)

4.0

Summary and outlook
The CH structure operated in the H21-mode is a novel multi-cell drift tube cavity which can be
realised for room temperature as well as for superconducting operation. The r.t. CH structure will be
used for the new 70 MeV proton injector for the FAIR facility. A prototype has been built and tested
successfully. The superconducting CH structure which could be used for cw operated linacs like
EUROTRANS and IFMIF has been built and tested at cryogenic temperatures. Acceleration gradients
of 4.7 MV/m have been achieved. Presently the CH structure is being optimised with respect to high rf
power up to 500 kW per cavity.
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UPGRADE OF THE PSI PROTON ACCELERATOR FACILITY TO 1.8 MW

Pierre A. Schmelzbach
Paul Scherrer Institute, Switzerland

Abstract
The PSI proton accelerator currently delivers a 590-MeV beam with an intensity close to 2 mA.
The upgrade programme aiming at boosting the beam power from 1.2 to 1.8 MW includes the
commissioning of new bunchers in the transfer lines to the injector cyclotron and between injector and
ring cyclotron, the ongoing replacement of the four Al cavities of the ring cyclotron by Cu cavities
operated at 1 MV, and the future installation of two additional accelerating cavities in the injector
cyclotron. In parallel to the implementation of this new equipment simulation studies are under way to
improve our understanding of the space charge effects at the different stages of acceleration. The
present status of the project will be presented.
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Introduction
A high-power proton beam of 590 MeV is produced at PSI using two consecutive cyclotrons, and
delivered to two meson production targets and a neutron spallation source. The production beam current
has increased over the years to 1.9-2.0 mA. After the passage of the graphite targets M and E,
~1.3 mA of beam is transported to the spallation neutron source SINQ, which uses as target solid lead
rods with a steel or Zircaloy cladding. A liquid metal target (lead-bismuth eutectic) has recently been
tested in the frame of the MEGAPIE project [1]. In addition to the main use, up to 100 PA of the beam
from the injector cyclotron are split and directed to an isotope production facility. An ultra-cold
neutron facility which will use the full high-energy beam during about 8 seconds every 15 minutes is
in construction. The medical applications previously using a few PA split off the high-energy beam
have recently been transferred to a dedicated facility equipped with a compact, superconducting
250-MeV cyclotron.
Beam is delivered for ~5 000 hours per year. The evolution of the performance of the accelerator
complex is illustrated in Figure 1. High-power operation became possible after the commissioning of a
high-intensity injector cyclotron in 1985 and the rebuilding of the Target E station in 1990. Since the
facility is in permanent development and some systems are operated at the limit of the technology
(HF) or are inherently critical in the particular environment (electrostatic elements), occasional failures
are not unexpected. Other problems (e.g. site power, cooling) are not specific to the high-power
operation. Altogether, an availability of 85-90% is achieved.
Figure 1. Performance of the PSI proton accelerator since the first operation in 1974
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Since the SINQ target is designed for a load of 2 mA the main proton beam should be increased
to 2.7 to 2.8 mA to fully exploit the potential of the facility. For higher currents an improved design of
the target is requested. The present project aims at an increase of the main beam intensity to 3 mA.
The current limit of a cyclotron is essentially determined by the losses at the injection and
extraction septa. A large turn separation, i.e. a high-energy gain per turn in comparison to the energy
spread induced by the space charge effects, is requested to keep the losses at an acceptable level. For
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routine operation a loss of 0.5 PA for each element (extraction from the injector cyclotron, injection
into and extraction from the ring cyclotron) is a reasonable value with regard to the maintainability of
the accelerators. With present technologies powers in the range of 10-15 MW could be achieved with a
cyclotron, e.g. a 10 mA proton beam could be accelerated to 1-1.5 GeV, where the relativistic mass
increase sets a limit on the achievable turn separation. The 590-MeV PSI ring cyclotron is equipped
with four accelerating cavities. Their upgrade to 1 MV peak voltage will boost the current limit to
5-6 mA. The maximum beam current at our facility will no longer be given by the performance of the
accelerators, but by conditions encountered at other components, e.g. the maximum temperature of the
meson production Target E.
The ring cyclotron was originally equipped with Al cavities. The peak voltage has been increased
over the years up to 750 kV. A new Cu cavity designed for operation at 1 MV was tested up to 1.4 MeV
on the test bench. Two such cavities are now installed in the accelerator. They have been reliably
operated above 900 kV in 2006. The replacement of all four new cavities will be completed in 2008.
The injector cyclotron is now able to deliver beam currents up to 2.2 mA and the “round beam”
operation mode (i.e. acceleration of a beam prepared such that a stable bunch structure of very small
phase width is conserved) is well established. The upgrade of this machine can be realised in several
steps. While some improvements are achievable in a short range at relatively low costs, the final step
will request substantial investments for two additional accelerating cavities in order to increase the
turn separation at the extraction.
In the concept of our facility, the meson production Target E plays a crucial role for the operation
of the spallation neutron source. It scatters the proton beam in such a way that a suitable beam density
distribution can be achieved after transportation to the spallation target. While in the past failures of
Target E were the cause of two to three unscheduled maintenances per year, the present performance is
excellent. However, the particular design of this device limits the proton beam current to 3 mA.
A reconstruction of the target station would be very costly and would necessitate a one-year shutdown
of the facility. This is not foreseen in this project.
Several components enabling beam tests and production above the presently allowed 2 mA are
already installed. We expect that the supervising authorities will accord permission for a current
increase in the next few months.
Beam simulations
The prediction of the performance of a high-power accelerator is a difficult task since the relevant
factors are not accessible by usual beam dynamical calculations. The current limit is given by the
losses due to tails and halos several orders of magnitude smaller than the beam itself. In routine
operation the injection and extraction losses are in the range of 0.02% of the beam intensity. A reliable
beam simulation requests tracking of millions of particles, a good knowledge of the initial conditions,
the consideration of higher order effects, and detailed beam diagnostics for comparison and validation
of the calculations.
The development of the computational tools needed for such simulations (MAD9P, efficient
parallel programming) is in progress [2], and the results obtained so far are very promising. Good
results have been obtained in the simulation of the beam transport from the source to the injector
cyclotron. Simulations of the bunching of the space charge dominated beams have been performed as
well. Figure 2 shows a simulation of the cleaning of the 870-kV beam entering the injector cyclotron.
The calculated and measured loads on the collimators used for this purpose agree within 10%.
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Figure 2. Simulation of the beam cleaning at the first phase slit
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The calculated rms beam parameters in the injector cyclotron agree well with the measured ones
and the formation of the short, stable bunches which are the key to the high current operation are well
described. It is however a long way until start-to-end simulations will be able to predict losses at the
10–3 level. For the ring cyclotron the work is less advanced. At present, projections must still rely on
extrapolation and scaling based on the performances observed at different steps of the development of
the facility.
The investigation of the influence of beam-induced high order modes in the ring cyclotron shows
that such effects remain small at the beam current considered in this upgrade.
Upgrade of the injector cyclotron
The quality of the beam extracted from the injector cyclotron depends crucially on the initial
conditions at injection. In the past few years, significant progress has been made (in fact an increase of
the beam current from 1.5 to 2 mA) mainly by better handling the space charge effects on the bunching
of the 870 kV beam from the Cockroft-Walton pre-accelerator. Pursuing along this line a second
buncher operated at the third harmonic (150 MHz) has been installed during the 2006 shutdown. The
expected increase of the beam intensity in the phase space defined by the collimators at the injection
and the generation of the conditions required for acceleration in the “round beam” mode have been
achieved. It is possible to inject 3.5 mA with a DC beam of 10 mA, compared with the previous 2.2 mA
at 12.5 mA DC. Beam intensities of up to 2.7 mA (limit of the available beam dump) have been
extracted. While in the present stage of the development the extraction losses at this current are too
high for routine operation, the observed beam quality suggests that up to 2.4 mA could already be used
for injection into the ring cyclotron.
In order to improve the stability and reduce the frequency of maintenance work we plan to replace
the multi-cusp source by a device with a longer lifetime and greater proton efficiency. A compact,
permanent magnet, microwave source has been constructed. The ongoing tests are very promising.
The new source will be installed during the 2008 shutdown. The reduced load and a new stabilising
system for the HV generator of the Cockcroft-Walton pre-accelerator will result in a reduction of the
beam jitter, thus helping to lower the losses in the whole facility.
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The ultimate step to achieve maximum performance with the injector cyclotron will be the
installation of two new resonators in order to replace the two flat-top resonators (which are obsolete in
the “round beam” acceleration mode where the phase width is as low as 2q HF) by 50 MHz
accelerating systems. Figure 3 shows measured and estimated beam widths at the extraction of the
injector cyclotron as a function of the beam current, and the limits given by the present and future
acceleration system. To keep the losses at the present level, the turn separation at the extraction should
be at least 7 V (beam).
Figure 3. Expected beam width at the extraction of the injector cyclotron
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The concept study led to the choice of single-gap cavities, as discussed in Ref. [3]. The
engineering phase has just been completed and the installation is planned in 2009/2010. A sketch of
the new resonator is shown in Figure 4 together with the sector containing the flat-top cavity to be
replaced. The technical requirements set by this upgrade have already been considered in the ongoing
renewal of the vacuum system of the injector cyclotron. For economical reason (optimisation of the
cooling power by operating the old resonator at a lower level) the energy gain will be somewhat lower
than quoted in the figure. Nevertheless the production of a 3- to 3.5-mA beam will definitely be
possible, even below the present loss limit.
Improved injection into the ring cyclotron
Due to the space charge the phase width of the bunches increases significantly during the transport
to the ring cyclotron. Simulations shows that a “superbuncher” working at the 10th harmonic
(500 MHz) and located in the middle of the 50-m long transfer line can be used for bunching or phase
rotating the 72-MeV beam prior to injection into the ring cyclotron. The design chosen after a
comparative study is a double-gap drift tube cavity [4]. The dissipated power of less than 30 kW is
moderate for the infrastructure in the beam line vault. The buncher is ready for the power tests and the
necessary infrastructure in the vault has been installed. Some of its components are shown in Figure 5.
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Figure 4. Accelerating (future) and flat-top (present) cavities in the injector cyclotron

Figure 5. Double-gap drift tube buncher for the 72-MeV beam line

Technical data:
506-MHz two-gap drift tube cavity
218-kVpp RF-voltage per gap
30-kW power (op. 10 kW)

Preliminary calculations show that space charge compensated bunching is applicable to generate
a variety of starting conditions at the ring cyclotron. A full simulation of the beam injection is in
preparation and should demonstrate if the “round beam” acceleration mode is practicable in this
accelerator. If this technique does not work, the “superbuncher” can alternatively be used as phase
rotator to improve the matching to the phase acceptance of the ring cyclotron.
Upgrade of the ring cyclotron
The current limit observed during the previous stepwise increase of the accelerating voltage shows a
third power dependence on the number of turns, which confirms the rule proposed a long time ago by
W. Joho [5] for the strength of the longitudinal space charge effects in a cyclotron. The emittance term
entering the calculation of the beam width in the ring contributes the same way to the current limit.
Since the emittance of the injected beam is known, both parts can be disentangled, and a calibration is
obtained for the space charge contribution itself. With this knowledge, the beam width for any
combination of emittance, space charge distribution and accelerating voltage shape can be estimated.
For identical conditions for the compensation of the space charge effect by means of a tilted
flat-top, the maximum current achievable (with the present beam quality delivered to the ring) will be
about 5 mA with four accelerating cavities at 1 MV. This feature is illustrated in Figure 6. However,
the potential of improvement of the present flat-top system is limited and it is questionable if it would
be able to provide the optimal correction when the new cavities are operated at the rated voltage.
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Figure 6. Observed and extrapolated current limit for the ring cyclotron
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In the “round beam” acceleration mode a flat-topping cavity would no longer be required in the
ring cyclotron. However, since results from a reliable simulation are not at hand at the moment, the
further use of the flat-top system should also be considered. Using a very simplified model to evaluate
the shape of the longitudinal phase space one can estimate that beam currents up to 2.7 mA are
achievable with the present flat-top performances in combination with the “superbuncher”. Therefore,
the decision whether the development of a new flat-top system should be undertaken can be postponed
until results of the simulation and/or first experimental tests confirm or deny the applicability of the
“round beam” technique in the ring cyclotron.
Figure 7. Installation of the new cavity in the ring cyclotron
OLD CAVITY
fR = 50.6 MHz
Gap voltage = 750 kV
Qo = 32’000
Dissip. power = 300 kW
Power to beam = 350 kW

NEW CAVITY
fR = 50.6 MHz
Gap voltage > 1 MV
Qo = 48’000
Dissip. power = 300 kW
Power to beam = 500 kW
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Target E and beam transfer to the SINQ target
The layout of Target E is shown in Figure 8. Besides its function as source of mesons for five
secondary beam lines the Target E (and the collimators downstream) shape the beam to achieve a
suitable density distribution on the SINQ target. The lifetime of its components has considerably
improved in the past years, such that preventive maintenance during the shutdowns (e.g. replacement of
the bearings) is sufficient to ensure a reliable operation during the whole nine-month production period.
Thanks to the choice of an appropriate graphite quality and to the segmentation of the target wheel the
accumulated charge after which the deformation exceeds acceptable limits lies above a three-year
production at the present beam current level.
Figure 8. Layout of the Target E station
COLLIMATOR K1

TARGET WHEEL

ABSORBERS

COLLIMATORS K2 + K3

The 3-mA load limit on Target E is set by the temperature at which it starts to evaporate.
No problems are expected with the collimators up to a beam current of 2.6 mA with the 4-cm thick
target. The second collimator defining the beam to SINQ will reach its limit. The beam optics remain
the same. The current on SINQ is about 1.8 mA and the maximum density is 55 PA/cm2.
For a primary beam of 3 mA the thickness of Target E has to be reduced to 3 cm. In this case the
load on the collimators is distributed differently, but remains in tolerable limits. The beam parameters
on SINQ are slightly changed due to the modified beam optics. A more peaked beam distribution must
be taken into account in a new design of the SINQ target. The use of Zircaloy for the cladding of the
lead rods and a higher LD2O flow allowing for a better local cooling and/or a redesign of the beam
shaping collimators are in discussion. The implementation in a middle time range of a LBE target is
also being considered.
Conclusion
An upgrade programme aiming at an increase of the beam power delivered by the PSI proton
accelerator to 1.8 MW is under way. While some intermediate steps are realisable in the framework of
the smooth, continuous development of the facility, investments in new resonators and rf-equipment
for the injector cyclotron will be needed to eventually reach the expected currents. The current on
SINQ will be improved to 2 mA and the power to almost 1.2 MW.
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ERAWAST – A NEW PRODUCTION ROUTE
FOR EXOTIC LONG-LIVED RADIONUCLIDES

Dorothea Schumann, Jörg Neuhausen
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Abstract
Exploitation of highly-activated accelerator waste as a source for long-lived exotic radionuclides for
application in several scientific and technological fields is presented as a possible new production
route. In the framework of an international, ESF-funded exploratory workshop, held at PSI in
November 2006, the demands concerning such isotopes for research in nuclear structure, nuclear
astrophysics, basic nuclear physics, radiopharmacy, accelerator mass spectrometry and related research
were defined. Thirty (30) participants from 12 countries decided to create an international network
collaborating on this subject and launched a proposal for a Research Networking Programme (RNP) at
ESF (European Science Foundation). Due to the availability of considerable amounts of proton-activated
material (mainly from the surrounding of the 590-MeV ring cyclotron), PSI acts as unique production
site for the radionuclides of interest for this collaboration. It has already been demonstrated that:
a) radionuclides like 60Fe, 26Al, 44Ti and 10Be are available in the required amounts; b) in principle,
separation of these isotopes is possible. Several samples in laboratory-scale quantity have already been
provided for some selected experiments.
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Introduction
Long-lived exotic radionuclides such as 60Fe, 26Al, 44Ti or 10Be are of great interest in several
fields of research like radiopharmacy, basic nuclear physics, astrophysics, accelerator mass spectrometry
and/or radioactive ion beam techniques. Some examples for the use of such rare isotopes are the
potential medical application of 44Ti/44Sc as a generator system for Positron Emission Tomography
(PET) as well as investigations of core collapse supernovae or studies of several neutron capture
reactions on radioactive isotopes like the 60Fe(n,J)61Fe reaction at stellar energies.
The production of all these nuclides in sufficient amounts is very time consuming and extremely
expensive. Conventional techniques in commercial radioisotope production – restricted mainly to
reactor-based or accelerator-driven production routes – are approaching their limitations. Consequently,
alternative production possibilities and means of co-operation in large basic-physics facilities are
discussed. One of these possibilities is the exploitation of accelerator waste.
Until very recently, no concerted effort had been made to reclaim such radionuclides for future
use from activated components of particle accelerators. This was due, in large part, to the small amounts
of suitably irradiated material. Nowadays, this situation has changed drastically with the construction
of new, large accelerator facilities, spallation neutron sources and radioactive beam facilities.
The Paul Scherrer Institute operates the most powerful spallation neutron source (SINQ) in
Europe, driven by a high-power proton accelerator, the 590-MeV ring cyclotron with a proton beam
current up to 1.8 mA. Previous radiochemical analyses showed that beam dumps, shielding and target
materials from these facilities contain long-lived radionuclides in such high amounts that chemical
separation for several applications seems to be attractive. It was found that the isotopes 60Fe, 26Al,
10
Be, 44Ti and probably many others can now be separated in amounts of 1016-1018 atoms [1].
Due to this potential, we decided to establish an international collaboration of users and producers
of such long-lived exotic radionuclides called ERAWAST – Exotic Radionuclides from Accelerator
Waste for Science and Technology. On behalf of this, an ESF-funded workshop was held at PSI in
November 2006 with 30 participants from 12 countries [2]. The participants agreed to the launch of a
Research Network Programme at ESF to support their activities. Short-term as well as long-lasting
working fields were defined:
1. Existing accelerator waste material. From a copper beam dump, which was irradiated at the
590-MeV proton beam station at PSI and was dismounted about 15 years ago, nuclides like
26
Al, 59Ni, 53Mn, 60Fe, or 44Ti can be separated. Other irradiated materials, i.e. carbon (source
for 10Be), stainless steel, or concrete are also available.
2. Target material from the SINQ facility. Two irradiated lead targets from the spallation source
are available as well, which can be used to extract heavier isotopes, such as 182Hf or several
rare earth nuclides (146Sm and several Dy isotopes). In principle, lead targets from the SINQ
will be available every second year.
3. Nuclide extraction from mercury. Similar to lead, mercury can also serve as a spallation target
for neutron production. In the framework of the EURISOL programme, studies for isotope
separation from such targets are foreseen. Two already-irradiated rods filled with Hg are
available for preparing small samples of interesting isotopes. An extension of this possibility
is expected with a working EURISOL facility.
4. Special irradiations. The SINQ facility offers the possibility to irradiate materials with
590 MeV protons at special positions, allowing the production of specific isotopes.
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In the following, an overview is given on short-term (2-4 years) actions concerning chemical
separations as well as some examples for potential application. Due to the partially high J dose rate of
the starting material, the amount allowed to be handled in a laboratory without special radiation safety
equipment is limited. Therefore, only relatively small amounts of the interesting isotopes can be
separated at the moment. An adaptation of the developed separation techniques to large-scale
quantities using hot cells and remote technique is planned.
Available material
At the moment, PSI can provide proton-irradiated copper stemming from a former beam dump, as
well as irradiated graphite targets with a high content of 7Be and 10Be. Additionally, the first lead
targets irradiated at the spallation neutron source, SINQ, will be ready for use in the near future.
After extended chemical analyses, the radial and length distribution of radionuclides within the
copper beam dump could be determined [3]. From this data, the available amount of the isotopes of
interest could be roughly estimated and 500 g of material were drilled out containing around 80% of
the total activity. Additionally, several graphite targets were analysed concerning their content of 7Be
and 10Be [4]. Table 1 shows data for expected amounts of selected isotopes.
Table 1. Estimation of the available amount of selected isotopes (without chemical separation)
10

Be

7

60

Activity [kBq]

2

108

50

Atoms

1018-1020
per target

1017-1018
per target

1018*

Be

Fe

53

Al

44

500

7

105

1019

1017

1017

Mn

26

Ti

* Preliminary estimation.

Results for chemic al separation and potential application
60

Fe

For all separations emanating from the copper beam dump, the copper samples were dissolved in
half-concentrated nitric acid. Iron can then easily be separated by extraction from HCl-containing
solution. Due to the high contamination with 60Co within the copper beam dump – also a residue
nucleus produced via the spallation reaction – extremely high separation factors of around 107 both
from copper and cobalt, are necessary. Details of the chemical procedures for iron are described
elsewhere [5,6]. Depending on the specific requirements of the envisaged experiments, the separation
technique can differ slightly. Samples were prepared for the following applications:
x

1015 atoms (5 mg carrier added) for the determination of the half-life of 60Fe in collaboration
with Technical University Munich, Germany.

x

1016 atoms, carrier-free for studies of the neutron capture reaction
collaboration with Forschungszentrum Karlsruhe, Germany.
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60

Fe(n,J)61Fe in

44

Ti

Titanium forms – similar to its heavier homologues Zr and Hf – soluble anionic fluoride
compounds. This property can be used for its isolation from the copper beam dump using ion
exchange methods. For a detailed description see Ref. [6]. Two carrier-free samples were prepared:
x

1 MBq aimed to develop a 44Ti/44Sc generator for radiopharmaceutical use in collaboration
with the University of Mainz, Germany.

x

3.5 MBq for studies of core collapse supernovae reactions, carrier-free in collaboration with
the University of Edinburgh, UK.

26

Al

Aluminium can be precipitated as a hydroxide using ammonia solution. For carrier-free separation a
non-isotopic carrier should be added, such as iron or lanthanum. A final purification is achieved by ion
exchange on strongly acidic cation exchangers and following elution with diluted HCl solution [6].
Two samples could be obtained:
x

1014 atoms with carrier as standard material for AMS in collaboration with ETH Zürich,
Switzerland, and University of Vienna, Austria.

x

1013 atoms in carrier-free form for laser spectrometry (RIMS) experiments in collaboration
with the University of Mainz, Germany.

10

Be

Whereas the radionuclides described above were separated from the copper beam dump, beryllium
isotopes were obtained from irradiated carbon targets, which requires a completely different dissolution
technique. A mixture of HNO3/HClO4/H2SO4 had to be used for complete dissolution. Carbon dioxide
was caught with a Ba(OH)2 trap due to the contamination with 14C. In the following, the separation
and purification could be carried out similar to that of aluminium. A detailed description of the
separation scheme can be found in [4]. At the moment, two applications for 10Be are foreseen:
x

1017 atoms in carrier-free form for the development of a radioactive ion beam at the
Université Catholique de Louvain-la-Neuve, Belgium.

x

1013 atoms in carrier-free from for laser spectrometry in collaboration with GSI Darmstadt,
Germany.

Experiments using the samples described above are underway or planned for the near future.
An extension of the application fields is expected with the availability of hot cell technique.
Outlook
The development of the hot cell/remote technique is expected to be complete within the next two
to three years. This will enable us to provide the requested radionuclides in amounts one magnitude
larger than as at present. Moreover, detailed analytical studies of the lead targets from the SINQ
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facility are ongoing. This material will enlarge the spectrum of radionuclides, e.g. 182Hf or selected
lanthanides, which are of interest in several fields of application, too. Separation techniques can then
also be adapted for remote-controlled hot cells. Since lead targets from the SINQ facility will be
available in principle every second year, a routine production of exotic long-lived radionuclides seems
to be prospective.
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Abstract
The Kumatori Accelerator-driven Reactor Test (KART) project, aiming to demonstrate the basic
feasibility of ADS, has started at Kyoto University Research Reactor Institute (KURRI) from the fiscal
year of 2002. The proton FFAG accelerator complex as a neutron production driver for this project is
now in the final stage of the test operation. The developments and the current status of this FFAG
accelerator complex, including the current status of this project, will be presented.
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Introduction
As a substitute for the 5-MW reactor at Kyoto University (KUR), a neutron source based on the
accelerator-driven subcritical reactor system (ADSR) concept was proposed in 1996 [1]. The conceptual
design study on ADSR using the MCNPX code clarified the lack of reliable effective multiplication
factor keff in the proton energy region between 20 MeV and 150 MeV. Since our current experimental
studies are limited to those with a 300-keV Cockcroft-Walton accelerator [2,3], a proton beam source
which covers between 20 MeV and 150 MeV is required to extend our study on ADSR system.
A fixed-field alternating gradient (FFAG) accelerator originally proposed by Ohkawa 40 years
ago [4] has a lot of advantages compared to synchrotrons such as a large acceptance, a possible fast
repetition rate because of no active feedback in the acceleration. In ADS system, the stability of beam
acceleration is directly connected to the stability of reactor itself. In such a context, FFAG accelerators
can be a good candidate for the neutron source driver in ADS system.
While an FFAG has a potential to a neutron source driver, there are still technical difficulties in
FFAG accelerators, such as the lack of wide band high voltage RF cavity or the short straight section
insufficient for beam injection and extraction. Mori has demonstrated that these difficulties can be
overcome by recent developments [5,6] with the successes of a 500-keV PoP FFAG and an 150-MeV
FFAG with RF.
On the basis of our study and the technical developments of FFAG, the KART project was
approved and started from the fiscal year of 2002. In this project, a practical proton FFAG accelerator
complex of Ep = 20~150 MeV as a proton driver for ADSR is constructed in KURRI and the basic
feasibility of ADSR system and the multiplication factor keff in the energy region of Ep = 20 ~150 MeV
will be studied.
FFAG accelerator complex
The FFAG accelerator complex for the KART project consists of the FFAG injector with an
induction acceleration and two FFAGs with RF as the booster and main accelerators, respectively. The
basic specifications for the FFAG complex are summarised in Table 1. The layout of these FFAG
accelerators in the accelerator room is shown in Figure 1. All of these accelerators will be in pulse
operation with a repetition rate of up to 120 Hz. The beam energy of the current FFAG complex can
be varied between 20~150 MeV by the change of beam energy from the injector.
Table 1. Specification of FFAG complex

Focusing
Acceleration
k
Einj
Eext
pinj /pext
rinj
rext

Injector
Spiral
Induction
2.5
100 keV
2.5 MeV
5.00
0.60 m
0.99 m

Booster
Radial
RF
2.45
2.5 MeV
20 MeV
2.84
1.42 m
1.71 m
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Main
Radial
RF
7.6
20 MeV
150 MeV
2.83
4.54 m
5.12 m

Figure 1. FFAG complex at KURRI

Ion source and injector FFAG with induction acceleration
H+ ions are extracted from the typical multi-cusp-type ion source and accelerated to 100 keV,
then transported to the injector. Since all of the FFAG complex is operated in the pulse mode, the ion
source itself is also operated in the pulse mode for less power consumption. The arc voltage is pulsed
at the duty of ~10%, then the pulsed beam is shaped to ~50 Ps at the beam chopper placed in the
transport line between the ion source and the following injector.G
The injector FFAG (Figure 2) is a 2.5-MeV FFAG with induction acceleration scheme. Eight (8)
spiral sector magnets with the spiral angle of 42q produces the FFAG magnetic field. The spiral sector
type is chosen to this injector because of its rather long straight section and its higher packing factor.
The index k for the FFAG field is defined by 32 trim coils placed on the pole face along radius
direction (Figures 3, 4). The beam energy of the current FFAG complex can be varied through the
change of this k by supplying the proper current set for trim coils. Induction acceleration scheme is
adopted in this injector because the d.c. acceleration is more tolerant towards higher beam current.
Typical induction voltage is 2~3 kV for ~300 Ps.G
Figure 2. FFAG injector
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Figure 3. Spiral sector magnets assembled in the factory.
Thirty-two (32) trim coils attached to each pole piece.

Figure 4. A typical FFAG magnetic field of the injector
ring magnet with trim coils obtained by the field measurement

Booster FFAG with RF
The beam from the injector is then accelerated up to 20 MeV in this booster ring. This FFAG with
RF is the radial sector type, consisting of 8 cells of DFD magnets. The FFAG magnetic field is
produced by its pole shape with the half gap proportional to (r/r0)k. In this booster ring, k = 2.45 is
chosen to minimise the beam excursion and the resonance variation. The window-frame type magnetic
shield is attached to each side of the magnet to reduce the fringing field at the straight sections. The
fringing field at the centre of the straight section is confirmed to be less than 100 Gauss from the
magnetic field measurement. The beam injection is performed by a septum magnet, an inflector
electrode and a pair of bump magnets. Acceleration voltage is supplied by an RF cavity with very low
Q (~1) for the flat output voltage over the acceleration frequency range. The beam extraction is
performed by a kicker and septum magnets. All the components for beam injection/extraction except
the inflector electrode for beam injection are in pulse operation. The booster ring under construction is
shown in Figure 5.
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Figure 5. The booster ring under construction before the bump magnet for
beam injection and the magnetic septum for beam extraction are installed
They will be installed in the straight section just before the extraction channel. The beam from
the injector is injected to the ring through the magnetic septum, electrostatic inflector and a
S -bump magnets. Beam extraction is performed by a kicker magnet and a magnetic septum.

Main FFAG with RF
The main accelerator is basically identical to the 150-MeV FFAG in KEK. Detailed discussions
are available in Ref. [6]. This time, the purity of iron in the magnets are increased to accept a high
magnetic flux required for acceleration at 200 MeV, aiming the beam energy upgrade by the
reinforcement of power supplies in near future. In our 150-MeV FFAG, a conventional amorphous
core, not the finemet core, is used in the RF cavity. The beam injection process is performed by a
septum magnet, a static-electric inflector and a kicker on the closed orbit. The saturation of RF core by
rather large fringing field in the straight sections is expected in the case of “yoke-free” magnets, the
RF cavity is installed in a magnetic shield. This magnetic shield becomes the additional COD source,
so a pair of dipole magnet is installed in both sides of this RF cavity to minimise the disturbance.
Current status and future prospects
The construction of “Innovation Research Laboratory” was completed in March 2004. This
building is not only for FFAG accelerator complex, but also for the multi-purpose usage of the beam
from the FFAG complex in future, such as nuclear physics, chemistry, material science and cancer
therapy. Currently, the construction of our accelerator complex itself is almost completed (Figure 6).
We successfully completed the first acceleration and beam extraction at the injector without trim
coils in June 2005 (Figure 7). The energy of the extracted beam was 250 keV. It is quite interesting to
find that the beam came over the integer resonance in this case. We plan to start investigating on this
acceleration. The first acceleration and extraction with trim coils was successfully completed in
January 2006 (Figure 8).
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Figure 6. Current status of FFAG complex at KURRI

Figure 7. First extraction of the beam from the injector FFAG.
Half of the injected beam was obtained as the extracted beam over Q = 1.

Figure 8. First extracted beam from the injector FFAG with trim coils
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The first acceleration at the booster ring was employed in June 2006 (Figure 9). As the injection
energy was limited ~1.1 MeV for stable operation of the injector, the RF frequency for the injection
period was set to 1.6 MHz, then swept up to 3.6 MHz corresponding to the extraction energy of ~9 MeV.
The beam inside the ring was monitored by a bunch monitor and confirmed to reach the extraction
radius by the radial probe. The first beam extraction (Figure 10) was delayed to September 2006,
mainly due to the termination of beam commissioning during the construction of main ring.
Figure 9. First beam acceleration at booster ring. Yellow line and magenta
line correspond to observed beam and applied RF, respectively. Beam lost
point in the picture corresponds to the position of radial probe in the ring.

Figure 10. First extraction of beam from booster ring observed by the
bunch monitor and profile monitor just after the exit of booster ring

As of April 2007, the injector and booster are in stable operation and studies for beam injection
and acceleration in the main ring are now in progress. The average beam current from the injector is
~20 nA, and the average beam current inside the booster ring reaches over 0.5 nA. These beam
intensities are limited by the regulations of radiation protection applied to the current restricted area,
not by the technical problem. The first beam from this FFAG complex is expected by the summer of
2007. The preparation of the subcritical core and the target for the neutron production is almost
completed and the inspection for the actual operation will be held as soon as the accelerator complex
is approved by the government.
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This paper contains some results obtained within the task “Feasibility Study on ADSR Using
Fixed-field Alternating Gradient (FFAG) Synchrotron as an Energy Amplifier” entrusted from the
Ministry of Education, Culture, Sports, Science and Technology of Japan.
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Abstract
The presence of higher order modes (HOM) is one of the main limitations in the performance of
high-intensity r.f. accelerators, since HOM degrade the beam quality. Accelerating cavities require
HOM suppression while maintaining a high quality factor (Q) for the operational mode. Furthermore,
at high power the r.f. breakdown can strongly influence the acceleration process and cause irreversible
damages. This behaviour can be surmounted, raising the operation frequency g, since the Kilpatrick
law states that the r.f. breakdown threshold increases with g. All these requirements, however, can be
hardly be met in closed metallic cavities, especially at high frequencies where the configurations
become cumbersome and technically unviable. The study presented here concerns the possible use of
hybrid (metallo-dielectric) “open resonators” based on the photonic band gap (PBG) concept for
operation in future high-intensity, high-power accelerators and working in the low GHz region.
A number of prototypes have been designed, fabricated and tested at room temperature. All hybrid
(copper or niobium + sapphire cylinders) structures under test show a good monomodal behaviour, in
perfect agreement with simulations. In order to limit radiation problems, typical of hybrid resonators,
we realised and measured a new TM02 mode cavity, at about 13 GHz, based on the simulation results.
The geometry can easily be scaled to work at different frequencies. Measurements at low temperatures
(1.5 K) are foreseen.
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Introduction
The design of high-intensity and high-energy particle accelerators always faces a number of
different problems. This paper will deal with two of them, namely the presence of higher order modes
(HOM) interacting and degrading the quality of high-intensity beams, and r.f. breakdown phenomena,
that easily show up in structures where large accelerating field gradients have to be achieved.
The beam loading of an accelerating cavity increases linearly with beam intensity. This is due to
the energy transfer from the beam into the cavity where the e.m. field will reach a level different from
the one without beam. The harmonic content in the bunch is the driving source of this transfer.
Moreover, a high acceleration is generally connected with short bunches: this implies an increase of
the higher order harmonics. The presence of these harmonics has a bad influence on the beam
dynamics. This phenomenon is depicted in Figure 1, where the discontinuity introduced by the cavity
in the vacuum chamber captures a part of the e.m. field which stays into the cavity until it is damped.
This field consists of a spectrum of modes which includes the fundamental one and the higher order
modes (HOM). The fundamental one can be compensated by varying the amplitude and the phase of
the feeder voltage. The higher modes are more or less damped inside the cavity according to the Q of
the relevant frequency. However, in general this Q is not sufficiently low to damp them in a fast way.
It is therefore necessary to resort to ad hoc conceived devices to remove them from the cavity. Many
efforts have been spent to reach this goal at no expense in terms of cavity performances. At relatively
low operation frequency f, the removal of HOM is obtained connecting waveguides of various cut-off
frequencies to the cavity. As an example, in Figure 2 the picture of the accelerating cavity of the main
ring in DAFNE, running at 368 MHz, is displayed [1]. In order to reduce the interaction of the beam
with the HOM of the cavity, the latter is equipped with long tapered beam tubes and three waveguides
to couple out the parasitic modes. To suppress HOM other configurations can also be used [2],
however all of them become cumbersome at high f.
Figure 1. Electromagnetic field due to the interaction
between the beam and the accelerating cavity

Figure 2. A DAFNE cavity
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As mentioned above, in the design of high-energy particle accelerators a further priority requirement
is to achieve large energy gradient in order to increase the final particle energy. In linear colliders, and
more in general in linear accelerators (linacs) this translates in gradient values up to hundreds of
MV/m [3]. This goal is limited by two phenomena: electron field emission and r.f. breakdown.
The first phenomenon can itself be a precursor of r.f. breakdown, and causes “dark currents”.
Further, it may lead to Q-value degradation for superconducting cavities.
The r.f. breakdown influences the acceleration process and can cause irreversible damage to the
structure [4]. This phenomenon as well as its frequency dependence is not yet entirely understood, and
all criteria adopted up to now for the design of cavities are empirically based. Experiments have
demonstrated that the key parameter in the evaluation of the gradient limit value is the maximum
achievable surface electric field. For normal-conducting accelerating structures, following the Kilpatrick
criterion [5], the choice of high operation frequency enables higher surface electric field, and so higher
gradients, without breakdown effects. The adopted Kilpatrick scaling law gives yield values which are
quite conservative [3], but still reasonable for the design of the accelerator. Furthermore, in the case of
long linacs, the choice of high r.f. working frequency limits the problem of cumulative currents due to
secondary electrons. In fact, the on-axis capture of these currents, which is detrimental for the beam
stability, depends on the accelerating field amplitude whose yield value rises with the frequency of
operation. The choice of the cavity geometry and of the material can also improve the peak surface
field limit, as experiments have demonstrated [3].
The emission of secondary electrons can also be reduced resorting to a cavity coating without free
conducting electrons such as dielectric overlayers on metallic walls or bulk dielectric materials. It has
recently been shown, in fact, that breakdown and charging can be limited in dielectric accelerating
structures [6]. The shunt impedance per unit length, rs, relates the accelerating gradient and the power
required for establishing it through the field attenuation parameter, which is determined by the loss
tangent of the dielectric, the resistive loss of the conductor, and the group velocity. As reported in [6],
high shunt impedance values can be achieved in low-loss dielectric materials.
Dielectric structures based on photonic band gap (PBG) concepts [7,8] can be designed to be
naturally mode selective, providing an operation mode with a high Q-factor and an effective damping
of all unwanted higher order modes. This means that for a selected operating mode the losses can be
lowered, enhancing the shunt impedance. In addition, they act as low electron emitters. For all these
reasons hybrid PBG monomodal cavities can be an appealing choice as basic elements of a new
generation of high-power, high-intensity accelerators.
A PBG structure is based on a periodic alignment of macroscopic objects, like metallic or
dielectric cylinders, sandwiched between metallic plates [8,9]. Compared to a traditional cavity, the
structure exhibits frequency band gaps (known as stop bands) that prevent the propagation of e.m.
radiation along the periodicity directions in the structure itself. In such a system a cavity can be
realised by removing one or more cylinders. In fact, when the lattice contains such “defects”, new
modes can exist in the frequency stop bands, being localised in the “cavity” and decaying exponentially
in all directions away from the defect site. In this way, one can obtain a resonant structure with a very
high quality factor, Q, at the fundamental mode. By choosing the appropriate lattice geometry HOM
will fall into the frequency pass bands, exhibiting very low Q’s. Therefore, they will propagate along
the structure and can be easily damped using an absorber.
By means of proper electromagnetic codes, the design of such structures can be optimised
according to the frequency requirements. The working mode (localised in the stop band) can be chosen
to be a quasi-TM0n mode, so that the electric field is parallel to the beam direction in the centre of the
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cavity (parallel to the cylinders axis). By adequately shaping the geometry around the defect, this mode
can be optimised as the operating accelerating mode. By employing superconducting materials, in
principle Q for this mode can be extraordinarily enhanced [9]. A “hybrid” configuration consisting of
dielectric cylinders and metallic or superconducting plates can therefore be used as accelerating cavity.
Our work on PBG cavities started with all metallic structures [10] from the normal-conducting to
the superconducting ones. Previous experiments, devoted to the r.f. characterisation of the cavities,
have been performed on prototypes that have been numerically studied and designed by means of
simulation e.m. codes. In the following we will present numerical simulations and experimental
measurements carried out on different hybrid configuration structures.
Cavity design
A PBG structure working in the GHz region, or simply a microwave photonic crystal, represents a
lattice of macroscopic pieces, usually with the same size and geometry (for example, rods), of metal or
dielectric. Scattering of the e.m. waves inside such a structure can be described in the same way as
electrons in the atomic potential of a real crystal. According to the Bloch theorem, the e.m. field in the
lattice can be decomposed into a set of plane waves with the wave vectors multiple of the reciprocal
lattice vectors. In a 2-D PBG structure, the wave field can be divided into two independent sets of
modes: the transverse electric (TE) modes and the transverse magnetic (TM) modes. Using this
approach, one can calculate the dispersion characteristics of the microwave photonic crystal under test,
in order to evaluate the full band gap chart for both TE and TM modes. The presence of a global
photonic band gap allows constructing a PBG resonator, simply removing one or more “atoms” (rods)
in the periodic lattice. In fact, a “defect” mode having a frequency inside a full band gap will not be
able to propagate through the bulk of the structure and will be spatially localised in the defect region.
Thereafter, the electromagnetic behaviour of a number of PBG based cavities can be studied by
means of the MWS 3-D e.m. code (CST™) using both the eigen-mode and the transient-mode solvers
in order to find the confined mode and to evaluate the related losses. In all simulation analyses the
measurement antennas have been included, in order to predict the actual microwave response of the
structure under study. All cavities work in the GHz range and exhibit a transverse periodicity based on
a triangular lattice. This geometry provides a much better azimuthal symmetry compared to a square
lattice. The resonant accelerating cavity is defined by the perimeter of the defects (number and size of
the missing rods) realised in the centre of the structure. In this position a hole is created on both
conducting plates allowing for the beam clearance. The walls of the cavity are formed by the
surrounding periodic lattice.
In these conditions, the 3-D code allows to evaluate the mode field patterns in the whole PBG
volume and outside the resonator itself. To properly design the cavity, the properties and the amplitude
distribution of both the accelerating mode and HOM have been calculated along particular curves
inside the volume. Because the real PBG prototype cannot be infinite, the field dependence on the
number of rods around the defect have been analysed for the different configurations. The final cavity
design also has to take into account the size restrictions dictated by the cryogenic experimental set-up.
In order to estimate the sensitivity of the operation frequency on the geometrical parameters,
tolerance studies have been performed on a number of them. The lattice parameter b has a strong
influence, as well as the radius of the central hole and the position of the first surrounding rows of
cylinders. This last dependence is quite distinctive of PBG structures, underlining that maximum
attention must be paid in the design and positioning of the rods closer to the defect (1st and 2nd rows,
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mainly), since they set the boundary conditions of the localised e.m. field [12]. Moreover, looking at
the field pattern, one can exploit the different distribution of the accelerating mode and of higher order
modes to determine the position of ad hoc absorbers and of the coupling system to the power feeder.
Experimental characterisation
The experimental r.f. characterisation has been carried out using a vectorial network analyser
through the measurement of the scattering matrix at room and cryogenic temperature. The pick-ups for
the experimental characterisation have been coupled to the cavity through the central holes and/or
laterally from one open side through the columns. Because of the small dimensions of the input and
output antennas, the coupling with the cavity has was carefully chosen, paying particular attention to
avoid cross-talk and overcoupling.
Experiments at cryogenic temperatures are realised inserting the PBG structure under test in a
liquid helium vessel and connecting it to the room temperature r.f. apparatus via semi-rigid coaxial
cables. Measurements are carried out as a function of temperature as well, varying the position of the
PBG cavity inside the cryostat (from 300 K down to 4 K) or reducing the liquid helium pressure (from
4 K down to 1.5 K) by means of a mechanical pump.
E.m. simulations have been performed modelling the structure in the same range of frequencies
(10-20 GHz) investigated through measurements. There is always a very good frequency agreement
(usually within 1%) between the operation frequency evaluated using the e.m. code and the experimental
value. An example is reported in Figure 3, where the S21 scattering parameter measured at 300 and
77 K for an all metallic structure (36 metallic rods of height 4.6 mm, radius 1.5 mm, lattice constant
8.6 mm, for an overall diameter of 60 mm) excited in the fundamental mode (TM01-like mode) at
14.478 GHz is compared with numerical results. The measured shunt impedance for this prototype
is 70 M:/m, underlining the applicability of such resonant structures as accelerating cavities.
Figure 3. Metallic PBG cavity: comparison between experimental
(cryogenic and room temperature) and simulated S21 scattering parameter

PBG hybrid resonant structures
PBG all metallic or superconducting cavities offer the dual advantage of intrinsic monomodal
characteristics together with potentially very high quality factors. Previous measurements [13] on a
compact (54 mm external diameter) Nb structure working at 16 GHz in the TM01 mode were very
promising, showing in the superconducting state at the lowest temperature (1.5 K) a quality factor
Q = 1.2 u 105. Compared to a similar copper prototype, Q is more than one order of magnitude higher.
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However, this value is still much lower than that expected taking into account the extremely low
surface losses of superconducting Nb. The reason lies in the “open” character of a finite-size PBG
resonator, where e.m. fields, even when well localised around the defective region, unavoidably tend
to propagate outside the structure.
The radiation limited performance of all metallic PBG cavities points to a different approach,
where metallic rods can be replaced by low-loss dielectric cylinders sandwiched between two conducting
or superconducting plates. There are two main reasons behind this choice: first, a reduced complexity
in the mechanical construction, that can be an important parameter especially when multi-cell cavities
are considered; second, an increased flexibility in the selection of the superconducting materials and
the operation temperature, provided that conductive losses remain lower than copper. In this context,
high-temperature superconductors (with critical temperature TC values ranging between 90 and 135 K)
or the newly discovered magnesium diboride (TC = 40 K) can be a valid alternative to niobium.
Besides that, the planar geometry of the cavity walls can be exploited for easily replacing the bulk
superconducting walls with copper walls coated with a superconducting (thin or thick) film.
Another advantage in the choice of a dielectric PBG structure is the absence of the cut-off in the
photonic band structure. This means that adequately shaping the defect region we can localise, in the
band gap, modes having an order higher than the TM01, which on the contrary would be always
confined in metallic PBG cavities [14]. As a consequence, it is possible to design an accelerating
dielectric cavity working in an overmoded configuration.
Starting from the work on the metallic PBG cavities, hybrid structures, consisting of single-crystal
c-axis oriented sapphire (dielectric constant Hc = 9.7) cylinders sandwiched between conducting plates,
have been designed and constructed to operate in a range of frequencies suitable for our microwave
measurements. The choice of sapphire is motivated by the extremely low losses shown by this
dielectric, which decrease further decreasing the operation temperature (from 10–4 at room temperature
to 10–6 or even below at 4 K).
The TM01 dielectric structure
Tests at room temperature on a first prototype excited in the TM01-like fundamental mode operating
at 15.5 GHz confirmed the mono-modal behaviour. The PBG structure has an overall diameter of 55 mm
and consists of three rows of dielectric cylinders surrounding a defective area of only one missing rod
(region diameter ~13 mm). The mode was transversely localised but the confinement properties of the
resonator were very poor, with an e.m. field extending well over the cavity dimensions (the ratio between
the maximum value of the electric field Emax in the centre and on the third rod circle is roughly 2).
A very low Q of roughly 103 was measured, lower than expected because of the high radiation losses.
Simulations indicate that the radiation pattern of this hybrid structure can be improved by adding
rods. Using this new configuration, the ratio between Emax in the centre and on the third rod circle can
increase to 50. Metallic rods could be added as well in order to confine the e.m. field more efficiently,
simultaneously maintaining the high field gradient of the dielectric cavity. Of course, this can be done
only at the expenses of the compactness and mechanical simplicity of the PBG real structure.
The TM02 dielectric structure
Following the work of Shapiro, et al. [15], we considered a new cavity design where a TM02-like
mode is excited. This mode is expected to be more confined in the centre in comparison to the TM01-like
mode. The new cavity (overall diameter 120 mm) is obtained removing from the previous structure
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two circles of cylinders in the centre region. In this way the mode falling in the first stop-band is the
TM02. In fact the wavelength O of the confined mode is roughly equal to the half of the defect region
diameter (6b-2a, with a cylinder radius). A TM01 mode with a wavelength equal to the defect diameter
cannot be localised since the corresponding frequency does not fall in the dielectric stop band, as
mentioned before. For the realisation of our prototype, we studied configurations with cylinders from
the third to the sixth or seventh row, taking into account the overall dimension of the structure. The
cavity presents a central hole with a diameter of 4.1 mm. The constructive parameters are reported in
Table 1. In Figure 4, a picture of this structure with copper plates is shown.
Table 1. Geometrical parameters of a PBG cavity with a TM02-like mode operating at 13 GHz
Cylinder radius
(mm)
1.5

Cylinder height
(mm)
6

Lattice constant
(mm)
8

“Defect” region
diameter (mm)
45

H
9.7

Figure 4. The hybrid metallic-dielectric PBG cavity, based on single-crystal sapphire
cylinders between two copper plates. The external clamping system is also shown.

In Figure 5 the dispersion diagram of a perfect and infinite triangular lattice having the same
geometrical parameters and calculated with the MBP freeware code [16] is plotted along the boundary
of the first Brillouin zone (see the inset). Fully-vectorial eigenmodes of Maxwell’s equations with
periodic boundary conditions were computed by reconditioned conjugate-gradient minimisation of the
block Rayleigh quotient in a planewave basis. In the same figure, the reflection coefficient S11 vs. the
frequency experimentally determined, once the first two cylinder rows are removed, is also shown
(black line). As expected, the TM02-like mode at 12.98 GHz falls in the band gap for TM polarisation;
unfortunately a second undesired resonance is also present at 17.8 GHz.
Figure 6 shows the amplitude distribution inside the cavity of the longitudinal electric field for the
first two modes, excited at 12.98 GHz and at 17.81 GHz respectively. The latter mode presents a field
less confined, with a maximum value in the cavity centre 30% less than in the former mode.
Moreover, its frequency is not a multiple of the operational mode. Nevertheless, the presence of such
resonance can be detrimental for the beam dynamics.
A way to damp it without affecting the mode at 13 GHz can be the removal of some cylinders
from the fourth circle on. The creation of aisles, acting as internal waveguides, allows for propagation
of the field through the cavity as shown in Figure 7. The mode is clearly propagating outside the
cavity and can be easily damped using absorbers. Damping this mode also improves the effectiveness
of the 13 GHz mode, whose maximum field increases to about a factor two in the cavity centre.
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Figure 5. Band structure of a triangular photonic crystal
having the lattice parameters reported in Table 1
In the inset the directions around the contour in the reciprocal lattice are indicated. The experimental
S11 (black curve) related to a hybrid PBG cavity with the same structure and a central defective region is also shown.
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Figure 6. TM02-like hybrid cavity simulation
The grey nuances code indicates the different magnitude of the longitudinal electric field excited for
the fundamental mode (operating at ~12.98 GHz) and a second mode (operating at ~17.81 GHz)

Figure 7. Electrical longitudinal field on a transverse cavity plane for the mode at
~17.15 GHz in the TM02-like hybrid cavity, after the removal of some external cylinders

Pick-ups positioned out of the cavity allow the measurement of the field radiating outside the
structure. The comparison between the S21 parameter evaluated inside and outside the modified PBG
cavity is displayed in Figure 8. The difference between the two curves clearly shows that the
fundamental mode stays much more confined inside the cavity.
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Figure 8. Transmission scattering parameters inside (black curve) and
outside (blue curve) the cavity for the hybrid PBG structure shown in Figure 7
S21 cal.10-20GHz misura fuori cavità lungo diagonale 3-6 senza 22 cilindri hpin
(maxS21=-47.934dB)
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Conclusions
In this work, simulations and measurements on a number of metallo-dielectric PBG cavities based
on a triangular lattice have been presented, in order to study their r.f. behaviour as accelerating
cavities. The hybrid structures, consisting of single-crystal c-axis-oriented sapphire cylinders sandwiched
between conducting plates, show the expected mono-modal behaviour and a good frequency
agreement between the simulated and measured scattering parameters. Radiation seems to be a major
problem for the hybrid resonator excited in the TM01–like mode, therefore a TM02 hybrid resonator has
also been preliminarily studied. This mode is expected to be more confined in the central region,
where the hole for the beam clearance has to be realised. Simulations performed using both a freely
available software package and a commercial 3-D e.m. code support this idea.
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OPERATIONAL EXPERIENCE OF A SUPERCONDUCTING CAVITY
FAULT RECOVERY SYSTEM AT THE SPALLATION NEUTRON SOURCE*

J. Galambos, S. Henderson, A. Shishlo, Y. Zhang
Spallation Neutron Source, Oak Ridge National Laboratory, USA

Abstract
The Spallation Neutron Source accelerator complex includes a superconducting RF linac that accelerates
a proton beam from 186 MeV to 1 000 MeV, at a design power level of 1.5 MW. It includes
81 independently powered cavities. One of the advantages of the many independently powered
cavities is rapid fault recovery in the event of a problem with a single cavity or any of its subsystems.
We have developed a system to automatically calculate the new downstream cavity phase set-points,
in the event of an upstream cavity failure (or any change in its setting). The system requires an initial
setting of each cavity using a beam measurement, and uses a model to predict changes in cavity arrival
times due to cavity failures. It has been successfully tested with up to 20 simultaneous changes in
cavity amplitude and phase set-points, and is used regularly. The principles behind the scheme and
results will be presented.

* ORNL/SNS is managed by UT-Battelle, LLC, for the US Department of Energy under contract number
DE-AC05-00OR22725.
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Introduction
The Spallation Neutron Source (SNS) is an accelerator-based source of high-intensity, short pulse
neutrons, produced at 60 Hz [1]. SNS will be the world’s highest-power pulsed, neutron scattering
user facility. It is designed to operate at an average accelerator beam power of 1.4 MW, making it the
highest-power pulsed accelerator. Beam commissioning was completed one year ago, and presently SNS
is transitioning to operations with a scheduled three-year power ramp-up. To date, beam powers have
been run up to 60 kW for sustained run periods of days, and to 90 kW for a sustained period of hours.
Beam acceleration is accomplished in a linac composed of warm and superconducting structures.
The warm structure is composed of drift tube linac (DTL) and coupled cavity linac (CCL) structures
and provides acceleration up to 186 MeV. The superconducting cavity linac (SCL) is designed to
provide acceleration from 186 MeV to 1 000 MeV. The SCL linac is composed of two families of
cavities: 1) medium beta cavities design for acceleration from 186 to roughly 400 MeV; 2) high beta
cavities designed to accelerate the beam from 400 MeV to 1 000 MeV. There are 33 medium beta
cavities and 48 high beta cavities, each separately powered by an individual 550 kW klystron, and
each cavity has 6 cells.
In addition to operating at high power, operation at high reliability is crucial. Many users will be
scheduled for beam time for only a few days, and loss of beam for any fraction of a day would have a
significant impact. A key concern for reliability is the large number of klystrons and RF control
equipment in the SCL. If a single cavity fails, the downstream cavities in the SCL cavities must
be retuned and if the final energy changes, the transport lines and storage ring must be retuned – a
time-consuming affair. From the initial proposal to use many superconducting cavities for SNS
acceleration, it was noted that some sort of fast cavity retuning would be needed to realise high
availability. Although SNS does not yet have outside users, the need to rapidly retune the cavities was
imperative even during the beam commissioning period. SCL cavity operational limits have changed
as they become better understood, and the need to rapidly reset cavities was needed to optimally utilise
beam commissioning time. We have developed a model-based technique for SCL cavity fault recovery,
and implemented it as a control room application. The method is used regularly in the control room to
recover from changes in the SCL operating parameters. This technique and example applications of it
are discussed in this paper.
Longitudinal beam modelling
A key ingredient in setting the cavity phases and scaling them in the event of a cavity failure is
use of a model of the longitudinal dynamics. This is a simple tracking model of the synchronous
particle. The longitudinal dynamics of the beam through a multi-gap cavity are modelled using
standard first order equations [1,2] This model uses a drift-kick-drift approach, where the beam drifts
through the first half of the gap, and then the effects of the RF are applied as a kick, and the beam
drifts though the latter half of the gap (see Figure 1). This approach is applied successively through
each gap. The beam phase and energy are tracked using:
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Here 'En is the energy gain at gap n, and In is the synchronous phase of the beam relative to the
RF at gap n. E0 is the RF field on axis, Ln is the cell length of gap n, and Tn is the transit time factor of
gap n. The synchronous phase is specified at the first gap centre (I0), where the tracking starts.
Wn represents the time the beam spends travelling from the first gap centre to the centre of gap n. Ggn is
the offset distance of the electrical centre of the gap (where the kick is applied) relative to the
geometrical centre. The term GWn is the phase correction term applied at the point of the kick. In this
term, the Tc term is wT/wE. Other terms used are: f is the cavity frequency, E and J are the usual
relativistic factors and Er is the beam rest mass. For the SNS SCL cavities, the end cells for each
cavity type have different cell lengths, electric field levels and transit time factors than the inner cells.
Also, the end cells have non-zero gap offsets whereas the inner cells do not. This information comes
from Superfish [3] modelling of the cavities and is tabulated separately for each cell.
Figure 1. Schematic of the longitudinal acceleration model
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The synchronous phase of the SNS at design conditions is shown in Figure 2 at each gap of the
33 medium SCL beta cavities. Note that there are large excursions from the design phase for cavities
where the beam energy deviates from the cavity geometrical beta (the medium beta cavities geometrical
beta is 0.61). This “phase slip” has ramifications in the phase scaling technique described later.
Figure 2. Beam synchronous phase throughout each cell of the 33 medium beta SNS
superconducting cavities for nominal conditions. Average phase is about -20q for each cavity.
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Superconducting linac cavity phase setting
The SCL cavities are operated in a mode where each cavity is run at as high a gradient as deemed
safe. Cavity operational gradients are limited by different phenomena (e.g. field emission, quench
protection, RF power limitation, etc.), and we typically run cavities with a wide range of gradients
(including some which are not even operational), as shown in Figure 3. The average cavity RF phase
relative to the beam is usually picked to roughly provide constant focusing (E0 sin <I0> is constant,
where <I0> is the average synchronous phase of a cavity). Setting a klystron phase to get a desired
<I0> requires some sort of measurement with beam. We use an RF phase scan technique [4] which is
depicted schematically in Figure 4. In this technique, the phase of the cavity is varied 360q, and the
beam arrival time is measured at two downstream points. All downstream cavities are un-powered
during the measurement so as to not affect the beam. In addition the procedure is done with a short
pulse low intensity beam so as to not excite any intervening cavities between the one being tuned and
the devices that measure arrival time [5]. The longitudinal tracking model is used to simulate beam
acceleration through the cavity and predict the time of flight (TOF) between the two beam phase
detectors (the relative positions of the BPMs is known to within ~1 mm). Input to the model for:
1) initial beam energy, 2) cavity field, 3) offset between the klystron RF phase and I0 are varied to
best match the measured TOF values over the 360q RF phase sweep. This matching provides the
relationship between the RF phase and the beam, the RF cavity average field, and the beam energy at
the entrance (and exit) of each cavity. An example of this procedure is shown in the screen snapshot of
the application used to perform this technique for one cavity in Figure 5. Note the near sinusoidal shape
of the TOF response to the RF phase, indicating that modelling the cavity as a single-cell average kick
would likely be sufficient (as opposed the multi-cell tracking used here).
Figure 3. Example of cavity gradients used in a beam run, compared to the design
values (red lines). The cavity numbers with no values shown were not powered.
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Figure 4. Schematic of the set-up used for phase scan method to set the klystron phase
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Beam phase difference

Figure 5. A phase scan matching example for an SCL cavity. Dots are model predictions, the
black line is a fit of the BPM measurement and the red line is a cosine fit of the measurement.

Cavity phase

The scanning technique described above takes only 1-2 minutes per cavity with all equipment
set up properly for the cavity phase scan. However, other activities such as turning on the cavity being
scanned, adjusting quadrupole focusing magnets as the energy is increased, etc., can take considerable
time. Initially the procedure took two to four days to set up the entire SCL. A big improvement has
recently been realised by turning on all the SCL cavities simultaneously at the operational repetition
rate (say 15 Hz), and blanking the RF pulses in all cavities downstream of the one being scanned so as
to not affect the beam. Since beam is only run at 1 Hz for the scanning procedure, the cavities are
effectively on the entire time, eliminating the time consuming procedure of turning them on one at a
time as each cavities is set. This improvement allows tuning the entire SCL linac in six hours. Further
optimisation may reduce this to three to four hours, but it is difficult to imagine any beam-based
technique happening any faster. It was recognised early in the beam commissioning that a need to
rapidly reset cavity phase set-points was required when, for example, SCL cavity amplitudes have to
be reduced for more reliable operation or cavities must be turned off for various reasons.
Cavity phase set-point scaling method
A method has been developed to scale the cavity phase set-points arrived at with the above
technique, in the event that one or more cavity amplitudes or phases must be modified. The first step
in predicting new cavity phase set-points is to use the model to calculate beam arrival times at the first
gap of each cavity for a configuration in which a complete set of beam-based phase set-points have
been determined, i.e. the arrival time for each cavity “n” at position L =
L

tn

dl

³v
0

where v(l) is the particle velocity with nominal RF settings. The position integration starts at the first
cavity gap. The time spent traversing a cavity is calculated using the equations in the section above
entitled Longitudinal beam modelling, and the time spent between cavities is a simple drift at the exit
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speed from the upstream cavity. Then, new beam arrival times are calculated including a change in
one or more upstream cavity’s amplitude or phase, i.e.:
L

t *nn

dl

³v
0

*

where v*(l) is the particle velocity with alternate RF settings. The change in RF phase at cavity “n” due
to an upstream cavity phase or amplitude change is simply:
dI n deg

360 t*n sec  tn sec f n Hz  GI slip

where fn is the cavity frequency. GIslip is a correction term applied to account for the change in phase
slip across a cavity due to a change in the energy of the beam arriving at the cavity. This correction
factor is found by numerical iteration so that the average phase of the cavity is that requested by the
user. Calculating the change in the beam arrival time is much less sensitive to uncertainty than
calculation of the absolute arrival time, and this is an important feature of the method described here.
The phase set-point adjustment predicted by this scaling technique is subject to some uncertainties,
however. One uncertainty is the location of the cavities. The cavities are contained in a cryostat, and
not directly observable under operating conditions. Positions may vary during cool-down to cryogenic
temperature, but we believe the relative positions between cavities is known to within a few mm.
Figure 6 shows the phase set-point error resulting from uncertainties in the cavity relative positions.
Curves are shown for cavity separation uncertainties of one and two cm. Also curves are shown for
energy gains in a cavity of 10 and 20 MeV – typical of the SNS cavities. This error estimate is for
changing a single cavity – not a cumulative error from multiple cavity set-point changes. We expect
less than 1q error in the phase set-point of any particular downstream cavity from the cavity position
uncertainty. Another source of error is the uncertainty in the energy gain of a particular cavity, as
shown in Figure 7. Here phase set-point errors are indicated for uncertainties in the energy gain of
1 and 2 MeV. Curves are also shown for different cavity separations. Based on experience using the
beam-based phase scan technique described above, we believe that we can predict the energy gain in a
cavity to within a few hundred keV (less than the energy gain uncertainty show in Figure 7). The
distance between cavities is less than 1 m for sequential cavities in a cryostat, but may be up to 6-8 m
if an entire cryostat is removed. For these parameters, the error in phase set-point from the energy gain
uncertainty is also < 2-3q (for the error involved in changing a single cavity – not a cumulative error).
The phase scaling errors are much smaller at higher energies, where the beam beta changes less.
This phase scaling technique is incorporated in a control room software application at SNS [6].
In this application the phase set-points, cavity voltages and energy gains derived from beam-based
phase scan measurements are stored for all the cavities during a beam set-up typically done after any
extended shutdown. The longitudinal acceleration model is run using the measured cavity voltages and
synchronous phase set-points for all the cavities and the beam arrival times tabulated at the start of
each cavity. The user can input changes to one or more cavity amplitudes and/or synchronous phase
set-points. The beam model is rerun and new RF phase set-points are calculated based on the change
in arrival time as described above, and can be sent to the machine. The model and application are part
of the XAL [7] programming infrastructure. This infrastructure provides convenient methods for
finding cavity locations, a longitudinal transport model, arrival time at cavities, and a GUI framework
to build the application, among many other things.
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Figure 6. Scaled cavity set-point error of a downstream cavity that arises from
uncertainty in the cavity position. Phase set-point errors for cavity position uncertainties
of 1 and 2 cm, and energy gains in the upstream cavity of 10 MeV and 20 MeV are shown.

Figure 7. Scaled cavity set-point error of a downstream cavity that arises from
uncertainty in the energy gain in an upstream cavity. Phase set-point errors are shown for
energy gain uncertainties of 0.5 and 1 MeV, and drifts between cavities of 1.5 and 4.5 m.

The application was originally tested by turning off single cavities, calculating and propagating
the resulting change in downstream cavity phase set-points, and then checking the phase set-point of
the last cavity (which is affected the most) with a beam-based phase scan technique. An example
check is indicated in Figure 8. Here, the seventh (out of 81) cavity was turned off, and the change in
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Figure 8. The phase set-point change of cavities in the SNS
linac resulting from the deactivation of cavity number 7
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phase set-point of the last cavity was calculated to be over 1 200q from its previous set-point. The
check of the phase set-point for this case was within 1q of the predicted change. Another test was done
when 11 cavity voltages were reduced by 10-50% each to increase the operational safety margin, and
one previously deactivated cavity was re-energised. The changes in the cavity phase set-points for this
case are indicated in Figure 9, with some cavities changing by hundreds of degrees. Also shown are
checks of the predicted new phase set-points at several intermediate cavities, with errors being less
than r4q. A final example of this technique is shown in Figure 10, for a case when the operating
temperature of the SCL was changed from 4.5 to 2 K. Many cavities’ amplitudes had to be changed
from the original settings, some cavities were deactivated and others turned on. The cavity phase
set-point changes are indicated on the left axis, and the cavity amplitude changes are indicated on the
right axis. Phase changes over 2 000q resulted from this change in the SCL set-up, and beam was
immediately transported with no increase in beam loss.
Figure 9. Phase set-point changes in cavities resulting from reductions
in 11 cavity amplitudes and activation of 1 cavity. The measured errors
of the predicted phase change for selected cavities are also indicated.
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Figure 10. Cavity amplitude changes (right axis) and resultant phase
set-point changes from the phase scaling method (left axis), during
a recent transition from 4.2 K to 2 K SCL cryogenic temperature.
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Summary
As the SCL cavity behaviour becomes better understood, safe operating levels change. Also
sometimes cavities become disabled for unanticipated reasons. Whenever a cavity amplitude changes,
the downstream cavity phase set-points must be reset. Using beam-based techniques to set cavities
individually is a time-consuming endeavour, with 81 SCL cavities at SNS. The use of the model-based
scaling technique allows quick resetting of downstream cavities without the need for any beam
measurements, has become a standard practice at SNS. It has been used three times to accommodate
wholesale changes in the SCL set-up. Beam is quickly re-established, in a state with comparable loss
as the initial state.
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RELIABILITY STUDIES FOR A SUPERCONDUCTING DRIVER FOR AN ADS LINAC
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Abstract
The reliability studies presented at the 4th HPPA workshop in Daejeon and the RBD models developed
are being extended to investigate the sensitivity to the MTBF assumed for the lumped components
used in the estimations. Given the absence of precise experimental data to feed into the simulations
this study is intended to better quantify the uncertainty of the reliability estimations that can be
obtained with these models and the perspectives of reaching a highly reliable design.
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Introduction
At the HPPA4 in Daejon we summarised [1] the reliability-oriented guidelines that have been
followed to select the reference accelerator design for the PDS-XADS project [2] and presented some
exploratory reliability estimates for such a system. In this and other papers [3,4] we have already
described the situation in the community of accelerator designers, where reliability-oriented design
considerations have been introduced in recent years both for user facilities (as the synchrotron radiation
sources or neutron spallation sources, where availability is a concern) and for the assessments of the
next huge high-energy physics colliders (LHC and the linear collider).
The scarce practice in the application of formal reliability analysis procedures in accelerator
design implies that no consistent reliability characteristics database of accelerator component exists or
can be easily gathered in the community. At each major accelerator facility the detailed fault reporting
needed to infer the reliability characteristics of the components in the machine is performed differently
and in most cases is not sufficiently detailed to analyse failure modes and fault frequencies of the
components. Moreover, most of the key components in each new accelerator are often ad hoc
components, entered in production after a usually short prototyping phase meant to demonstrate the
possibility of reaching the technologically challenging nominal performance specifications.
In recent years a few significant accelerator subsystems have been thoroughly examined, modelled
and ultimately optimised by means of formal reliability methodologies. This is the case, for example,
of the LHC quench protection system (aimed at protecting damage to the hardware during the magnet
quenches by properly detecting and driving gracefully the energy discharge following a quench) [5]
and for the LHC machine protection system (aimed at minimising the probability of not detecting
beam losses while keeping a high machine availability) [6]. A great modelling and optimisation effort
has been dedicated to these mission critical subcomponents of the LHC, which is going to be the
largest and most significant accelerator operating in the next few decades.
The accelerator configuration for the EUROTRANS programme (described elsewhere in these
proceedings [7]) follows the design that was chosen in the PDS-XADS programme very closely,
adapted to the slightly modified energy and current specifications. The reliability of the PDS-XADS
accelerator design has been investigated both with a qualitative FMEA activity (aimed at the failure
mode identification of the system) [8] and by means of a lumped-component Reliability Block
Diagram (RBD) analysis used to identify possible configurations that maximise the overall system
reliability meeting the programme goals [9].
A comprehensive review of the reliability investigation activities started with PDS-XADS has
been presented in [3]. Due to the aforementioned large uncertainties in the component data that can be
used in accelerator reliability modelling, our studies have been concentrated on system design issues
and perspectives of fault tolerance implementation in the choice of the reference solution for the
accelerator layout. The degree of fault tolerance assumed in the reliability analysis is also complemented
by parallel studies on the beam dynamics aspects in the accelerator [10]. Moreover, a specific task
within EUROTRANS is dedicated to the analysis of a low-level RF control system strategy allowing
the implementation of the fault tolerance capabilities in the linac [11].
In this contribution we will review the reliability characteristics of the EUROTRANS accelerator,
extending its analysis to considerations that take into account the system sensitivity to component
reliability characteristics.
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Reliability goals
The XT-ADS operation foresees a cycle of three months continuous irradiation followed by a
month-long shutdown for fuel pin operations. Longer irradiation times will be required in the EFIT
scenario, but for the exploratory reliability studies we have set a mission time of three months
(2 190 h), with a maximum of three faults per mission time. Given that we allow a minimum number
of faults during the mission time, the reliability parameter R, associated with the survival probability at
mission end and generally required close to unity in all mission-critical systems (satellites, airplanes,
etc.), has not been constrained in the analysis.
The role of corrective maintenance rules on the subcomponents has been taken into account both
in the evaluation of the different configurations and in the fault tolerance implementation. Indeed,
components located in the accelerator tunnel can be repaired only during a beam shutdown and this
suggests the use of either high reliability components or a good fault tolerance strategy for this class of
components.
The block layout of the PDS-XADS and EUROTRANS linac is shown in Figure 1.
Figure 1. The layout of the ADS linac for PDS-XADS and EUROTRANS

Reliability modelling
To investigate the RBDs of different redundant configurations of the ADS accelerator we have
used a commercially available reliability modelling tool, based on Monte Carlo evaluation methods.
The package allows elaborate connection configurations, with all kind of possible implementation of
parallelism (hot, standby, warm, “k/n”). The tools also have extensive options for maintenance schemes
and preventive and corrective actions (i.e. perform repairs only at system failure or at each component
failure, …) and can easily account for maintenance cost and repair and spare logistics (but we did not
model these aspects).
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In order to devise RBD schemes for various accelerator configurations, we had to reduce the
complexity of the accelerator to a simpler system composed of “lumped” elements. In doing so we
have divided the accelerator system in the following structure:
x

Injector. A system composed of three lumped accelerator components, the proton source,
the radio-frequency quadrupole (RFQ) and the (either normal-conducting or superconducting)
energy booster, raising the energy to that of the superconducting spoke linac (around 20 MeV).

x

Support systems. In addition to the site power (not considered here) the accelerator needs
three large conventional support systems, the cryogenic system intended to provide the cold
fluids for the cavity and magnets operation, a water-cooling system for power dissipation in
the normal-conducting structures and in the cryosystem and a (hardware and software
implemented) control system for the operation of the plants and of the linac itself.

x

Superconducting linac sections. A sequence of nearly identical RF units that power the cavities
providing beam acceleration. The linac is split in sections with cavities of different shape and
geometry (spoke cavities or elliptical cavities, with different geometries matched for different
beam energies), but from the point of view of reliability analysis, it can be seen as a series
of identical RF units (96 and 92 in the spoke/elliptical sections). Also, the mechanical
components (RF cavity, cryomodules, etc.) are less prone to statistical failures with respect to
the RF components (klystrons, LLRF units, power components, …) and thus are ignored in
the analysis.

x

Beam delivery system. A set of deflecting and focusing magnets that deflects the linear
trajectory in the linac and shapes the beam density on the spallation target.

The reliability characteristics for the different subsystems, summarised in Table 1, has been
assembled from various sources (studies of IFMIF, APT [12] and SNS) and complemented by
subjective engineering judgement. The values used here are not meant to be highly representative, but
will be used to show how a system meeting the reliability specification can be realised even when
simple parts count estimations lead to very modest reliability characteristics.
Table 1. Reliability characteristics used for the RBD analysis
System
Injector

Support systems

RF unit

Beam delivery system

Subsystem
Proton source
RFQ
NC DTL
Cryoplant
Cooling system
Control system
High voltage PS
Low-level RF
Transmitters
Amplifier
Power components
Magnets
Power supplies
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MTBF (h)
1 000
1 200
1 000
3 000
3 000
3 000
30 000
100 000
10 000
50 000
100 000
1 000 000
100 000

MTTR (h)
02
04
02
10
02
02
04
04
04
04
12
01
01

The experimental activities within the EUROTRANS programme will provide more knowledge
on some of the reliability characteristics of key components listed in the above table, and will allow
progresses in reliability analyses on a more firm component database.
Furthermore, the experience which is being gained with the operation of the Spallation Neutron
Source at Oak Ridge in the US will be extremely relevant to further studies of ADS driver systems.
The SNS accelerator, apart from its pulsed mode of operation, shares many components with the
machine foreseen for an ADS driver.
It is important to mention here that, in spite of their importance, a conservative MTBF has been
chosen for each support system (for example, large cryogenic systems usually have better reliability
characteristics), only moderately compatible with the foreseen mission time.
Parts count and all-series connections
By far the simplest possible configuration for which reliability estimations can be derived
analytically is the all-series connection of the nominal number of components required to achieve the
desired beam parameters at the target. The simple reliability diagram corresponding to this situation,
indicating the number of elements of each type is shown in Figure 2.
Figure 2. All series connection
Assy: SOURCE
MTBF: 1000,
Qty: 1
MCT: 2, hr

Assy: CRYOPLANT
MTBF: 3000,
Qty: 1
MCT: 10, hr

Assy: RFQ
MTBF: 1200,
Qty: 1
MCT: 4, hr

Assy: CONTROL SYSTEM
MTBF: 3000,
Qty: 1
MCT: 2, hr

Assy: SPOKE RF ELEMENT
MTBF: 5700,
Qty: 96
MCT: 4, hr

Assy: BDS MAGNETS
MTBF: 1000000,
Qty: 20
MCT: 1, hr

Assy: NC DTL
MTBF: 1000,
Qty: 1
MCT: 2, hr

Assy: COOLING
MTBF: 3000,
Qty: 1
MCT: 10, hr

Assy: ELLIPTICAL RF ELEMENT
MTBF: 5700,
Qty: 92
MCT: 4, hr

Assy: BDS MAG PS
MTBF: 100000,
Qty: 20
MCT: 1, hr
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Such a configuration, given the large number of components in the system, leads to a short MTBF
of approximately 28 h, and the faults are distributed in the accelerator sections according to Table 2.
Of course, the fault rate is dominated mainly by the high number of RF components in the two linac
sections and by the reliability characteristics of the RF unit (i.e. the RF unit MTBF of 5 700 needs to
be further divided by the number of units, 188, according to the nature of the series connection,
resulting in a linac section MTBF of 30.32 h).
Table 2. Fault rate contribution of the accelerator systems, for the RBD shown in Figure 2
System
Injector
Support systems
Spoke linac
Elliptical linac
Beam delivery system

Fault rate contribution
07.7%
02.7%
45.4%
43.5%
00.6%

This simple analysis already suggests the strategies to implement redundancy and fault tolerance
in the linac design. Clearly, some degree of fault tolerance is desired in the superconducting linac
section, where the system should be able to work in a “n out of k” parallelism, allowing as much
repairs as possible to happen to failing equipment when the accelerator is functioning.
Luckily the SC linac has ideal perspectives for introducing tolerance to RF faults, since it is
composed by a highly modular pattern of repeated components, all providing the same functions
(i.e. beam acceleration and focusing), with ample technological limitations with respect to their
maximum performances (derating practice). Thus, the failure of one of such components can be
compensated with an expert control system by the other components, keeping adequate beam conditions
on target. Of course, for practical implementation we rely on an individual RF feed scheme for each
cavity, LLRF digital regulation with set-points and tabulated procedures for fault handling.
“Dream machine”, redundant injectors and infinitely fault tolerant
A second simple case can be analysed with small modifications from the previous limiting case.
If we assume an “infinite” degree of fault tolerance in the linac sections, and we provide a second
injector stage with ideal switching capabilities in order to mitigate the next contributor to the fault rate,
we come to the RBD shown in Figure 3.
In the injector area we can assume that failure on injector components can be repaired while the
second injector provides the beam to the accelerator (i.e. immediate repair), while the failure rate of
the superconducting linac section has been dropped to zero in the modelling. The analysis of such a
scheme yields an MTBF of nearly 800 h, corresponding to 2.7 faults per mission. Clearly this meets
the reliability goals set for our study.
It should be reiterated that the contribution to the conventional support system is not negligible at
this level (2.19 faults per mission), since we have chosen a low MTBF value of 3 000 h for each of the
major components (this means a component reliability of 0.48 at end of mission, i.e. 50% of the
mission times each support component fails at least once).
A realistic compromise between a pure series connection and an infinitely fault tolerance
assumption for the superconducting linac sections must be clearly identified. We begin by first noting
that most RF components in the RF units can be placed outside the accelerator tunnel, and therefore
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Figure 3. “Dream machine” with a double injector and no failures in the SC linac

Assy: CRYOPLANT
MTBF: 3000,
Qty: 1
MCT: 10, hr

Assy: SOURCE
MTBF: 1000,
Qty: 1
MCT: 2, hr

Assy: RFQ
MTBF: 1200,
Qty: 1
MCT: 4, hr

Assy: NC DTL
MTBF: 1000,
Qty: 1
MCT: 2, hr

Assy: SOURCE
MTBF: 1000,
Qty: 1
MCT: 2, hr

Assy: RFQ
MTBF: 1200,
Qty: 1
MCT: 4, hr

Assy: NC DTL
MTBF: 1000,
Qty: 1
MCT: 2, hr

Assy: CONTROL SYSTEM
MTBF: 3000,
Qty: 1
MCT: 2, hr

Assy: SPOKE LINAC
FR: 0,
Qty: 1
MCT: 0, hr

Assy: BDS MAGNETS
MTBF: 1000000,
Qty: 20
MCT: 1, hr

Assy: COOLING
MTBF: 3000,
Qty: 1
MCT: 2, hr

Assy: ELLIPTICAL LINAC
FR: 0,
Qty: 1
MCT: 0, hr

Assy: BDS MAG PS
MTBF: 100000,
Qty: 20
MCT: 1, hr

can be immediately repaired without switching the system off, and only the power RF components
(waveguides, circulators, attenuators, …) are placed in the controlled environment of the accelerator
tunnel (and therefore can be repaired only following a system shutdown). The current MTBF of the
out-of-tunnel components is 6 100 h.
Final fault tolerant scheme, split RF systems
In Figure 4 we show a fault tolerance accelerator configuration based on a split repair provision
for the RF unit components.
In both linac sections it has been assumed that at any time the failure of two out-of-tunnel RF
components (but not more…) can be tolerated, and only one in-tunnel RF component. The components
that are out-of-tunnel are immediately repaired, while the repairs on the in-tunnel component are
performed only during failures that lead to the system stop.
The analysis of such a system results in a MTBF of 550 hours (corresponding to 3.8 faults per
mission), which is 20% shorter than required. However, now that we have implemented fault tolerance
strategies, we can use the system sensitivity to single components to find the right components to
which we have to require additional engineering efforts in order to increase their MTBF and contribute
to reach the system goals.
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Figure 4. Final scheme for a split RF system fault tolerant linac
Assy: SOURCE
MTBF: 1000,
MCT: 2, hr

Assy: RFQ
MTBF: 1200,
MCT: 4, hr

Assy: NC DTL
FR: 1000,
MCT: 2, hr

Assy: SOURCE
MTBF: 1000,
MCT: 2, hr

Assy: RFQ
MTBF: 1200,
MCT: 4, hr

Assy: NC DTL
MTBF: 1000,
MCT: 2, hr

Assy: CRYOPLANT
MTBF: 3000,
MCT: 10, hr

Assy: CONTROL SYSTEM
MTBF: 3000,
MCT: 2, hr

Assy: COOLING
MTBF: 3000,
MCT: 2, hr

Assy: SPOKE RF ELEMENT
MTBF: 6100,
MCT: 4, hr

Assy: POWER RF COMPONENTS
MTBF: 100000,
MCT: 12, hr

Assy: SPOKE RF ELEMENT
MTBF: 6100,
MCT: 4, hr

Assy: POWER RF COMPONENTS
MTBF: 100000,
MCT: 12, hr

Assy: ELL RF ELEMENT
MTBF: 6100,
MCT: 4, hr

Assy: POWER RF COMPONENTS
MTBF: 100000,
MCT: 12, hr

Assy: ELL RF ELEMENT
MTBF: 6100,
MCT: 4, hr

Assy: POWER RF COMPONENTS
MTBF: 100000,
MCT: 12, hr

Assy: BDS MAGNETS
MTBF: 1000000,
Qty: 20
MCT: 1, hr

Assy: BDS MAG PS
MTBF: 100000,
Qty: 20
MCT: 1, hr

In this case a system MTBF longer than 700 h can be recovered in two simple ways. Either
doubling the MTBF of the conventional support systems (thus asking for more reliable support
systems, which indeed makes sense since they provide mission critical functions) or increasing by a
factor of 10 the in-tunnel RF components (i.e. increasing their reliability due to their repair policy).
Lessons learned
The procedure followed in the previous paragraphs in order to meet the ADS reliability goals by
altering the nature of the connection between moderately reliable components is not intended towards
predicting the reliability characteristics of the linac proposed for EUROTRANS, but is intended rather
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at pointing out the fault tolerance features that need to be implemented in the accelerator design.
Moreover, a similar procedure allows choosing the components for which high reliability characteristics
must be guaranteed, due to their criticality or simply due to the impossibility to perform maintenance
procedure.
The evolution of the design modification from the simple series connection to the inclusion of
realistic fault tolerant capabilities is summarised in Table 3, which lists the number of injectors, the
degree of fault tolerance assumed in the calculation, the RF units repair provisions, and the outcome of
the analysis, in terms of system MTBF. The goal MTBF has been achieved mainly by changing the
nature of connections, with minimal tweaking of the components reliability characteristics.
Table 3. Evolution of the system design modifications
to provide realistic fault tolerance capabilities
# Inj.
1
2
2
2

2

2

Fault tolerance degree
None, all in series
Infinite
94/96 in spoke, 90/92 in all are needed
94/96 in spoke, 90/92 in all are needed,
more realistic correction provisions, by
splitting the RF system
94/96 in spoke, 90/92 in all are needed,
split RF
SUPPORT SYSTEM MTBF * 2
94/96 in spoke, 90/92 in ell are needed,
split RF
IN-TUNNEL MTBF * 10

RF unit repair
At system stop
Immediate
Immediate
Immediate for out of tunnel at system
stop for in tunnel

MTBF
028
797
758
558

Immediate for out of tunnel at system
stop for in tunnel

720

Immediate for out of tunnel at system
stop for in tunnel

760

Of course, the analysis reported here is still crude. As an example, all the MTTR are inserted
mainly for demonstration purposes, but require more careful analysis (some failure modes may need to
require long times for vacuum venting, conditioning, cool-down/warm-up). Moreover, any decay time
needed to access active components has been neglected.
The analysis assumes, still, a high degree of fault tolerance in the accelerator, where the failure of
an RF unit is automatically recovered without inducing beam trips on target in time scales of the order
of 1 s. This is clearly a challenging issue in LLRF and beam control systems.
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Abstract
Frequent beam trips as experienced in existing high-power proton accelerators may cause thermal
fatigue problems in ADS components which may lead to degradation of their structural integrity and
reduction of their lifetime. Thermal transient analyses were performed to investigate the effects of
beam trips on the reactor components, with the objective of formulating ADS design considerations,
and to determine the requirements for accelerator reliability. These analyses were made on the thermal
responses of three parts of the reactor components; the beam window, the inner barrel and the reactor
vessel. Our results indicate that the acceptable frequency of beam trips ranges from 50 to 2.5 × 104
times per year, depending on the beam trip duration. In order to measure the effect of reducing beam
trips on the high-power accelerator for ADS, we compared the difference between the acceptable
frequency for beam trips and the operation data of existing accelerators. The result of this comparison
shows that for typical conditions the beam trip frequency for durations of 10 seconds or less is within
the acceptable level, while that exceeding 10 seconds should be reduced by about 1/30 to satisfy the
thermal stress conditions.
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Introduction
To realise effective transmutation of minor actinides (MA) by an accelerator-driven subcritical
system (ADS), a high-power spallation target should be installed at the centre of the core. In the case
of JAEA’s reference ADS [1], proton beam power of ~30 MW is necessary to keep the thermal power
at the subcritical core at 800 MW. Frequent beam trips, as experienced in existing high-power proton
accelerators, may cause thermal fatigue problems in ADS components which may lead to degradation
of their structural integrity and reduction of their lifetime.
In general, beam trips are caused by two reasons: one is the failure of the accelerator components,
and the other is the interruption by a Machine Protection System (MPS) to protect the accelerators
against failures. For reference, the beam trip frequency caused by the “dead component” is assessed on
the basis of techniques such as Failure Mode and Effect Analysis (FMEA) [2]. For these assessments,
the reliability parameters of accelerator components, such as a failure rate, are usually used. However,
the influence for the thermal shock damage on the ADS reactor system caused by beam trips has not
been evaluated sufficiently. Conversely, it is not yet clear what times in the ADS reactor system are
acceptable for the beam trips. The purpose of the present study is to ascertain the present level of
accelerator technology by comparing beam trip frequencies estimated from operation data of existing
accelerators and the requirement from transient analyses of the ADS reactor system.
Some definitions and useful acronyms
Let us first review some words or acronyms that will be used extensively in this paper.
•

“Frequency of the beam trip” is the total number of beam trips divided by the total scheduled
beam time.

•

“The censored event” is defined as the termination of normal operation of the system by
operators, e.g. this event corresponds to the manual termination for regular maintenance
operations and the deactivating request from systems other than the operating one.

•

“Failure of the klystron” is defined as a condition in which a radio frequency (RF) wave
could not be output from the klystron. This condition corresponds not only to failure of the
actual klystron and its relevant systems but also to a short interrupt caused by the MPS.

•

“Mean Time Between Failures (MTBF)” is a basic measure of reliability for repairable items.
It can be described as the number of hours of operation before a component, assembly or system
fails. MTBF can be calculated as the inverse of the failure rate for constant failure rate systems.

•

“Mean Time To Repair (MTTR)” is the sum of corrective maintenance/repair time divided by
the total number of failures during a given time interval.

Conceptual design of ADS
General scheme
JAEA’s reference design of ADS is a tank-type subcritical reactor, where lead-bismuth eutectic
(LBE) is used as both the primary coolant and the spallation target, as shown in Figure 1. The
subcritical core is composed of MA nitride fuel, with plutonium added at the initial loading of the first
182

Figure 1. Concept of 800 MWth, LBE-cooled, tank-type ADS
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cycle to reduce the bum-up swing reactivity. The proton accelerator for the ADS must have high
power intensity, more than 20 MW, with good economic efficiency and reliability. To realise such an
accelerator, energy efficiency must be enhanced to assure the self-sustainability for electricity of the
whole system. Taking account of these requirements, the superconducting linac (SC linac) is regarded
as the most promising choice. Considering the production efficiency of the spallation neutrons in LBE,
the accelerated energy of the SC linac was set at 1.5 GeV. This value will be optimised in the future
taking into account the trade-off between the cost of the accelerator for higher energy and the
engineering difficulty associated with higher current. In order to keep the thermal power at 800 MW,
the beam current was adjusted from 8 to 18 mA (i.e. 12 to 27 MW) depending on the effective
multiplication factor (keff). Taking into account these requirements, the maximum beam current of the
SC linac was set at 20 mA.
Basic parameters of the SC linac, such as the number of cryomodules, the output power of the
klystron and the total length of the SC linac, were optimised for accelerated energies from 100 MeV to
1.5 GeV [3]. The SC linac consists of a series of 89 cryomodules, which were designed for a 972-MHz
RF wave. One klystron was provided for each cryomodule giving a total of 89 klystrons. These
klystrons were classified into three categories, according to rated output power: 197, 425 and 750 kW.
The total length of the SC linac was estimated as 472 m, using the effective length of equipment, such
as the quadrupole magnet and the cryomodule, for the superconducting linac of the J-PARC project
as reference.
Cooling system
The ADS plant was assumed to have a primary LBE cooling system and a water/steam system for
power conversion through a saturated steam cycle. As shown in Figure 1, all other components of the
primary system, including four steam generators, two primary pumps and auxiliary heat exchangers,
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are accommodated within the reactor vessel. The heat generated in the target and the subcritical core is
removed by forced convection of the primary LBE, and transferred through the steam generators to
water/steam for power conversion.
Figure 2 is a simplified flow diagram of the ADS. Primary LBE coolant flows upward through the
subcritical core and exits into an upper plenum. Then, the coolant flow divides equally among four
steam generators. The flow passes through heat transfer sections in the steam generators and enters a
lower plenum. The LBE coolant is then returned back into the subcritical core by primary pumps. The
water/steam system has four steam drums, four re-circulation water pumps, a turbine generator unit,
and a feedwater pump. Steam generated in the steam generators is directed to the steam drums. The
steam from all four steam drums is combined and drives the turbine generator unit. The steam is
cooled down into water in a condenser at the turbine exit, and the feedwater pump returns the water
back to the steam drums through a feedwater heater that is not shown in the figure. The recirculation
water pump delivers the water from the steam drum to the steam generator.
Figure 2. Simplified flow diagram of ADS plant
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Preliminary analysis was performed for transients in the ADS plant caused by the beam trip [4].
The primary LBE cooling system and the water/steam power conversion system were modelled with a
simple one-dimensional flow network. As a result, about 400 seconds of turbine operation may be
possible without the beam. When the duration of the beam trip exceeds this limit, the pressure of the
steam drum and the LBE temperature become too low to prevent its freezing.
Estimation of acceptable beam trip frequency
Restriction from the subcritical reactor
As shown in Figure 3, three parts of the reactor component, i.e. the beam window, the inner barrel
and the reactor vessel, were picked as representative to discuss the influence of thermal shock. In the
following discussion, the expected lifetime of the subcritical reactor is defined as 40 years and no
replacement of the inner barrel and the reactor vessel is assumed during this period. On the other hand,
the replacement of the beam window is assumed once every two years.
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Figure 3. Influence of beam trip transient on reactor structure
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As for the beam window, a beam trip causes a rapid temperature drop, which in turn causes
thermal stress because of the temperature difference between the inner and the outer surfaces of the
beam window. The temperature response of the beam window (inner diameter: 450 mm, thickness:
2 mm, material: 9Cr-1Mo steel, beam power: 30 MW) was evaluated using the finite element method
FINAS code [5]. In the evaluation, the beam is assumed to be restarted five seconds after the beam trip.
Figure 4 shows the temperature change for the apical region of the beam window. On the beam trip
at t = 0, the surface temperature starts to drop rapidly and asymptotically approaches the coolant
temperature within about three seconds. The maximum thermal stress of 179 MPa is expected at
0.5 seconds after the beam trip. This thermal stress is much lower than what would cause buckling
failure. The acceptable number of these thermal shocks is estimated at about 105, which means that
several beam trips per hour may be acceptable for two years of the expected lifetime of the beam
window (about 15 000 hours). It should be noted that this estimate is based on the material data
without radiation damage, and therefore experimental verification for the effect of the proton and
neutron irradiation is indispensable.
Figure 4. Change of the surface temperature for the beam window after the beam trip
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The inner barrel is a cylindrical structure, as shown in Figure 3, made of 3-cm thick 9Cr-1Mo
steel and installed to straighten the LBE flow above the subcritical core. During normal operation, it is
kept at the average outlet temperature 407°C. In the case of the beam trip, the inner surface of the
cylinder is immediately cooled by the cold LBE (about 300°C), causing a temperature difference
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between the inner and outer surfaces. The temperature and stress change for 120 seconds after the
beam trip was calculated by means of the FINAS code. In the calculation, the temperature for the outer
surface is taken to be the steady value, 407°C, because it is difficult for the cold LBE to reach the
outer surface in a short period of time. According to the results, shown in Figure 5(a), the maximum
temperature difference of 60°C will be observed at 24 seconds after the beam trip, which will cause
maximum stress of about 130 MPa. At the re-start of the beam, the stress in the inverse direction will
be added to the inner barrel. The stress range for fatigue evaluation, therefore, is about 260 MPa.
Considering this magnitude of stress, the acceptable number of beam trips for the inner barrel is
estimated at about 104 times. If the duration of the beam trip is less than 24 seconds, the stress to the
inner surface becomes smaller than the maximum. In this example, the stress at the inner surface at
five and ten seconds after the beam trip is 61 and 108 MPa, which is roughly equivalent to 106 and
105 beam trips, respectively. Therefore, the influence of the thermal shock to the inner barrel could be
reduced, provided that the beam was re-injected into the subcritical core within about ten seconds after
the beam trip.
Figure 5. Change of physical values after the beam trip
(a) Surface temperature and stress for the inner barrel
(b) Surface temperature for the reactor vessel
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As for the reactor vessel, the beam trip causes a temperature change between the inner and outer
surfaces similar to that for the inner barrel, and the formation of temperature stratification and the
lowering the LBE level because of thermal shrinkage both cause thermal stress. The stress range for
the fatigue evaluation was estimated for the reactor vessel made of 5-cm thick 9Cr-1Mo steel under
the assumption that the beam is re-started 400 seconds after the end of the beam trip. The result is
shown in Figure 5(b). We observed that the peak value of the temperature difference between the
surfaces occurred just before the beam re-start. The maximum stress range calculated from the axial
and circumferential stress was about 270 MPa. Considering this magnitude of stress, the acceptable
number of beam trips for the reactor vessel is estimated at about 104 times.
Acceptable number of beam trips per year
Taking into account the above discussions, the acceptable number of beam trips for each component
is summarised in Table 1. In this table, the elapsed time when the stress range is maximised after the
beam trip (Tmax) and the expected lifetime for each component are also listed. The acceptable frequency
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Table 1. Acceptable number of beam trips for each component

Component

Tmax

Beam window

0.5 sec.

Inner barrel

24 sec.

Reactor vessel

~400 sec.

Acceptable
number
105
106 (5 sec.)*
105 (10 sec.)*
104 (24 sec.)*
104

Expected
lifetime
(years)
2
40
40

* The value in parentheses represents the beam trip duration.

of beam trips, obtained by dividing the acceptable number of beam trips by the expected lifetime for
each component, ranges from 250 to 2.5 × 104 times per year. A requirement for ADS is that the
acceptable frequency of beam trips with duration over five minutes be limited to 250 times per year.
The influence of the beam trip on the power generation system is also important from the viewpoint of
the availability of the system, because the re-start procedure of the system usually takes a long period
of time, typically several hours, once the power generation turbine stops. As previously discussed,
400 seconds of turbine operation may be possible without the beam. Then, the acceptable frequency of
beam trips is assumed to be once a week for this long beam trip.
Therefore, the acceptable frequency of beam trips was classified by four criteria, according to the
beam trip duration, as shown in Table 2. The acceptable frequency of beam trips for the inner barrel
was adopted for the criteria for a beam trip of five seconds or less, because the acceptable frequency of
beam trips for the inner barrel was lower than that for the beam window.
This acceptable frequency of beam trips is compared with the current experimental data presented
in the next section.
Table 2. Distribution of the beam trip duration

Criteria
0 sec.  T  5 sec.
5 sec. < T  10 sec.
10 sec. < T  5 min.
T > 5 min.

Acceptable
value
(times/year)
25 000
02 500
00 250
00 043

Current operation data
LANSCE
KEKB**
(Ninj)
(Nrf)
37% (78%)
44% 0(6%)
98%*
07% 0(5%)
02%*
12% (11%)

* The value for the beam trip duration of one minute or less is 84%.
** The value in parentheses represents the ratio for the shorten VSWR assumption.

Estimation of the beam trip frequency based on the current experimental data
In order to develop measures for reducing beam trip frequency, it is important to know the present
level of accelerator technology. First, the beam trip frequency of the JAEA’s SC linac is estimated
from operation data of existing accelerators in this section. Pioneering experimental data obtained
from the Los Alamos Neutron Science Center (LANSCE) and the High Energy Accelerator Research
Organisation (KEK) was used for this estimation. Next, comparing the difference between the
acceptable frequency of beam trips and the current experimental data, strategies to overcome the beam
trip problem on ADS are discussed.
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LANSCE accelerator facility and the beam trip frequency caused by the injector, Ninj
LANSCE is a spallation neutron source based on a linac [6]. The accelerator facility is one of the
most powerful linear proton accelerators in the world. The proton linac delivers two proton beams at
800 MeV: the H+ and the H– beam. The H+ beam can deliver 1.25 mA and the H– beam can deliver
70 μA. Each injector system includes a 750-keV Cockcroft-Walton type generator. The heart of the
RF system is the klystron system which provides RF power at 805 MHz to the side coupled linac.
Both ions are accelerated simultaneously within the same structure. Two types of klystrons are used
with both klystrons producing 1.25 MW pulses of RF power with a time duty factor of up to 12%.
After acceleration, the H+ and H– beams are separated. The H– beam is injected into a proton storage
ring for accumulation and delivery to the Neutron Scattering Centre or for weapons neutron research.
A thorough failure analysis has been conducted for years at LANSCE. The average value of beam
trips for H+ was 1.62 trips/h whilst this value was 0.78 for the H– beam. Detailed statistics give no room
for doubt; the H+ injector was responsible for 86% of beam trips whose duration was less than one
minute and responsible for 77% of all beam trips. Next to the injector is the RF system, responsible for
8% of all beam trips linked to the H+ beam. Detailed information can be found in Ref. [6].
Because 85% of all beam trips were caused by the injector and the RF system of LANSCE, the
beam trip frequency of the JAEA’s SC linac, Nads, was roughly estimated as:
Nads ~ Ninj + Nrf

(1)

where the Ninj and Nrf are the beam trip frequency caused by the injector and the RF system of the SC
linac, respectively. And Ninj is estimated as:
N inj =

Ts
Λ + τL
−1
L

(2)

where Ts is the total scheduled beam time per year for the ADS plant (7 300 h/year), Λ−L1 and τL are the
inverse of the beam trip frequency and the MTTR obtained from the data of the LANSCE H+ injector:
0.77 h and 3.4 × 10–2 h, respectively. For reference, Eqs. (1) and (2) were obtained assuming that the
MTTR were considerably smaller than the time interval as measured by the inverse of the beam trip
frequency. The distribution of beam trips durations at the LANSCE H+ injector is also tabulated in
Table 2. Substituting these values into Eq. (2), Ninj was 9 100 times per year.
The beam trip frequency obtained from the LANSCE H+ injector was about 100 times larger than
the latest experimental data. For instance, a CEA ion source for the IPHI HPPA-project (SILHI),
which is the microwave ion source, produced a 75-mA proton beam for a 104-hour test with a single
failure of only 2.5 minutes [7]. As the operation time of SILHI was considerably smaller than Ts, this
example was not adopted for the present estimation.
Necessity of operation data of the KEKB injector linac
It is inappropriate, however, to estimate Nrf using the LANSCE experimental data for the
following reasons:
•

Although the LANSCE experimental data for beam trips of duration less than one minute
could be analysed, the frequency distribution for this period was not shown.

•

The extent of censored events in the LANSCE experimental data was not described in Ref. [6].
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In this study, Nrf was estimated using the data of the RF system of the KEKB injector linac for an
electron/positron beam. This is because the number of klystrons and the total scheduled beam time per
year for the KEKB injector linac were closer to the specifications for the ADS linac and detailed
analysis could be performed considering censoring events. It should be noted that the estimation of Nrf
using the data for the KEKB injector linac is conservative because the accidental interrupt frequency
of the KEK klystron is about 30 times greater than that of LANSCE.
KEKB injector linac and experimental data
Before estimating Nrf, we consider a brief review of the KEKB injector linac [8]. An electron/
positron injector linac at KEK, capable of providing electrons at energies up to 8 GeV and positrons
up to 3.5 GeV, is used as a multi-purpose injector not only for the KEK B Factory (KEKB), but also
for the Photon Factory (PF). At present, it delivers full-energy beams of 8-GeV electrons to the KEKB
High-energy Ring and 3.5-GeV positrons to the KEKB Low-energy Ring. The linac was originally
constructed as a 2.5-GeV injector for the PF in 1982. However, this old linac was extensively
reconstructed for the B Factory project during 1994-1998. The whole linac consists of 55 S-band
(2 856 MHz) main accelerator modules. Pulse klystrons of 50 MW with a time duty factor of 0.02%
were developed in conjunction with the energy upgrade of the linac for the B Factory project. These
tubes were designed to be compatible with the old version of the 30-MW tubes in that the major
dimension of the new tube does not need to be changed.
In order to operate the linac stably, RF monitoring systems for power level and phase were installed
in all high-power klystrons and are controlled with a VMEbus eXtensions for Instrumentation
(VXI)-based controller. Each klystron is controlled with a Programmable Logic Controller (PLC)-based
controller, which monitors interlock status and vacuum status, and also provides a historical record of
the operation data. To protect the RF window from failure, the klystron operations are terminated by
the VSWR interlock which acts as a kind of MPS that trips if it is over the limiting value of 1.4.
Operations are automatically restarted after five seconds. (Hereafter, this termination is referred to as
“VSWR event.”)
The total operation time of the KEKB injector linac has reached over 120 000 h in the FY1982 to
FY2005 time period. Statistics on interruptions and the down-time distribution of KEK klystrons were
obtained from the operation data in FY2005. The scheduled beam time and the down-time for the
whole system was 6 815 h and 52.5 h, respectively. The total number of interruptions was 16 421,
including 13 453 accidental interruptions and 2 968 censored events. Accidental interruptions were
caused by failure of the klystron. Censored events were the manual terminations for regular maintenance
every two weeks. Figure 6(a) shows the distribution of the operation time between the interruptions.
The right arrow in Figure 6(a) shows that the last bin is the sum of all interruptions of not less than
100 hours. The solid histogram represents the operation time for accidental interruptions. On the other
hand, the dotted histogram represents that for censored events. Figure 6(b) shows the number of
accidental interruptions as a function of the down-time. The VSWR events accounted for 78% of all
accidental interruptions. The average value of the down-time, that is, the MTTR of the klystron (τK)
was 260 seconds. On the other hand, the one for all VSWR events was 20 seconds. The distribution of
the down-time is also tabulated in Table 2.
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Figure 6. Distribution of (a) the operation time for KEK
klystrons, and (b) the down-time for accidental interruptions
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Estimation of Nrf based on the KEK experimental data
To estimate Nrf, the following assumptions were made:
•

•The beam trip was merely caused by the accidental interruption of the klystron.

•

•The RF system was equivalent to 60 klystrons connected in series for the KEKB injector
linac and 89 klystrons for the JAEA’s SC linac.

•

•Each klystron was independent: the operation or failure of one klystron did not affect the
operation or failure of any other klystron.

•

•The accidental interrupt frequency for each klystron of the JAEA’s SC linac, λ K , was the
same. This value was obtained from the KEK experimental data and related to that for the
whole RF system, ΛK, as follows:
Λ K = 89λ K

(3)

•

The klystrons would be brought back to their initial state by applying the rated high voltage to
the collector of the klystrons at the re-start of operation. Therefore, the klystron was deemed
to be a repairable component because applying the rated high voltage to the klystron affected
the repair. And the interrupt frequency could be calculated as the inverse of MTBF.

•

The proportion failing as a function of operation time for each klystron, F(t), followed a
Weibull distribution [9], which is defined as:
ª t βº
F (t ) = 1 − exp «− §¨ ·¸ »
¬ ©α¹ ¼

190

(4)

where t > 0 is operation time, α > 0 is a scale parameter, and β > 0 is a shape parameter.
Using these two parameters, the interrupt frequency, λ, is obtained as follows:
§ 1·
1
= αΓ¨1 + ¸
λ
© β¹

where Γ(x ) =

³

∞

0

(5)

z x −1 exp(− z )dz is the gamma function.

Similar to Eq. (2), the Nrf was obtained using the KEK experimental data:
N rf =

Ts
Λ + τK
−1
K

(6)

where Λ−K1 is the inverse of ΛK. ΛK, that is λ K , was estimated according to the following steps:
•

Step 1. Obtain the cumulative number of accidental interruptions and censored events as a
function of operation time for each klystron.

•

Step 2. Estimate the proportion failing from these cumulative data using the Kaplan-Meier
estimator [9].

•

Step 3. Estimate the scale and shape parameter of the Weibull distribution, αi and β i, for i-th
KEK klystron (i=1, ...., 60) by means of the statistical software package JMP [10].

•

Step 4. Obtain λ K from the accidental interrupt frequency, λKi, for i-th KEK klystron using
Eq. (5) and the following equation:
60λ K =

60

¦λ

Ki

(7)

i =1

For reference, Figure 7 shows the proportion failing as a function of operation time for the typical
KEK klystron. The cumulative number of accidental interruptions and the censored events is also
shown in the same figure. Using the above-mentioned assumptions and the KEK experimental data,
λKi ranged from 6.1 × 10–4 to 7.9 × 10–2 times/h, and λ K was estimated as 1.7 × 10–2 times/h/klystron.
Finally, we got the value of Nrf as 9 900 times/year.
Comparison and discussion
From the above analysis, the value of Nads is 19 000 times/year and using the distribution of beam
trip durations, the down-time distribution of the JAEA’s SC linac is a straight line as shown in
Figure 8. Here, since the time distribution of events for beam trip durations of less than one minute is
not clearly shown in the LANSCE experimental data, the distribution of the LANSCE data was
assumed to be the same as that of the KEKB injector linac. Further, the acceptable frequency of beam
trips is shown in this figure as a histogram. Comparing the two shows that even at the present
technological level of accelerators, the beam trip frequency for durations of five seconds or less is
within the acceptable level.
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Figure 7. Proportion failing as a function of operation time for the typical KEK klystron
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Figure 8. Comparison of the acceptable frequency of beam
trips and the estimated frequency of the JAEA’s SC linac
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By the way, for experimental data of the KEK, we focused on the result that 78% of all accidental
interruptions were VSWR events and devised measures for reducing beam trips of the high-power
accelerator used for ADS. That is, since the bulk of the down-time for VSWR events is less than five
seconds, we considered the down-time distribution for the case where the down-time of all VSWR
events longer than five seconds can be reduced to five seconds. Under this assumption, the distribution
of the Nrf was calculated and the results are shown in the “shorten VSWR assumption” of Table 2. The
dotted line in Figure 8 shows the down-time distribution of JAEA’s SC linac assuming this distribution.
A comparison of the dotted line and histogram results shows that by reducing the down-time of all the
VSWR events to five seconds or less, the beam trip frequency for durations of 10 seconds or less
satisfies the acceptable frequency of beam trips. In this case, for the beam trip frequency with duration
greater than 10 seconds, it is necessary to improve the technology level to about 30 times of present
accelerator technology.
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Conclusion
Frequent beam trips as experienced in existing high-power proton accelerators may cause thermal
fatigue problems in ADS components which may lead to degradation of their structural integrity and
reduction of their lifetime. Thermal transient analyses were performed to investigate the effects of
beam trips on the reactor components. These analyses were made on the thermal responses of three
parts of the reactor components: the beam window, the inner barrel and the reactor vessel. Our results
indicate that the acceptable frequency of beam trips ranges from 50 to 2.5 × 104 times per year,
depending on the beam trip duration.
In order to measure the effect of reducing beam trips on the high-power accelerator for ADS, it is
important to know the present level of accelerator technology. We compared the difference between
the acceptable frequency for beam trips and the operation data of existing accelerators. The result of
this comparison shows that even at the present technological level of accelerators, the beam trip
frequency for durations of five seconds or less is within the acceptable level. Under the “shorten VSWR
assumption”, the beam trip frequency for durations of 10 seconds or less is within the acceptable level,
while that exceeding 10 seconds should be reduced by about 1/30 to satisfy the thermal stress conditions.
Further, apart from accidental interruptions it is also necessary to include censored events in the
analysis of the accelerator components related to the beam trip frequency.
As the acceptable frequency of beam trips is different for each ADS reactor system design, this
solution for the beam trip problem is not valid for all ADS accelerators. However, we believe that this
evaluation technique of the beam trip is of potential utility in ADS system planning. In the future, it
will be necessary to include the following items in the study of beam trip problems.
•

study the hardware methods for reducing VSWR events to five seconds or less;

•

analysis of the frequency of beam trips with consideration of the frequency with which
broken components are exchanged.
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Abstract
Temperature rise due to power dissipation in accelerating cavity walls may produce variations of its
geometrical parameters. As a consequence the cavity resonant frequency will change. In some cases
this may produce dangerous detuning which has to be known in advance with a very high accuracy.
The combined use of thermo-mechanical structure analysis end e-m numerical codes needs some skill.
We present a new approach to this problem: by means of specific finite element codes. Starting from
an electromagnetic analysis of the structure, one may get the thermal load on the surface which is used
for calculating the mechanical deformations of the structure. Instead of resorting again to the e-m code
used for the non-deformed structure and to recalculate the frequency of the deformed one, much better
results may be obtained from the application of the theorem which states the balance of electric and
magnetic energy at resonance. The theorem is directly applied, by means of a numerical code realised
ad hoc, to the final output of the thermo-mechanical CAD. An application of this new approach to
PALME linac cavities and a comparison with other techniques will be reported.

195

Introduction
This work is devoted to the analysis of the resonance frequency drift in accelerating cavities.
Particular attention has been devoted to side-coupled linac (SCL) cavities, even if the procedure adopted
is most general. This frequency variation, induced by the thermal deformation of the metal wall of the
cavity, deserves a particular attention in order to prevent the possible discord between the power
feeder frequency and the cavity resonance frequency. The ultimate goal of this work is to yield a fast,
light and high precision procedure for calculating this discord. A very precise evaluation of the discord
has particular importance to put in operation the RF system. Indeed the design and fabrication procedure
foresees that the cavity has a detuning opposite to the frequency shift that will be produced by the
thermal deformation.
An SCL is formed by a bi-periodical set of resonating cavities coupled via slots. Its configuration
is illustrated in Figure 1 by an example and by a diagrammatical drawing. In this accelerator two types
of cavities are identified: accelerating cavities and coupling cavities, which resonate on two slightly
different frequencies. However these cavities, once coupled, they lose their individuality and resonate
on frequencies which are characteristic of the system (system modes).
Figure 1. An SCL and its schematic representation

In Figure 2 one can find the frequency spectrum of an SCL formed by 13 cavities, 6 coupling
cavities and 7 accelerating cavities. In general, the chosen working mode is the S/2 one. This choice
allows to make null the electromagnetic field inside coupling cells, which are offset with respect to the
beam axis and do not contribute to the acceleration. This choice has many advantages. The S/2 mode
is the most distant from the adjacent ones. It is the least sensitive to the fabrication errors and,
obviously, it needs the least consumption of RF power.
Furthermore because of the field behaviour, Figure 3, in the cavities it requires that the distance
between the accelerating cavity gaps is such to guarantee the synchronism between the face of the
electric field and the passage of the bunch.
SCL are in use as accelerators for low and high intensity beams. As an example, the PALME
project and LIBO project adopted the SCL scheme for acceleration of low-intensity and low-energy
proton beams for deep seated cancer radiotherapy. Likewise LINAC4, which is designed for doubling
the beam “luminosity” and intensity at the exit of PS booster, foresees a section (90-160 MeV) formed
by a short number of SCL modules.
196

Figure 2. Frequency spectrum of a chain of 13 coupled cavities

Figure 3. Field behaviour in the cavities of an SCL at S/2 mode

The PALME and LIBO modules are designed to be fed at 3 GHz with a duty cycle of about 0.2%.
The SCL section of LINAC4 (Figure 4) is designed to be fed at 704 MHz with a duty cycle ranging
between 1.5% and 10%. We will focus our attention on these two cases.
Figure 4. LINAC4 sections
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The analysis of the problem
The starting point for the evaluation of the frequency shift phenomenon is the calculation of
thermal strain induced by power dissipation on the surfaces. The deformed profile of the cavity is
obtained by a sequence of analyses implemented by means of the use of finite elements ANSYS CAD.
In order to minimise the complexity of the procedure, it is important to identify the smallest
subset in the structure on which one could apply the sequence of analyses. This has to be done with
skill: one must “cut” the subset not breaking the electromagnetic, thermal and mechanical symmetries.
A first analysis was performed in order to detect the electromagnetic parameters relevant to the
non-deformed cavity: resonance frequency, form and amplitude of the EM fields, mean electric field
along the axis. Furthermore, by imposing an appropriate value to wall conductivity, it is possible to
calculate the power density dissipated on the metal walls of the cavity. This power is then used as the
“load” for the implementation of the following thermal analysis, associated to the assigned boundary
conditions. The computer code gives back as output the thermal distribution in the structure. As a final
step, the previous output is the input for a thermo-mechanical analysis which, with the relevant
boundary conditions (structural constrains), gives the deformation induced into the subset under test.
The “standard” procedure consists in going back to the electromagnetic CAD where the
geometrical boundary conditions are given by the previous thermo-mechanical analysis.
This way to tackle the problem imposes a very high accuracy in evaluation of the frequencies of
the deformed and of the non-deformed cavity. Indeed, the accuracy has to be compared to the frequency
shift which may happen to be very small. This implies that the number of finite elements to be
considered is exceedingly large, especially if it has not been possible to “cut” a subset of simple form.
The new method
The new method has its roots in application of the so-called “Slater Perturbation Theorem”. This
theorem states that it is possible to directly obtain the amount of the frequency shift in the cavity by
means of following formula:
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where n̂ is the ingoing normal vector on the cavity surface and v is the displacement vector of the
surface and S is surface of the cavity. The interpretation of the Slater formula is rather simple: at the
resonance frequency there is a balance between the electric and magnetic energy in the cavity. If the
deformation unbalances this equilibrium (see the numerator), the resonance frequency must change in
order to produce a new field configuration able to restore the equilibrium. The frequency shift is the
proportional to the unbalance in the two energies.
The Slater Theorem is currently used in connection with the bead pull method for measuring the
field distribution along a straight line. Its application to cavities deformed by RF heating due to skin
effect was first mentioned in Ref. [2], though the authors do not provide details.
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The main problem for the implementation of this formula is the orientation of the normal vector
n̂ as it can be derived from the mesh data obtained from the thermo-mechanical codes. Most of these
codes do not explicitly give the normal vector, which can be derived only from the co-ordinates of the
mesh points. This fact produces an ambiguity on the direction of the normal, which depends on the
sequence of the points. An algorithm has been found which allows making the normal vectors all
ingoing (outgoing) by an appropriate change of their sign.
The integral in the above formula were implemented as finite sums in Matlab workbench by
exporting the outputs of the e-m CAD and of the thermo-mechanical CAD. In order that the algorithm
may give a correct result, one must check that the normal vectors be oriented in a coherent way.
In general, this does not happen for most of numerical CADs. Therefore, before the execution of the
algorithm, it is necessary to correct the orientation of these vectors. ANSYS itself contains a special
tool by which it is possible to visualise the orientation of the normal vector to the cavity surface
meshes. Once the orientations of normal vectors have been detected, the correction can be done
resorting to another tool available in ANSYS.
Applications to LINAC4 and to PALME
The first application was done to the first module of LINAC4. As a first step, the subset under test
was simplified. Only the accelerating cavity was taken into account. The first analysis was performed
in order to detect the electromagnetic parameters relevant to the non-deformed cavity; the
electromagnetic field was normalised to get the assigned mean field. The boundary conditions were
fixed as follows:
x

electromagnetic and thermal symmetry planes orthogonal to the axis as indicated by the red
lines in Figure 1;

x

thermally adiabatic walls on upper and lower walls;

x

constant temperature on the lateral walls;

x

the symmetry planes are assumed to be PEC;

x

the symmetry planes are thermally adiabatic.

The thermal distribution, obtained according to the procedure previously mentioned is reported in
Figure 5, where one may appreciate a temperature rise of 7qC in the cavity noses.
From the temperature distribution, the thermo-mechanical routine of ANSYS gave strain and
stress distribution, the representation of which is in Figure 6-7.
In this treatment a particular attention has been devoted to the confrontation of the results
obtained by two different methods. It has to be noted that because of the particular symmetry, the
analysis could be implemented to a small fraction (1/8) of the subset. This behaviour allowed to make
the implementation with a very high equivalent number of meshes. First, an analysis was done at the
highest possible level of accuracy from the available hardware system. In this condition the old
method and the new algorithm gave the same result, -66 kHz. The discrepancy between the two
discords was less than 1%.
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Figure 5. Temperature pattern in the simplified subset of LINAC4 side-coupled linac

Figure 6. Strain pattern in the noses

Figure 7. Stress pattern in the noses
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Figure 8. Comparison between the frequency shifts calculated with the new
algorithm (rhombs) and the old procedure (triangles) as a function of the mesh number
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Once the accuracy was verified the next step was to implement the analysis with larger and larger
meshes, i.e. decreasing the mesh number. The picture shows that the new algorithm yields results
which are very stable down to small mesh numbers, where the old procedure becomes quite unstable.
When the geometry is complex, if one resorts to the old method, the need of very dense meshes
may involve heavy computational load sometimes non-affordable. This limitation makes very difficult
to obtain reliable results for the resonance frequency shift. Therefore the availability of an alternative
tool is an essential resort for achieving an accurate result. This is well illustrated by situation of the
Figure 9 where the subset which complies the real symmetries of an SCL is depicted.
Figure 9. The subset
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In this case we have an increase of complexity because of the presence of two half coupling cells
and of two slots connecting the adjacent cavities. In addition to this we no longer have the planes of
symmetries which allowed partitioning the subset as beforehand. The comparison between the results
of the old method and of the new algorithm is reported in Figure 10. The results are relevant to the
30-35 MeV module of PALME.
Figure 10. Comparison between the frequency shifts calculated with the new
algorithm (triangles) and the old procedure (circles) as a function of the mesh number

Conclusions
It is apparent from the displayed results that the new algorithm gives answers largely more stable
than the old method. In addition to this, the convergence of the two approaches is shifted to larger
number of meshes. This aspect confirms that an increase of the complexity of the cavity precludes
resorting to the old method.
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Abstract
The WEBEXPIR (Windowless target Electron Beam EXPerimental IRradiation) programme was set up
as part of the MYRRHA/XT-ADS R&D efforts on the spallation target design, in order to answer
different questions concerning the interaction of a proton beam with a liquid lead-bismuth eutectic
(LBE) free surface. An experiment was conceived at the IBA TT-1000 Rhodotron, a 7-MeV electron
accelerator which produces beam currents of up to 100 mA. Due to the small penetration depth of the
7-MeV electron beam and the high beam currents available, the TT-1000 allows to imitate the high
power deposition at the MYRRHA/XT-ADS LBE free surface. The main goals of the experiment were
to assess possible free surface distortion or shockwave effects under nominal conditions and during
sudden beam on/off transient situations, as well as possible enhanced evaporation. The geometry and
the LBE flow characteristics in the WEBEXPIR set-up were made as representative as possible of the
actual situation in the MYRRHA/XT-ADS spallation target. Irradiation experiments were carried out
at beam currents of up to 10 mA, corresponding to 40 times the nominal beam current necessary to
reproduce the MYRRHA/XT-ADS conditions. As a preliminary general conclusion, it can be stated
that the WEBEXPIR free surface flow was not disturbed by the interaction with the electron beam and
that vacuum conditions stayed well within the design specifications.
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Introduction
The design of the MYRRHA/XT-ADS, the European eXperimental Accelerator-Driven System
for the demonstration of Transmutation [1], includes a high-power windowless spallation target
operating with liquid lead-bismuth eutectic (LBE) that will be irradiated with a 600-MeV proton beam
at currents of up to 4 mA. When considering such a high power windowless target design, a number of
questions need to be addressed, such as the stability of the free surface flow and its ability to remove
the power deposited by the proton beam by (forced) convection, the compatibility of a large hot LBE
reservoir with the beam line vacuum and the outgassing of the LBE in the spallation target circuit.
These issues have been studied during previous experiments supported by numerical simulations [1].
Another crucial point in the development of the spallation target is the demonstration of safe and
stable operation of the free LBE surface under the irradiation with a high-power proton beam. As a first
step in this programme, the WEBEXPIR (Windowless target Electron Beam EXPerimental IRradiation)
experiment was set-up. Its purpose was to investigate the influence of LBE surface heating caused by a
charged particle beam in a situation representative of the MYRRHA/XT-ADS. For this purpose a
compact LBE loop was constructed with flow characteristics and geometry at the irradiation point
that are very similar to the MYRRHA/XT-ADS case. The loop was connected to a 7-MeV electron
accelerator. During irradiation the effects of the surface power deposition on the flow stability and
LBE evaporation were monitored.
Experimental set-up
Interaction chamber
The WEBEXPIR interaction chamber was constructed in such a way as to have interaction
conditions that are very representative of the conditions in the actual MYRRHA/XT-ADS target
nozzle (see Figure 1). In MYRRHA/XT-ADS the proton beam passes through the inner of two hollow
concentric vertical cylinders with the LBE flowing in between the inner and the outer cylinder. At the
bottom of this downcomer section, the outer cylinder changes into a nozzle, resulting in a confluent
LBE target. In order to avoid hitting the LBE recirculation zone which is present in the centre of the
nozzle, the proton beam is painted along a circular path in between the recirculation zone and the inner
cylinder, forming an annulus-shaped footprint.
Figure 1. Schematic cutaway view of the MYRRHA/XT-ADS spallation target and core
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To simulate these conditions during the WEBEXPIR experiment, a geometry that can be seen as
an unfolded slice of the MYRRHA/XT-ADS nozzle was chosen. It consists of a rectangular slide with
its thickness corresponding to the nozzle gap thickness of 14.35 mm and with an angle of inclination
of 26q, equal to the angle between the proton beam and the LBE surface. The width of the gap was
taken such that the LBE flow velocity was almost constant at the beam interaction point and equal to
the MYRRHA/XT-ADS nozzle velocity of 2.5 m/s.
The part of the slide upstream of the interaction point is rib-roughened to prevent fluid acceleration
and tearing. At the beam interaction point, the LBE flow is confined so that the impact of the beam
can only be compensated in the direction perpendicular to the free surface.
Loop layout
The interaction chamber was integrated in a compact LBE loop so as to achieve flow characteristics
at the beam interaction point that were comparable to those in the MYRRHA/XT-ADS spallation
target design. Apart from that, a number of spatial boundary conditions imposed by the configuration
at IBA had to be taken into account.
Figure 2 shows a schematic drawing of the loop. The LBE is circulated by a 10-l/s, 5-bar
magnetically coupled centrifugal pump (1). Due to space considerations, the LBE/oil heat-exchanger
(2), which ensures evacuation of the heat deposited by the electron beam, has been positioned on the
exit pressure side of the pump. A valve (3) has been placed behind the heat-exchanger in order to
assure a stable pressure at the exit of the pump. A vortex-type flow meter (4), which requires sufficient
inlet and outlet tube length to obtain the necessary accuracy, is connected to a box at the top of the
interaction chamber slide (5). In the interaction chamber (6), a number of viewports have been
provided to monitor the interaction of the electron beam with the LBE flow. At the drain of the
interaction chamber an expansion volume (7) has been added to prevent the flooding of the interaction
chamber when the pump is not running. The top of the interaction chamber is connected to the beam
line (8), just at the exit of the 270q magnet that bends the electron beam coming from the accelerator
into the vertical direction. The connection consists of a flexible bellows, a gate valve and a beam
collimator. Expansion joints have been incorporated at several positions in the loop to relieve thermal
strain and to correct for misalignment errors.
Accelerator
The irradiation was conducted at the TT-1000 Rhodotron [2], which is a very high-power electron
accelerator available at Ion Beam Applications s.a. (IBA, Louvain-la-Neuve, Belgium). Table 1 shows
the main accelerator characteristics. The use of a 7-MeV electron beam allows to imitate the effect of a
350- or 600-MeV proton beam hitting the LBE surface. Moreover, the use of 7-MeV electrons avoids
problems with induced radioactivity, safety and waste that would occur when using protons.
Figure 3 compares the linear power deposition in LBE for a proton beam with an energy of
350 MeV and 600 MeV, respectively [3], and a 7.5-MeV electron beam, as calculated by Monte Carlo
simulations. The inset of this figure clearly shows that the heating by the electron beam is concentrated
near the lead-bismuth surface: about 65% of the beam power is deposited in the first 2 mm below the
LBE surface. This figure also shows that the linear power density per mA at the surface is well
comparable to that of a 350-MeV or 600-MeV proton beam.

207

Figure 2. WEBEXPIR loop layout – numbers are referred to in the text

Table 1. TT-1000 Rhodotron characteristics
Energy
Beam power range
Beam spot
Beam entrance
Diameter
Height

7 MeV e–
0.5-700 kW
10 mm u 3 mm FWHM
Vertical from top
3.0 m
3.3 m

Figure 3. Linear power deposition
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Table 2 compares the characteristics of the flow and the beam profile for the MYRRHA/XT-ADS
and the WEBEXPIR case. In order to obtain at least the same surface heating conditions during the
WEBEXPIR experiment, the nominal beam current was set to 0.25 mA.
Table 2. Comparison of flow and beam characteristics
XT-ADS target
Target material
Beam energy
Average power deposition < 2 mm
Flow velocity
Beam shape

Beam current

LBE
600 MeV p
1.8 kW/mm/mA
2.5 m/s
~ Gaussian (10 mm FWHM)
painted along annulus
(54 mm )
4 mA

WEBEPXIR target
LBE
7 MeV e–
2.2 kW/mm/mA
2.5 m/s
~ Gaussian (3 mm FWHM A
flow, 10 mm FWHM // flow)
0.25 mA

Instrumentation
A number of diagnostic devices have been installed on the interaction chamber in order to study
the two main effects mentioned before, i.e. free surface distortion and enhanced evaporation. Additional
devices were used to monitor the LBE and beam characteristics.
x

Optical camera: used for visual observation of the beam interaction point, both perpendicular
and parallel to the LBE surface.

x

Infrared camera: used for infrared observation of the beam interaction point and for measuring
the surface heating at and downstream of the beam interaction point without interfering with
the LBE flow.

x

Thermocouple array: a set of thermocouples, inserted in the LBE flow downstream of the
beam interaction point for measuring the surface heating caused by the beam.

x

Pt-100 resistive sensors: used to accurately measure the LBE bulk temperature before and
after beam interaction.

x

Thermocouples on the loop: used to measure the temperature of the main loop components,
the temperature of the top and sides of the interaction chamber and the temperature of the
beam collimator.

x

Dedicated nude active ionisation pressure gauge: used for determining the enhanced
evaporation at the beam interaction point.

x

Additional Bayard-Alpert pressure gauges: used for monitoring the vacuum conditions in the
interaction chamber and the beam line.

x

Pressure transducers: used to monitor shockwaves underneath the LBE flow and to measure
the LBE pressure at the entrance and exit of the main pump.

x

Flow meter: used to measure the LBE flow rate.
209

x

Beam position monitor: Al203-coated and water-cooled copper support, used to verify the
position of the electron beam in between irradiations.

x

Beam collimator current read-out: used to monitor which fraction of the beam is stopped by
the beam collimator.

Measurements and discussion
A set of measurements were performed at different electron beam currents to determine the
experimental conditions and to address the beam-LBE interaction issues mentioned before. A detailed
analysis of these measurements is ongoing, the results of which will be reported in a forthcoming
publication. Table 3 shows the nominal LBE conditions with the electron beam turned off.
Table 3. Nominal LBE conditions with beam off
LBE flow
LBE speed at interaction point
LBE bulk temperature
Total LBE mass in loop
Vacuum in interaction chamber

3.8 l/s
2.5 m/s
200qC
800 kg
5 u 10–6 mbar

Beam profile measurements
The distribution of the current along the beam profile was determined prior to the actual irradiation
experiments. A stack of electrically insulated collimators with decreasing diameters was mounted at
the exit of the 270q bending magnet. The fraction of the beam current caught by each of the collimators
was read out. The remaining fraction of the beam was deposited in a water-cooled beam dump. Since
the profile of the beam might change as a function of the total beam current, the beam profile was
measured for currents of 100 PA up to 4 mA.
The beam position and profile were also visually checked by inserting an Al2O3-coated and
water-cooled copper support in the electron beam at the position of the beam interaction point (see
Figure 4). The interaction with the 7-MeV electrons produces visual radiation which can be detected
with an optical camera.
The combination of both measurements resulted in a beam profile with an average full width at
half maximum (FWHM) of 10 mm in the direction parallel to the LBE flow and 3 mm perpendicular
to the LBE flow.
Visual inspection
An optical camera was positioned both nearly perpendicular and parallel to the LBE surface,
focussing on the beam interaction point. Visual images were recorded for beam currents of 100 PA up
to 5 mA. No obvious distortion of the LBE surface was detected for any of the beam currents.
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Figure 4. Beam spot on Al2O3

Infrared inspection
The infrared camera was positioned perpendicular to the LBE surface, focusing on the LBE
surface just downstream of the beam interaction point. The camera was used to measure the surface
heating of the LBE for beam currents of 100 PA up to 7.5 mA.
Enhanced evaporation
The enhanced evaporation of the LBE as a result of surface heating by the electron beam was
measured with a nude Bayard-Alpert vacuum gauge positioned close to the beam interaction point.
The increase in pressure was monitored for beam currents of 100 PA up to 10 mA. Even at 10 mA, the
pressure in the interaction chamber stayed well below 10–4 mbar.
Surface samples were taken at a number of cold positions in the interaction chamber for off-line
determination of the amount of LBE condensation.
Figure 5. Infrared image of beam spot on LBE at a beam current of 1.5 mA
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Conclusion
The aim of the WEBEXPIR experiment was to check for any LBE surface distortion or enhanced
evaporation as a result of surface heating with a 7-MeV electron beam in conditions representative of
the MYRRHA/XT-ADS spallation target. Various tests have been carried out at electron beam currents
of up to 10 mA, which corresponds to 40 times the nominal beam current necessary to reproduce the
MYRRHA/XT-ADS conditions.
No significant shockwave effects or enhanced LBE evaporation were detected. As a preliminary
conclusion it can be stated that the WEBEXPIR free surface flow was not disturbed by the interaction
with the electron beam and that the vacuum conditions stayed well within the design specifications.
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RELAP MODEL OF THE MYRRHA draft 2 SPALLATION LOOP
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Abstract
In the aims of the XADS MYRRHA draft 2, the nominal and accidental analysis of the machine
performance requires a model of the spallation loop to analyse its behaviour.
This model was made to run with the code RELAP5 mod 3.2 E, a version adapted for the use of liquid
lead-bismuth eutectic by Ansaldo Nucleare (Genova, Italy).
In the first version, the spallation loop was modelled separately from the machine to simulate its own
working comportment. Later it will be included in the total machine model. The primary circuit of the
loop with the two free surfaces, the mechanical pump and the heat exchanger (HX) were modelled
following design requirements. A simple secondary HX circuit reproduces its initial and final conditions.
The working simulation of the loop is a challenging undertaking with RELAP. Space limitations in the
high-performance subcritical core led to proton current densities exceeding 150 PA/cm2, requiring the
use of a windowless target. Therefore, the free surface above the target is in direct connection with the
accelerator vacuum. The pressure control above it is designed not to exceed 10–3 mbar, that is 0.1 Pa,
which is not usual with RELAP. The heat flux in the target must be evacuated very quickly; if this is
not done a large amount of vapour is produced and swept into the other part of the loop. The position
of the target free surface is given by the balance between the nozzle in- and outflow. The nominal flow
is controlled with a classic centrifugal pump velocity, easily modelled in RELAP. But the control of
the free surface stability is as for controlled by a magneto-hydrodynamic (MHD) pump. It is not a
classic pump; she acts on the fluid velocity to slow down or to accelerate it by Laplace forces. There is
no appropriate model in RELAP to simulate its work therefore tricks were tested to respect at the best
its behaviour. This paper contains the description of the design loop and the RELAP model, the
requirements, how some problems were solved or not and which adaptations were made. Results in
nominal conditions and a transient with loss of flow are described.
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Introduction
In the scope of the MYRRHA safety analysis, a RELAP model of the spallation loop was built to
simulate its behaviour under nominal and transient conditions.
Version 3.2 of RELAP5, which normally deals with water as coolant, was modified by Ansaldo
Nucleare (Genova, Italy) for Pb-Bi applications.
In the first version, the spallation loop was modelled stand-alone to simulate its own behaviour
and to test the target model. Later it will be included in the whole machine model.
There are some peculiarities in this RELAP application. Since there is no window to isolate the
loop from the accelerator system, the free surface above the target is in direct connection with the
accelerator vacuum. The pressure control above the free surface is designed not to exceed 10–3 mbar
kept by an integrated vacuum system; this is not usual in the RELAP applications.
The heat flux in the target is very high; a heat rate of 1.43 MW is deposited in the LBE spallation
target. The target temperature must not exceed 450qC for multiple reasons. The heat is evacuated by a
heat exchanger placed in the loop downstream from the target.
The position of the target free surface is given by the balance between the nozzle in- and
outflows, in relationship with the nominal flow of the loop. It is fit by means of the mechanical pump
velocity around the required design value of 10 l/s. The level must be kept within a margin of a few
millimetres under all circumstances. For this reason, the little level variations are reduced by the action
of a magneto-hydrodynamic pump (MHD). In briefly, the MHD pump accelerates or slows down the
fluid. The same effect is obtained by increasing or decreasing the pressure drop in the loop. In RELAP,
the possibility to model a negative or positive DP is normally done by means of a pump. Different
models exist to simulate centrifugal pumps in their various functioning modes with automatic or
manual velocity control. However there is no model for MHD pumps. Several tricks were tested to
approach the real working conditions.
The circuit of the spallation loop, the mechanical pump and the heat exchanger (HX) were
modelled according to the design requirements. A simple circuit reproduces the initial and final
conditions at the secondary side of the HX.
This paper describes the spallation loop design, its corresponding RELAP model and the
requirements. It explains how some problems were solved and which adaptations were accordingly
made. Unresolved problems are also mentioned. Results under nominal and transient (loss of flow)
conditions are provided.
Spallation loop description
A complete description of the spallation loop is given in Ref. [1]. The different parts of the
spallation unit, taken off outside the reactor, are given in Figure 1. In operation, the annular target is
placed on the subcritical core axis; the LBE circulation is maintained by a mechanical pump and the
heat is removed by a heat exchanger cooled by the lower plenum of the reactor vessel.
One of the main tasks of the spallation loop is to circulate the LBE to adequately remove the heat
that is generated by the spallation reaction in the target. The LBE in the main reservoir of the spallation
loop (free surface 1) flows almost solely by gravity into the target zone where it is heated by the proton
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Figure 1. Spallation unit

beam. The heat is removed by heat exchanger that uses the main vessel coolant LBE on its secondary
side. A mechanical circulation pump pushes the LBE back into the reservoir of the spallation loop.
An additional magneto-hydrodynamic pump (MHD) in the inlet branch of the target allows fine-tuning
of the height of the target’s free surface (free surface 2) by regulating the inlet flow rate. There are
some particular points:
x

The beam line does not contain any window and needs to be under vacuum; the spallation
unit is connected to the central beam line via a duct and is being pumped by an integrated
vacuum system to a pressure of less than 10–3 mbar.

x

The position of the target free surface is given by the balance between the nozzle in- and
outflows. It needs to be measured and kept within a margin of a few millimetres under all
circumstances. The level is particularly difficult to maintain under the thermo-hydraulic
dynamics of beam trips and during the start-up and shutdown procedures. For that reason a
second free surface in the spallation loop main unit is maintained at about 2.3 m above the
target free surface

x

A mechanical pump lifts the LBE that has passed the heat exchanger to the level of the second
free surface. From this second surface, the LBE flows through the go-line to the target nozzle
by gravity although some small bias may be provided by an MHD pump. The three feeders
are drag limited, exceeding the minimum drag of 1 bar/m necessary to compensate for the
hydrostatic pressure, to prevent the spallation LBE to tear off and reach the target nozzle in
free fall.

x

The target level surface is sensed by a LIDAR (LIght Detection And Ranging) in line with the
proton beam. Its signal is fed back to the MHD pump controller.
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Figure 2. Schematics of the axi-symmetric windowless target configuration

The RELAP model
The model was built according to the dimensions of the design and taking into account the level
difference between the components and the reference level in the MYRRHA machine. The main
vessel is represented by a vertical pipe whose large top volume contains the first LBE free surface.
The LBE feeds the target by gravity via horizontal and vertical pipes. The last vertical pipe represents
the annular feeder gap. The connection between the target and the loop is modelled by a junction with
an adapted pressure drop representing the turbulence under the target free surface. The downstream
flow is cooled in the heat exchangers and is ensured by means of the mechanical pump after the HX.
The HX secondary circuit is simulated by a pipe with imposed initial conditions [Figures 3(a) & 3(b)]
and a surface of heat exchange in accordance with the design.
The vacuum pumping duct is represented by a pipe with the second free surface, which can move
upwards or downwards in function of the flow balance.
The conditions above the free surfaces were defined by means of a time-dependant volume (TDV).
In a first approach, a pressure of 1 bar was imposed. In principle, provided that the pressure is the
same above the two free surfaces, the loop behaviour should not be influenced by the absolute value of
the pressure. In “shutdown” conditions, i.e. when the fluid is at rest and no power is deposited in the
target, the two free surfaces are at the same level.
Flux distribution
The linear power density in the target below the free surface is axially distributed according to the
curve in Figure 4. The maximum value is reached at a depth of 13 cm. The heat is uniformly deposited
within the first 10 cm at a rate of 1 MW. The power delivered in the last 3 cm is 430 kW.
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Figure 3. RELAP model and spallation loop sketch relation

Figure 4. Distribution of the linear density in function of the depth inside the target
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In the RELAP model, the flux is distributed in four fictitious structures. In principle three should
be sufficient because the power is subdivided into three different fractions. However, for the sake of
the RELAP model, four structures are used to represent the deposited power:
x

The first structure represents the power above the free surface level (3%). It is a cylinder with
an inner diameter equal to the target diameter and an outer diameter equal to the gap inner
diameter. It is 3 cm high and it exchanges the power fraction between the volume above the
free surface and the gap.

x

The 10-cm region under the free surface, where the flux is uniform, is split into two structures,
one of 7 cm with the same section of the first structure and with a power fraction of 0.7*68%.
The second has a height of 3 cm (10 cm – 7 cm) and is a fictitious cylinder of LBE with a
power fraction of 0.3*68% in the volume under the free surface.

x

The last structure is 3 cm high and has the same sectional geometry of the previous one, but a
power fraction of 29%.The surface of heat exchange is adjusted to limit the temperature of
this surface (0.116 m2). Figure 5 represents the model of the target.
Figure 5. The target configuration and the corresponding RELAP model

Free surface level control
There are two possibilities to control the level of the free surface: the cold and warm controls.
Control without power
At the beginning of the steady state, there is no power and no flow; the two free surfaces are at
the same level. This level is set by adjusting the quality (i.e. the gas fraction) in the top volumes of the
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feeder tank and the beam (“700-1 and 706-5). The initial pressure above the free surface is set at 1 bar
(0.1 MPa) and slowly decreased by the TDV above the free surface conditions up to the nominal
pressure of 0.1 Pa. When the equilibrium is reached, the pump is started. The flow in the loop
increases with the pump velocity. Consequently the level of the target free surface decreases to a value
close to its nominal value (0.075 m).
A time-dependent junction located at the outlet of the feeder tank adds or removes a small amount
of LBE to get the exact nominal level required in the target pipe.
Control with the power
In practice the target free surface level is measured by a LIDAR (laser light) acting on a MHD
pump to give a fine tuning of the gravity-fed inflow in acceleration/deceleration operation.
The modelling of the MHD pump action is not evident in RELAP. It needs to reproduce a
negative or positive pressure drop in function of the target level.
Some possibilities were analysed:
x

The easiest way consists of keeping the time-dependent junction localised at the loop inlet in
order to inject or remove a small amount of LBE in function of the target level.

x

Another possibility makes use of a servo valve normally half-open when the free surface is at
its nominal position (0.075m); the valve closes or opens respectively when the free surface
level is lower or higher than the nominal level. Figure 6 shows the calculations with Idel’cik
data: one can have a positive DP-DP50% if the valve is close and a negative value if the valve
opens, relatively to the reference opening area (50%) in nominal conditions. This option is not
recommended.
Figure 6. Evolution of the pressure drop in a valve, in function of its open area
valve Idel’cik
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x

The best way to introduce a positive or negative pressure drop is a pump. In the RELAP code
a pump is modelled by the homologous curves which give the pump head in all working
conditions (Figures 7 and 8). RELAP includes two centrifugal pump models: a Westinghouse
pump and a Bingham pump (homologous curves). However they are not appropriate to model
the MHD pump behaviour.
Nevertheless it is possible to introduce no-dimensional pump characteristics in the input deck.
The fictitious homologous curves were calculated taking into account a constant velocity. The
curves so obtained are unusual (Figures 9 and 10) and there is some doubt on their validity.
Figure 7. Typical centrifugal pump characteristic curve

Figure 8. Typical centrifugal pump homologous curves

220

Figure 9. MHD pump characteristic curve
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Figure 10. Calculated MHD pump homologous curves
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Regulation
The LBE free surface level is measured by a LIDAR, whose laser light is reflected from the target
free surface. Its output controls the MHD pump via a PID regulator (Figure 11).
Figure 11. PID schema
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Using this PID it is then possible to regulate the control of the target free surface level via the
time-dependent junction used in steady state. Some parameters of the PID function, such as the time
constants Wd and WI and the gain K, have yet to be determined.G
First results
In a first approach, a steady state and a transient without power were performed to analyse the
physical model validity.
Steady state without power
The first step consisted to reach the nominal conditions when no power is deposited in the target.
The main challenge was to obtain the lowest possible non-condensable pressure that the code
RELAP accepts, above the free surfaces.
The design imposes a value of 10–3 mbar (0.1 Pa) for this pressure. According to the code
manual [3], when a non-condensable is present in a volume, all the temperatures are set to equal
values and depend on the gas energy. As a fluid is injected into the volume, the temperature, the
partial pressure of steam and possibly the vapour energy will abruptly change to new values based on
the calculated conditions. Too-large discontinuities are not accepted by the code. Moreover the code
manual recommends a lower pressure limit equal to 1.0 Pa. The nature of the non-condensable gas
also influences the degree of the discontinuities between the gas energy and the LBE energy.
Therefore the steady state was started with a pressure of air equal to an atmosphere: 105 Pa and the
pressure was slowly decreased to obtain the lowest limit that the code accepts. Figure 12 shows the
evolution of the pressure which reaches 0.1 Pa after 3 000 sec. An imperative condition is the use of a
very small time step (0.001 s.).
Figure 12. Evolution of the pressure above the two free surfaces
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While the pressure is decreasing, the mechanical pump is started at about 400 s.
The fluid velocity increases and the LBE is seeped under the target level. Consequently the target
free surface level decreases. When the nominal flow is obtained, the absolute target level must be
equal to 0.075 m against the core middle plane of MYRRHA.
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Figure 13 shows the evolution of the flow rate in the loop (first axis) and in the same time the
lowering of the target free surface level (secondary axis).The stabilisation of the flow and the level are
obtained after 1 000 s.
Figure 13. Evolution of the pump flow and the target level
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Transient without power
This transient was simulated to study the evolution of the target free surface level when the pump
is stopped. Normally the level must reach its starting position.
The pump was stopped in 10 seconds at time 2 400 s. We can see in Figure 14 that the level
increases immediately after the pump stop and reaches the initial level at about 2.3 m. Nevertheless
some fluctuations appear during ~ 150 s, but they are very small, i.e. some millimetres. The regulation
with a PID regulator will certainly improve the stability.
Figure14. Evolution of the target level after stopping the mechanical pump
T ransient with
Pump stop
3

140
t: 2580s
L : 2.32m

2.5

120
100

2

80

1.5

60
40

1

20

0.5
0
2200

0
-20

2400

2600

2800

time (s )

T arget level

pump velocity

223

3000

Steady state with power
When the steady state without power is reached, the flow rate, the target free surface level and the
pressure are in agreement with to the design specifications. A power of 1.45 MW is then introduced
into the structures around the target in 1 second.
The power effect is an increase of the LBE temperature under the target generating energy
discontinuities at the target free surface. These discontinuities are not tolerated by the code when the
pressure above the free surface is 0.1 Pa. The code stops by “Iteration no convergence”.
For that reason the pressure above the target free surface was increased to 1 000 Pa. Figure 15
shows that the target free surface level is stable at 3 000 sec. when the power is injected.
Figure 15. Evolution of the target free surface level with the power
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Figure 16 shows the LBE target temperature evolution with the power. When the power is
injected, the temperature increases to 689 K.
Figure 16. Evolution of the temperature under the target
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The temperature increase is 216 K, which is too high with respect to the design value (100 K), but
the flow rate in the loop is a little too low (99 kg/s instead of 104kg/s) and the surface of heat
exchange between the LBE of the re-circulation zone under the free surface and the LBE coming from
the gap is not yet evaluated. By improving and refining the model, it would be possible to substantially
decrease the discrepancies with the design values.
Conclusion
The work is still in progress. Some problems were solved: pressure above the target free surface,
evolution of the free surface level after a pump stop and stabilisation of the level when power is
injected. When no power is released in the target, a stable steady state is obtained with a pressure as
low as 0.1 Pa above the free surfaces. However, as soon as power is added, large energy discontinuities
appear that are not tolerated by the code. Setting a pressure of 1 000 Pa above the free surfaces
constitutes a good compromise between the model and the design requirements and allows reaching a
stable steady state.
With the present model, it is not possible to simulate all the accidental situations, especially those
involving small changes of the target free surface level.
At the present stage, a pump stopping or a power shutdown or power increase can be simulated to
give useful indications for example on the free surface target level behaviour and on the temperature
variations.
Improvement of the heat transfer between the re-circulation zone under the target free surface and
the loop will be performed.
The control of the target free surface level is acceptable with a time-dependent junction which
adds or removes a small quantity of LBE to adjust the free surface level in normal operation. With the
action of a PID, stability will be improved. The possibility to model the MHD pump is still under study.
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POLONIUM BEHAVIOR IN EUTECTIC LEAD-BISMUTH ALLOY

J. Neuhausen, F. von Rohr, S. Horn, S. Lüthi, D. Schumann
Paul Scherrer Institut, Villigen, Switzerland

Abstract
It is planned to use liquid eutectic lead-bismuth alloy (LBE) as the target material in future high-power
spallation targets for neutron production. These types of targets will be an important component of
accelerator-driven systems (ADS) for the transmutation of long-lived nuclear waste. One of the most
significant problems when using LBE as a target material is the production of significant amounts of
the highly radiotoxic 210Po by neutron capture on 209Bi. A thorough knowledge of its behaviour within
the target system is a prerequisite for the safe operation of the target system and its disposal. The
behaviour of polonium in solidified LBE may be of interest in the context of target handling after
irradiation and final disposal. Knowledge about the release behaviour of polonium in vacuum is
important for the design of windowless target systems. We report here preliminary results of our
investigations on the behaviour of polonium in solidified LBE as well as its release from the eutectic
under vacuum conditions.
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Introduction
Liquid eutectic lead-bismuth alloy (LBE) is planned to be used as target material in future
high-power spallation targets for neutron production. In 2006, PSI performed the first test experiment
to demonstrate the feasibility of such a target system in the MW range, MEGAPIE. One of the most
significant problems when using LBE as target material is the production of significant amounts of the
highly radiotoxic 210Po by neutron capture on 209Bi. According to Monte Carlo simulations 210Po is
expected to be produced in gram amounts in such target systems [1]. In future accelerator-driven
systems (ADS) for the transmutation of long-lived nuclear waste the amount of polonium produced
will be even orders of magnitudes larger due to prolonged irradiation times, higher neutron fluxes and
increased system size. Therefore, a thorough knowledge of the behaviour of polonium within the target
system is a prerequisite for the safe operation of the target system and its disposal. Previous studies
performed in our laboratory dealt with the evaporation of polonium from molten LBE [2] under ambient
pressure, using an Ar/H2 atmosphere. For high-power targets of ADS, the current window materials
cannot withstand the high-energy deposition. Therefore, windowless target designs are considered.
In such a system, the liquid target material will be exposed to the vacuum of the proton beam line.
Vacuum conditions will have a drastic influence on the evaporation behaviour of volatile radionuclides.
However, investigations on the release behaviour of volatiles from liquid metals under vacuum are
scarce. In case of a liquid eutectic lead-bismuth alloy (LBE) target, as considered e.g. within the
EUROTRANS project, 210Po is the most relevant nuclide due to its high radiotoxicity. There are a few
literature data on Po release under vacuum [3], but for a reliable assessment of Po release in such a
system, more detailed studies are necessary.
Furthermore, the behaviour of polonium in solidified LBE may be of interest in the context of
target handling after irradiation and final disposal. Literature indicates that the distribution of polonium
in irradiated LBE samples becomes inhomogeneous after some time [4]. In this work, we study the
distribution of 210Po in LBE samples irradiated in SINQ at PSI using the NAA rabbit system.
Additionally, we show how a homogeneous distribution of polonium in LBE can be achieved. The
homogenised samples are then used to study polonium release in vacuum.
Experimental
Polonium containing LBE samples were produced by irradiation of pieces of LBE in SINQ at PSI
using the NAA rabbit system. Typical samples had a mass of |8 g and were irradiated for 1 h without
Cd shielding. The samples investigated here were previously used to investigate the thermal release of
Hg and Tl nuclides and afterwards stored in the laboratory for about three years at ambient temperature
in closed PE bags. Those samples that were not heated above 600qC in the release studies mentioned
above still contained enough 210Po to yield acceptable count rates in D spectroscopy. Therefore, they
were considered to be useful to study the thermal release behaviour of Po from LBE under vacuum.
However, for release experiments, it had to be ensured that Po be homogeneously distributed within
the samples. Therefore, the distribution of 210Po within these samples was studied.
The distribution of 210Po in the samples was determined by successively etching-off a certain
amount of the sample surface and analysing its 210Po content. For this purpose, a sample of typically
|1 g LBE containing carrier-free amounts of 210Po was immersed in 7M HNO3 for a certain time.
Afterwards, the weight loss was measured and the 210Po concentration of the dissolved LBE was
analysed using Liquid Scintillation Counting (LSC) with the following procedure: the leaching solution
was evaporated to dryness and dissolved in 5 ml 1M HNO3. An amount of 1.25 ml of this solution was
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mixed with 14 ml Aquasafe 300 and measured in the LSC spectrometer (Packard Tri-Carb 2200CA)
for 5 h. Standard solutions containing varying known amounts of 210Po and LBE matrix were used for
calibration.
For the use of such samples for Po release studies a method for homogenisation of the Po
distribution was devised. Homogeneity can be achieved by heating the LBE samples at 500qC in a H2
atmosphere under mild agitation. Samples treated in this manner no longer show a surface enrichment
of 210Po immediately after solidification.
Release experiments were performed in the apparatus depicted in Figure 1. Before the experiment,
a small part of the sample was cut off. The remaining part was put in a quartz boat lined with a quartz
fleece, which was placed inside the quartz reaction tube. Additionally, a gold foil was placed in
the tube to absorb the evaporated Po. The tube was evacuated using a turbo molecular pump. Typical
pressures achieved were in the order of 1 u 10–5 mbar. A furnace was heated to the desired temperature.
The reaction tube was then inserted in the furnace and kept there for 1 h. Afterwards, the tube was
removed from the furnace, cooled to room temperature and vented. A small part of the LBE sample
was cut off. The parts that were cut off from the sample before and after heating were analysed by
LSC to determine the release of Po.
Figure 1. Set-up for release experiments in vacuum

Results
Figure 2 shows the variation of the 210Po concentration in a typical sample as a function of mass
remaining in the successive dissolution process. The diagram clearly shows that 210Po is enriched in
the surface region, while in the inner part of the sample its concentration remains more or less constant.
The thickness of the enriched layer is estimated to be roughly in the order of 20 Pm, based on the
weight loss. The driving force for the segregation and its kinetics are a topic of further studies.
Figure 3 shows a comparison of the first results of release experiments performed in vacuum and
those obtained in an Ar/7%-H2 atmosphere under ambient pressure [2]. The fractional release of Po is
plotted as a function of temperature. It is evident that the evaporation of Po is significantly enhanced
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under vacuum, as expected. Apart from the missing points in temperature, further release experiments
are planned, including long-term studies at temperatures close to the onset of Po release and
investigations under different pressures, with the final goal of quantification of Po release rate.
Already from the first results it can be concluded that in a windowless spallation target suitable
measures have to be taken to catch the highly radiotoxic polonium isotopes.
Figure 2. Specific activity of LBE fractions successively
dissolved from a 210Po-containing LBE sample as a function of mass
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Figure 3. Fractional release of Po from LBE under
vacuum (|1 u 10–5 mbar) and Ar/7%-H2 (ambient pressure)
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A BRIEF REVIEW OF THERMODYNAMIC PROPERTIES
AND EQUATION OF STATE OF HEAVY LIQUID METALS

Vitaly Sobolev
Belgian Nuclear Research Centre SCKxCEN

Abstract
Heavy liquid metals (HLM), such as mercury (Hg), lead (Pb), bismuth (Bi) and lead-bismuth eutectic
(Pb-Bi), have been studied in several countries as potential materials for intensive spallation neutron
sources, due to a high neutron yield per incident proton and heat removal capacity. However,
experimental data on their thermal properties in the temperature range of interest are rare. This renders
rather difficult the design calculations and the prognosis of the normal and abnormal behaviour of the
spallation targets. In this case, physically based correlations and an equation of state (EOS), developed
on the basis of the fundamental thermodynamics and limited experimental data, can play a very
important role. Recently a compilation with the recommendations for HLM properties was prepared
by the WPFC (OECD) Expert Group on Lead-bismuth Eutectic Technology. A brief review of this
compilation is proposed in the present article. A set of correlations for temperature dependence of
the main thermodynamic properties of Hg, Bi, Pb and Pb-Bi(e) and EOS based on a modified
Redlich-Kwong equation are presented.
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Introduction
Spallation neutron sources are considered an important tool in many fields of research and for
development of new techniques where neutrons are used. Since the mid-1990s, the interest and the
active studies concerning heavy liquid metals (HLM) – Pb-Bi(e), Bi, Pb, and Hg – have been growing,
due to the perspective of their application in the intensive spallation neutron sources and in fast reactors
of the new generation (subcritical and critical). Heavy metals for spallation targets should preferably
have the following properties: a high neutron yield per proton in unit volume, radiation stability, low
chemical activity, low melting temperature, high boiling temperature, low saturated vapour pressure,
large heat capacity, small viscosity and large thermal expansion. A detailed knowledge of the HLM
thermodynamic properties is a necessary step for design of a spallation source and modelling of its
behaviour under representative normal and abnormal conditions. Main properties of the HLM were
mainly measured at the normal atmospheric pressure and at relatively low temperatures in many
laboratories. The available information has recently been collected by the WPFC (OECD) Expert
Group on Lead-bismuth Eutectic Technology in the Handbook on HLMC Properties; a Version 0 will
be issued in 2007 [1]. For prognosis of the missing thermodynamic properties at high temperatures and
pressures, work is under way to develop a relevant equation of state (EOS) based on the available
experimental data and proved physical models.
This article gives a brief review of the compilation results on the main thermodynamic properties
of the molten Hg, Pb, Bi and Pb-Bi(e) (i.e. density, thermal expansion, heat capacity, compressibility,
surface tension and saturated vapour pressure) and on the development of EOS for these HLM.
Temperature range
A temperature range of the normal operation of an HLM is determined by its melting and boiling
temperatures. Under accidental conditions it can even reach the critical point region.
The melting temperatures of the chemically pure Hg, Bi, Pb and Pb-Bi(e) were measured with a
high precision at normal atmospheric pressure. However, for the technically pure metals, the uncertainty
can be a few tenths of degree of Celsius [2]. The melting temperature increases when pressure
increases (e.g. for Pb, the rate of this increase is 7.92 u 10–8 K Pa–1 in pressure range of 15-200 MPa [3]).
The boiling temperatures of these HLM were measured with a lower precision than their melting
temperatures. The uncertainty ranges from 10 to 20qC for Pb, Bi, Pb-Bi(e) and less than 1qC for Hg.
The boiling temperature increases (with the decreasing rate) when temperature increases. The most
probable values of the normal melting and boiling temperatures together with the latent enthalpies of
melting and boiling of Hg, Bi, Pb and Pb-Bi(e), recommended in [2,3,5], and the operation
temperature ranges of these HLM are presented in Table 1.
Table 1. Characteristic temperatures and temperature ranges of Hg, Bi, Pb and Pb-Bi(e)

Hg
Bi
Pb
Pb-Bi(e)

TM 0
(K)
234.2r0.1
544.4r0.3
600.6r0.1
397.7r0.6

'HM
(kJ·mol–1)
02.3r0.2
11.0r0.4
04.9r0.2
08.1r0.1

TB 0
(K)
629.7r0.5
1 806r50.
2 016r10.
1 943r20.
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'HB
(kJ·mol–1)
59.1r1
181r4
177.8r0.4
178.0r0.4

TB 0 – TM 0
(K)
0 396
1 264
1 415
1 845

A very large uncertainty still exists in the critical temperatures, pressures and densities of the HM
of interest. These parameters are very important for the EOS development and the extension of the
properties recommendations to higher temperatures and pressures. They were measured with satisfactory
precision only for Hg. Many results were obtained for Pb but with a large dispersion. A few data
sets are available for Bi. Only theoretical estimations were found in the open literature for the critical
parameters of Pb-Bi(e). Mean values of the measured and calculated critical parameters collected
in [6] are presented Table 2 below; a deviation from each mean value is given in the brackets for the
calculated parameters.
Table 2. Critical parameters of Hg, Bi, Pb and Pb-Bi(e)

Hg
Pb
Bi
Pb-Bi(e)

Zc {

pc  M
RTc  U c

Tc (K)

pc (MPa)

Uc (kg m–3)

Measured

1 747r50

162r5

5357r700

0.419r0.040

Calculated

1 656 (7%)

143(10%)

4 885 (4%)

0.426 (21%)

Measured

5 400r400

250r30

3 200r300

0.361r0.050

Calculated

4 808 (14%)

118 (36%)

2 468 (19%)

0.247 (59%)

Measured

3 780

132

3 010

0.292

Calculated

4 457 (15%)

119 (25%)

2688 (34%)

0.249 (84%)

Measured

–
4 830 (?)

–
166 (47%?)

–
2 170 (??)

–
0.396 (>50%?)

Calculated

Properties and recommendations
Almost all main thermodynamic properties of the HLM (such as density, thermal expansion, heat
capacity, enthalpy, surface tension, sound velocity and compressibility) are measured with a satisfactory
precision in the region of melting temperature. An exception is the saturated vapour pressure, which is
well measured for Hg, but not so well for other three heavy liquid metals: Pb, Bi and, especially, for
Pb-Bi(e) at low temperatures. The recommended values of all above mentioned parameters, calculated
for the considered HLM at the normal atmospheric pressure and at the melting temperatures using the
correlations given in [2,7] and hereafter, are presented in Table 3.
Table 3. Recommended values of main thermodynamic parameters of
Hg, Bi, Pb and Pb-Bi(e) at normal atmospheric pressure and melting temperatures
Parameter
Ma (g mol–1)
U (kg m–3)
Dvol (10–5 K–1)
usound (m s–1)
Cp (J mol–1 K–1)
V (10–3 N m–1)
ps (Pa)

Hg
200.59
13 691
17.7
1 480
28.3
498.1
3.4·10–4

Pb
207.20
10 673
22.7
1 774
30.6
451.1
5.7·10–7

235

Bi
208.98
10 062
24.1
1 677
30.5
382.0
1.4·10–8

Pb-Bi (e)
208.18
10 570
23.0
1 773
31.1
410.8
3·10–15

Density and thermal expansion
The temperature and pressure dependence of density allow directly constructing a thermal EOS.
At the normal atmospheric pressure, density was measured better than other properties for all four
HLM. For Hg, Bi and Pb the experimental data are available from the normal melting point up to the
normal boiling point. For Pb-Bi(e), the upper temperature limit is about 1 300 K.
With uncertainty of 0.7-0.8%, the temperature dependence of the density can be described by the
linear correlation:
U T , p0

U m 0  A T  Tm 0

(1)

A volumetric coefficient of thermal expansion (CTE) is determined from the density as follows:
D p T , p0 { 

§ wU T , p0 ·
1
¨
¸
U T , p 0 © wT
¹p

U m0

A
 A T  Tm 0

(2)

Correlations (1) and (2), with the recommended in Table 3 density values at the normal melting
temperature and with the coefficients A given in Table, are illustrated in Figure 2. Density decreases
with temperature due increasing interatomic distances caused by thermal expansion. In its turn CTE
increases with temperature due reduction of the interatomic forces with the distance.
Table 4. Coefficients of the correlations (1), (3), (6) and (7)

Hg
Bi
Pb
Pb-Bi(e)

A 0
(kg m-3 K-1)
2.4280
1.2208
1.2795
1.3236

Au 0
(m s–1 K–1)
0.200
0.797
0.277
0.193

'He
(kJ mol–1)
060.5
190.0
185.0
187.5

As
(Pa)
1.06·1010
2.47·1010
6.57·1090
1.11·1010

A 0
(N m–1 K–1)
0.200
0.080
0.113
0.066

Figure 2. Density (a) and CTE (b) of liquid Hg, Bi, Pb and Pb-Bi(e) (p | patm)
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Compressibility and sound velocity
The velocity of propagation of sound waves in the HLM was measured at the normal atmospheric
pressure and mainly close to the melting temperature. In this limited temperature region it decreases
with temperature almost linear:
usound T , p0

um 0  Au T  Tm 0

(3)

The recommended values of the sound velocity at the normal melting temperature (um 0) are given
in Table 3 and the coefficients Au are given in Table 4. The experimental results at higher temperatures
were found only in a few publications: for Hg and Pb the measurements were performed in the
temperature region from TM to TB; for Bi and Pb-Bi(e) up to 603 K [2]. At high temperatures the
sound velocity in lead strongly deviates from the linear temperature dependence [see Figure 3(a)] and
can be described with the following parabolic correlation [8]:
u sound

Pb

1951.75  0.3423  T  7.635 u 10 5  T 2

T , p0

(4)

The adiabatic bulk modulus BS (or the adiabatic compressibility KS) can be deduced from the
results of measurement of the sound velocity and density:
BS {

1
KS

U
wU wp

2
U  u sound

(5)

S

The results of calculation of BS are presented in Figure 3(b) below.
Figure 3. Ultrasound velocity (a) and adiabatic bulk
modulus (b) of liquid Hg, Bi, Pb and Pb-Bi(e) (p | patm)
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Surface tension
A surface tension is a measure of the cohesive energy of atoms and correlates with the latent heat
of evaporation. The surface tension of normal liquids should decrease with temperature linearly and
becomes zero at the critical temperature (Eötvös’ law). So the linear correlation can be recommended:
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V T , p0

V m 0  A T  Tm 0

(6)

The recommended coefficients of correlation (6) are given in Tables 3 and 4, and the calculated
surface tension is presented in Figure 4.
Figure 4. Surface tension of Hg, Bi, Pb and Pb-Bi(e) (p | patm)
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A dispersion of r(3-5)% exists between the surface tension values given by different sources at
T < 1 300 K. At higher temperatures, the scatter of the experimental results increases significantly.
Saturated vapour pressure
The saturated vapour pressure of HLM is a very important parameter, especially for windowless
spallation targets. It is directly related to the latent heat of evaporation. At low pressures, where vapour
behaves as a perfect gas and the evaporation enthalpy ('HE) is about constant, the temperature
dependence of the vapour pressure is about exponential:
ps T

As  exp  'H E RT

(7)

R = 8.314 J·mol–1·K–1 is the universal gas constant. The coefficients of correlation (7) are given in
Table 4. Figure 5, where the vapour pressure is plotted as a function of temperature, illustrates the
correlation (7) for Hg, Bi, Pb and Pb-Bi(e) in the temperature range of TM 0 to TB 0. It should be noticed
that for Hg, Pb and Bi the uncertainty of this correlation is about 10% when temperature is 50-100qC
higher than the normal melting temperature and lower than the normal boiling temperature. The
uncertainty increases rapidly beyond this interval, at lower and higher temperatures.
For Pb-Bi(e) the uncertainty of this correlation is about 10% at temperatures higher than 1 500 K,
however it becomes more than 50% when temperature decreases below 1 000 K. At lower temperatures
the saturated pressure is very low to be measured correctly. The values of 'HE presented in Table 4 are
in satisfactory agreement with 'HB presented in Table 3.
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Figure 5. Saturated vapour pressure of Hg, Bi, Pb and Pb-Bi(e) (p d patm)
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Heat capacity
It is a very difficult task to measure the heat capacity of HLM. The heat capacity is more or less
well measured only in the region of the melting temperatures at the normal pressure. At higher
temperatures, the available experimental data often give contradictory results. The theoretical calculation
of heat capacity of liquids is restricted by the extreme complexity of the motion of atoms in liquids.
They indicate that the heat capacity should decrease with temperature after melting, and then passes
through a large plateau and begins increasing. Usually, an empirical correlation is used (deduced from
the “standard” thermodynamic polynomial applied for enthalpy):
C p T , p0

§ wH ·
¨
¸
© wT ¹ p 0

a  b T  c T 2  d T

2

(8)

The recommended values for the coefficients of correlation (8) are given in Table 5 and the
calculated heat capacities are presented in Figure 6. Uncertainty is about 5-7% up to T = 1 200-1 400 K
and increases at higher temperatures were no experimental data were found in open literature.
Table 5. Recommended coefficients of correlation (8)

Hg
Bi
Pb
Pb-Bi(e)

a
(J K–1 mol–1)
30.38
36.50
24.70
34.30

b
(J K–2 mol–1)
-1.146·10–2
-1.020·10–2
1.240·10–3
-8.20·10–3
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c
(J K–3 mol–1)
1.016E·10–5
3.2·10–6
0
2.6·10–6

d
(J K2 mol–1)
0
-3.158·105
1.5011·106
-9.5·104

Figure 6. Isobaric heat capacity of Hg, Bi, Pb and Pb-Bi(e) (p | patm)
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Equation of state
In recent years, considerable progress has been achieved in the development of empirical,
semi-empirical and mechanistic EOS for fluids. Simple thermal EOS is frequently used for HM, which
binds the main TD variables’ pressure, temperature and volume (or density): F(p,T,U) = 0. The simplest
approach to construct the thermal EOS is to use available information on temperature and pressure
dependence of density:
p

T

U p ,T

§ wU ·
§ wU ·
¸ dT  ¨ ¸ dp
¨
wp ¹T
T
w
¹p
©
T0
p0 ©

³

³

(9)

The temperature dependence was described in one of the precedent sections. The effect of
pressure can be estimated using the information on the HLM sound velocity, thermal expansion and
heat capacity and the following thermodynamic relationship:
§ wU ·
¨ ¸
© wp ¹ T

M  T  D 2p T ·
§
¸¸
¨¨ 2 1

Cp T
¹
© u sound T

(10)

The results of calculation of the coefficient (10) for Hg, Bi, Pb and Pb-Bi(e) are presented in
Figure 7 and they show that the correction factor is rather small. The density correction does not
exceed 0.1% per 1 MPa in the region of the normal operation of the HLM.
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Figure 7. Pressure correction factor for density of Hg, Bi, Pb and Pb-Bi(e) (p | patm)
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However, the estimation performed above is only valid for liquid phase and under the condition
that thermodynamic coefficients do not depend on pressure. In order to take into account the pressure
dependence of the HLM thermodynamic parameters, different thermal EOS were developed. In the
design and industrial applications, a few semi-empirical equations of the Van der Waals family are
widely used, in particular those based on the EOS proposed by Redlich and Kwong [9] (RK EOS):
p X,T

R T
a

M  X  b X  X  b  T 0.5

(11)

where X = U–1 is specific volume. In order to improve the prognosis capacity of this two-parameter
equation of state, Soave [10] introduced a more general temperature dependence a(T) in the attractive
term of RK EOS. Later, Morita and Fischer [11] provided more flexibility for this EOS by introducing
a third parameter c (in the place of b) in the attractive term and a dimer molar fraction xd in the
repulsive term (in order to consider a vapour with dimer and monomer molecules):
p

aT
RT

M  1  xd  X  b X X  c

(12)

a(T) is presented as a power function of temperature:
n

aT

§T ·
a c  ¨ ¸ at T d Tc and a T
© Tc ¹

ac 

da
dT

T  Tc at T > Tc

(13)

Tc

Parameters ac, b and c can be found from the estimated values of the critical parameters Tc, pc, Uc;
xd is determined using the “best estimate” values of the saturated vapour pressure.
Recently, Eqs. (12) and (13) were applied to Pb-Bi(e) [12] and then to Bi, Pb and Hg [6]. The
coefficients of MRK EOS extracted from [6] are presented in Table 6. Figure 8 shows (as an example)
the calculated vapour isotherms of Pb on a p – X diagram.

241

Table 6. Coefficients of MRK EOS (10) [6]
Hg
14.377
7.4988 u 10–5
-3.1436 u 10–5
-0.028413
0.0?

ac
b
c
n
y2

Pb
203.24
3.3918 u 10–5
7.5099 u 10–4
0.048956
0.0

Bi
49.064
1.8448 u 10–4
-5.8218 u 10–5
0.14618
0

Pb-Bi(e)
159.33
6.2682 u 10–5
8.1187 u 10–4
0.37836
0

Figure 8. Vapour isotherms of Pb calculated with RMK EOS (10) [6]
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Conclusions
For liquid Hg, Pb Bi and Pb-Bi(e), the experimental data are available for most thermodynamic
parameters of interest in the temperature region of the normal operation of nuclear installations, but
only at the atmospheric pressure. Moreover, some of these parameters (heat capacity, saturated vapour
pressure, sound velocity, critical point) have not yet been determined with sufficient accuracy.
The critical parameters of Hg, Pb, Bi and Pb-Bi given in the literature were analysed and compared
aiming to develop more reliable recommendations. The modified four-parametric Redlich-Kwong
EOS can, in principle, be applied for Hg, Pb, Bi and Pb-Bi. However, supplementary experimental
data are needed to fit better the constants.
Co-ordinated international and national R&D programmes (experimental and theoretical) are
needed to complete and extend the OECD database on HLM thermal properties.
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Abstract
The experimental accelerator-driven system XT-ADS is being developed within the framework of the
European FP6 project EUROTRANS. The device will serve a twofold purpose. Firstly it will act as an
ADS concept demonstrator and secondly it will serve as a flexible fast neutron spectrum experimental
irradiation tool for materials, fuel materials and radioactive isotopes studies. Because of the functional
similarity between the XT-ADS and the MYRRHA concept that was developed earlier at SCKxCEN
in Mol, Belgium, the design file of the latter was chosen as a starting point for the development of the
XT-ADS. Within an ADS system the spallation target unit is the link between the accelerator and the
subcritical core as here the neutrons that are fed into the core are produced. The design of the spallation
target must meet the boundary conditions set by the different concepts in the XT-ADS with respect to
the primary system, fuel handling, proton beam properties, etc. Because these boundary conditions
were changed with respect to the MYRRHA case and in order to improve the spallation target design,
several alterations as compared to MYRRHA were investigated. These affect the thermal-hydraulics of
the target loop, the vacuum interface, the LBE handling and several active components that are housed
in the target shell. In this paper, the altered design concept, the proposed technical solutions and the
related R&D effort are discussed.
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Introduction
High-level nuclear waste is the most important issue weighing on the acceptability of nuclear
fission as a long-term energy source. Transmutation is the only method to fundamentally reduce the
radiotoxic burden of the waste in a more efficient way than natural decay. In this respect the technology
of accelerator-driven systems is an important track to be investigated. An ADS basically consists of a
subcritical core to which neutrons from an accelerator-driven spallation neutron source are fed.
Because the operation of the “reactor” system is no longer based on reaching criticality in the core but
rather on the intensity of the neutron source, operation with any kind of fissile material is in principle
possible. This feature makes an ADS particularly suited for waste transmutation.
The European project EUROTRANS is dedicated to the advancement of nuclear transmutation
techniques [1]. The project aims to reach two main goals: to realise the conceptual design of the lead
alloy European Transmutation Demonstrator (ETD) and to perform a detailed design of the small-scale
experimental XT-ADS aiming at the short-term realisation of the system. The XT-ADS will serve a
twofold function. Firstly, it will be an ADS concept demonstrator and component test bench for the
industrial level nuclear waste transmuter ETD. Secondly, the XT-ADS will be designed as a flexible
experimental irradiation device for fuel, materials and radioactive isotopes studies for present and
future nuclear energy concepts. Because of its function as an experimental irradiation device, the
XT-ADS subcritical core will need to be designed in a very compact geometry to achieve high flux
levels (ITot = ~3.1015 n/cm2.s) [2] within a reasonable small core (~0.5 m3). Evidently, the spallation
target design must match the requirements determined by the general concept of the XT-ADS.
It should produce a sufficient amount of neutrons to feed the subcritical core at its specific keff value
(| 0.95). For this purpose the spallation target must accept the appropriate high-power proton beam
that is currently set at 2.5 at 600 MeV. At the end of the cycle the required beam current may rise to
4 mA to compensate for fuel burn-up. Because the thermal energy of about 1-1.5 MW that is deposited
by the proton beam requires forced convection cooling, liquid lead-bismuth eutectic (LBE) is chosen
as target material. LBE is likewise the coolant of the main vessel although both circuits are separated.
In addition, the target must fit into the space that is available in the subcritical core. The target space is
created by removing three of the hexagonal fuel assemblies in the centre of the core. Furthermore, the
design of the target should not hamper the fundamental role of XT-ADS as a flexible high-intensity
experimental irradiation device. Finally, although a replacement of the spallation target within the
envisaged lifetime of the XT-ADS is unavoidable this operation should not be required too often.
Thus, the spallation target unit should be able to survive operation within the ADS system for a sufficient
amount of time.
Spallation target design concepts
Due to the functional similarity between the XT-ADS and MYRRHA that was developed earlier
at SCKxCEN [3], the design of the latter was chosen as a starting point for the development of the
XT-ADS target loop. The design of the XT-ADS target is driven by the functional and spatial
constraints given above. Because of the very high proton beam densities of about 150 PA/cm2, the
spallation target is designed without a window between the liquid metal target area and the vacuum of
the beam line. It may be noted that the focus of the EUROTRANS project on a windowless design is
complementary to the work that was carried out in the FP5 programme PDS-XADS and the
MEGAPIE initiative in which a window concept for a high-power spallation target was studied.
The spallation zone is formed by free flowing LBE shaped by a concentric feeding nozzle thus
creating a confluent flow (Figure 1). The compact core of the XT-ADS only allows a single passage of
the LBE target material in one direction from top to bottom. The feeder line passes above the core and
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Figure 1. Schematic drawing of the vertical confluent flow concept

the return line passes underneath it, thus interlinking the core. In this configuration the spallation
target loop has an off-axis housing for all active components. The off-axis design of the spallation
loop leaves the top and bottom of the subcritical core accessible for fuel manipulations and the
installation of irradiation experiments. In addition, the main part of the spallation loop is moved away
from the high radiation zone which is beneficial for its lifetime.
The common vacuum of the target zone and the proton beam line puts requirements on the
vacuum system. Firstly, the vacuum pressure directly above the spallation target should be below the
10–5-10–6 Pa range to guarantee compatibility with the vacuum of the proton beam line and to avoid
plasma formation caused by the interaction between residual gas above the target and the proton beam.
This pressure condition implies that the outgassing of the spallation target material must be limited
and that care should be taken in the design of the vacuum system to ensure sufficient vacuum
conductance and pumping capacity. The second essential function of the vacuum system is the
confinement of volatile radioactive spallation products. Due to the spallation interaction of the proton
beam with the target material, radioactive elements with a high vapour pressure (e.g. Hg isotopes) are
produced. These products are likely to emanate from the free surface of the target and should be
confined, either within the spallation loop or in the vacuum system. For this purpose the latter is
equipped with a closed back end composed of sorption and getter pumps. In order to minimise
emanation of spallation products into the proton beam line, a large second free LBE surface is foreseen
in the servicing vessel, directly underneath the main vacuum pumps.
The heat deposited in the spallation target by the 600-MeV proton beam is about 975 kW for the
present target configuration and 2.5 mA current [4]. This heat is removed by pumping the liquid target
material through a heat exchanger that is situated at the bottom of the off-axis part of the spallation
loop. The secondary side of the heat exchanger is cooled by the main vessel coolant. The flow rate of
the LBE in the spallation loop is about 10-20 l/s. The lower limit of this value is determined by
the maximum temperature allowed in the target. In order to limit LBE evaporation and corrosion of
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structural materials in the target loop, this temperature is set at about 430qC. Because the spallation
target material is cooled against the main vessel coolant, the lowest achievable temperature during
normal operation is 330qC.
The XT-ADS spallation target system has been designed to be compatible with the remote
handling scheme envisaged for the entire XT-ADS installation. The spallation loop can be removed
from the main vessel after unloading of the core. The prior unloading of the core is to avoid criticality
issues, for general safety and to allow in situ commissioning of the target unit. In addition, all active
elements are placed in a separate sub-unit which allows servicing of these parts without removal of
full the spallation loop. Maintenance, inspection and repair of the spallation unit are foreseen to be
performed in the XT-ADS hall outside the main vessel pool under cover of a protective inert
atmosphere. This includes disconnection and reengagement of all service jumpers, replacement of the
embrittled loop parts close to the target zone and removal and re-installation of the interior column
with all active parts. Before and after maintenance the LBE loop is drained and later refilled into and
from a special container. This allows to save storage of the LBE during maintenance and simultaneously
permits conditioning of the material in a dedicated off-line system
Spallation loop layout and operation
Figure 2 shows the interior of the spallation loop together with a schematic layout. All components
are indicated. The liquid metal is fed from the off-centre unit and traverses to the central axis of the
subcritical core. It descends through the three feeders surrounding the beam transport line. The target
surface is formed at the confluence point of the target nozzle in the centre of the subcritical core. Here
the proton beam impinges from the top. The LBE subsequently returns from the beam impact zone
through the central tube, the lower U-bend and the heat exchanger to the pumps in the off-centre unit.
Figure 2. Schematic layout of the spallation loop and its interiors
Beam line
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Turbo pump
Shielding lid
Cryopump
Electric motor
LBE conditioning
Hydraulic drive
Target
Vacuum
pumping duct
MHD pump
Main pump
LBE/LBE hex
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For proper operation of the liquid target, the formation of the target free surface and a firm
control over the size of the recirculation zone that is formed in the centre of the target free surface is
essential. The size of the recirculation zone can be determined indirectly by its height. The latter is
measured by a LIDAR positioned in line with the beam.
Within the XT-ADS spallation target design work of the EUROTRANS project, a specific effort
is put on the development of the target nozzle. In the MYRRHA Draft 2 [3] that serves as the input for
the XT-ADS, the target nozzle was designed to have a straight LBE flow without detachment of the
LBE from the nozzle walls. However, real size water flow experiments performed at the Université
Catholique de Louvain (UCL) and LBE flow experiments that were done at the KALLA laboratory of
the Forschungszentrum Karlsruhe (FzK) have shown that a more stable flow is achieved if some
detachment of the LBE flow is allowed. Also, introducing a mild swirl has a stabilising effect. These
results are now used as input for further development of the target nozzle. Firstly, the feasibility of a
target nozzle that explicitly forces flow detachment is studied. In order to achieve detachment at the
right position and nowhere else, a rig in the nozzle wall is created (Figure 3). In addition, the nozzle
shape and the in- and outflow cross-sections must be optimised. For this purpose, several nozzle
proposals are looked into with CFD calculations, followed by experimental tests using water flow
experiments at UCL. A similar strategy is being followed for the investigation of the influence of swirl
on the LBE flow. Here, CFD calculations indicate that in the current geometry, 5% swirl, corresponding
to a 1/20 ratio of the tangential relative to the axial LBE velocities, stabilises the position of the
recirculation zone whereas at 10% swirl the onset of the creation of a hollow vortex in the centre of the
nozzle is observed [5]. In water flow experiments similar results are obtained albeit that already at 5%
swirl vortex formation is found. In the near future, water flow experiments with a target nozzle
introducing less swirl will be carried out.
Figure 3. Target nozzle with a detached flow profile
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LBE pumps
The present design of the spallation loop is equipped with two active pumps: the main pump in
the return line and an auxiliary pump in the feeder line. The pumping system is laid out to provide a
total pressure boost of 4.4 bar, to drive the LBE in the spallation loop at a flow-rate of 10-20 l/s.
For the main pump, the reference design consists of a mechanical pump powered by an indirect
hydraulic drive to avoid the use of a long shaft. In this configuration, a canned electric motor drives a
pump that transmits its power to the hydraulic drive/hydraulic pump situated directly above the outlet
of the heat exchanger. The hydraulic transmission fluid is taken to be the same as the LBE that it is
circulating in the spallation loop (although at higher pressure). For the design of the pump-drive
tandem, common impeller technology or a screw spindle technology are considered. In the latter case,
the fluid smoothly follows the spindle motion without being subject to the accelerating or decelerating
phases of impeller pumps. Such a smooth flow is assumed to be less bothered by corrosion and
cavitation problems. Although the hydraulic drive pump is at present the reference design, the long
shaft option has not been ruled out. Here however, the proper design and testing of the shaft bearings
is the most crucial point. The use of an annular linear induction or magneto-hydrodynamic (MHD)
pump is also not excluded, provided an efficient design can be produced which fits into the available
space (diameter ~800 mm, length ~1 000 mm).
For the pump in the feeder line, the reference design is an MHD type pump. The basic concept is
similar to that used for the MEGAPIE Project at PSI (CH). The MEGAPIE pump is constructed at
IPUL (University of Latvia). The MHD pump envisaged for the XT-ADS differs from this pump in
certain respects in order to obtain the pressure gain of 1.2 bars as required. By better matching the
LBE velocity to the mean magnetic field velocity, the slip ratio can be decreased, resulting in almost
doubled pump efficiency. Furthermore, the pump length is increased to 1.2 m, including an integrated
annular magnetic flow meter and the number of poles is increased accordingly. Taking into account
the MEGAPIE model findings, the efficiency could be increased even more by grading the magnetic
core flux over its length.
Vacuum system
The absence of a window implies that a vacuum system must be provided that maintains
sufficiently low pressures above the target to accommodate the vacuum of the accelerator and to avoid
plasma formation. In addition, it must ensure sufficient confinement of volatile radioactive spallation
products that may emanate from the target. In the present design the low conductance of the beam line
is overcome by connecting the spallation unit to the central beam line via a duct. An integrated
vacuum system provides a vacuum over the free surfaces of less than 10–5 Pa. At the back end of the
system all radioactive volatile emanations are collected in absorption pumps from where they can be
batch-wise removed. Because of the target vacuum, the LBE flow is optimised to keep the temperature
of the free surface low in order to prevent excessive LBE evaporation into the beam line.
During target nozzle experiments, it was observed that the pressure in the target module was
reduced to two orders of magnitude below the minimum pressure reachable by the vacuum pump
installed at that time. This indicates that the fast flowing LBE in the spallation target zone has a
significant vacuum pumping effect. Although the effect has not been duly quantified in the present
target geometry, it does open possibilities for a simplification of the vacuum system design. If the
vacuum pumping effect of the LBE is sufficient to reduce the vacuum pressure in the target zone
during normal operation to below the level required, the central duct can be abandoned. In this
scenario, the confinement of the spallation products can be improved as the vacuum chamber above
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the free surface in the main vessel has no contact with the beam line, thus preventing migration of
volatile radioactive spallation products that were emanated from this free surface to the beam line.
Separation also allows operating the vacuum vessel at higher pressures of the order of 1-100 Pa which
would greatly simplify the vacuum system without changing the LBE flow behaviour significantly. In
addition, the higher operating pressure allows to envisage a room temperature vapour trap in the vessel
that would immobilise the bulk of the volatile spallation products, so that the load on the absorption
pumps is reduced.
LBE conditioning
Conditioning of the LBE eutectic in the spallation loop is required for two main reasons: to inhibit
corrosion and to prevent conglomeration of insoluble impurities (e.g. PbO) that may lead to a blocking
of the flow. These two requirements lead to the necessity to control the oxygen content in the LBE
target material to the level of ca 1.10–6 wt.%. For this a hydrogen and water vapour gas treatment
system is foreseen in the design of the MYRRHA ADS to reduce the amount of oxygen in the LBE
when required. However, since the spallation unit is a vacuum system the treatment is only possible
during maintenance times. During operation, the generally reducing nature of the spallation products
and the hydrogen from the proton beam needs to be counteracted. For this purpose a dedicated
conditioning unit is foreseen. Its active component is a heated basket with PbO pebbles housed in an
insulated vessel. The oxygen exchange rate between the pebbles and the bypass LBE flow is governed
by controlling the temperature of the basket. In addition, magnetic filtering is foreseen at the entrance
of the MHD pump to extract magnetic corrosion products (mainly Fe and Ni compounds) that could
otherwise clog the MHD pump. Finally, at the top of the second free surface filtering/skimming is
envisaged to remove floating debris.
Summary
The design of the XT-ADS spallation target is performed within the European integrated project
EUROTRANS that started in April 2005. At the current status of the spallation target design process,
the boundary conditions for the spallation target loop with respect to the XT-ADS performance
requirements and the design of the subcritical core and primary system have been established. In this
paper, the next steps are outlined that will concentrate on further development of the spallation target
nozzle, the vacuum and spallation product confinement system and the pumping system.
This work is accomplished in the frame of the FP6 Contract FI6W-CT-2005-516520.
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Abstract
The system conditions of an accelerator-driven subcritical system (ADS) must be closely monitored to
ensure safe operation. The energy spectrum of neutrons in the ADS is largely varied by changing the
conditions of the accelerator and the target, as well as the core. Therefore, by measuring the energy
spectrum of those neutrons, the system conditions can be monitored. Bismuth activation was proposed
for measuring the high-energy neutrons and the experimental verification for the Bi activation method
was performed with a high-energy accelerator. The experiment to establish a measurement system for
thermal and fast regions was also performed. Based on those experiments, we have designed a
measurement system of the whole energy spectrum of neutrons existing in the ADS.
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Introduction
The ADS is a hybrid system, which consists of a GeV-order proton accelerator, a spallation target,
and a subcritical reactor. High-energy neutrons with an energy range of up to several hundred MeV are
generated in the ADS. For example, Figure 1 shows the typical spectrum in the ADS proposed by
Japan Atomic Energy Agency, which has a 1.5-GeV proton accelerator, a Pb-Bi target and a nitride
fuel core. The spectrum of neutrons distributing in the wide energy range from thermal to high energy
is formed. The spectrum is largely varied by changing the conditions of the accelerator, the target and
the core. This fact inversely means that, by measuring the energy spectrum of those neutrons, the
system conditions of ADS can be monitored.
Figure 1. Typical spectrum in the ADS
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At this research stage of ADS, there is no measurement method for the neutron energy spectrum
including those high-energy neutrons. Therefore, this study aims: 1) to develop a measurement method
for the energy spectrum of high-energy neutrons existing in the ADS; 2) to establish a measurement
system of the whole energy spectrum inside the ADS core.
As a detector to measure neutron spectrum, a scintillation detector is one of the candidates as it
can directly acquire the neutron energy spectrum. However, the scintillation detector is not useable in
the ADS core since the ADS field has both very high neutron flux and very large J contamination.
A fission counter can be employed to measure the neutrons in the ADS core, but it cannot provide the
neutron spectrum. Therefore, we selected an activation detector since it can measure the neutron
spectrum with high-energy resolution and it is useable in the strong J field.
Development of measurement method of high-energy neutron spectrum
Selection of foil
We propose bismuth for measuring the high-energy neutrons. Bi continuously occurs the (n,Xn)
reactions successively from 10 to 100 MeV with the same energy interval of 8 MeV. Figure 2 shows
the cross-sections of the Bi (n,Xn) with the threshold energies from 20 to 100 MeV. The activated
nuclides from those reactions have the suitable half-lives and the J-ray energies for J-counting. Bi will
be suitable to obtain the energy spectrum of high-energy neutrons.
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Figure 2. (n,Xn) threshold reaction cross-section of Bi
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Verification experiment
The experimental verification of the Bi activation was made by using a Fixed Field Alternating
Gradient (FFAG) accelerator at High Energy Accelerator Research Organization (KEK).
The FFAG accelerator is an accelerator, which has the combined advantages of a cyclotron and a
synchrotron. The FFAG used in the experiment is the accelerator with a beam energy of 150 MeV.
However, unfortunately in this experiment, the proton energy was not stable and the beam did not
converge well. For this reason, the beam energy could not be well defined although it was supposed
between 70 and 80 MeV.
Figure 3 shows the experimental set-up. The sample consists of Bi as activation detector and W as
a spallation target into which the proton beam was injected. The thickness of W was 9 mm, which is
enough to stop the protons inside the W targets. The Bi sample was placed behind the W target. The
thickness of Bi is 3 mm. The diameter of W and Bi was the same diameter of 5 cm. That thickness and
the diameter of Bi and W were decided by the MCNPX calculation.
The sample was irradiated for three hours and was measured using a Ge detector. Reactions
observed are as follows: 209Bi(n,4n)206Bi with a threshold energy of 22 MeV and 209Bi(n,8n)202Bi with
threshold energy of 54 MeV.
Comparison with experimental and calculated results
From the J counting data, we derived the neutron energy spectrum by the unfolding method.
Figure 4 shows the experimental result using the unfolding method and the calculated result using the
MCNPX code. The calculated values are two spectra for the proton energy of 70 and 80 MeV as
shown in the figure. The reaction rates are the relative values normalised by the reaction rate of the
(n,6n) reaction.
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Figure 3. Experimental set-up

Figure 4. Experimental results and calculated values

It is found from the figure that the experimental result is between the calculated values of 70 and
80 MeV. This result confirms that the Bi activation is available for measuring the high-energy neutron
spectrum. More accurate experiments should be undertaken to verify this Bi method.
Establishment of measurement system of whole energy neutron spectrum
Verification experiment for thermal and fast neutrons region
To measure the whole energy spectrum, it is required to measure the thermal and the fast neutrons.
In this study, the experiment was performed to establish the measurement method of the thermal and
the fast neutrons using the Kyoto University Critical Assembly (KUCA). In the KUCA, a subcritical
core driven with 14-MeV neutrons was mocked-up and the activation experiment was made by using
the convectional foils such as Au and In.
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Although the experiments were performed for the thermal and the fast neutron spectrum, the
description presented here was limited to the experiment for the fast neutron higher than 0.1 MeV.
Figure 5 shows the experimental layout of the KUCA experiment. The accelerator is the conventional
Cockcroft-Walton accelerator with an energy of 300 KeV, which produces the neutrons via the D-T
reaction. The subcriticality for the ADS core was about 1.2%'k/k. In, Fe, Al and Nb were adopted for
measuring the fast neutrons with an energy threshold interval of 5 MeV. The foils were set at the centre
of the core and near the neutron target. Each parameter of the foils employed is shown in Table 1. For
measuring the thermal neutron flux, 197Au was used. The irradiation time of all the foils was five hours
and the J-rays were detected by using a Ge detector.
Figure 5. Experimental layout of the KUCA experiment
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Table 1. Parameter of used foils
Threshold [MeV]
115
0.5
In(n,nc)
56
4.9
Fe(n,p)
27
4.9
Al(n,D)
93
9
Nb(n,2n)
197
Au(n,J)

Mass [g]
42.5
77
27.3
34.6
8.01

Volume [mm3] Half-life
45 u 45 u 3
4.49 h
45 u 45 u 3
2.58 h
45 u 45 u 3
15.3 h
45 u 45 u 3
244 h
20 u 20 u 1
2.70 d

The reaction rates for all foils were unfolded by SAND-II code using the cross-section of JENDL
Activation Cross-section File96. The derived spectrum is shown in Figure 6 with the neutron spectrum
calculated using the MCNP code at the centre of the core.
It is found that the experimental result agrees with the calculated one, thus establishing the
measurement method for the neutron spectrum in the thermal and fast regions.
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Figure 6. Derived spectrum
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Monitoring system
Based on the experiments mentioned above, we have designed a measurement system of the
whole energy spectrum from thermal to high-energy neutrons existing in the ADS. A typical system
design is shown in Figure 7. This system is for the ADS proposed by JAEA and it aims to monitor the
neutron spectrum around the beam window. The sample is placed in an appropriate position by use of
a pneumatic tube. After irradiation, it is withdrawn by the pneumatic tube and is set inside a Ge detector
system as shown in Figure 7. The detector system has several detectors with suitable collimators for
measuring the J-rays as soon and as effectively as possible.
Figure 7. Measurement system of the whole energy spectrum
SUS

The sample is also shown in Figure 7. The sample presented here consists of Bi and In. In is for
measuring the thermal neutrons by the In(n,J) reaction and the fast neutrons by the In(n,nc) reaction.
Other foils for measuring the spectrum more precisely will be added if necessary. The sample is
supposed to be encapsulated as shown in Figure 7. The shapes and masses of the activation detectors
were decided by MCNPX calculation as follows:
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Mass

Shape

Bi

12.25 g

Pellet

In

0.18275 g

Flat

Size
6.32 mm u 10 mm
(diameter u height)
5.0 mm u 5.0 mm u 1.0 mm
(length u width u thickness)

Assuming the operation conditions of the ADS proposed by JAEA, this system was analysed using
MCNPX and ENDF/B-IV. Table 2 shows the results when the irradiation time is set to three hours and
three types of combinations of the waiting time and the detection time are arranged as follows.
i) Waiting time: 30 minutes, detection time: 3 hours.
ii) Waiting time: 6 hours, detection time: 1 day.
iii) Waiting time: 12 hours, detection time: 30 minutes.
Table 2. Activity of Bi and Ge detector by MCNPX
Reaction
Bi(n,10n)
Bi(n,9n)
Bi(n,8n)
Bi(n,7n)
Bi(n,6n)
Bi(n,5n)
Bi(n,4n)
In(n,n)
In(n,J)

Threshold
70.89 MeV
61.69 MeV
54.24 MeV
45.37 MeV
38.13 MeV
29.62 MeV
22.55 MeV
Fast
Thermal

Waiting time
30 min.
30 min.
30 min.
6 hrs.
30 min.
6 hrs.
6 hrs.
12 hrs.
12 hrs.

Detection time
3 hrs.
3 hrs.
3 hrs.
1 day
3 hrs.
1 day
1 day
30 min.
30 min.

Peak counts
105 448
61 883
571 995
76 424
126 098
773
12 909
130 843
99 403

It is found that enough counts are obtained for every reaction of Bi(n,6n) to Bi(n,10n) and In(n,J)
and In n,nc). It is confirmed that the spectrum for the whole energy region inside the ADS can be
measured by the present system.
Conclusion
In this study, bismuth activation was proposed for measuring the high-energy neutrons and the
experimental verification for the Bi activation method was performed using a high-energy accelerator.
In addition, the experiment to establish for the thermal and the fast regions was performed by a use of
subcritical reactor and an accelerator. Based on the experiments mentioned above, we designed a
measurement system of the whole energy spectrum existing in the ADS.
As the results, we have developed the measurement method of the neutron spectrum for the
high-energy neutrons and established the measurement system of the whole energy spectrum from
thermal to high-energy neutrons existing in the ADS.
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Abstract
The design of spallation targets of accelerator-driven systems requires the use of reliable spallation
reaction models embedded inside general transport codes. Nuclear reactions above ~150 MeV are
often reasonably well described by a Monte Carlo implementation of an intranuclear cascade (INC)
model followed by a de-excitation model. The Liège intranuclear cascade model (INCL4) coupled to
the ABLA evaporation-fission model has been shown to give a fairly good description of a large
amount of experimental measurements for proton-induced spallation reactions on thin targets in the
200 MeV-2 GeV range, without free parameters. This model was recently improved in order to extend
its capabilities and to cure some remaining shortcomings. These modifications bear on nuclear mean
field, some aspects of pion dynamics, light charged clusters emission and low-energy extensions.
In this paper we will compare both the modified and the standard versions of the INCL model with
respect to their ability to reproduce thin target experimental measurements. After, we will tentatively
validate the improved INCL model for particle emission and for residue production in thick targets.
In order to estimate the residue production, MCNPX has been updated and coupled to the ORIGEN
evolution code, through the use of the ALEPH system developed at SCKxCEN. The constraints on the
reaction models brought by the thick target data, especially concerning radiotoxicity, will be compared
with those provided by the similar comparison with thin target data.
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Introduction
The projects of accelerator-driven systems for the transmutation of nuclear waste have increased
the interest in spallation reactions as primary neutron sources. The design of such facilities requires the
use of reliable spallation reaction models, embedded inside general transport codes, to accurately
evaluate emitted particle distributions, radiation damages and radiotoxicity of the target.
A spallation reaction is currently described by a first brief phase of intranuclear cascade process
governed by nucleon-nucleon collisions, leading to an excited nucleus after ejection of a few energetic
particles, followed by a second longer phase corresponding to the decay by evaporation with a possible
competition with fission.
The intranuclear cascade model of Liège INCL4 [1] coupled to the ABLA evaporation-fission
model [2] has been shown to give a fairly good description of a large amount of experimental
measurements for proton-induced spallation reactions on thin targets in the 200 MeV-2 GeV range [1].
These last years this model was improved to extend its capabilities and to cure some remaining
shortcomings [3]. The INCL4 model and these recent extensions will be shortly presented in the
next section.
After comparing the standard and the modified versions concerning their predictions for particle
emission and residue production in thin targets, validating the modified model, we will investigate
whether these extensions have an influence on particle emission and on the residue production inside a
thick target. This validation will allow studying the impact of spallation model improvements on
particle transport inside media.
The INCL4 model
The standard version of the Liège INC model is described in detail in Ref. [1]. It is important to
recall that the particle-nucleus collision is described by a Monte Carlo simulation. Initially the position
and momentum of all target nucleons are randomly distributed in the nuclear volume and in a Fermi
sphere, respectively. In the INCL4 version, a smooth initial density distribution is introduced, in
concordance with electron scattering data. NNNN, NNN' and 'SN collisions are based on
realistic parameterised cross-sections and are subjected to a consistent Pauli blocking. The cascade is
stopped according to a criterion based on the time evolution of some physical quantities. The code
accommodates nucleons and light composites as incident particles.
This leads to a parameter-free code in the 200 MeV-2 GeV range with its own absolute
normalisation (the computed total reaction cross-section is correctly reproduced). Neutron and proton
energy spectra are well reproduced for a vast set of target nuclei and incident energies (see Figures 1
and 2). Concerning residue production, the rates are on average well reproduced, except for the
isotopes containing more protons than the target nucleus, which are overestimated (see Figures 3
and 4) and for the rare earths which are underestimated (not shown here).
The recent extensions of the INCL42 model consist of:
x

the introduction of an isospin and energy-dependent baryon mean field [4];

x

an improvement of the pion dynamics: new cross-sections and introduction of the pion mean
field [5];

x

several refinements allowing the extension to lower energy [6-8];
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x

the implementation of d, t, 3He and 4He production during the intranuclear cascade step [9];

x

extension to higher energy, up to 20 GeV [10].

Since the last two extensions are still in progress, they will not be considered in our studies
below. Despite the first reasonably good results obtained for incident energies as low as a few tens of
MeV, among the low-energy extensions, only the refinement of the Pauli blocking for the first
collision will be used in our studies. Some of these low-energy ingredients can not be easily taken into
account at the same time as the energy dependence of the nucleon potential.
Thin target results
The modification of the baryon mean field leads to an improvement (reduction) of the multiplicity
of neutrons per cascade. The excitation energy of the nucleus after the INC step and the multiplicity of
neutrons per evaporation are increased. Figure 1 gives the double-differential cross-section for neutron
production induced by 800-MeV protons on 208Pb. Globally, the effects of our modifications are rather
small: a slight decrease of the intensity of the quasi-elastic peak and a shift towards lower energy are
observed, the production of intermediate-energy neutrons is slightly reduced and the emission of
evaporated neutrons is increased. Compared to the experimental measurements, our modified model
improves the capabilities of INCL. Since the quasi-elastic peak, and thus events involving few emitted
particles, is improved by our modifications, we also expect an improvement in the production of
residues close to the target isotope (see below).
Figure 1. Double-differential cross-section of production
of neutrons induced by 800-MeV protons on 208Pb
A zoom of the quasi-elastic peak is given at the top of the figure. The results obtained with the standard and the modified
models are given by the dotted line and the continuous line, respectively. Experimental data come from Ref. [11].
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Figure 2 gives the double-differential cross-section for S– production induced by 730-MeV protons
on Pb. This figure shows that the production of pions is considerably improved by our modifications.
This will also have an impact on the production of some residues: above 100 MeV, the only way to
produce 210Po from 209Bi is the (p,S0) channel. The globally good agreement seems to show that the
most important characteristics of the pion and ' dynamics are taken into account in the modified
INCL model.
208

Figure 2. Double-differential cross-section for production
of negative pions induced by 730-MeV protons on 208Pb
Same convention as in Figure 1. Experimental data are taken from Ref. [12].

Figures 3 and 4 give the excitation function for the production of 210Po and 209Po induced by
protons on a 209Bi nucleus. As expected from the improvement of the estimation of the quasi-elastic
peak and of the pion sector, the production of these elements is improved by our modifications.
It should be noted that concerning the production of residues, the overall good agreement observed
with the standard model remains and the increase of the excitation energy after the cascade step does
not degrade the fission residue production but slightly improves the production of rare-earth isotopes
(not shown here, see Ref. [5]).
Thick target results
We have investigated whether the previous improvements survive for a thick target. To this aim,
we have updated the INCL model implemented in the MCNPX transport code [16]. Figure 5 displays
the double-differential multiplicity of neutrons emitted from a thick Pb target (60 cm length and 10 cm
radius) irradiated at the Saturne laboratory by 800-MeV protons [17]. Globally, our modifications
bring smaller effects. This can be explained by compensation effects: less primary neutrons but of
higher energy will produce more neutrons in secondary collisions.
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Figure 3. Excitation of the cross-section for 210Po production induced by protons on 209Bi
Same convention as in Figure 1. Experimental data are taken from Ref. [13].

Figure 4. Excitation function of the cross-section for 210Po production induced by protons on 209Bi
Same convention as in Figure 1. Experimental data are taken from Refs. [14,15].
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Figure 5. Double-differential multiplicity of neutrons induced
by protons of 800 MeV on a thick Pb target (see text for detail)
Same convention as in Figure 1. Experimental values are taken from Ref. [17].

We will now investigate whether the improvement of the production of residues remains in the
thick target case. In order to estimate the evolution of the spallation target residues we have solved the
multi-particle Bateman equations:

dN i
dt
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using the ALEPH [18] code which couples the MCNPX code and the evolution code ORIGEN [19].
As ALEPH was initially developed for “low” energy (E < 20 MeV) neutrons, we have adapted this code
to accommodate the evolution of spallation residues [20]. Residue production induced by protons and
higher energy neutrons’ interaction are extracted from MCNPX using the HISTP output file and the
HTAPE3X post-processing tool. The decay library of ALPEH is also updated using NUBASE97 [21].
The experimental measurements used to validate the production of residues inside a thick target
are taken from Ref. [22]. In this experiment, a stack of alternating Pb and Bi disks was shortly
irradiated by 590-MeV protons at PSI and the residues were measured by J-spectrometry. In Figure 6
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Figure 6. Isotopic density of At, Po, Bi and Pb produced in the second disk (209Bi)
Experimental data are taken from Ref. [24]. Figure adapted from Ref. [25].

the theoretical estimates obtained in the first Bi disk are confronted to the experimental results of
Ref. [23]. Both the standard and the modified INCL models reproduce the experimental results. The
production of isomeric nuclei is strongly underestimated. This is due to the use of old data for the
residual J de-excitation (PHTLIB data file) provided with MCNPX version 26a [24]. As foreseen from
thin target analyses, 208Po and 209Po are reduced with the same magnitude. The production of 210Po is
not influenced by our modifications and more 210Po are produced inside a thick target than a thin one.
In a thick target, the (n,J) reaction is of course the dominant source of production of 210Po.
Only the first eleven disks were analysed in Ref. [23]. The calculated production of the most
highly radiotoxic isotopes is given in Figure 7 for the Bi disks, which contain most of the radiotoxic
isotopes [25]. Except for the production of 210Po, which is fed by the low-energy neutron capture
reactions, the production of the other isotopes remains quite constant inside the successive disks and
the reduction of Po isotopes is basically constant inside these disks.
Figure 8 displays the calculated evolution of some of the most radiotoxic isotopes produced in the
LBE target of the MYRRHA ADS [26]. The irradiation consists of 1.88 mA and 600-MeV protons
during 270 EFPDs. After this irradiation, the target decays during 1 000 years. We can draw the same
conclusion as for the PSI target except that here the production rates of 210mBi and of 210Po are still
larger due to the contribution of the neutrons coming from the surrounding subcritical core which
enhances the (n,J) reaction rate on 209Bi.
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Figure 7. Activity (in Bq/cm3) of 204Bi and 194Hg induced in the Pb disks
Same convention as in Figure 1. Figure adapted from Ref. [25].

Figure 8. Evolution of some of the most radiotoxic
isotopes produced in the LBE target of the MYRRHA ADS
Same convention as in Figure 1
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Conclusion
Extensions of the INCL model allowed a better description of events involving the emission of
few particles and, consequently, the production of polonium residues induced by protons in thin 209Bi
targets. The predicted 210Po and of 209Po production cross-sections are considerably reduced and are
now very close to the experimental measurements.
To assess the influence of spallation models’ improvements on thick spallation target design, the
INCL model implemented in the MCNPX code was updated. If the impact of our modifications on the
emission of nucleons is reduced by compensation effects inside thick targets, for the production of
residues, the variation observed is of the same magnitude for thin and thick targets.
The effect of our improvements for the production of some radiotoxic isotopes induced in thick
targets were first performed for the stack of alternating Pb and Bi disks bombarded with 590-MeV
protons at PSI. The evolution of this spallation target was performed by adapting the ALEPH code.
For the few experimental measurements, the predictions of the standard and the modified INCL
models remain close to each other and give satisfactory results. The use of old data for the residual
J de-excitation in MCNPX26a gives a strong underestimate of the production of isomeric states.
As observed from our thin target analysis, the production of 209Po and 208Po is strongly reduced.
Comparing the effects of our modifications in thin and thick targets, the observed variations due to our
modifications remain similar. The production of 210Po and of 210mBi in the bismuth disks are not
influenced by our new implementations, since these isotopes are mainly produced by (n,J) reactions,
followed, for the 210Po, by E– decay.
In the case of the LBE target of the MYRRHA ADS, the same conclusion as for the PSI target
can be drawn, except for of 210Po and of 210mBi for which the production rates are larger due to the
presence of the surrounding multiplying media.
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Abstract
The European Isotope Separation On-line Radioactive Ion Beam project (EURISOL) is set to design
the “next-generation” European Isotope Separation On-line (ISOL) Radioactive Ion Beam (RIB)
facility. It will extend and amplify current research on nuclear physics, nuclear astrophysics and
fundamental interactions beyond the year 2010.
In EURISOL, four target stations are foreseen, three direct targets of approximately 100 kW of beam
power and one multi-MW target assembly, all driven by a high-power particle accelerator. In this
high-power target station, high-intensity RIBs of neutron-rich isotopes will be obtained by inducing
fission in several actinide targets surrounding a liquid metal spallation neutron source.
This article summarises the work carried out within Task 2 of the EURISOL Design Study, with
special attention to the coupled neutronics of the mercury proton-to-neutron converter and the fission
targets. The overall performance of the facility, which will sustain fast neutron fluxes of the order of
1014 n/cm2/s, is evaluated, together with the production of radionuclides in the actinide targets,
showing that the targeted 1015 fissions/s can be achieved.
Some of the greatest challenges in the design of high-power spallation sources are the high-power
densities, entailing large structural stresses, and the heat removal, requiring detailed thermo-hydraulic
calculations. The use of a thin martensitic steel beam window and a well-controlled mercury flow has
been shown to reduce the von Misses stress in the former below the 200 MPa limit, with reasonable
maximum flow rates of ~6 m/s.
Alternatively, a windowless target configuration has been proposed, based on a liquid mercury
transverse film. With this design, higher power densities and fission rates may be achieved, avoiding
the technical difficulties related to the beam window. Experimentally, several tests have been
performed at IPUL (Riga, Latvia) in order to study the stability of the liquid metal flow and validate
the mercury loop design.
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Introduction
The EURISOL DS project [1] aims at a design study of the “next-generation” European Isotope
Separation On-line (ISOL) Radioactive Ion Beam (RIB) facility, which will extend and amplify,
beyond the year 2010, the work presently being carried out at the first generation RIB facilities in
Europe and other parts of the world, in the fields of nuclear physics, nuclear astrophysics and
fundamental interactions.
The scientific case for high-intensity RIBs using the ISOL method includes: (a) the study of atomic
nuclei under extreme and so-far unexplored conditions of composition (i.e. as a function of number
of protons and neutrons, or the so-called isospin), rotational angular velocity (or spin), density and
temperature; (b) the investigation of the nucleosynthesis of heavy elements in the universe, an important
part of nuclear astrophysics; (c) study the properties of the fundamental interactions governing the
universe, and in particular of the violation of some of their symmetries; (d) potential applications of RIBs
in solid-state physics and in nuclear medicine. These cases require a next-generation infrastructure
such as the proposed EURISOL facility, with intensities several orders of magnitude higher than those
presently available or planned, allowing the study of hitherto completely unexplored regions of the
Chart of the Nuclei.
The main components of the proposed facility are: a driver accelerator, a target/ion source
assembly and a mass selection system [2]. As shown in Figure 1, the proposed ISOL facility would
use: (a) three 100-kW proton beams on a thick solid target to produce RIBs directly; (b) a liquid metal
1-5 MW proton-to-neutron converter, similar to intense spallation neutron sources such as ESS [3],
SINQ [4] and SNS [5], to generate high neutron fluxes, which would then produce RIBs by fission in
secondary actinide targets. An alternative windowless liquid mercury-jet “converter” target to generate
the neutrons was also proposed for this multi-MW target station [2].
Figure 1. EURISOL DS schematic layout, presenting
the three direct targets and the multi-MW target station

Since the purpose of the facility is to produce certain radioisotopes, maximising the yield of such
isotopes (e.g. 74Ni, 81Ga, 90Kr or 132Sn) is the main objective in the design. For the proton-to-neutron
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converter this implies increasing the neutron yield and reducing the parasitic absorptions in the
spallation target. The compactness and efficiency of the assembly is mandatory in order to minimise
the total inventory of material in the facility and attain the specified neutron flux and fission density.
Moreover, to increase the fission rate in a non-enriched target, the neutron energy spectrum should lie
in the fast region, since fission cross-sections for non-fissile isotopes are higher at these energies. This
harder neutron spectrum may be achieved by decreasing the moderation of the spallation neutrons in
the target.
Finally, minimising the power densities is a requirement to allow for the evacuation of the heat
from the converter, in particular from the liquid mercury target and the beam window interface. This is
one of the most complex issues when dealing with high-power spallation targets. Consequently, a
sensitivity analysis, covering a broad range of parameters, was performed [6] in order to propose some
alternatives for the design.
Neutronic design of the multi-MW target
Following the results from the aforementioned study, performed using the Monte Carlo particle
transport code FLUKA [7], a baseline design was defined [8,9]. In order to maximise the neutron
production, favour a fast neutron spectrum and confine the charged particles inside the assembly, a
8-cm radius, 40-cm long mercury proton-to-neutron converter was proposed, surrounded by fission
targets and, possibly, by a neutron reflector (Figure 2). For the latter, beryllium oxide (BeO) was
proposed due to the high albedo of this material and to produce 6He (via n,D reactions in 9Be) for
neutrino physics (E-beams) [10].

40 cm

Figure 2. Schematic representations of the baseline design,
where several components of the facility have been integrated

Beam window
The neutron flux distribution in the baseline design is rather isotropic a few cm away from the
centre of maximum production (from 0 to 10 cm from the impact point), as elaborated in [8]. The flux
in the fission target is ~1014 n/cm2/s per MW of beam, similar to those of conventional nuclear reactors.
As elaborated below, these flux levels are more than sufficient to produce the aimed ~1015 fissions per
second [8] with reasonable fission target volumes (5 litres) and using an acceptable beam power.
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Multiple calculations were carried out to assess the performance of fission target materials for the
baseline design, taking advantage of the new developments implemented in FLUKA [11]. The use of
natural uranium carbide was analysed and compared to thorium oxide, for the same target densities,
the latter producing one order of magnitude lower fission rates.
The detailed isotopic distribution of the fission fragments may be observed in Figure 3, allowing the
prediction of RIB intensities for specific isotopes. These distributions show the nature of the isotopes
produced by fission: these lie on the unstable, neutron-rich area of the chart of nuclides (E– emitters),
ranging from manganese to terbium. The use of depleted uranium carbide or thorium oxide entails a
reduction in the production of asymmetric fission fragments (32 < Z < 42 and 50 < Z < 58); thus, the
presence of 235U is advantageous for the production of elements such as krypton or tin, major
references in the physics case for EURISOL [2].
Figure 3. Fission fragment distribution (nuclei/cm3/s per MW of beam)
as a function of atomic number (Z) and mass number (A), for two
actinide targets. Stable isotopes are represented by black squares.
3

Isotopic production (nuclei/cm /s per MW of beam)
UnatC3

ThO2

Moreover, a relevant benefit of the large fission densities in uranium carbides is the possibility to
investigate the lower end of the so-called terra incognita, neutron-rich isotopes of neodymium and
above (e.g. 157Nd, 159Pm, 162Sm, 163Eu, 166Gd, 167Tb, etc.), hitherto unexplored. A study of the neutronic
design of the facility and its RIB production potential was published in [12].
An estimation of the actinide inventory produced after 3 000 hours of operation is presented in
Ref. [13]. Between 40 and 70 g of 239Pu would be produced in a diluted manner within 30 kg of fissile
material surrounded by a neutron reflector and by up to 10 m of concrete shielding. The shielding of
the assembly was designed to maintain the effective contact dose below 1 PSv/h at its outer surface.
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Thermo-hydraulics and beam window design
A key parameter in the design of the experiment is the power distribution, since it will determine
the maximum beam intensity that the system may withstand, which in turn is correlated with the
fission rates. As elaborated in [8], the energy deposition peaks at ~2 cm after the interaction point,
reaching 1.9 kW/cm3 per MW of beam, and decreases rapidly, along the beam axis. The beam window
is enduring lower heat deposition (~900 W/cm3/MW of beam). These power densities demand an
innovative liquid mercury flow design and a careful choice of beam window material.
An iterative design process was necessary to limit the large thermal stresses in the beam window,
which were higher than the 200 MPa limit for martensitic steel T91 (below 2 dpa of radiation damage),
and the temperature gradient. Finally, these stresses were reduced to ~150 MPa for a beam of
4 MW [14]. Nevertheless, a wider beam profile was considered, 25 mm standard deviation (V) for the
Gaussian beam distribution instead of 15 mm, to further reduce stresses in the window. Figure 4 shows
a comparison of power densities for both cases. There is a 2.6 reduction factor brought about by the
beam enlargement, and a decrease in temperature gradients, proven by the more homogenous power
distribution for a 25 mm V beam.
Figure 4. Power density distribution for different
beam widths, along the beam axis and around the window
Power densities
3
(MW/cm per MW of beam)

Once the beam window was optimised, the liquid mercury flow inside the target container was
recalculated to minimise pressure losses while ensuring adequate cooling and preventing boiling and
cavitation in the back-swept surfaces. Several design changes were performed to improve the flow,
such as the use of annular blades along the beam window to accelerate the flow, increase the local
cooling and reduce the pressure drop at the 180q turn. Holes through the guide tube were also foreseen
to avoid recirculation.
With this design and a bulk pressure of 7.5 bar, the maximum temperature in the beam window
is ~200qC and the maximum von Misses stress ~135 MPa. Concerning the mercury flow, the peak
temperature is 180qC (at the beam axis, 2 cm away from the interaction point) and 6 m/s is the
maximum velocity (in the channels formed by the flow guides and the walls, at the 180q turn).
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Figure 5 represents the temperature distributions within the structural materials (a), and in the
flowing mercury (b). Note the sharp temperature gradient in the beam window, main source of
difficulties in the design of this element.
Figure 5. Temperature distribution in the structures
of the container (a), and within the mercury flow (b)

Alternative transverse mercury film spallation target
An alternative and innovative windowless design was also developed to avoid the technical
difficulties related to the beam window, also presenting several advantages in terms of neutronics. The
transverse windowless mercury film would fall by gravitation, interacting with the proton beam to
produce spallation neutrons and efficiently removing the heat deposited at reasonable flow rates. The
most relevant benefit of such a design is the brief exposition of the liquid metal to the proton beam,
thus permitting an accurate control of the temperature increase in the molten metal. This is also
achieved setting the local velocity by varying the pitch between flow guides depending on the beam
cooling requirements.
Figure 6 shows the basic layout of such design, where the proton beam path is represented by a
red line. The liquid metal flows through the upper tube and the fins guide the falling mercury. Below
the interaction point, the mercury is recovered and driven to the auxiliary circuit some 10 m away,
where the volatile separator, the magnetic pump and the mercury reservoir are placed.
Figure 6. Schematic view of the liquid metal transverse flow target, including the
variable pitch flow guide segments to regulate the flow rate for different power densities
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The technical simplicity of the system, in particular of the beam-target interaction as a free surface,
facilitates its operation for extended periods of time by eliminating the need to exchange targets every
few months due to beam window radiation damage and aging [5]. Moreover, the reduced thickness of
the film produces a harder neutron spectrum and permits the positioning of flat actinide fission targets
closer to the interaction point. This fact increases the fission density rates and reduces the higher
actinide production, by favouring fission reactions rather than capture. The film is decoupled in two
regions, a central one (~1 cm thick), receiving the direct impact of the beam and flowing at greater
speed, and an external one (~1.5 cm thick on each side), confining the former, to reduce the high-energy
escapes and maximise the production of spallation neutrons.
The proton beam is mostly contained within the proton-to-neutron converter, as opposed to
the mercury jet design previously proposed in [2]. The neutron flux in the fission targets reaches
2 u 1014 n/cm2/s per MW of beam and the proton and neutron distributions are similar to that of the
mercury jet option [2,9]. High fission densities (~5 u 1011 fissions/cm3/s per MW of beam, Figure 7)
are achieved, allowing for the aimed RIB yields with reduced fission target volumes (1-5 litres). The
neutron balance shows that the neutron-producing region extents to ~40 cm along the beam axis.
Figure 7. Neutronic parameters for the transverse film configuration, showing high and
homogeneous fission densities in the UC3 target and the power density distribution

The maximum power density for a wide beam (Vx ~4 mm, Vy ~30 mm) is 2.4 KW/cm3 per MW of
beam. Even for more concentrated proton beams, i.e. Vx,y ~2 mm and 20 KW/cm3 per MW of beam,
this design would remove the energy deposited with moderate flow rates (~4 m/s), keeping temperatures
well below the boiling point of mercury ('T ~100 K) [15].
In terms of RIB production, there is a clear advantage in using this design, particularly for the
symmetric neutron-rich fission fragments. In fact, the transverse film design equals, and for some
isotopes exceeds, the mercury jet estimated performance, as presented in Figure 8. As an example,
since krypton and tin are two of the most relevant elements in the EURISOL DS physics case [2], this
system could produce up to 5 u 1013 isotopes/s of 90Kr and 132Sn for a 4-MW proton beam and a total
UC3 target volume of 5 litres.
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Figure 8. Fission fragment distribution (a), and Sn isotopic distribution (b), in UC3
targets for different three different target designs (nuclei/cm3/s per MW of beam)
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Liquid metal loop experimental tests
The experimental validation of the liquid metal loop has been carried out by the Institute of
Physics at the University of Latvia (IPUL), where a prototype mercury loop and transverse film have
been studied. The film behaviour and flow stability seem compatible with the EURISOL design
requirements, although further tests involving larger mass flows and the addition of heat deposition
should be performed. As previously mentioned, in order to test the feasibility of the proposed design, a
mock-up of the transverse film target was developed and constructed, with a length of 100 mm and a
width of 10 mm (Figure 9).
Figure 9. Schematic representation of the transverse
film target honeycomb (a), and injector prototype (b)

The model was installed in an adapted indium gallium tin loop, presented in Figure 10. The film
observed was rather stable, with a few droplets detaching from the main body [15]. Nevertheless,
further studies shall be carried out, improving the visualisation of the film and increasing the flow
rates and dimensions to progressively approach the real configuration.
Conclusions
The technical feasibility of such an innovative target assembly has been confirmed by Monte Carlo
and finite element calculations as well as by experimental tests. The high-energy neutron-induced
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Figure 10. View of the liquid metal experimental loop (a), including the magnetic
pump (to the left, in blue). Front view of the liquid metal transverse film (b).
(b)

(a)

fission densities aimed for can be achieved with the proposed multi-MW target baseline design, by
using moderate proton beam intensities and reasonable fission target volumes, independently of the
actinide composition. A 1-GeV proton beam on a compact mercury proton-to-neutron converter seems
favourable to obtain fluxes above 1014 n/cm2/s/MW of beam, producing more than 1011 fissions/cm3/s
per MW of beam, and intense RIBs.
The beam window and mercury flow design have been carefully addressed, producing a
configuration which will keep stresses below rupture limits under radiation in the window and avoid
cavitation within the liquid metal. Maximum flow rates of ~6 m/s under 7.5 bars of pressure seem
acceptable, removing the 2.4 MW of beam power deposited within the system and maintaining
stresses below 150 MPa in the beam window.
Nevertheless, an alternative windowless spallation neutron target design has been produced based
on the transverse film concept, technically simple and showing improved neutronic performances.
This innovative design, experimentally tested, would allow for higher-power densities, avoiding the
need to replace the beam window every few months.
Due to the intense neutron flux within the assembly, there are obvious potential synergies
between EURISOL and other nuclear physics activities. For example, a neutron escape line could be
foreseen for neutrino physics, time-of flight measurements and other neutron applications (e.g. material
science), without hindering the performance of the ISOL facility.
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Abstract
This paper presents the experimental results on the DN yields and time spectra from 1-GeV protons
interacting with the natPb, 209Bi and natFe targets of variable thicknesses from 5 cm to 55 cm. Both
absolute yields and time constants are reported. In parallel, the MCNPX and PHITS codes were used
to predict the DN precursors and construct the theoretical DN tables. Different model parameters are
examined and show significant dependence on the choice of the intra-nuclear cascade and fission
evaporation models used. Finally, the above experiment allowed the determination of the production
cross-sections of a number of DN precursors such as 87Br, 88Br and 17N. These results permit the
examination of two different reaction mechanisms, namely fission and fragmentation, implemented in
high-energy transport codes. These data and modelling are of great importance for the new generation
spallation neutron sources based on liquid metal technologies.
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Introduction
Increased proton beam power results in target thermal-hydraulic issues leading to new target
designs, very often based on liquid metals such as Hg, Pb, Pb-Bi. Indeed, present spallation neutron
sources aiming at beam power of 1 MW or higher [ MEGAPIE (PSI), SNS (ORNL), JSNS (JAEA), ESS
and EURISOL (both Europe)] all focus on liquid metal targets. Due to high-energy fission-spallation
reactions a significant amount of the delayed neutron (DN) precursor activity can be accumulated in
the target fluid. The transit time from the front of a liquid metal target into areas where DNs may be
important can be as short as a few seconds, i.e. shorter than one half-life of many DN precursors.
Therefore, it is necessary to evaluate the DN neutron flux as a function of time and determine if DNs
may contribute significantly to the dose rates, including the activation of surrounding structure
materials. These issues were addressed in detail in an earlier work [1], including the estimation of the
DN flux and corresponding time spectra in the case of the MEGAPIE spallation target at PSI
(Switzerland) [2]. In Ref. [1] it was also demonstrated that the final estimates of DNs were very much
model-dependent within the MCNPX code [3]. Here we will only summarise some of these findings.
The main goal of this work is to report on the measurements of DN yields from high-energy
fission-spallation reactions on different targets of variable thicknesses. These measurements were
realised in December 2005 and April 2006 at PNPI/Gatchina (Russia). Here we present our results
from the analysis of the DN yields and time spectra from 1-GeV protons interacting with thick natFe,
nat
Pb and 209Bi targets. Corresponding calculations with MCNPX [2] and PHITS [4] codes were also
performed leading to some recommendations related to the use of these tools. We note that the data
obtained with thin and thick natPb targets were already partially reported in [5]. Finally, the obtained
results are applied for the case of a “typical” high-power spallation to illustrate the importance of the
DNs in liquid target technologies.
The case of the MEGAPIE
Liquid Pb-Bi eutectics (LBE) loop in the case of the MEGAPIE spallation target, as in most of
the high-power spallation targets based on liquid metal technologies, extends much further compared
to the primary proton interaction zone. As it is presented in Figure 1, the activated LBE reaches as high
as 400 cm, where it enters the heat exchanger, and from where it returns to its initial position. It takes
~20 s for the entire ~82 litres of Pb-Bi to make a “round trip” at a flow rate of ~4 litres/s. Indeed, a big
part of the DN precursors, created in the interaction region via high-energy fission-spallation, will not
have enough time to decay completely even during the “round trip” of the circulating liquid metal. The
main concern is the neutron flux level due to the DNs at the very top position of the heat exchanger.
To estimate the DN flux we employed the multi-particle transport code MCNPX [3] combined
with the material evolution program CINDER’90 [6], as was detailed in [1]. The DN data (emission
probabilities and decay constants) were based on the ENDF/B-VI evaluations [7]. For the MEGAPIE
target characteristics we used the design values, i.e. a 575-MeV proton beam with 1.75 mA intensity,
interacting with the liquid LBE target. The 3-D geometry of the target has been modelled in detail by
taking into account all materials used in the design. The estimation of the DN parameters for MEGAPIE
was performed in steps according to the following procedure: 1) calculation of independent fission
fragment and spallation product distributions with MCNPX; 2) calculation of cumulative fission
fragment and spallation product yields with CINDER’90; 3) identification of all known DN precursors
and construction of the six-group DN tables.
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Figure 1. Middle: a schematic view of the entire MEGAPIE target (5.3 m long).
Left: zoom of the lowest part of the target-proton-PbBi interaction zone.
Right: zoom of the target at the level of the heat exchanger (~400 cm above the target widow).

Table 1. DN parameters (six-group representation) in the case of the MEGAPIE target using
two different model calculations. Note that DN yields are normalised for 106 incident protons.
Group
1
2
3
4
5
6
Total
(averaged)

INCL4-ABLA model
T1/2, s
ai, n/p u 106
55.49
0.87
16.29
0.89
4.99
0.44
1.90
1.19
0.52
0.21
0.20
0.00

CEM2k model
T1/2, s
ai, n/p u 106
55.60
6.78
16.35
15.25
4.66
23.58
1.63
174.24
0.45
129.95
0.11
233.52

(18.703)

(1.903)

3.59

583.35

After having built the DN table (Table 1) we developed a generalised geometrical model to estimate
the DN activity densities at any position x of the MEGAPIE target loop as presented in Figure 2. It can
be noted in this figure that the LBE cross-section changes over the loop, meaning that the transit time
of a given LBE volume depends on its position. In particular, the activation time of an LBE volume
under irradiation (in the so-called spallation region) is very short (~0.5 s) compared to the total
circulation time (~20 s). Within this model the DN activity at position x can be expressed as:
n

ax

¦
i 1

n

ai x

¦a

a
i

i 1

1  exp  O i W a
exp  O i W d x
1  exp  O iT
285

(1)

where Wa is the activation time of the Pb-Bi under irradiation, T represents the total circulation period
of the LBE, i.e. duration of the “round trip”, Wd is the transit (decay) time to reach the point x, Oi are the
decay constants of the DN precursor i while ai express the density of DNs due to the precursor i.
Using the above equation and the six-group DN table (Table 1) we found that at the very top
position of the LBE loop (400 cm level above the target window) the DN activity is of the order of
2105 n/(s cm3). This intermediate result permitted to recalculate the neutron flux at the level of the
heat exchanger inserting the volumetric DN source as a function of x provided in Figure 2. It was found
that the neutron flux at this position due to DNs and prompt spallation neutrons is of the same order of
magnitude, both equal to a few 106 n/(s cm2) [1]. Note that this estimation relies on the hypothesis that
three averaged time parameters are sufficient to describe a simplified liquid metal loop dynamics.
These time constants, estimated from the target characteristics (LBE volume and main pump debit)
are: Wa ~ 0.5 s, T ~ 20 s and Wd (at the heat exchanger) ~ 10 s [see Eq. (1)]. This result clearly points out
that activation and dose rates due to DNs should not be neglected. Unfortunately, the six-group DN
parameters, i.e. yields and time spectra of DNs, which were extracted from MCNPX simulations based
on different physics models (namely INCL4+ABLA and CEM2k), are model-dependent nearly by two
orders of magnitude as presented in Table 1. This analysis showed that DN yields and time spectra
from high energy fission-spallation reactions needed to be measured since up to now no data of this
type were available.
Figure 2. Right: a schematic view of the MEGAPIE target with dimensions given
in mm. LBE flow directions are indicated by arrows. Left: cross-section of the
liquid LBE loop as a function of the PbBi geometrical position – trajectory x in cm.

The experiment at PNPI/Gatchina
A schematic view of the experiment performed at PNPI/Gatchina (Russia) is shown in Figure 3.
Protons of 1 GeV from accelerator impinged on the natPb, 209Bi and natFe targets of various thicknesses
(0.5, 5, 10, 20, 40 and 55 cm). The emitted DNs were detected with the optimised 3He detector
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Figure 3. A photo of the experimental set-up with a cylindrical
target (in the centre) and the 3He counter (in the back)

Photo-films
1GeV protons

Al foils

following specific irradiation periods after the beam is switched off. Long (300 s), intermediate (20 s)
and short irradiation (350 Ps – a single pulse) times were used to optimise the extraction of different
time parameters of DN groups. Each individual irradiation-decay cycle was recorded on line and
summed off line afterwards to accumulate the statistics.
The 3He counter was surrounded by 5-cm thick polyethylene (CH2) and coated by 1-mm natCd
foils in order to increase the neutron detection efficiency in terms of neutron moderation and to avoid
the background due to the thermal neutrons correspondingly. The detector optimisation was performed
using Monte Carlo simulations with MCNPX [2]. Finally, the detector was calibrated with a standard
252
Cf neutron source, and its efficiency was reproduced to within 9% by MCNPX. The proton beam
intensity was monitored with relative errors of around 10% by activation of 27Al foils (see Figure 3)
and the J-spectroscopy off-line from the 7Be, 22Na and 24Na activity. The diameter of the beam spot
and its alignment was obtained using the photo films as presented in Figure 3.
Some measurements without target and with iron or brick concrete targets were also performed to
characterise the active background contribution due to the environment of the experimental area.
During these test measurements without any target and with non-fissile targets we observed only two
dominating decay periods of T1/2 ~ 4.2 s and ~0.18 s, which we attributed to the reaction products 17N
and 9Li with T1/2 = 4.173 s and T1/2 = 0.178 s, respectively (see Figure 4). Indeed, these two DN
precursors can be produced in the reactions from 1-GeV protons on different targets such as Al, Cu, Fe
or any other materials present in the experimental hall or accelerator structures [8]. It is important to
note that no longer half-lives were observed during these test irradiations, as shown in Figure 4. Once
the irradiations with natPb or Bi targets started, we noticed that the DN decay curves also extended to
the longer half-lives than ~4 s [9], which are characteristic for neutron-rich fission products only.
Analysis of the DN decay curves for all natPb and Bi target thicknesses and with identical
irradiation-decay periods of 300 s were performed by fitting data with exponential sums using the
TMinuit class implemented in the ROOT toolkit [10]. The following expression was used to obtain the
{ai;Oi} values:

DN(t)

¦a exp(O t)(1 exp(O T
i

i

i irr

)  C DN t

i

¦ a exp  O t
i

i

1  exp  O iTirr  C

(2)

i

with Ti1/2 = ln 2/Oi, C – a constant representing the background, and the irradiation time Tirr = 300 s.
Systematic errors due to the estimation of the C values have been taken into account.
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Figure 4. The accumulated DN decay curve from p (1 GeV) + Fe (55 cm) (on the bottom);
individual contributions from different precursors are indicated separately

p(1GeV) + natFe

17N

9Li

In contrast to the conventional six-group approach to reproduce the DN decay curves from
neutron-induced fission on actinides [7], four terms of the above expression were sufficient for our
purpose. Half-lives for these four terms correspond to the previously identified spallation products, 9Li
and 17N, in addition to the two fission products 87Br and 88Br (with T1/2 = 55.6 s and T1/2 = 16.29 s,
respectively). As a representative example, the accumulated data for the 209Bi target (55 cm thick), are
presented together with the fits of exponential sums in Figure 5. Similar quality fits using the same
four terms in the exponential sum, i.e. with four half-lives fixed to those of 9Li, 17N, 87Br and 88Br,
were obtained for all target thicknesses and both natPb and 209Bi targets [9] (not shown here).
Figure 5. The accumulated DN decay curve from p (1 GeV) + 209Bi (55 cm);
individual contributions from different precursors are indicated separately

88Br

background
88Br
9Li

17N
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Discussion
Some conclusions can already be drawn just looking at the fitted DN decay curves for the natPb
and Bi targets (e.g. for 209Bi in Figure 5). First, the DN contribution from light mass products such
as 9Li and 17N is clearly more important than the contribution from fission products. In addition, this
“unusual” DN emission dominates the DN decay curve for Pb and Bi targets up to the cooling time of
10-20 s (see Figure 5). For longer decay times, say 50-100 s, the long-lived DN precursors, being “usual”
fission products such as 88Br and 87Br, remain the only contributors to the DN activity. Note that this
finding is very important in the case of high-power liquid metal targets, where the liquid metal makes
the “round trip” typically in a period of 10-30 s (e.g. the MEGAPIE loop makes a turn in ~20 s [1]).
209

Due to the efficiency determination of the 3He counter and to the proton beam intensity monitoring,
it was possible to extract the DN yields in absolute values. In brief, once the DN(t) is parameterised
during the fitting procedure [see Figure 5 and Eq. (2)] and when t approaches zero, one obtains:
DN t o 0

¦a

i

C

(3)

i

Here the following expression can be employed to calculate the individual DN yields:
Pni Y i

a i H He 3 I p 't ch N cycles

(4)

with Pni being the DN emission probability, Yi the individual DN precursor yield (atoms per incident
proton), HHe-3 the total efficiency of the 3He counter (events per emitted source neutron), Ip the proton
beam intensity (protons per second), 'tch the channel width (seconds) and Ncycles a number of
accumulated irradiation-decay cycles.
Figure 6 presents the obtained DN precursor production yields Yi for i = 17N, 87Br and 88Br as a
function of target thickness. Note that in addition to the uncertainties in detector efficiency, proton
beam intensity monitoring and statistical errors, we took into account systematic errors due to the
fitting procedure and background contribution. We add that the extraction of 9Li yields was impossible
due to its short half life, which is comparable with the experimental channel width 'tch = 200 ms.
Finally, in order to illustrate the importance of our results, let us assume that we deal with a
stopping liquid Pb-Bi target interacting with 1 GeV protons at 1 MW beam power. Figure 7 shows the
resulting absolute DN intensity as a function of cooling time after 5 min of irradiation period. In brief,
more than ~1013 n/s will be created at the very short decay times, while more than ~ 1011 n/s will
remain even after ~20 s of cooling.
Conclusions
The experimental data on measured DN yields and time spectra from 1-GeV protons interacting
with thick natFe, natPb and 209Bi targets are presented in this work. For all these targets the emission of
DNs is dominated by light reaction products such as 9Li and 17N during the decay time from 0 to ~20-30 s.
In the case of fissile targets after the longer decay time the fission fragments as 88Br and 87Br are the
major contributors. The DN yield production per incident proton is increasing with the target thickness
and the majority of the DNs from 1 GeV protons are produced in the first half of the stopping target.
The above experimental observations are reproduced with the PHITS transport code, which is
able to predict the production of the DN precursors within a factor of 2 or better. These new data are of
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great importance for the new generation high-power spallation targets based on liquid metal technology
as well as for further development of high-energy spallation-fission fragmentation models.
Finally, we add that in the framework of the Neutronic and Nuclear Assessment Task Group of
the MEGAPIE experiment the DN flux at the top of the liquid PbBi target was recently measured. A
preliminary comparison between the experimental DN decay curve at MEGAPIE and its interpretation
using the DN parameters extracted from this work is in a good agreement [11]. This example
illustrates that, thanks to this new data, the DN fluxes can be evaluated even in complex spallation
target scenarios.
Figure 6. The DN precursor yields Yi (atoms per proton) as a function of target
thickness for Pb. The experimental data (filled symbols) are compared
with the PHITS predictions (open symbols). The lines are to guide the eye.

17N

87Br
88Br

Figure 7. The resulting DN activity in (n/s) as a function of cooling time after the
irradiation of a stopping PbBi target with 1-GeV protons at 1 MW beam power for 5 min.

~51010 n/s

~20 s after
290

REFERENCES

[1]

Ridikas, D., et al., “Delayed Neutrons from High Energy Fission-spallation Reactions”, Proc. of
the 3rd International Workshop on Nuclear Fission2005, 11-14 May 2005, CEA Cadarache,
France; published in AIP Conf. Proc. 798, 277 (2005).

[2]

Bauer, G.S., M. Salvatores, G. Heusener, “MEGAPIE, a 1 MW Pilot Experiment for a Liquid
Metal Spallation Target”, Proc. of the 15th Int. Conference ICANS-XV, J. Suzuki, S. Itoh, (Eds.)
JAERI, Tsukuba, Japan (2001).

[3]

Pelowitz, D.B., “MCNPXTM User’s Manual – Version 2.5.0”, LA-CP-05-0369, LANL, USA,
April 2005.

[4]

Iwase, H., et al., “Development of heavy ion transport Monte Carlo code”, Nucl. Instr. &. Meth.
B 183 (2001) 374.

[5]

Ridikas, D., et al., “Measurement of Delayed Neutron Yields and Time Spectra from 1 GeV
Protons Interacting with Thick natPb Targets”, European Physical Journal A, 32, 1-4 (2007).

[6]

Wilson, W.B., T.R. England, A Manual for CINDER’90 Version C00D and Associated Codes
and Data, LA-UR-00-Draft, April 2001.

[7]

Wilson, W.B., T.R. England, “Delayed Neutron Study Using ENDF/B-VI Basic Nuclear Data”,
Progress in Nuclear Energy, Vol. 41, 71 (2002).

[8]

Dostrovsky, I., et al., “Cross Sections for the Production of 9Li, 16C, and 17N in Irradiations with
GeV-energy Protons”, Phys. Rev., 139, 1513 (1965).

[9]

Ridikas, D., et al., “Relative Delayed Neutron Yields and Time Spectra from 1 GeV Protons
Interacting with Thick natPb Targets”, Proc. of Int. Conference PHYSOR 2006, Vancouver,
Canada, 10-14 September 2006, ISBN: 0-89448-697-7, B104, 9 pgs; ANS (2006).

[10] Brun, R., F. Rademaker, “ROOT – An Object Oriented Data Analysis Framework”, Nucl. Instr.
& Meth. A, 389, 81 (1997).
[11] Panebianco, S., et al., “Delayed Neutron Measurement at the MEGAPIE Target”, Proceedings
of the Int. Conf. on Nuclear Data 2007, Nice, France, 22-27 April 2007.

291

SESSION IV
Subcritical System Design and ADS Simulations

Chairs: P. Baeten, S. Monti

293

PRE-CONCEPTUAL DESIGN OF A HELIUM-COOLED ADS: He-EFIT

P. Richard1, G. Rimpault1, J.F. Pignatel1, B. Giraud2, M. Schikorr3, R. Stainsby4
1
CEA/DEN/DER Cadarache, F-13108 Saint-Paul-lez-Durance, France
2
AREVA NP, 3FzK, 4AMEC-NNC

Abstract
Within the EUROTRANS integrated project, the domain DESIGN has the task to provide the pre-design
of a European Facility for Industrial Transmutation (EFIT) able to demonstrate the feasibility aspect of
the nuclear waste transmutation/burning in an ADS at industrial scale. The helium-cooled EFIT is one
of the solutions studied for this purpose. The present paper summarises the work carried out during the
first two years of the project. The approach followed to design the plant is presented first. The plant
characteristics (proton beam characteristics, core power, inlet/outlet temperatures, etc.) are then
discussed and the He-EFIT core is described as well as the spallation module design.
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Introduction
Within the EUROTRANS Integrated Project (partially funded by the European Commission) in
FP6 [1], the domain DESIGN has the task to provide the pre-design of a European Transmutation
Demonstrator (ETD) able to demonstrate the feasibility aspect of the nuclear waste transmutation/
burning in an ADS at industrial scale. This is done within the frame of the DOMAIN1 (DESIGN) of
the EUROTRANS project. Three different concepts of accelerator-driven systems (ADS) are studied:
a Pb-cooled European Facility for Industrial Transmutation (Pb-EFIT); a back-up solution, based on a
He-cooled ADS (He-EFIT); and as an intermediate step towards this industrial-scale prototype, an
eXperimental Transmuter based on the ADS concept (XT-ADS) able to demonstrate the feasibility of
both the ADS concepts.
Only the He-EFIT concept is considered here. This is a nuclear power plant project intended to
transmute minor actinides produced by nuclear industry. The plant has a power of approximately
400 MWth. As for all the ADS plants, it consists of three main components: accelerator, spallation
module and subcritical core.
The present paper summarises the work carried out during the first two-year stage of the project.
Emphasis is given to the spallation module and the He-EFIT core designs. The design presented here
constitutes the first partial set-up of the plant, which will be subject to optimisation during the second
part of the project.
The EFIT missions
The general objectives assigned to IP EUROTRANS are focused on the evaluation of the industrial
practicability of transmutation of high-level nuclear waste in an ADS, along with the development of
the basic knowledge and technologies needed. In this context, the XT-ADS being more oriented to the
technology demonstration, the EFIT missions are logically oriented toward industrial transmutation.
Thus, the first objective assigned to the plant is to transmute Am and Cm. As stated in D1.1 of the
EUROTRANS project [2], the optimisation of an ADS in order to optimise its transmutation capability
has its limits since each actinide burnt is generating around 200 MeV. Hence, there is a relation
between the installed power and the optimum transmutation capability. This limit value is around
45 Kg/TWhth.
The second objective is related to plant safety: as with any nuclear facility the reactor must operate
safely; but the He-EFIT safety analysis must also properly address ADT as well as gas-cooled plant
peculiarities (MA-containing fuels, subcritical level, absorber/safety rods, He low heat capacity, etc.).
Finally, the third important objective assigned to the plant is to produce electricity. One has to
take into account that the accelerator is an important electricity consumer, it is suitable to use the
power produced by the plant to supply the accelerator with electricity.
Design approach
General approach
First of all, it worth mentioning that He-cooled EFIT will take as far as possible benefits from
other programmes dealing with gas-cooled reactors and particularly from the GCFR studies [3].
Moreover, it will be largely extrapolated from the gas-cooled XADS design [4].
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Beyond the above-mentioned missions, it was agreed that the feasibility of the spallation target
module is one the key issues for ADT feasibility. The target design should be investigated first and the
design of the other main components should then be defined accordingly. Thus, the proposed scheme
for the design studies can be summarised as follows:
1. Define the target size. This task takes as far as possible benefits from the outcome of the
PDS-XADS project (technological feasibility).
2. Define the proton beam intensity compatible with the spallation module design for a maximum
proton energy of 800 MeV (hypothesis accounted for the maximum proton energy).
3. Define the reactor power and the Keff. At this first stage of the design, assumptions on the
potential reactivity insertions and burn-up swing are made a priori as a basis to define the Keff
such that the plant remains subcritical under all conditions – normal operating conditions as
well as incidental/accidental situations. These assumptions must of course be finally verified
on the basis of the real plant design.
4. Design the core taking into account the core design constraints (fuel composition, cladding
composition, pin and sub-assembly geometry, etc.): definition of the fuel (pin), sub-assembly
and whole core dimensions.
5. Define the approach for DHR and design the DHR main components (blowers, HX, etc.).
6. Design the primary system the balance of plant and containment, including main services
(fuel handling, radiological protections, etc.).
This approach is obviously an iterative process and, if necessary, the design options considered in
the first steps of the studies can be revisited according to the outcome of latter stages. Nevertheless, to
start this iterative process, a first set of design parameters/characteristics was agreed upon during the
first meetings devoted to He-EFIT.
The status of the He-EFIT design is currently as follows: the design of the spallation module was
preliminarily addressed. The results of this study led to a He-cooled solid target with a cold window.
The core power has been fixed to 400 MWth and Keff to 0.97. For stage 5, the approach for the DHR
has been defined. The detailed design of the DHR loops still remains to be carried out. The design of
the following stage (6) will be performed in the upcoming future.
The current He-EFIT core design is shown in Figure 1. The main design parameters are summarised
in Table 1.
Design constraints and criteria
Associated with the approach described above, a certain number of main objectives and/or criteria
for the design were defined for the He-EFIT. They are as follows:
x

an efficiency for the elimination of minor actinides close to 42 kg/TWhth;

x

the small variation of Keff versus burn-up rate;

x

a rather flat distribution of power: frad < 1.4, fax < 1.3;
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x

a core pressure drop less than 1 bar;

x

a gas pressure in the fuel plenum limited to 50 bar at the end of fuel life;

x

an average helium velocity limited to 100 m/s.

At this stage, it is important to note that the definition of the reactor power and Keff is a
compromise; if, as in the gas-cooled XADS plant design, no control rods are considered for the He-EFIT
core design, the core must be designed with a relatively large margin of subcriticality (smaller Keff) as
the operational reactivity variations (transients, burn-up, etc.) cannot be compensated by any control
rod insertion. Conversely, with control rods, the operational reactivity variations can partly be
accommodated by the control rods. On the basis of the rationale as adopted within the PDS-XADS
project, no control rods are considered in the He-EFIT design.
Figure 1. He-EFIT core design

Core zone 1
Core zone 2
Core zone 3
Reflector
Shield

Table 1. Characteritics of the three-zone He-EFIT core
EFIT type
Thermal power (MWth) – volumic power
Coolant type
Coolant pressure (bar)
Inlet temperature (°C)
Outlet temperature (°C)
Plant efficiency
Cladding type – thickness
Spallation module
Accelerator

He-EFIT
400-55 MW/m3
He
70
350
550
43.3% – indirect S-CO2 cycle with re-compression
SiC/SiCf, thickness = 1 mm
Solid W He-cooled
Linac, E = 800 MeV, I = 18-22 mA
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Table 1. Characteritics of the three-zone He-EFIT core (cont.)
Zone
Matrix type
Matrix fraction
Core geometry
Number of fissile sub-assemblies
Fissile height (H)
Wrapper width over outer flats
Wrapper thickness
Inter-wrapper gap
Coolant volumic fraction (%)
Fuel + matrix volumic fraction (%)
Structure volume fraction (%)
Sub-assembly bundle geometry
Number of pin rows per S/A – pin per S/A
Pin outer diameter
Pitch
Pellet/cladding gap
Pellet diameter
Core thermal-hydraulics
Average coolant speed in the fissile core
Maximum pin linear power
Total core pressure drop
Hottest channel thermics
Max. cladding temperature in the hottest channel
Max. fuel temperature in the hottest channel

1 (inner)
MgO
50%

2 (intermediate)
MgO
50%

3 (outer)
MgO
50%

42
1.25 m
137 mm
4.0 mm
5.0 mm
49.80%
11.16%
39.05%

156
1.25 m
137 mm
4.0 mm
5.0 mm
44.75%
21.70%
33.56%

180
1.25 m
137 mm
4.0 mm
5.0 mm
37.19%
34.98%
27.83%

12 – 469
4.38 mm
5.89 mm
0.040 mm
2.30 mm

8 – 217
6.87 mm
8.60 mm
0.081 mm
4.71 mm

5 – 91
11.57 mm
13.20 mm
0.160 mm
9.25 mm

30 m/s
33 W/cm
0.84 bar

35 m/s
72 W/cm
0.74 bar

45 m/s
171 W/cm
1.01 bar

686°C
792°C

700°C
950°C

711°C
1 310°C

Plant description
Main plant characteristics/general characteristics
On the basis of the above-mentioned objectives several characteristics of He-EFIT have been
estimated and bounded. They concern the thermal power of the facility, the proton beam characteristics,
and the choice of fuel.
Ranges for the general characteristics of the plant were agreed upon at the very beginning of the
project. Those values were optimised during the first stage of the project. Their justification is detailed
further on.
Definition of the plant power
In the studies carried out within the PDS-XADS project [4], it was demonstrated that a lower
power unit with about 50-80 MW(th) would not preclude the envisaged demonstrator since the limited
amount of TRU loading will not yield any significant transmutation. Thus, it is important to emphasise
that for units of a modular system, a power range of about 300-600 MW(th) seems to be appropriate to
meet these requirements. Such an ADS system could be loaded with about 5-12 tonnes of TRUs, and a
transmutation rate of about 80-140 kg per year could be obtained.
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Definition of the beam characteristics
The linac concept of accelerator proposed within the PDS-XADS is maintained for the EFIT design.
The choice of a similar accelerator type for EFIT than for the XT-ADS brings some credibility to the
overall plans. Because of the relative large size envisaged for the core and correspondingly for the
spallation module, the source efficiency will decrease significantly and all the various means available
to compensate for this effect will be required. A proton beam energy not lower than 600 MeV and up
to 800 MeV should be adopted, as its realisation is relatively consequential and simple to implement.
As for the required accelerator current, it can be indicatively assessed by a generic
parameterisation, that for a power level of Pmax = 400 MW and a core load with U-free type fuel and
with a multiplication factor k0 = kmax = 0.97, the current needed for a 600-MeV proton energy beam
and a source efficiency of 0.75 is about 16 mA. With a core multiplication factor as low as k0 = 0.96,
which might be the lower limit during the overall cycle, the current would rise up to about 22 mA.
Finally, it is useful to point out that a core is designed to accept a limited number of beam
SCRAMs (five per year). In the SCRAM definition, only beam trips longer than 1 sec. are considered.
Choice of fuel
The choice for the advanced fuel is one of the most demanding parts of the transmutation
feasibility demonstration. Oxide fuels are considered the most promising fuel materials but nitride and
metal fuels are also being studied. A preliminary recommendation for a uranium-free fuel candidate is
necessary for the development of the EFIT. This preliminary selection has mainly been made on the
basis of the work carried out in the FUTURE project of FP5, with important data coming from the
FUTURIX-FTA experiment, now part of AFTRA [5].
A number of fuel candidates have been assessed with regard to their fabrication/reprocessing,
high-temperature stability/margin to failure and ultimate behaviour under accident conditions, etc.
As a result of this selection process, detailed studies were performed on two composite fuel types:
x
x

(Pu,Am)O2-x – EnrMo (CERMET)
(Pu,Am)O2-x – MgO (CERCER), where the
Mo.

Enr

Mo of the CerMet fuel is ~93% enriched in

92

Fabrication of the two preferred candidate fuels has been successfully accomplished in
ATALANTE and in the MA lab within the FUTURIX-FTA project.
Given the significantly lower transmutation efficiency observed with CERMET fuel, and the
higher manufacturing cost due to 92Mo enrichment, the study of CERCER fuel is given priority as
concerns the EFIT.
The most important properties for both CERCER fuels (as proposed by the AFTRA domain) to
start the optimisation design process are presented in Table 2.
The PDS-XADS studies have shown that due to the rather low heat capacity of helium, a cladding
material having an elevated operating temperature was recommended [4]. For this reason, a SiC/SiCf
cladding (material similar to the one considered for the GCFR) is chosen. Table 2 also presents the
maximum temperatures considered in the design for the fuel pellets as well as for the cladding in the
different operating conditions.
300

Table 2. U-free fuel characteristics to be considered in EFIT studies
Characteristics to be considered
CERCER with MgO matrix
Minimum matrix volume fraction
50%
Fuel theoretical density – filling density
11.46 g/cm3 – 95%
Matrix theoretical density
3.58 g/cm3
Melting (or dissociating) temperature
1 930 K
Tfuel_max
1 380qC (DBC cat. I)
Tclad_max
1 200qC (DBC cat. I)

Main plant characteristics/detailed characteristics
Definition of inlet/outlet temperatures – power conversion cycle
The core inlet/outlet temperatures have been optimised in order to maximise the power conversion
efficiency. Basic scoping studies aimed at developing a supercritical carbon dioxide (S-CO2) gas
turbine power conversion unit for the helium-cooled version of the EFIT (He-EFIT) accelerator-driven
system (ADS) were carried out. Several conversion cycle options have been studied for the reference
core coolant outlet temperature of 550qC and for a proposed higher temperature of 600qC. Cycle
maximum pressures of 200 bar and 250 bar and core temperature increases of 150qC and 200qC were
considered. Better performance was achieved for cycles based on the higher maximum cycle pressure.
This was further improved by increasing the core temperature rise from 150qC to 200qC, either by
lowering the core inlet temperature or by increasing the core outlet temperature, with the latter giving
the best performance of the five options. On this basis, Tin/Tout have been set to 350qC/550qC. These
temperatures allow the 40% target to be exceeded easily (calculated efficiency of 43.3%).
Spallation module – solid target design
The spallation module design is presented in Figure 2. Figure 3 presents the detail of the rod
bundle. This target is made of tungsten. The central part geometry corresponds to a pin bundle made
of 46 staggered rows in the axial direction (see Figure 3) whereas its peripheral part is a tungsten ring
in the thickness of which longitudinal channels are arranged allowing for helium circulation. Helium is
circulating downwards in the central part and upwards in the peripheral part. In the peripheral part, one
can consider that 50% of the ring is tungsten and 50% is helium. The purpose of these upper and lower
peripheral parts is to maximise the efficiency of the target in terms of neutron production. It was seen
in previous calculations that without these devices a significant fraction of high energy particles were
escaping the target. The height of the target is of 690 mm. Target first rods are located 65 mm under
the core mid-plane. The proton beam impacts the target from above. The main characteristics of the
proton beam are summarised in Table 3 hereafter.
Subcritical core design
General core characteristics
The subcritical core is constituted by hexagonal sub-assemblies (SA), distributed in a hexagonal
scheme in concentric rows (see Figure 1). At the centre of the core, 19 SA are removed in order to
accommodate sufficient place for the spallation module. Each SA is embedded in a hexagonal wrapper
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Figure 2. Spallation module design

Figure 3. Rod bundle characteristics
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Table 3. Spallation module design parameters
Parameters
Proton beam diameter (cm)
Vacuum tube diameter (cm)
He inlet pressure (bar)
Inlet temperature in the target (qC)
Max. helium outlet temperature (qC)
Helium flow target (kg/s)
External diameter of thimble (cm)

Value
22.6
26.6
14
100
575
4.62
55.4

Remarks
Calculated for an average flux < 50 mA/cm2
About 2 cm margin
Objective : minimise the outlet temperature
Creep still moderate for stainless steel 316 LN

which ensures its sealing and is separated from the other SAs by a gap which allows for thermal
expansion as well as handling of the fuel. Each SA includes a certain number of vertical and parallel
heating fuel pins separated by helium channels which extract the power produced in the fuel.
The core and the cooling systems of the plant are dimensioned from a thermal-hydraulic point of
view in nominal operating conditions as well as at residual power. The nominal regime corresponds to
the operation of the plant at full power. The residual power is the power produced by the core following
the reactor shutdown.
The DHR strategy has been preliminarily assessed and proposed. The detailed design of the DHR
components will benefit as much as possible from the development of gas-cooled fast breeder reactors.
Thermal-aeraulics – thermics – geometric features
In order to model the thermal and aeraulical phenomena involved and to allow the optimisation of
an ADS reactor, the COPERNIC tool (CEA internal tool) was used. It consists of a worksheet (Excel)
associated with a library of functions programmed in Visual BASIC. The phenomena brought into play
in the hotttest channel are more particularly analysed as this channel sees the strongest temperatures of
the core.
An important design criterion consists of limiting the core pressure drop to about 1 bar in order to
ensure the removal of the residual power by natural convection in case of accidental transients such as
the loss of coolant flow.
As far as thermics are concerned, work consists in determining the temperatures in various locations
of the fuel pin in the hottest channel: at the centre of the fuel (Tic), at the external wall of the pellet
(Tce), at the inner and outer part of the cladding (Tig and Teg). In this calculation, axial conduction is
neglected. The fuel and cladding maximum temperatures are then compared to the acceptable values.
Coherently with the neutronic calculations (see the following section) and after several iterations
between thermal-aeraulics and neutronics, a core with three zones was proposed with the pin diameter
being different in the three zones.
Preliminary neutronic assessment
To perform the neutronic design of the of the He-EFIT core, the nuclear library used was
ERALIB1 based on integral experiments specifically starting from the nuclear evaluations of the data
JEF2.2 and one was based on the procedure MECONG of the system code ERANOS [6].
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Initially, with the standard version of the procedure, a single zone core is defined on the basis of
RZ geometry. In this single zone core, the content Pu FIMA [Pu (Pu+AM)] is defined to ensure the
core subcriticality of at least 3 000 pcm (Keff < 0.97). Then, using this Pu content, potential reactivity
insertions are calculated. A modified version of MECONG was developed to answer specificities of
the ADS of calculation with a source. In this version, the calculation of flux is carried out with source
(“inhomogeneous” flow) and this makes it possible to obtain a Ks. Using Keff and Ks, one can calculate
the importance of the source, M*, which defines the effectiveness with which the neutrons of the
source are amplified by the subcritical core: M* = (1 – 1/Keff)/(1 – 1/Ks).
It is then possible to determine the intensity of the current of protons necessary to operate the
plant power at 400 MWth.
In the second step, ERANOS procedures lead to define a core with three different radial core zones
with the primary aim of radially flattening the power. The presence of three radial zones (of different
compositions which impact at the same time neutronics and thermal-aeraulics) however tends to move
fissile fuel away from the spallation module and thus to reduce the importance of the source neutrons.
The Pu vector used is that resulting from a MOX fuel irradiated in PWRs at 45 GWj/t and cooled
for 30 years [2]. Burn-up calculations are then carried out for a frequency of 1, for a residence time of
2 770 EFPD. Then, a management of fuel with a frequency of 5 for which each cycle would last
554 days was calculated. The maximum burn-up rate is then 136 MWd/t and the average burn-up rate
is 81 MWd/t for its average value. The maximum calculated damage is 55 dpa.
The reactivity variations during this burn-up cycle with a frequency of 1 (2 770 days) is shown in
Figure 4.
Figure 4. Reactivity evolution versus burn-up
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The variation of reactivity (Keff) during the cycle varies in a range of 650 pcm approximately. The
management of fuel is carried out with a frequency of 1 for reasons of simplicity in this phase of the
preliminary design. The maximum subcriticality during the operation, Keff = 0.965, yields a source
importance of 0.414 and a current of 22 mA for a proton beam of 800 MeV taking into account an
appropriate Ks at this time in the burn-up. Fuel assembly management is certainly possible. It would
allow an optimisation of the current intensity as well as flattening of the power profile. This would
make it possible that the current remain below an acceptable maximum current of 20 mA as planned in
the design of the target.
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The axial and radial power distributions are then calculated to check the values of hot spots used
in the thermal-aeraulical dimensioning of the assemblies. They are presented in Figures 5 and 6. The
axial and radial peaking factors are 1.35 and 1.4, respectively. The transmutation rate calculated is
42 Kg/TWhth with the distribution shown in Table 4.
Figure 5. Axial form factor (BOL)
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Figure 6. Radial form factor (BOL)
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Table 4. Transmutation rate between BOL and EOL (2 790 FPD, 400 MWth)
Element
U
Np
Pu
Am
Cm

Kg
27.42
-30.32
176.47
-1 463.36
178.90

Kg/TWhth
1.02
-1.13
6.59
-54.64
6.68

Total

-1 110.89

-41.48
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Decay heat removal
In the present analysis two principal different approaches for extracting the decay heat in the
He-EFIT plant have been compared: the first one is the CEA GFR600 approach proposed in 2004.
It makes use of passive systems during the first 24 hours of an accident. The second approach is the
SCS systems as proposed by AREVA within the PDS-XADS project.
Despite the attractiveness of the guard containment option studied for the GFR600, there are
some specificities in an ADS reactor which must be taken into account. In the He-EFIT case, the guard
containment adds a lot of complexity, and notably at the penetration of the proton beam towards the
spallation module: the double envelope doubles the numbers of tight penetrations to be built. That also
imposes frequent openings of the second envelope for the maintenance of this beam, as well as for the
spallation target which is subject to frequent maintenance and/or replacement.
For He-EFIT, the PDS-XADS solution seems to be the best strategy of decay heat removal due
to the same issues associated with proton beam spallation modules. As a consequence, the guard
containment option will not be considered for the He-EFIT design. On this basis, it is proposed to
design a DHR system making use of blowers/compressors having operating conditions ranging from
1 to 70 bar (“SCS-like” design).
Conclusion
The helium-cooled EFIT is an ADS devoted to the transmutation of minor actinides studied within
the EUROTRANS project. A preliminary design of the core as well as the spallation module has been
established during the first two years of the project. This design, as described in the present paper, fits
with the plant objectives as specified in terms of transmutation efficiency for the elimination of minor
actinides (42 kg/TWhth), electricity production (with an efficiency of 44.4%) and the design criteria
(temperature limits, core pressure drop, etc.).
During the second half of the EUROTRANS project, this design will be further optimised, and
the safety features (particularly the DHR systems), the primary system, the balance of plant and the
containment including main services (fuel handling, radiological protections, etc.) will be integrated in
the plant design.
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A-BAQUS, A MULTI-ENTRY GRAPH ASSISTING THE NEUTRONIC DESIGN OF AN ADS.
CASE STUDY: EFIT

Carlo Artioli
ENEA, Italy

Abstract
In a complex system such as an ADS reactor, a large number of parameters influence each other in a
manner that is not self-evident, and in many cases the linkages are indirect and difficult to monitor.
Even with reference only to the neutronic field (as in this case), the multiple natures of the indirect
correlations increase the complexity of the design task. Moreover, on completion of certain parametric
calculations, misunderstandings may arise in the identification of the cause-and-effect relations between
pairs of parameters, misleading the designer. In order to facilitate a complete vision at a glance of most
of the neutronic parameters involved in the design and their interaction, a multi-entry graph is proposed:
A-BAQUS. Although making no claim to refinement, it displays at a glance the results of a change in
any parameter and/or how they have to vary in order to achieve a stated goal. Based on an a priori
definition of the required subcriticality, the kind of fuel, the coolant and its permitted velocity, i.e. the
maximum linear power rating and the required coolant volume fraction, few parametric calculations
will make it possible to draw curves characteristic of different fuel enrichments. Starting from a
“status point” it will be possible to read in the A-BAQUS the related main neutronic parameters.
This paper will explain how to construct and use the A-BAQUS for the neutronic design of the core of
an EFIT reactor, where paramount importance is given to performance in terms of MA transmutation
and the required proton current.
In the top-right quarter two axes show the performance (MA burning capability and the conjugated Pu
breeding) and the BU reactivity swing as merely a rough function of the enrichment. The bottom-right
quarter indicates the power of the core (and its geometrical dimension) as a function of the content of
matrix in the fuel. The bottom-left quarter shows the corresponding proton current and its range during
the cycle, as a function of the core power and the enrichment and selected. The top-left quarter reflects
necessarily the other quarters and shows the relationship between the enrichment (and BU reactivity
swing) and the proton current.
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Introduction
In the neutronic design of an ADS there are a number of parameters that have to be kept under
control simultaneously. Their mutual interrelations sometimes could suggest misleading relationships
among them. In fact, aside some self-evident cause-effect links, there are other ones rather indirect and
not easy to monitor in the same time.
For this purpose a graph is proposed, in such a way as to allow the full vision of the main
parameters, at a glance, and to see immediately what happens changing one or more of those, or even
what has to be done to obtain the goal of the design. This kind of graph has to be considered as a
“logical” guide, providing only rough results to be refined with suitable calculations. For this reason
the axes are here presented not fully quoted; nevertheless the graph, if built up with care, can provided
rather accurate results.
This graph, which can be re-elaborate according to individual feeling and needs, is presented here
along the main considerations that have ruled the Pb-EFIT neutronic design.
Figure 1. Main parameters to keep under control simultaneously in ADS neutronic design
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Fuel enrichment
Pb-EFIT is a lead-cooled ADS, devoted to destroy (fission) the minor actinides (MA). It is fuelled
with Pu and MA oxides dispersed in an inert MgO matrix. Since the fissions occur both on the Pu and
MA atoms, and transmutations chains exchange Pu isotopes into MA ones and vice versa, some
important parameters are directly related to the ratio between Pu and MA, i.e. the enrichment
Pu/(Pu+MA). So in the first quarter, top right, on the ordinates there will be, along the enrichment
itself (e), the performances in term of burning and the BU swing (ΔK/cycle). The total burning
capability must be about 42 kg/TWhth, as corresponding to the fission energy yield of 200 MeV/fission.
It means that the “performances” ordinate can be duplicated in Pu balance rate and MA balance rate,
being their overall -42 kg/TWhth everywhere (emphasis is given to the pair “-42/0”).
Of course the scale of the different axes (BU swing and kg/TWhth) are deformed as compared to
the enrichment one.
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Figure 2
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Matrix rate
The fuel is dispersed in an inert MgO matrix, whose minimum rate in the pellet must be 50%, for
heat conduction reason. Nevertheless the matrix rate can be modulated to different higher rates, so
varying the Pu+MA oxides volumetric fraction in different core regions, for flattening radially both
neutronic flux and power density.
As the linear power rate is determined by the thermal properties of the fuel (melting T and
conduction) and the coolant volume fraction is defined by the thermal-hydraulic requirements, the
homogenised power density can be assumed rather constant, no matter the core size and enrichment.
This means that along the increasing of the matrix rate (abscissa), there is an increase of the core
volume and therefore of the core power. This leads to the establishment of a relationship between
matrix rate (abscissa) and core power through core dimension (two ordinate axes).
Proton current
The relationship between core power and proton current (for a stated proton energy, 800 MeV in
this case) should be a self-evident linear one; in first approximation approach (stated the subcriticality
level).
But it should be pointed out that the linearity is spoiled by the different source efficiencies related
to different spallation module sizes. The overall effect is that increasing the core dimensions (or power),
the spallation module has to be increased with a loss of efficiency and this drag an even larger increase
of the current.
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The BU swing changes the keff in the cycle, so requiring a variable current. Therefore the
relationship between power and current is represented by a space, instead of by a single curve, except
the case where Δk cycle is zero.
Figure 3
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Different approaches to the neutronic design
To show how the graph can collect and manage the main neutronic parameters and how it can be
used, three different approaches that have been studied in the EFIT design are here presented. For each
of those there will be on the graph the characteristic curves that aid to monitor the parameters and to
select the best actions to be taken.
“Δk zero” approach
This approach is based on the main consideration that in an ADS it is important to keep the range
of proton current (and its value) as low as possible. This requires a BU swing of nearly zero. To this
goal the right enrichment has been calculate resulting in e = 50%. The corresponding burning
performances are 36 and 6 kg/TWhth, respectively, for MA and Pu net fissions. According to different
average rates of matrix, aimed to the radial flattening, three scenarios have been calculated: three core
sizes, three corresponding core powers (210, 245 and 275 MW) and the three related proton currents
(5, 6 and 6.5 mA), all being constant during the cycle. In the quarters, characteristic curves labelled
e = 50% represent all the possible cores belonging to this approach. Changing whatever parameter
(matrix rate, core power, proton current) the other ones are directly shown; keeping the enrichment
(50%), the BU swing (0) and the burning performances (36/6).
Figure 5. “Δk zero” approach

313

“400 MW” approach
In this scenario the starting point is the core power, 400 MW in this case. The matrix rate has
been kept at its minimum 50%, while the radial flattening has been obtained by different pin sizes in
two core regions.
Figure 6. “400 MW” approach

The resulting core dimension and fuel volume fraction has required an enrichment of 27% to
reach the expected reactivity (0.97). The associated BU swing was 1 900 pcm/year and the current
range from 32 to 20 mA. The burning (disappearing) performance is 65 kg/TWhth for the MA while
there is a Pu breeding of 23 kg/TWhth. That means a mere 42 kg/TWhth of MA is actually fissioned,
while the remaining 23 kg/TWhth of MA have been transmuted into new Pu.
For this approach only one scenario has been evaluated and the characteristic curves, labelled
e = 27%, have been simply roughed out around the single point calculated.
“42-0” approach
The analysis of the graph and its characteristic curves made clear the situation and preliminary
optimisation could be done. For instance, it is evident at a glance what has to be done for having a Δk
zero core with 400 MW core power. It is enough to extrapolate the characteristic curves (see Figure 7)
to see that it would require an average matrix rate of about 55% and the proton current would be about
10 mA. Current and burning performances (36/6) would be kept constant, as well as the enrichment.
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In the same way it easy to see in the first quarter, on the right ordinate (kg/TWhth), how the space
is divided in two parts: above the -42/0 quote where the core acts as a Pu breeder (Pu increases) and
below where it acts as a Pu burner (Pu decreases) at some extension.
These considerations lead to the so-called “42-0” approach, meaning that all the fissions are
devoted to the MA (-42 kg/TWhth) while the Pu net balance is kept nearly zero.
By a rough interpolation of the characteristic curves already available, can be divined that such a
core, tuned on about 400 MW as reference, will have: enrichment about 45%, BU swing of some
hundreds pcm/year, proton current ranging by some mA around 15 mA. All of this suggests that the
core in question is rather viable.
Figure 7

Some devoted calculations allowed to tracks the characteristic curves, labelled with e = 45.7%,
for this final approach. Optimisation considerations, aiming to core size, have to be done within this
approach and therefore laying on these last curves (Figure 8).
The remaining figures show the sketches of the subassemblies and the core, as actually resulted
and some relevant characterisations.
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COMPARATIVE ANALYSIS OF NEUTRON SOURCES PRODUCED BY LOW-ENERGY
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Abstract
A conceptual design of an accelerator-driven subcritical assembly has been developed using the existing
accelerators at Kharkov Institute of Physics and Technology (KIPT) in Ukraine. This paper examines
two different external neutron source options for driving the subcritical assembly. The neutron source
is produced by low-energy particles: either electrons with energies below 200 MeV or deuterons with
energies below 100 MeV. Comparative analysis of these two options is presented and discussed.
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Introduction
Argonne National Laboratory (ANL) in collaboration with Kharkov Institute of Physics and
Technology (KIPT) of Ukraine is developing a conceptual design of an accelerator-driven subcritical
assembly [1,2]. The main functions of this assembly are medical isotope production, neutron
experiments and subcritical physics experiments. Two different options are considered for generating
the required neutron source. In the first option, neutrons are produced from photonuclear reactions and
the photons are generated from the interaction of electrons with a high atomic number target material,
uranium or tungsten. The second option generates the neutrons from the interaction of deuterons with
beryllium target. For both options, the particle beam power is 100 KW. The main focus is to maximise
the neutron production from the available beam power.
Over the course of this design activity, several studies were performed to define the system’s
parameters and performance. The neutron source performance was characterised in terms of:
(1) neutron source strength; (2) neutron spatial and energy distributions; (3) energy deposition in the
target material; (4) target geometrical configurations; (5) beam radius relative to the target radius. The
paper presents the results of these studies.
Neutron yields
Electron accelerator option
High atomic number target materials are used to produce neutrons from the electron interactions.
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.
Previous physics studies [3] and our analyses show that uranium, tungsten, lead, bismuth and tantalum
materials produce the highest neutron yield per incident electron. Based on our analyses, we also
concluded that the use of the uranium and tungsten materials results in highest neutron yield at any
electron energies in the range 50-200 MeV. All the calculations were performed with the Monte Carlo
MCNPX computer code [4]. The photon and neutron spectra produced in different materials do not vary
significantly from one material to another. Based on the operating experience of different accelerator
facilities around the world, and the highest generated neutron yields, uranium and tungsten materials
are selected for further consideration. The neutron yields per electron for both materials are shown in
Figure 1. The neutron yield steadily increases as the electron energy increases. However, the neutron
source production per second reaches a saturation value as the electron beam energy increases above
150 MeV when the neutron yield is normalised to the available beam power as shown in Figure 2.
Therefore, electrons with energy above 150 MeV produce the maximum neutron yield for the
available beam power.
The neutron spectra from tungsten and uranium target materials were analysed to quantify the high
energy component as function of the electron energy. For both materials, the results of Figures 3 and 4
show that the neutron spectra are centred about 1 MeV, similar to a fission spectrum. The high energy
component of the spectrum is not sensitive to the electron energy and its magnitude is very small.
Deuteron accelerator option
The second option to generate the neutron source for driving the subcritical assembly is to use a
deuteron beam with a beryllium target material. The neutron yield from the (d,xn) reactions is much
greater than the yield from the photonuclear reactions produced with the electron beam as illustrated in
Figure 5, and consequently the external source intensities are high as shown in Figure 6. However, the
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creation of 100 KW deuteron beam with deuteron energy in the range of 20-100 MeV requires high
deuteron current, which is difficult to generate and very expensive to produce. Only lower deuteron
energies around 20 MeV are possible. As discussed further, when a reasonable current ~0.5 mA and
low-energy deuteron beam of ~20 MeV is used, the resulting neutron intensity is inferior to the
neutron intensities obtained with electron beam. The resulting neutron spectra for different deuteron
energies are shown in Figure 7. The obtained neutron spectrum is much harder than the fission
spectrum and the neutron spectrum generated using electron accelerators.
Targets and beam parameters optimisation
Electron accelerator option
In order to choose appropriate beam energy, the performance of uranium and tungsten target
materials has been analysed as a function of the electron energy for the 100 KW beam power. The
spatial energy deposition density per incident electron in tungsten is shown in Figure 8 as a function of
the target length for different electron energies. The peak value of the energy deposition occurs a few
millimetres away from the electron beam window. This peak value increases and shifts further away
from the electron beam window as the electron energy increases. The spatial energy deposition
normalised to 2 KW/cm2 beam power density on the beam window, corresponding to the total beam
power of 100 kW, is plotted in Figure 9. The thermal-hydraulics analyses require the use of thin layers
of the target material to remove the deposited energy without generating high thermal stresses. The
layers are separated by the water coolant channels. A large number of coolant channels slows down
and absorbs electrons without generating neutrons and reduces the target performance. To avoid this
situation either a low beam power density (less than 2 KW/cm2) must be used or an electron beam
with energies above 150 MeV must be employed. Reducing the beam power density increases the
target cross-section area, which decreases the number of source neutrons delivered to the subcritical
assembly. To avoid this scenario, the electron beam with energy above 150 MeV is used. A similar
conclusion can be drawn for the uranium target when Figures 10 and 11 are analysed.
The next step in the analysis defines the target length to maximise the neutron yield. The choice
of the target length is important since an extra target length acts as a neutron absorber and decreases
the neutron yield. Figure 12 and Figure 13 illustrate the dependence of the neutron yield on the target
length for tungsten and uranium, correspondingly. For the tungsten target, the neutron yield decreases
when the target length exceeds ~6.9 cm. The neutron yield behaviour for the uranium target is
different; no decrease in the yield is noted. This is due to the extra fission neutrons that are produced
by the photonuclear neutrons at the bottom of the target. In the first part of the target length, most of
the neutrons are generated from the electron and neutron interactions. As the electron beam vanishes
inside the target material, the fission reactions caused by the bottom neutron fraction slightly increase
the neutron yield. This slight increase was quantified and it is limited to less than 10% of the total
yield. Therefore, about 8 cm target length is utilised for the uranium target to get some of these extra
fission interactions to occur in the fuel material of the subcritical assembly.
The next geometrical parameter to consider is the target radius relative to the beam radius. If the
two radii are very close, a portion of the source electrons might leak out of the target material without
producing neutrons. To study this situation, the neutron yields were defined as function of the difference
between the two radii. The results of Figure 14 and 15 of this analysis show that for the tungsten target
material, the electron beam radius should be ~0.5 cm smaller than the target radius. For the uranium
target, this difference should be ~1 cm. In addition, the choice of the target radius is controlled by the
subcritical assembly geometry, the nuclear fuel geometry of the assembly and the thermal-hydraulics
requirements.
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The spatial distribution of the generated neutrons is analysed to maximise their utilisation in the
subcritical assembly. In these analyses, a stacked target disk design is employed including the water
coolant channels. The neutron fraction that leaves the target along the beam axis has the potential of
disappearing without utilisation. A large fraction of the neutrons leaving from the electron beam window
(top fraction) exits the system through the vacuum beam tube or interacts with the beam tube structure.
A fraction of these neutrons reaches the subcritical assembly by leaking from the beam tube. Also, the
neutrons leaving the target in the beam direction (bottom fraction) interact with the water coolant or
the bottom reflector, which reduce their chances for reaching the subcritical assembly. Table 1 shows
the distribution of the neutron fractions from the target assembly as a function of the electron energy.
These results confirm that the use of high-energy electrons in the range of 150-200 MeV is beneficial
for improving the system performance.
Table 1. Target parameters normalised to 100 kW beam power
Target radius
Target
Electron
(Beam radius),
material energy, MeV
cm
3.84145
100
(3.34145)
W
3.84145
200
(3.34145)
3.77145
100
(3.27145)
U
3.77145
200
(3.27145)

Neutron yield (% of total)
Top

Bottom

Side

Total

0.0084
(27.85)
0.0150
(24.46)
0.0131
(21.39)
0.0228
(24.89)

0.0012
(4.08)
0.0029
(4.80)
0.0010
(2.34)
0.0025
(1.94)

0.0206
(68.07)
0.0434
(70.74)
0.0385
(76.27)
0.0814
(73.18)

0.0302
(100)
0.0613
(100)
0.0526
(100)
0.1067
(100)

Intensity,
n/s
1.89E+14
1.91E+14
3.28E+14
3.33E+14

Deuteron accelerator option
The low-energy deuterons do not penetrate deeply in the target beryllium material. Only 2 to
3 mm of the beryllium material is enough to stop a low-energy (20 MeV) deuteron beam as shown in
Figures 16 and 17. This fact is also supported by the dependence of the neutron yields on the target
length shown in Figures 18 and 19. At the same time, the energy deposition in the first few millimetres
of the target material is extremely high. As mentioned before, it is difficult and expensive to obtain
100-kW deuteron beam with high-energy deuterons. Thus, it is possible to consider a beam with
20-MeV deuterons and 0.5-mA current. In this case, the energy deposition in the first few millimetres
of the beryllium material is extremely high. This situation calls for a special target design that allows
for a large cooling surface. For example, a conical layer of beryllium material is considered. To assess
the losses in neutron yield produced by low-energy deuterons, Figures 18 and 19 demonstrate the
difference in neutron yields obtained with low-energy (23 MeV) and high-energy (100 MeV) deuterons.
The results show that that the neutron yield with low-energy deuterons is significantly lower than that
obtained with an electron beam option.
Comparative analysis between deuteron and electron options
Two main options for generating external neutron source were analysed and discussed. One of
these options uses an electron accelerator with high atomic number materials (U and W), another
option is based on the Be(d,xn) reactions. It was shown that with fixed beam power of 100 kW and
particles energy of about 100 MeV, the deuteron accelerator option provides the maximum neutron
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strength. However, a deuteron accelerator with such characteristics is technologically challenging to
operate in steady-state mode and expensive relative to an electron accelerator. With lower deuteron
energies (~20 MeV), a very high current must be provided to achieve the 100-kW deuteron beam
power. This results in a costly and inefficient option. On the other hand, an electron accelerator provides
reasonable neutron strengths and does not require high accelerator current. The choice of the target for
the electron accelerator option is between tungsten and uranium. Table 2 compares the three different
options for the external neutron source. For a reasonable beam current and 100-kW beam power, the
electron accelerator option is possible and its performance is superior to the deuteron accelerator
option. The uranium target is preferred relative to the tungsten target because of the higher neutron
source intensity.
Table 2. Comparison of different options for producing external neutron source
Target concept
Uranium with
electrons
Tungsten with
electrons
Beryllium with
deuterons

Beam power,
KW

Particle energy,
MeV

Beam current,
mA

Neutron source
strength, n/s

100

200

0.5

3.28 u 1014

100

200

0.5

1.91 u 1014

100
100
11.5

100
23
23

1.0
4.35
0.5

1.90 u 1015
4.03 u 1014
4.63 u 1013

Conclusion
The conceptual design activity of a driven subcritical assembly facility analysed the use of
electron and deuteron accelerators for neutron generation. The electron and deuteron energies are less
than 200 and 100 MeV, respectively. Physics studies have been carried out to investigate the target
design choices and the accelerator beam parameters for the best neutron source performance. Physics
analyses with the MCNPX code were focused on the neutron source intensity, the neutron spectrum,
the spatial neutron generation, 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 main focus is to maximise
the neutron production from the available beam power. The results show that an electron accelerator
with electron energy in the range of 150-200 MeV is the preferred option. The uranium target material
with electron beam produces the highest neutron yield. The selected neutron source produces
3.3 u 1014 n/s from the uranium target operating with the 100 KW electron beam power.
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Figure 1. Neutron yield per electron from uranium and
tungsten targets as a function of the electron energy
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Figure 2. Neutron source strength from tungsten and uranium
targets as a function of the electron energy for 100 kW beam power
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Figure 3. Neutron spectrum from tungsten target material for different electron energies
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Figure 4. Neutron spectrum from uranium target material for different electron beam energies
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Figure 5. Neutron yields from deuteron interactions
with beryllium as a function of the deuteron energy
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Figure 6. Neutron source intensity from deuteron interactions with beryllium
as a function of the deuteron beam energy normalised for 100 KW beam power
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Figure 7. Neutron spectra generated from deuteron-beryllium
interactions for different deuteron energies
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Figure 8. Spatial energy deposition per electron in the
tungsten target material for different electron energies
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Figure 9. Spatial energy deposition in the tungsten target material
normalised to 2 KW/cm2 on the beam window for different electron energies
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Figure 10. Spatial energy deposition per electron in
uranium target material for different electron energies
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Figure 11. Spatial energy deposition in uranium target material
normalised to 2 KW/cm2 on the beam window for different electron energies
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Figure 12. Number of neutrons per electron from pure tungsten material
as a function of the target length for the 200-MeV electron energy
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Figure 13. Number of neutrons per electron from pure uranium material
as a function of the target length for the 200-MeV electron energy
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Figure 14. Neutron yield per electron as a function of the
difference between the target and the beam radii for tungsten target
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Figure 15. Neutron yield per electron as a function of the
difference between the target and the beam radii for uranium target
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Figure 16. Spatial energy deposition per deuteron in pure
beryllium target material for different deuteron energies
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Figure 17. Spatial energy deposition in pure beryllium target material for
different deuteron energies normalised to 2 kW/cm2 on the beam window
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Figure 18. Neutron yield as function of pure beryllium target length for 23 MeV deuteron beam
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Figure 19. Neutron yield as function of pure beryllium target length for 100-MeV deuteron beam
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Abstract
A dynamics calculation code system DSE (Dynamics calculation code system for Subcritical system
with External neutron source) for accelerator-driven system (ADS) has been developed to research the
dynamics of ADS. DSE-C deals with the diffusion code CITATION, DSE-T with the deterministic
transport code THREEDANT and DSE-M with the Monte Carlo code. In this paper, we only describe
DSE-M and its application. DSE-M has adopted GMVP as a Monte Carlo code. Due to GMVP, DSE-M
can accurately solve both the forward and the adjoint neutron transport with exact geometrical model.
The effects of the statistical error are small although the calculation time is very long. We consider
that DSE-M is effective for the reference calculation. The beam variation events of an ADS were
analysed using DSE-M. Due to the code’s accurate calculations, it is found that the change of the
beam injection position to the target has a significant effect on the core parameters such as neutron
flux, core power and fuel temperature, although the changes of the beam diameter and the beam shape
have a very small effect on the core parameters.
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Introduction
Accelerator-driven systems (ADS) have been widely studied for the transmutation of high-level
waste (HLW). The ADS is a hybrid system that consists of a high-intensity proton accelerator, a
spallation target such as a lead-bismuth eutectic and a subcritical core. Accelerated protons are
injected into the spallation target. Spallation neutrons are generated by a spallation reaction and drive
the subcritical core. The ADS does not employ control rods and it is operated by the accelerator. Due
to the subcritical core, the ADS has high transmutation efficiency, excellent inherent safety and great
flexibility in core loading, etc.
Some analytical and experimental studies for an ADS have been performed; however, there are
few studies concerning the dynamics of ADS, especially for inherent events which are coupled with
both a reactor and an accelerator. The inherent problems include various accelerator variations such
as beam variation of energy, diameter, injection position and intensity, etc. Such variations may
significantly influence neutron flux, thermal power and fuel and coolant temperature and should be
examined accurately. It is required for dynamics calculation to explicitly treat both the core and the
accelerator. There is a code that can address both aspects: DSE.
ADS dynamics calculation code system DSE
The ADS dynamics calculation code system DSE (Dynamics calculation code system for
Subcritical system with External neutron source) has been developed to research ADS dynamics [1,2].
Figure 1 shows the conceptual diagram of DSE, which can treat both changes of the accelerator
parameters (beam intensity, energy, diameter, injection position, etc.) and the reactor parameters
(coolant flow, power temperature, density, etc.). This code can calculate both static and dynamic
calculations for neutronics and thermal-hydraulics. DSE calculates the neutron flux, the adjoint flux,
the dynamics parameter, the external neutron source, the thermal power, the coolant temperature and
the fuel temperature, etc.
Figure 1. Conceptual diagram of DSE code system
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DSE consists of two parts: (1) a high-energy part which prepares the database of the spallation
neutron by using Particle and Heavy-Ion Transport Code System (PHITS); (2) a rector part which
first makes the cross-section sets for neutronics calculation based on a nuclear data library such as
JENDL-3.3, then calculates neutronics and thermal-hydraulics.
In the first version of DSE, the diffusion code CITATION is employed for neutronics calculation.
However, the diffusion theory cannot treat angular dependence of neutrons. It is necessary to extend
the neutronics calculation to solve it strictly. In the current version of DSE, the three methods have
been incorporated into neutronics calculation. First is the original function DSE-C that solves the
neutron diffusion equation based on CITATION. Although its calculation accuracy is insufficient,
it is suitable for the calculations of lengthy dynamics or start-up, shutdown and restart operation, etc.
The second function, DSE-T, carries out neutron transport calculation by using the deterministic
transport SN code THREEDANT. This function is good at the calculation of general and wide range
dynamic events. DSE-M is the third function that treats neutron transport by using the Monte Carlo
method. DSE-M is excellent not only in terms of calculation accuracy, but also with regard to geometric
flexibility, although the calculation time is huge. This function is suitable for a reference calculation.
On the other hand, the thermal-hydraulics of DSE employed multi-channel one-dimensional heat
flow model (SAS1A). The fuel temperature is calculated by using the radial heat transfer equation.
The coolant temperate is solved for the single-phase flow equation since LBE is not supposed to boil.
Subbotin’s evaluation formula is adopted for calculation of heat transfer coefficient. DSE can treat the
LBE explicitly.
The verification for DSE code has been done as in Ref. [1] for the static neutronics calculation,
the dynamic neutronics calculation and the thermal-hydraulics calculation. The thermal-hydraulics
calculation has been verified by analysing the LBE-cooled ADS benchmark problem [3]. In this
benchmark, the coolant outlet temperatures were calculated for the cases when the beam turned down
at 0.01 sec. and the beam was re-entered after 1, 3, 6 and 12 sec. Figure 2 shows the calculation results
of the coolant temperature. The solid lines are the results calculated by DSE and the broken line
represents the average values of the many calculated results in the benchmark. The DSE results agreed
with the average results. From these results, it was confirmed that the thermal-hydraulics calculation
(at the same time for the neutronics calculation) was appropriate for the LBE-cooled ADS.

6GO RGTCVWTG=- ?

Figure 2. Comparison with benchmark problem [1]

VKO G=UGE?
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Hereinafter, we describe the development of the DSE-M function and its application. First, the
DSE-M and its development are explained, and then the application of the DSE-M is described for
various beam variation events of an LBE-cooled ADS.
Development of DSE-M
DSE-M has adopted the GMVP code, which is General Purpose Monte Carlo Code for Neutron
and Photon Transport Calculations based on multi-group methods developed by JAEA. [4] GMVP can
solve neutron transport with the exact treatments of angular dependence and geometry description.
Moreover, GMP contains the adjoint calculation function which is required to obtain the dynamic
parameters. The verification of DSE-M is carried out for the static neutronics calculation and the
dynamics calculation by comparing with other reference codes. The effect of the statistic error by the
Monte Carlo calculation is also examined. In the static calculation, the maximum error is about 1.4%
in neutron flux. The dynamics calculation error is about 1.0% in core power when the history is enough.
The calculation error of the Monte Carlo to the dynamics calculation is small. However, DSE-M has a
problem with calculation time. The static calculation of five million histories requires about 20 hours.
The dynamics case of a 40-sec. dynamics event takes about three days. We consider that DSE-M is
effective for the reference calculation.
ADS adopted in this study
Using DSE-M, we performed a highly accurate calculation for beam variation events for the ADS
model proposed by JAEA [5,6]. The specification of the ADS is as follows: the proton beam energy is
2.0 GeV, the core thermal power of the system is 800 MWt, (MA+Pu)+ZrN fuel is employed, and the
target and coolant material is liquid Pb-Bi eutectic. Table 1 shows the main parameters of the ADS.
Figure 3 shows the conceptual drawing of the ADS.
High precision calculation for beam variation
The calculations for beam variation events were performed by DSE-M. Figure 4 shows the
schematics of the beam variation events of the ADS.
(a) The reference case [Figure 4(a)]: proton beam injects into the centre of the core with the
diameter of 1 cm.
(b) The diameter case [Figure 4(b)]: the beam diameter changes from 1 cm to 40 cm.
(c) The shape case [Figure 4(c)]: the beam shape changes from the right circle to the ellipse with
the ellipse width of 1 cm to 13 cm.
(d) The injection position case [Figure 4(d)]: the beam injection position moves from the centre
(0 cm) to the peripheral (24 cm).
In this paper, we mainly describe the injection position cases. The calculation adopted the two
core models of the bundle model and the fuel pin model. In the fuel pin model, the exact pins are
modelled (see Figure 5), however, in the bundle model the homogenised bundle is treated without the
pin description. The calculation results of the neutron flux distribution, the reactor power and the fuel
temperature distribution are presented in this paper. For the power and the fuel temperatures, we focus
on the maximum values [the maximum peaking factor (MPF)].
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Table 1. Main parameters of reference ADS
Proton beam energy
Thermal power
Core multiplication
Transmutation efficiency
Core height/diameter
Target height/diameter
Core fuel element
Target and coolant material
Coolant temperature (in/out)
Coolant flow rate

2.0 [GeV]
800 [MWt]
0.95
250 [kgMA/year]
1.00/2.50 [m]
1.50/0.50 [m]
(MA+Pu)+ZrN
Pb-Bi
603/703 [K]
1.98*108 [kg/h]

Figure 3. Conceptual drawing of ADS
(a) Overall view of ADS system

(b) ADS core design

Proton beam
Main
pump

Stem
generator

A

A'
Target
Fuel
Reflector

Pb-Bi
About 12m

Beam duct

1m
2m

MA Fuel

Beam window
Core support
About 10m

Figure 4. Conceptual diagram of beam variation events

a) reference case

b) diameter case

c) shape case
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d) injection position case

Figure 5. Fuel pin model of ADS core

0.929cm
0.857cm
0.813cm

1.394cm

Fuel
Bond

Cladding
Coolant

Figure 6 shows one of the results for one of the injection position cases. This figure is the neutron
flux distribution along the cross-section line of A-Ac in Figure 3(b). From this figure, a large variation
of the neutron flux distribution is observed. The MPF in the core is shown in Figure 7. The MPF
increased from 2.5 to 4.5 by moving the beam injection position of 0 cm (the core centre of the target)
to 24 cm (the most peripheral of the target). The MPF for the same case with the pin cell model (see
Figure 5) is also shown in Figure 7. The MPF of the pin model provides 2.2 times larger MPF than
that of the bundle model. It is found that the change of the beam injection position has a very large
effect on the ADS.
The dynamics calculation was made for one of the injection cases using the bundle geometry
model. Figure 8 shows the variation of core thermal power for the case in which the beam injection
position changed from 0 cm to 24 cm at 20 sec. This figure shows the two calculation results, one is
DSE-M and the other DSE-C. A fluctuation is observed in the calculation results by DSE-M that is
caused by low history. However, this fluctuation is not important since the result of DSE-M agrees
with that of DSE-C. The variation of fuel temperature is shown in Figure 9. The thermal power
quickly rose from 800 MWt to 900 MWt. The maximum fuel temperature in the core increased about
1 800 K after 20 sec. The increase of 1 800 K is very large. It is confirmed that the beam position case
significantly affects the core dynamics of ADS performance such as thermal power and the maximum
fuel temperature.
Figure 6. Neutron flux distribution for moving beam injection position x = 24 cm

Reflector

Core
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Core

Reflector

Figure 7. Calculation results for maximum peaking factor in the core

Figure 8. Calculation results for variation of thermal power

Figure 9. Calculation results for variation of fuel temperature
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Table 2 summarises the calculation results of the MPF for all cases including the diameter and the
shape cases. The diameter case and the shape case have only a small effect. From these calculation
results, it can be concluded that only the beam movement has a significant effect on the core dynamics
of ADS.
Table 2. MPF for each beam variation events

Beam diameter
Beam shape
Beam injection position

Range of variation
d = 1 to 24cm
rx = 26.2 cm, ry = 1.64 to 13.1cm
x = 0 to 24cm

Maximum peaking factor
2.70 (d = 40 cm)
2.65 (ry = 1.64 cm, rx = 26 cm)
4.45 (x = 24 cm move)

Summary
A dynamics calculation code system DSE (Dynamics Calculation Code System for Subcritical
System with External Neutron Source) for accelerator-driven systems (ADS) has been developed to
research the dynamics of ADS. DSE-C deals with the diffusion code CITATION, DSE-T with the
deterministic transport code THREEDANT and DSE-M with the Monte Carlo code. In this paper, we
describe DSE-M and its application. DSE-M has adopted GMVP as a Monte Carlo code. Due to GMVP,
DSE-M can accurately solve both the forward and the adjoint neutron transport with exact geometrical
model. The effects of the statistical error are small, although the calculation time is very long. We
consider that DSE-M is effective for the reference calculation.
Using DSE-M, the calculation of the beam variation (the beam diameter, the beam shape and the
beam injection position) events was performed. The diameter case and the shape case have small
effect. In the variation of beam position, the MPF increased from 2.5 to 4.5 by moving the beam
injection position from 0 cm to 24 cm. The MPF of the pin model provides 2.2 times larger MPF than
that of the bundle model. It is found that the change of the beam injection has a very large effect on the
ADS performance. A dynamics calculation was also performed for moving the beam injection position
from 0 cm to24 cm. The thermal power quickly rose from 800 MWt to 900 MWt and the maximum
fuel temperature in the core increased about 1 800 K after 20 sec. The beam injection position case has
a significant effect on neutron flux, core power and fuel temperature.
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Abstract
Corrosion tests of refractory metals and ceramics were carried out employing high-temperature LBE.
Oxygen concentrations in this experiment were 6.8 u 10–7 wt.% for ceramics (SiC/SiC composites)
and 5 u 10–6 wt.% for refractory metals (W, Mo and Nb) and ceramics (SiC and Ti3SiC2). All specimens
were immersed in molten LBE at 700qC in a corrosion test pot for 1 000 hours. The tungsten and
molybdenum showed high corrosion resistance with no penetration of LBE into their matrices.
Penetration of LBE into the matrix of the niobium was observed. The ceramic materials of SiC and
Ti3SiC2 showed high corrosion resistance with no penetration of LBE into their matrices. The SiC/SiC
composite showed LBE penetrated into the matrix due to high porosity of the material.
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Introduction
Lead-alloy-cooled fast reactors (LFRs) have been considered as one of the innovative reactors
that can enhance energy sustainability in the world. Chemical inertness of the lead alloys (lead and
44.5wt.%Pb-55.5wt.%Bi: LBE) with water and air in contrast with sodium makes the reactor safer and
more economic than the sodium-cooled fast reactors (SFRs) through the elimination of the intermediate
coolant loop. High temperature margin to boiling points makes the LFRs safer than the SFRs [1]. One
of the critical issues for development of the LFRs is the compatibility of core and structural materials
with high-temperature lead alloys [2]. Development of materials compatible with high-temperature
lead alloys is one of the key issues for the development of the LFRs.
Research and development of materials compatible with lead alloys have been performed for
critical fast reactors and the accelerator-driven systems (ADSs) [3-10]. In general, the materials which
have been proposed and become candidates for the LFRs are high chromium ferrite-martensitite steels
with addition of Si and Al, surface alloying-treated steels, refractory metals and ceramics. Corrosion
behaviour of the high chromium steels in flowing LBE at 550qC was reported [3,4]. A stable spinel
layer of chromium oxide was formed on the high chromium steels. This oxide layer was thin and
compact and could protect the steel from corrosion. Aluminium alloying into the surface by surface
melting using pulsed electron beam improves the corrosion oxidation behaviour with no corrosion
attack in the stagnant lead at 550qC [5] and flowing LBE at 550qC [6]. Al2O3, FeAl2 and AlCr2 which
was produced by the gas diffusion method exhibited corrosion resistance to liquid LBE in the stagnant
LBE at 550qC, although the surface layer produced by the melt dipping method suffered from severe
corrosion attack [7].
The performance of refractory metals in the lead alloy corrosion test has been reported [8,9].
Refractory metals exhibited two orders of magnitude greater corrosion resistance than the steels in the
flowing LBE at 400qC [8]. In the stirred pool of LBE at 450qC, refractory metal of Mo exhibited more
corrosion resistance than 12Cr steel [9]. Corrosion behaviour of ceramics has also been reported [9,10].
SiC and Si3N4 showed good corrosion resistance in the liquid LBE flow with negligibly small weight
loss, but showed cracked surfaces in flowing LBE at 550qC [10]. SiC and Si3N4 exhibited good corrosion
resistance with weight loss about two orders less than those of 12%Cr steels, such as HCM12A, in a
stirred pool of LBE at 450qC [9]. Recently, SiC/SiC composite have been proposed as the candidate of
cladding of high temperature reactors. The SiC/SiC composites showed thin surface crack layer with
LBE penetration deeply in the material in the pot LBE at high temperature of 700qC [8].
Although various experimental results have been reported for refractory metals and ceramics,
investigations on corrosion behaviour of those materials in lead alloy at high temperature, especially at
temperatures above 650qC, are few. The experimental results of the compatibility of the materials with
lead alloys at high temperature are required especially for the development of high-temperature LFRs,
such as high-efficiency and/or multi-purpose reactors for hydrogen production.
Therefore, it is necessary to investigate the compatibility of various candidate materials for LFRs
with high outlet temperature of the lead alloy coolant. In the present study, corrosion behaviour was
investigated for refractory metals and silicon carbides types of ceramic materials in the molten LBE at
temperature of 700qC under controlled oxygen concentrations.
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Experimental apparatus and procedure
Experimental corrosion test
The corrosion test of the materials was conducted in a pot-type LBE test apparatus with stirred
condition by continuous Ar-H2-steam mixture gas injection. The parameters of test apparatus and test
conditions are shown in Table 1. A schematic of the test apparatus is shown in Figure 1. This apparatus
consists of a steam generator, a moisture sensor, a heater section of injection gas, an oxygen sensor,
and a gas exhaust system. Alumina crucible was used as the pot of molten LBE with Ar cover gas, the
oxygen sensor, a molybdenum lead wire, a ceramics nozzle and a thermocouple. The injection gas flows
through a stainless steel tube and enters the test tank from the ceramics nozzle. Oxygen concentration
was controlled by the sensor made of a sintered ceramic zirconia, i.e. magnesia-stabilised zirconia
(MgO-ZrO2) and yttria-stabilised zirconia (Y2O3-ZrO2). As an internal reference electrode fluid,
oxygen-saturated molten bismuth was used, where the molten Bi contained a powder of bismuth oxide
Bi2O3 with a weight ratio of 95:5 wt.%. The electromotive force (EMF) of the oxygen sensor was
detected by two molybdenum (Mo) wires inserted into the reference electrode fluid in the sensor cell
and the LBE in the crucible, and measured using an electrometer.
Table 1. General condition of corrosion test apparatus
Run
Tested materials
Oxygen concentration (wt.%)
Injection gas
Type of sensor
Temperature of LBE (qC)
Immersion time (hr)

No. 1
SiC/SiC composites
~6.8 u 10–7
Ar

No. 2
W, Mo, Nb, SiC, Ti3SiC2
~5 u 10–6
Ar+H2 (3%) and Ar
Y2O3-ZrO2
700
1 000

Figure 1. Schematic of corrosion test apparatus
Electrometer

Ar + H2

Digital Controller
Injection
Nozzle

Ar

Exhaust Nozzle

Moisture
Atmosphere

Steam Generator
Specimens
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Test materials
The refractory metals tested were tungsten (W), molybdenum (Mo) and niobium (Nb). Tungsten
(W) has the highest melting point of 3 410qC among metals and its density is 19 500 kg/m3.
Molybdenum has a melting point of 2 610qC and its density is 10 200 kg/m3. Niobium has a melting
point of 2 468qC and its density is 8 570 kg/m3.
The ceramics tested were the silicon carbide, SiC (Nilaco Company, Japan), the titanium silicon
carbide, Ti3SiC2 (3-ONE-2 LLC Company) and SiC/SiC composites (Art Kagaku Co. Ltd, Japan). The
SiC specimens had compositions of 98SiC-0.2SiO2-0.1Si-1.2C. The density of the SiC specimens was
3 100 kg/m3, and the sizes of the SiC specimens for weight change analysis were 15 u 15 u 2.3 mm3.
The titanium silicon carbide, Ti3SiC2, is one of a new class of solids, with the general formula
Mn+1AXn, where n is 1 to 3, M is an early transition metal, A is an A group mostly IIIA and IVA
element, and X is C and/or N. Its density is 4 500 kg/m3, which is close to that of Ti. It has a strength
of ~325 GPa which is roughly three times as stiff as Ti and is readily machinable with nothing more
sophisticated than a manual hack saw [11]. It is stable in inert atmospheres to temperatures above
2 200qC. Mechanically, Ti3SiC2 is damage tolerant and resistant to thermal shock and relatively tough.
A brittle-to-ductile transition is observed at 1 100qC in compressive, flexural and tensile tests. The
sizes of the Ti3SiC2 specimens for weight change analysis were 10 u 10 u 2.3 mm3.
The specimens of SiC/SiC composite (Art Kagaku Co. Ltd.) were a type of boron nitride (BN)
coating. The density of the SiC/SiC composite specimen was 1 600 kg/m3. The density was roughly a
half of the SiC specimens and much lower than the Ti3SiC2 specimens. The sizes of the SiC/SiC
composite specimens for weight change analysis were 15 u 15 u 2.3 mm3.
Experimental procedure
Oxygen concentration, which is main environmental factor in the corrosion process, was controlled
at 6.8 u 10–7 wt.% for the SiC/SiC composite and at 5 u 10–6 wt.% for the refractory metals and the
other ceramics. The estimation of this level was done from the measured EMF and Gromov’s oxygen
solubility equation [1]. The value of 6.8 u 10–7 wt.% was nearly the same of the formation potential of
iron oxide and that of 5 u 10–6 wt.% higher than the formation potential of iron oxide.
Two specimens were used for each material, i.e. one was for weight loss measurement and the
other for the Scanning Electron Microscope (SEM) analysis/Energy Dispersive X-ray Microanalysis
(EDX). Weight loss data was used for the estimate of corrosion rate. For the measurement of weight
change, after the immersion in the molten LBE, all the specimens were immersed in a hot sodium pool
at 260-280qC to dissolve adherent LBE from the surface into sodium, and then washed with ethanol to
remove the sodium-containing LBE. Measurement of weight change was carried out by an electronic
reading balance with an accuracy of 0.1 mg.
After the immersion of the specimens in the molten LBE, the other specimens were washed in hot
glycerine at 160-180qC to remove the residual LBE without removing oxide layers. Afterwards the
glycerine was removed using water at 70-80qC. The specimen surfaces of the refractory metals were
coated by gold to protect the oxide layers on the specimens. Afterwards, the specimens were cut in the
middle, solidified by resin and polished with a mechanical grinder using polycrystalline diamond
grains. The polycrystalline diamond grains used in this polishing treatment were 9 Pm, 6 Pm, 3 Pm
and 1 Pm. Then, SEM-EDX analysis was performed for the cross-sections of the specimens.
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Result and discussion
Refractory metals
The SEM micrographs of the cross-sections of the refractory metals, tungsten and molybdenum,
are shown in Figures 2 and 3, respectively. Neither the penetration of LBE into the tungsten and
molybdenum matrices nor the former traces of a corrosion process were observed. The surfaces were
smooth without any damage or cracks. There was no dissolution of tungsten and molybdenum
elements into LBE. No oxide layer was observed.
Figure 2. SEM micrograph cross-section of tungsten after immersed in
LBE at 700qC with oxygen concentration of 5 u 10–6 wt.% for 1 000 hours
gold coating

resin

W Matrix

resin

50 μm

W Matrix

20 μm

Figure 3. SEM micrograph cross-section of molybdenum after immersed in
LBE at 700qC with oxygen concentration of 5 u 10–6 wt.% for 1 000 hours
gold coating

resin

Mo Matrix

resin

50 μm

Mo Matrix

20 μm

351

The SEM micrographs of the cross-sections of the refractory metals, niobium, are shown in
Figure 4. Penetration of LBE into matrix of the niobium was observed. This penetration of LBE was
not only deep but also prevailed on all parts of the surface area.
Figure 4. SEM micrograph cross-section of niobium after immersed in
LBE at 700qC with oxygen concentration of 5 u 10–6 wt.% for 1 000 hours
resin

Pb-Bi
adhered
penetration
Pb-Bi

adhered
Pb-Bi

Nb Matrix

Pb-Bi
penetration

Nb Matrix

100 μm

40 μm

Figure 5 shows that no significant weight changes were detected for tungsten and molybdenum
specimens after immersed in the LBE. SEM analysis shows that these materials have high performance
of corrosion resistance. However, the weight loss of niobium was 190 g/m2 which was not small. This
result indicates that the niobium was corroded by the LBE. Therefore, niobium is not compatible with
the LBE at 700qC.

Weight loss (g/m2)

Figure 5. Weight losses after immersed in LBE at 700qC for 1 000 hours
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Ceramics
Figure 6 shows that no penetration of LBE into SiC matrix and no former traces of the corrosion
process were observed. Figure 8 shows that no significant weight change of the SiC specimen after
immersion in high temperature LBE up to 1 000 hours occurred. Figure 7 shows that neither the
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Figure 6. SEM micrograph cross-sections of SiC after immersed in
LBE at 700qC with oxygen concentration of 5 u 10–6 wt.% for 1 000 hours
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40 μm

Figure 7. SEM micrograph cross-sections of Ti3SiC2 after immersed in
LBE at 700qC with oxygen concentration of 5 u 10–6 wt.% for 1 000 hours
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penetration of LBE into Ti3SiC2 matrix nor the former traces of corrosion process were observed.
Figure 5 shows that no significant weight change occurred in the Ti3SiC2 specimen after immersion in
high-temperature LBE up to 1 000 hours. Titanium in silicon carbide is effective for corrosion
resistance in LBE and makes the silicon carbide easily machinable [11].
Figure 8 shows the SEM micrograph of the SiC/SiC composites after immersion in LBE at 700qC
for 1 000 hours. It is found that the LBE penetrated into the pores of the SiC/SiC composites due to
their high porosity. It is necessary to prevent LBE from penetration by making the SiC/SiC composites
denser. It can be seen that a thin crack layer appeared. The crack layer was 20.8-33.7 Pm in thickness.
The crack occurred possibly because of thermal shock or thermal expansion near the surface. The
crack part still remained in the specimen with neither detachment nor loss of the cracked region from
the SiC/SiC composite matrix. The weight increased possibly because of the LBE penetration in the
pores of the specimens.
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Figure 8. SEM micrograph cross-sections of SiC/SiC composites after immersion
in LBE at 700qC with oxygen concentration of 6.8 u 10–7 wt.% for 1 000 hours
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Conclusions
Corrosion behaviours of refractory metals and ceramics in LBE at the temperature of 700qC have
been investigated experimentally. From the investigation and analyses, it is concluded that:
x

The tungsten and molybdenum specimens showed high corrosion resistance in LBE at 700qC.
Tungsten and molybdenum can be the candidates of the cladding and structural materials for
high-temperature LBE-cooled fast reactors.

x

The niobium specimens showed poor corrosion resistance in LBE at 700qC. The niobium
cannot be used as the cladding and structural materials for the high-temperature LBE-cooled
fast reactors.

x

The SiC and Ti3SiC2 specimens showed high corrosion resistance in the LBE at 700qC. SiC
and Ti3SiC2 can thus be the candidates of the cladding and core structural materials for the
high-temperature LBE-cooled fast reactors.

x

The SiC/SiC composite specimens showed that LBE penetrated into the matrix due to the
high porosity of the material, and a thin crack layer appeared. It is necessary to prevent LBE
penetration by making the SiC/SiC composites denser for the use of SiC/SiC composite as the
cladding and core structural materials of the high-temperature LBE-cooled fast reactors.
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Abstract
The EUROTRANS project is an integrated project in the 6th European Framework Programme in the
context of partitioning and transmutation (P&T). The objective of this project is a step-wise approach
to a European Transmutation Demonstration. This project aims to deliver an advanced design of a
small-scale accelerator-driven system (ADS), XT-ADS, as well as the conceptual design of a European
Facility for Industrial Transmutation, EFIT. The main objectives of the XT-ADS are: demonstration of
the ADS concept, providing a test facility for transmutation and providing irradiation possibilities in
conditions representative of EFIT operating conditions. The latter allows the use of the XT-ADS as a
material testing facility as well as an aid for the fuel qualification of EFIT and for the qualification of
candidate structural materials. The XT-ADS core is based on MOX fuel with relatively high Pu content
and is cooled using a lead-bismuth eutectic (LBE). The combination of these two components results
in a fast spectrum core. During the first 24 months of the project, the core of XT-ADS was developed
starting from the MYRRHA DRAFT2 file [1]. First, a “clean core” configuration (i.e. without
experimental channels and assemblies) has been set as a reference. This core is composed of 72 fuel
assemblies surrounding a set of 3 positions foreseen for the spallation target module. In a second step,
8 positions were identified to house so-called in-pile sections (IPS): positions that can hold experiments
and are accessible from the top of the reactor during operation (i.e. penetrations are foreseen).
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The reference pin and fuel assembly design
As in MYRRHA, the XT-ADS is designed to use MOX as fuel material. Both designs start with a
30 wt.% of reactor-grade plutonium MOX. However, the composition of this MOX, i.e. the uranium
and plutonium vectors, is different in these two cases. MYRRHA was designed using a reactor-grade
plutonium originating from the spent fuel of “old” PWRs wherein the burn-up did not exceed
33 MWd/kg-HM, while for XT-ADS we opted for a plutonium vector coming from the reprocessing
of spent PWR fuel with an initial enrichment of 4.5% in 235U, a burn-up of 45 GWd/t and a cooling
period of fifteen years.
The pin itself consists of a fuel column of 60 cm with on both ends a neutron reflector to increase
the neutron economy, a fission gas plenum and a closing cap. The fuel pellets are of the annular type.
This reduces the centreline temperature and hence gives larger margins to fuel melting limits. Figure 1
shows this reference design. The fuel assembly contains 90 of these fuel pins in a hexagonal lattice
together with one “instrumentation pin” in the centre of the assembly (see Figures 2 and 3). This
instrumentation pin contains no fuel but is foreseen to carry instrumentation for on-line measurements.
The major difference with the MYRRHA design is the larger fuel pin pitch. This increase was
needed to reduce the pressure drop over the core. It was very clear from the beginning that the T91
cladding material would be the weakest link and hence defining the operational limits of the XT-ADS
core. This reference design was the result of several iterations between neutronics calculations and
thermo-hydraulic calculations with the most important feedback parameters the pressure drop over the
core and the needed coolant velocity to keep the inlet and outlet temperatures as initially specified
(300-400°C). Mechanical calculations showed that a wrapper wall thickness of 2 mm was sufficient.
The clearance between the assemblies was fixed to 3 mm, which is double that of MYRRHA. The
motivation for this came from working experience of members of the design team indicating that this
was indeed needed for the easy withdrawal of an irradiated (and often deformed) fuel assembly. The
final result is an assembly total width (flat-to-flat) of 93.2 mm and an assembly pitch (centre-to-centre)
of 96.2 mm. During the preliminary safety analysis, a risk of early clad failure during an unprotected
loss-of-flow (ULOF) accident was identified. In order to reduce this risk and allow for a larger grace
time for reactor shutdown, the fission gas plenum was increased.
Figure 1. The XT-ADS fuel pin
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Figure 2. The hexagonal fuel pin lattice
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Figure 3. The fuel assembly
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The reference core layout
As a result of the degradation of the MOX fuel and the enlargement of the fuel assemblies as well
as assembly pitch (the fuel density has been reduced significantly), keff of the core dropped. Three
options were open to get back to the reference value of keff = 0.95: 1) increase the active length; 2) use
more fuel assemblies; 3) allow for a higher Pu content (more than 30 wt.%). Increasing the active length
of the core has as a main consequence that the coolant sees more power, hence the outlet temperature
will be higher (unless this is, of course, compensated by higher coolant velocities) and this was clearly
an option we did not want to take. The second option has two major drawbacks: putting more fuel
assemblies will increase the power of the system, hence increasing the dimensions of all components
of the primary system and surely, room inside the vessel is limited so putting more fuel assemblies
reduces the number of experiments that can be loaded. During the DM1 general meeting in June 2006,
it was decided to go for the third option: the core layout was fixed to 72 fuel assemblies encircling a
“gap” of 3 emptied positions to allow for the placement of the spallation target module [3,4]. Figure 4
(right-most figure) shows this core layout. During the first Task Force Meeting, it was decided to
allow for 2 more rings surrounding the 72 fuel assemblies. Justification for this was twofold: increase
the distance from the fuel assemblies to the core barrel to reduce the neutron damage on the latter and
to allow for more flexibility in core loading.
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Figure 4. Micro cell, macro cell and core cut at midplane

The protons impinging the target surface have an energy of 600 MeV. The choice for a higher
proton energy compared to the 350 MeV of the MYRRHA Draft2 design was justified by a higher
neutron yield in the first case which allowed the reduction of the needed beam current. The absence of
a significant Bragg peak in the case of 600 MeV is also seen as an improvement.
The clean core neutronic results
The XT-ADS reference core as defined above and described in more detail in [5] (without the
additional two rows) has been studied using the MCNPX 2.5.0 Monte Carlo code using the JEFF3.1
nuclear libraries. Figure 4 shows the micro cell, macro cell and core layout used in the MCNPX
calculations. To reach the desired value of keff around 0.95, an enrichment of 31.8 wt.% in plutonium
was needed in the MOX fissile material. In order to fix all parameters, the design group decided to fix
the proton beam current in order to have a fuel power density of 700 W/cm3. This results in a total
power of about 57 MWth. The needed beam current is 2.39 mA. Table 1 gives the most important
results for this clean core. Note that the fluxes mentioned in this table are still subject to optimisation
(optimal positioning of the spallation target free surface).
Table 1. Neutronics results for the clean core (preliminary design basis)
Parameter
Proton beam energy
Proton beam current
Proton beam deposited heat
Total neutron yield per incident proton
Neutron source intensity
Initial fuel mixture
Initial (HM) fuel mass
Initial Pu enrichment
keff
kS
MF = 1/(1-kS)
Source importance M*
Thermal power
Specific power
Peak linear power (hottest pin)
Average linear power (hottest pin)
Max )total in the core near hottest pin
Max )>1MeV in the core near hottest pin
Max >0.75 MeV in the core near hottest pin
†
‡

Normalised to fuel power density of 700 W/cm3.
210 MeV/fission.
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Unit
MeV
mA
MW
1017 n/s
MOX
kg
wt.%

MW
kW/kgHM
W/cm
W/cm
1015 n/(cm2.s)

XT-ADS value
600
2.39 †
1.40
15.3
2.23
(U-Pu)O2
857
31.5
0.95324
0.95711
23.31
1.095
56.75 ‡
66.22
253
146
3.43
0.56
0.75

Figure 5. Axial core model

The XT-ADS core with in-pile positions
The XT-ADS machine has to perform its roll as a flexible multi-purpose irradiation machine.
In order to do so, eight in-pile sections have been foreseen that are accessible from the top of the
reactor to house experimental devices and allow access for measurements. As a reference for a core
cross-section with positions to be used for IPS inserts a core cross-section has been selected which is
shown in Figure 6. The positions for the eight IPS inserts have been chosen such that they are
surrounded by six fuel assemblies. As a result one gets three positions close to the target in a high
neutron flux environment and five positions closer to the core periphery in a somewhat lower neutron
flux environment.
Figure 6. Proposal for a core with in-pile sections and irradiation positions
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For evaluation of the impact of test sections to be inserted into IPS positions on the neutron
physics characteristics of the XT-ADS core four options of different test specimen arrangements are
considered: test sections for fuel pin irradiations containing 13 (P1) or 19 (P2) fuel pins, and test
sections for structure materials irradiation campaigns containing 31 samples (P3), and a modified fuel
assembly with a small test specimen (P4). The rational behind the different proposals is as follows.
First of all it is of utmost importance to broaden the data base of the clad and structure materials
behaviour when in contact with lead and/or lead-bismuth under irradiation and to evaluate potential
consequences of irradiation on a clad surface with surface treatment. For this purpose it is reasonable
to start firstly with small test samples as foreseen in case of the proposal P4 with a high neutron flux
level to reduce irradiation time for achievement of high doses. In these cases it is not necessary to
provide the possibility of a forced convection cooling because heat production is small and radial
conduction should be sufficient to establish a pre-specified temperature level within the test capsule.
In case of further testing needs for structure material it might be interesting to offer larger space
for structure materials irradiation not only for a heavy metal cooling environment but for an
environment with other coolants as well. For this purpose the proposal P3 defines some upper bound
for irradiating a batch of samples at IPS positions of a lower neutron flux so that cooling can still be
established by conduction only. However, forced convection cooling with the LBE core coolant could
be considered as well as the establishment of a forced convection cooling with a different coolant as
pure lead or sodium or other coolants.
The possibility of fuel pin irradiations could be provided on the basis of test section designs as
indicated in the proposals P1 and/or P2 with either forced convection cooling using the LBE core
coolant or establishing a separate forced convection coolant loop using either lead or sodium or even
gas cooling might be possible.
The main interest at the time being is in the cross-section characteristics of the different test
section proposals and their influence on volume fractions of materials within fissile core height.
Details of the axial design features are still to be defined.
On the basis of a first proposal by SCKxCEN test section inserts into IPS positions contain first of
all a two-fold safety vessel arrangement which allows insertion of the test section from above and
decoupling partially or totally the thermo-hydraulic conditions within the test sections from the core
thermal-hydraulics. To maintain sufficient space between test section inserts and the neighbouring
core fuel assemblies the outer safety vessel diameter of the test section inserts has been chosen to be
76.2 mm. The minimum distance to neighbouring FA wrapper walls then amounts to a distance of
11.5 mm and thus should provide sufficient space for safe test section handling.
In case of test sections for fuel pin irradiations a separate forced convection cooling for the test
specimens is to be foreseen. As a consequence a flow path for the coolant of the test specimen in a
sense of a downcomer is foreseen in the outer periphery of the available space within the inner safety
vessel. The cross-section of the flow in the downcomer is determined such that the cross-section of the
downcomer is quite close to the cross-section of the coolant flow around the same number of fuel pins
of the core fuel assembly. This approach guarantees that the maximum flow velocity in the core fuel
assemblies and within the test pin arrangement becomes the same and that the pressure drop in the
downcomer remains small in comparison to the pressure drop in the test section itself due to its larger
hydraulic diameter. However, dependent on the individual request for different irradiation campaigns a
case-to-case optimisation will become necessary.
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In case of test sections for structure materials irradiation campaigns as proposed in case of P3 and
P4 it might be feasible to cool the test specimen arrangement by thermal conduction to the inter-wrapper
coolant flow or establishing forced convection cooling using the LBE core coolant directly. This
means that there is more space available for the number of test specimens. The respective design
solutions still need to be developed and adjusted on a case-by-case basis to individual requests.
For simplification of the evaluation of a first proposal of test sections for fuel pin irradiations
geometrical conditions as selected for the fuel assemblies of the XT-ADS core are maintained
unchanged. In future evaluations this could be changed but the respective inventories of the fuel and
the structure material should not deviate from the currently specified values to a large extent.
To demonstrate the intended possibilities of variations i.e. increase of the fuel inventory in the test
section a second proposal has been developed, case P2.
In case of test sections for fuel pin irradiations mechanical stability of the test pin arrangement is
established by providing support pins of smaller diameter at appropriate positions in the cross-sections
at which spacers are fixed guaranteeing the specified geometrical positioning of the test specimens,
i.e. fuel pins. Graphical illustration of the envisaged fuel pin arrangements showing the test section
cross-sections are provided in Figure 7 for Case P1 (left) and for Case P2 (right), respectively.
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Figure 7. Proposal for in-pile sections type P1 (left) and P2 (right)

In case of test section inserts for structure materials irradiations which do not need a separate
forced convection cooling loop it is not necessary to foresee a flow path for the coolant, i.e. it is not
necessary to foresee the space for the downcomer and therefore there is more space available for the
test specimen. Assuming for simplicity again that the diameter of the samples of the structure material
have the same dimension as the fuel pins of the core fuel assemblies and assuming a reduced pitch to
diameter ratio as sufficient it becomes feasible to arrange 31 samples and 6 support pin positions
within the available space. To establish mechanical stability of the test section insert it is assumed that
there are 6 support pins of reduced diameter at the edges of the hexagonal arrangement which provide
again the possibility for fixation of spacers to guarantee appropriate positioning of the test specimen.
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Figure 8. Proposal for in-pile sections type P3 (left) and P4 (right)

Graphical illustration of the envisaged test specimen arrangement showing the test section cross-sections
is provided in Figure 8 (left). As an alternative for structure materials irradiation devices a configuration
with smaller test specimens has been analysed as well in case P4, see Figure 8 (right). The test
specimen is embedded in the environment of a fuel assembly.
As a starting point for the evaluation of the performances of the core housing 8 IPSs
simultaneously, the case of IPS type P1 has been studied The respective core is named core P1. When
inserting 8 IPSs in the positions indicated in Figure 6, 8 fuel assemblies can be reshuffled to make sure
all the IPSs are surrounded by fuel assemblies. The resulting core P1 is shown in Figure 9 (left) with a
detail of the IPS P1 on the right. In order to re-obtain a keff in the neighbourhood of 0.95, we needed to
increase the plutonium content to 33.05 (keff = 0.95035). The needed proton beam strength does not
change significantly from the 2.39 mA mentioned for the clean core situation. Table 2 gives the
neutron fluxes in the different IPSs (see Figure 6 for the nomenclature of the IPSs). Again, these
fluxes are still subject to optimisation.
Figure 9. Core P1 (left) and detail of the IPS type P1 (right)
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Table 2. Neutron fluxes in the central pin of the different IPSs type P1

C74, C286
K38, K322
L106, L254
I215
E143

!0H9
(1015 n/cm2.s)
0.43
0.28
0.26
0.30
0.43

!0H9
(1015 n/cm2.s)
0.29
0.19
0.18
0.20
0.30

WRWDO
(1015 n/cm2.s)
2.63
1.82
1.74
1.96
2.46

Conclusions
The reference clean core has been fixed in the Deliverable D 1.7 of the EUROTRANS project.
During the different Task Force meetings, a clean core has been proposed containing two extra rings
of sub-assembly positions. A neutron physics analysis has been performed to quantify characteristics
of this new core. Four types of in-pile positions have been drafted in a preliminary fashion covering
fuel irradiation and material irradiation in the XT-ADS core. These four types of IPSs can be housed
in eight positions strategically chosen in the XT-ADS core. One simultaneous loading of eight IPSs of
the type P1 has been analysed. In order to re-obtain the reference keff value, the plutonium content of
the MOX fuel had to be increased. It seems that, to be on the safe side, it would be advisable to foresee
a plutonium enrichment of up to 35 wt.% in order to cover even worse (from the point of view of
reactivity reduction) IPS loadings of type P3 or to compensate for burn-up effects. The clean core
configuration should then be adapted (less fuel assemblies or burnable poisons) to achieve a keff
around 0.95. The main drawback of increasing the Pu content in the MOX fuel is the increase in
reactivity swing during the operational cycle. This issue is the subject of further analysis and a
satisfactory response has to be indicated.
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THE EVALUATION OF PRELIMINARY EXTRAPOLATION EXPERIMENTAL RESULTS
OF THE CHINESE ADS SUBCRITICAL EXPERIMENTAL ASSEMBLY VENUS-1
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Abstract
The design objectives and structure of the Chinese accelerator-driven subcritical system (ADS)
subcritical assembly VENUS-1 are presented. The experiment of source multiplication method is used
to determine the final loading of the Chinese ADS VENUS-1 subcritical assembly. The keff of the
assembly with the same loading as extrapolation experiment have been calculated. The results of
calculation and experiment are evaluated. The final loading of the Chinese ADS VENUS-1 subcritical
assembly has been determined by preliminary experiments on VENUS-1.
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Introduction
To develop nuclear power on a large scale, two problems must be solved. First, the technically
and economically exploitable natural uranium resources are limited domestically and overseas, such
that the uranium utilisation rate must be greatly increased. Second, long-lived radioactive nuclear
wastes have to be disposed of to reduce their impact on the environment and public fear of nuclear
power. The concept of ADS system is good to solve these two problems.
China established a research group in the 1990s, focused on the topic of the accelerator-driven
system. Since 2000, a project designated “The Major State Basic Research Program (973)” was
created for the energy domain. It is sponsored by the Chinese Ministry of Science and Technology
(MOST), and a five-year programme of basic research for ADS physics and related technology was
launched. Now, the Chinese ADS VENUS-1 subcritical assembly is completed.
The Chinese ADS VENUS-1 subcritical assembly is especially designed for subcritical reactor
neutron behaviour research. Natural uranium fuel and lower-enriched uranium (LEU) fuel (3% UO2)
have been chosen. Some optimisation of the arrangement of natural fuel and LEU fuel has been done.
Concerning the connection between the assembly and accelerator, the structure of the assembly has
been set to a horizontal arrangement.
On 18 July 2005, the first fuel element was loaded into the VENUS-1 subcritical assembly and
extrapolation experiments have been performed. The keff of assembly with the same loading as
extrapolation experiment has been calculated. The results of calculation and experiment are evaluated.
Final loading of the Chinese ADS VENUS-1 subcritical assembly has been determined by preliminary
experiments on VENUS-1.
Design objectives
The Chinese ADS VENUS-1 subcritical assembly is especially designed for subcritical reactor
neutron behaviour research. A series of experiments will be performed on this assembly. The research
subjects include the following items:
x

test and verify new parameters in subcritical reactor;

x

test and verify ADS reactor physics and nuclear data;

x

research neutron spectrum measurement technology;

x

research monitor keff technology in ADS operation;

x

research MA transmutation;

x

other.

Design requirement
The Chinese ADS VENUS-1 subcritical assembly is a subcritical reactor. It is mainly used for
research on neutron behaviour of subcritical reactor. Thus, the effective neutron multiplication factor
(keff) should be less than 1.0, and the criticality of the assembly should be adjustable. The value of the
effective neutron multiplication factor of China ADS VENUS-1 subcritical assembly is keff = 0.90-0.98.
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The VENUS-1 subcritical assembly is also planned to be used for research on MA transmutation.
The average neutron energy should be larger than fast reactors. Thus, the desired average neutron
energy should be between 600-900 keV.
Moreover, the VENUS-1 subcritical assembly is planned to be used for testing and verification of
the ADS reactor physics programme and nuclear data, so its structure should be simply designed.
VENUS-1 will connect with the accelerator, take the (d,t) reaction to produce extra neutrons,
driven the China ADS VENUS-1 subcritical assembly running on certain power. Due to the field
restrict, the direction of the VENUS-1 subcritical assembly is considered as horizontal. It should be
adjustable in vertical and horizontal direction, make it easy to connect with the accelerator.
To build a new Chinese ADS VENUS-1 subcritical assembly, the fund is not enough to get new
nuclear material. Currently available nuclear material is being used for the design, i.e. natural fuel and
lower-enriched uranium fuel. The parameters of these fuels are list in Table 1.
Table 1. Parameters of natural fuel and LEU 3% UO2
Item
Fuel meat diameter (mm)
Fuel density (g/cm3)
Fuel length (mm)
Cladding material
Cladding diameter (mm)
Fuel element weight (kg)

Natural fuel
20
18.6
1 000
Al
22
6.2

LEU fuel
6.5
10.5
700
Zr-2
8
0.25

Structure of China ADS VENUS-1 subcritical assembly
According to the above-mentioned design objectives and requirements, as well as the conceptual
research on the reactor core physics for an accelerator-driven subcritical reactor, the core of VENUS-1
subcritical assembly is designed to be coupled core by a fast neutron spectrum zone and a thermal
neutron spectrum zone. The fast neutron spectrum zone (including external neutron source) is located
at the centre of the core and the thermal neutron spectrum zone is surrounding the fast neutron
spectrum zone. The VENUS-1 is driven by an Am-Be neutron source or other steady neutron source
(252Cf, D-D reaction or D-T reaction) to research the effect of external neutron source with different
energy on it, or is driven by a D-T pulsed neutron source through CPNG (CIAE Pulsed Neutron
Generator) to research dynamic characteristic. There are no safety rod and control rods in the core,
excepting the aluminium structure used for modelling sodium coolant in the fast neutron zone and the
polyethylene structure used for modelling water coolant and moderator in the thermal neutron zone,
thus satisfying the requirement for simple structure of the core. The maximum keff is designed less than
0.98, which is smaller than the shutdown margin of a PWR. The subcritical assembly is dependent on
external neutron sources for its operation and can be shutdown by cutting off the deuterium ion current
(for D-D or D-T reaction steady external neutron sources and D-T reaction pulsed neutron source) or
by removing steady external neutron source (Am-Be isotope neutron source or 252Cf spontaneous
fission neutron source), thus exempting concerns in nuclear criticality safety for VENUS-1 subcritical
assembly, unlike critical reactors depending on safety rods and control rods for operation.
After optimised calculation a suitable fuel arrangement is given. In the fast neutron spectrum zone
of the VENUS-1 subcritical assembly, hexagonal aluminium structure with natural U fuel rods are
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arranged in an equilateral triangle and rod pitch is 25 mm. The fuel is loaded from the third to the
tenth layer. The keff calculated by the MCNP code is approximately 0.5 and 0.3 with and without
polyethylene reflector, respectively.
In the thermal neutron spectrum zone of the VENUS-1 subcritical assembly, LEU fuel rods with
3% enriched 235U are inserted in the polyethylene with fuel rods arranged in pattern of equilateral
triangle. An optimised calculation fuel rod pitch is 12 mm when thermal zone surrounding the fast
zone exists, the calculated keff value can be larger than 1.0. (keff value is measured by experiment to
satisfy requirement in the 0.90-0.98).
The final dimensions of the VENUS-1 subcritical assembly have been determined: 1 600 mm in
diameter, 1 800 mm in length and 1 000 mm from the centre of the core to the floor surface. The
subcritical assembly is laid on a chassis, which can be moved vertically or horizontally when coupled
to the CIAE Pulsed Neutron Generator. The following describes the main parameters of the assembly:
1) Neutron source zone. The neutron source is sealed in an aluminium tube of 50 mm diameter,
which is vacuumed and inserted in the centre hole of the subcritical assembly core. The centre
hole is formed by remove 7 fuel elements from the fast neutron zone. As the neutron source
aluminium tube occupies only half-length of the hole, 7 fuel rods of half-length can be loaded
into the other section of the hole. Having finished experiments, the aluminium tube can be
pulled out of the subcritical system.
2) Fast neutron zone. To form the fast neutron zone, natural uranium fuel rods are inserted in a
hexagonal aluminium structure with rod pitch of 25 mm and in an equilateral triangle
arrangement. The fuel rods totalling 264 of full length are loaded in 3 to 10 layers, with the
7 fuel rods of half-length inserted in the centre hole in 1 to 2 layers. The amounts of natural
uranium fuel rods in each layer are listed in Table 2. Figure 1 shows the arrangement for
neutron source zone and fast neutron zone.
Table 2. Natural uranium fuel rods in each layer
Layer
Fuel element

1
1

2
6

3
12

4
18

5
24

6
30

7
36

8
42

9
48

Figure 1. Arrangement for neutron source zone and fast neutron zone
Neutron source

Natural fuel
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10
54

3) Thermal neutron zone. Thermal neutron zone is formed by UO2 fuel rods (with 3% enriched
235
U) inserting in polyethylene. With rod pitch of 12 mm and in an equilateral triangle
arrangement, a total of 2 268 fuel rods can be arranged in 15 layers. The final fuel loading of
the thermal zone is determined through experiments. The amounts of fuel rods in each layer
are listed in Table 3. As the core will take a quasi-cylindrical form, the amounts of fuel rods
inserted in the outer three layers are less than those in the inner 11 layers of this zone.
Table 3. [3% UO2] fuel rods in each layer
1
2
3
4
5
6
7
8
9
10 11 12 13 14
Layer no.
Fuel elements 126 132 138 144 150 156 162 168 174 180 186 174 156 126

15
96

4) The reflector zone is formed by polyethylene in approximate 220 mm thickness. Its side
surface is cylindrical. The final thickness of the reflector is decided after the fuel loading of
the thermal neutron zone.
5) Shield zone and SS shell. The shield is a cylinder made of polyethylene with boron in
thickness of 200 mm. The outer shell of the assembly is a 10-mm thick stainless steel.
At present, neutrons in the VENUS-1 assembly are two-way coupled, i.e. if aluminium plate is
filled in the gap between the fast zone and thermal zone, thermal and fast neutrons can travel to and
from these two zones. If Cd or B absorber is inserted in the gap, fast neutrons can travel to and from
these two zones, but thermal neutrons moderated by polyethylene in thermal zone cannot travel to fast
zone, which means neutrons in the assembly are one-way coupled, hence characteristics of a reactor
core with one-way coupled neutrons can be studied.
Figure 3 is longitudinal section arrangement of the VENUS-1 assembly and Figure 4 is a
cross-section arrangement of the VENUS-1 assembly.
Figure 3. Longitudinal section arrangement of VENUS-1 assembly

Figure 4. Cross-section arrangement of VENUS-1 assembly
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Experiment results
To determine the final loading of the Chinese ADS VENUS-1 subcritical assembly, the experiment
of source multiplication method (i.e. inverse multiplication measurement) was used; it was undertaken
in 2005. An Am-Be steady neutron source was used. During the experiment, detectors were placed at
the outer of polyethylene reflector and in the outer layers of the fast zone, respectively, as is shown in
Figure 5. The detectors are one 3He counter with dimensions of )10 u 150 mm as 1# detector, two BF3
counter of )65 u 780 mm as 2# and 3# detectors and two gamma-compensated ionisation chambers
()50 u 560 mm). The 3He and BF3 proportional counters were used for inverse multiplication
measurement (critical approach). Gamma-compensated ionisation chambers were used for power
monitoring.
Figure 5. 1# , 2#, 3# and 4# neutron detectors position

2#

4#

3#

1#

The Chinese ADS VENUS-1 subcritical assembly is a new nuclear facility. According to the
zero-power experiment rule, the first loading of the fuel must be less than half of critical loading from
calculation. So we start extrapolation experiment from full loading of fast zone fuel, and then add fuels
in thermal zone. The experiment data and results with reflector are listed in Table 4. The experimental
loading of each step is shown in Figure 6.
The final extrapolated critical fuel loading of the VENUS-1 assembly is shown in Table 5. The
determined final loading of fuel rods is 264 rods plus 7 half-rods of natural uranium fuel in the fast
zone and 2 046 rods of 3% enriched 235U in the thermal zone. As the efficiency of a fuel rod in the
outmost layer of the thermal zone is 0.12 mk, the keff of the assembly with and without end reflector
was obtained through the difference between the extrapolated critical loading (2 312 or 2 333 rods in
the thermal zone with or without end reflector) and the actual loading (2 046 rods in the thermal zone),
which was 0.9681 or 0.9656. It seemed that the efficiency of end reflector (~0.0025) was somewhat
small. Accurate keff values of the above two loadings are planned to be measured by other methods in
the future.
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Calculations
Calculations have been performed using the Monte Carlo simulation method. The same loadings
as extrapolation experiment are used for calculation. The average worth of each loading of fuel is
calculated. The same means as with the extrapolation method are used to get critical loading of
thermal fuel rods. The calculation results are shown in Table 6.
Discussion and conclusion
From the results of experiment and calculation, the worth of fuel rod decreases when the loading
is adding. The efficiency of a fuel rod is 0.37 in inner side of thermal zone and is 0.12 mk in outmost
of thermal zone. The critical loading of facility, affected by the efficiency of fuel rod, is also changed
during the extrapolation experiment. There are some error between the experiment and simulation.
More study is needed to analyse the reason of these errors.
The extrapolation method can be used for approaching the reactor critical. But it is difficult to use
for determining the final loading of subcritical assembly. The loading of subcritical reactor is affected
by efficiency of fuel rods, efficiency of detector, external neutron source.
Accurate keff value of the loading of facility is being planned to study for measurement by other
methods in the future.
Table 4. Results of extrapolated experiment with reflector
Thermal fuel Source position
loading
Detector
1
540
2
3
1
738
2
3
1
948
2
3
1
1 176
2
3
1
1 392
2
3
1
1 578
2
3
1
1 746
2
3
1
1 890
2
3
1
2 046
2
3

Centre 17.5 cm
35 cm
Extrapolation result (rods)
929.3
1 041
886
905.6
957.6
1 349
964
1 008
1 163
1 181
1 250
1 228
1 230
1 454
1 167
1 364
1 413
1 426
1 430
1 430
1 390
1 391
1 311
1 494
1 442
1 405
1 580
1 590
1 674
1 661
1 715
1 721
1 508
1 603
1 670
1 845
1 872
1 794
1 774
1 833
1 859
1 810
1 852
2 091
1 984
1 987
2 115
1 977
1 944
2 005
1 968
1 969
1 918
2 100
2 111
2 078
2 117
2 136
2 148
2 061
2 112
2 115
2 205
2 245
2 277
2 232
2 287
2 313
2 210
2 219
2 273
2 304
2 314
2 319
2 298
2 324
2 311
2 266
2 338
2 332
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Average critical
loading

Critical level keff

1 005r148

0.8247

1 272r110

0.8190

1 413r50

0.8771

1 636r70

0.8992

1 859r93

0.9147

1 995r49

0.9358

2 109r27

0.9529

2 251r38

0.9570

2 312r21

0.9681

Figure 6. Fuel loading of experiment

Table 5. Extrapolated critical fuel rod quantity
Source location mm
Condition

0

Detector no.
1#
2#
3#

Without
reflector
Final loading:
267.5Nature + 2 046Low

Average
1#
2#
3#

With reflector
Average

175
350
Extrapolation result (rods)
2 304
2 330
2 353
2 308
2 340
2 335
2 329
2 366
2 334
2 333r19
2 304
2 314
2 319
2 298
2 325
2 311
2 266
2 338
2 333
2 312r21

Table 6. The keff calculation result for the experiment result
Fuel loading
267.5Nu
267.5Nature + 540Low
267.5Nature + 738Low
267.5Nature + 948Low
267.5Nature + 1176Low
267.5Nature + 1392Low
267.5Nature + 1578Low
267.5Nature + 1746Low
267.5Nature + 1890Low
267.5Nature + 2046Low

Fuel
adding

keff

Fuel rod worth
(mk)

Critical
adding

Critical
loading

Critical
level

540
198
210
228
216
186
168
144
156

0.457221r0.0010
0.660819r0.0011
0.727929r0.0010
0.783438r0.0009
0.833387r0.0009
0.872844r0.0008
0.901488r0.0008
0.923257r0.0008
0.940375r0.0007
0.959429r0.0010

0.3770
0.3389
0.2643
0.2191
0.1827
0.1540
0.1296
0.1189
0.1221

899.6
802.7
819.3
760.5
696.0
639.7
592.3
501.6
332.2

1439.6
1540.7
1767.3
1936.5
2088.0
2217.7
2338.3
2391.6
2378.2

0.8247
0.8190
0.8771
0.8992
0.9147
0.9358
0.9529
0.9570
0.9681
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THE GUINEVERE PROJECT AT THE VENUS FACILITY

P. Baeten, H. Aït Abderrahim, G. Vittiglio,
F. Vermeersch, G. Bergmans, B. Verboomen, D. Maes
SCKxCEN, Belgium

Abstract
The GUINEVERE project is a European project in the framework of FP6 IP-EUROTRANS. The
IP-EUROTRANS project aims at addressing the main issues for ADS development in the framework
of partitioning and transmutation for nuclear waste volume and radiotoxicity reduction. The
GUINEVERE project is carried out in the context of Domain 2 of IP-EUROTRANS, ECATS, devoted
to specific experiments for the coupling of an accelerator, a target and a subcritical core. These
experiments should provide an answer to the questions of on-line reactivity monitoring, subcriticality
determination and operational procedures (loading, start-up, shutdown, etc.) in an ADS by 2009-2010.
The GUINEVERE project will make use of the VENUS reactor, serving as a lead fast critical facility,
coupled to a continuous beam accelerator. In order to achieve this goal, the VENUS facility has to be
adapted and a modified GENEPI-C accelerator has to be designed and constructed. During the years
2007 and 2008, the VENUS facility will be modified in order to allow the experimental programme to
start in 2009. The paper describes the main achievements with regard to the modifications for the
VENUS facility.
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Introduction
The GUINEVERE project is an international project in the framework of FP6 IP-EUROTRANS.
The IP-EUROTRANS project aims at addressing the main issues for ADS development and consists
of five domains. In the first domain, the design of a demonstration facility for the accelerator-driven
system concept, XT-ADS, and a prototype industrial transmuter EFIT is carried out. The XT-ADS
concept is strongly based on the current MYRRHA design and SCKxCEN has offered its site to the
European forum for hosting this future fast experimental facility at its Mol site. The proposed
GUINEVERE project is carried out in the framework of Domain 2, ECATS, devoted to specific
experiments for coupling an accelerator, target and subcritical core. These experiments should provide
an answer by 2009 to the questions of on-line reactivity monitoring, subcriticality determination and
operational procedures (loading, start-up, shutdown, etc.) in an ADS.
Reanalysing the outcome of MUSE, two points were left open for significant improvement.
To validate the methodology for reactivity monitoring, a continuous beam is needed, which was not
present in the MUSE project. In the definition of the MUSE project, from the beginning a strong
request was made for a lead core in order to have representative conditions of a lead-cooled ADS. This
request was only partly satisfied by the creation of a lead central part in the last configuration of the
MUSE programme. Due to programme limitations, the investigation of this core was strongly reduced.
Therefore, there is need for a lead fast critical facility connected to a continuous beam accelerator.
Since such a programme/installation is not present at the European nor at the international level,
SCKxCEN has proposed to use a modified VENUS critical facility located at its Mol site and to
couple it to a modified GENEPI (used in MUSE) working in current mode: the GUINEVERE project
(Generator of Uninterrupted Intense NEutrons at the Lead VEnus REactor).
Although this will be a European project, responsibilities and tasks are clearly divided among the
different partners. SCKxCEN will of course be responsible for all the modifications at the VENUS
facility to transform the water-moderated facility into a fast lead core facility VENUS-F. CNRS will
charge itself with the modifications to be applied to GENEPI to allow it to work in continuous mode:
GENEPI-C. CEA will provide the fuel and lead rodlets needed for fuel assemblies and will be involved
in the core characterisation. FZK will assist SCKxCEN in the safety evaluation of the new installation.
Description of the VENUS reactor and necessary modifications
The VENUS reactor was built in 1963-1964 and is a water-moderated reactor (zero-power critical
facility). The fissile fuel is contained in fuel pins which are manually loaded into the reactor. The
VENUS reactor is made critical by increasing the water level in the reactor. To control the reactor, one
uses control bars which displace water and thereby change the water level. The reactor is shutdown by
a fast water dump system. The water can then in case of an emergency stop (scram) be evacuated in a
very short time by opening safety valves to so-called dump tanks.
The execution of this project will consist of two types of modifications at the SCKxCEN site.
First, the modifications which are connected to the installation of the new GENEPI-C accelerator,
working in continuous and pulsed mode, at the VENUS critical facility and its coupling to the core.
The second type of modifications is linked with the adaptation of the VENUS critical facility to host a
fast lead core, further on referred to as VENUS-F.
After consultation with the European partners, it was concluded that the vertical penetration
beam line in the core would represent a significant added value to the project. To implement the
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vertical penetration option, the accelerator has to be put on top of the VENUS bunker in a technical
room to be constructed. This means that civil engineering works are necessary to build a new technical
area above the VENUS bunker.
To modify the water-moderated thermal reactor in a fast lead reactor, two main items were
identified:
x

A shutdown system based on shutdown rods (as in the first years of the VENUS facility) will
have to be installed.

x

Construction of fuel assemblies with lead blocks and uranium fuel for the core and large lead
blocks for the reflector. This will represent a total weight of about 30 t in the vessel.

For the execution of this programme, a detailed planning exists. First of all, fuel from CEA will
be transported in 2007-2008. After finishing the fuel assembly design around April 2007, the different
parts will be ordered and fuel assembly construction will be performed by summer 2008. Meanwhile,
construction works for the accelerator room will begin in 2008 and will be finished by summer 2008.
The second half of 2008, the different newly designed internal parts of the reactor core will be installed.
In January 2009, the commissioning of the installation will start. The commissioning and licensing
procedure will be finalised by summer 2009, such that the envisaged experimental programme can be
executed onwards from September 2009.
The GENEPI accelerator and necessary modifications
The GENEPI-1 accelerator was designed and built by the Accelerator Department of the
Laboratoire de Physique Subatomique et de Cosmologie (CNRS/IN2P3/LPSC) of Grenoble, France,
to achieve neutronic experiments in the MASURCA reactor at CEA Cadarache in the framework of
5FP MUSE. It was designed to generate neutron pulses with a time width of the order of magnitude of
the mean neutron lifetime in a fast fissile medium, i.e. 1 Ps. Moreover, to have a measurable effect, these
pulses had to be as intense as possible. To reach these objectives a 250-kV accelerator coupled to a
pulsed deuteron source and followed by a transport line bringing the beam onto a deuterium or tritium
target was built, producing a pulsed neutron source thanks to D(d,n)3He or T(d,n)4He reactions.
Figure 1. The GENEPI-1 accelerator
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1) High voltage head
2) Duoplasmatron
3) Accelerator tube
4) Quad Q1
5) Magnet
6) Quad Q2
7) Quad Q3
8) Quad Q4 + T2 part
9) MASURCA tube
10) Target

The deuteron source is a “duoplasmatron” located on a 250-kV platform. Deuteron pulses are
produced by a pulsed electron discharge which ionises the deuterium gas with a maximum repetition
rate of 5 kHz. The high beam intensity at the source exit (around 80 mA in the pulse, with no
379

compensation by the residual gas ionisation, energy 60 keV) requires great care in terms of focusing.
The main acceleration is produced by an electrostatic tube to reach 250 keV at maximum. After
acceleration ions cross a magnetic spectrometer chamber (45q deflection magnet) which allows the
selection of charged particles and the elimination of parasitic ions produced in the source (essentially
D+2 ions, twice as slow as D+ ions) which may damage the pulse time structure. Transportation of the
beam towards the target (of the order of 5 meters here) located at the end of a thimble is performed
thanks to four focalisation lenses (quadrupoles) before the thimble, and six inside the thimble itself.
The target ends the thimble: it is in copper, covered on its internal face by a layer of titanium loaded
by deuterium or tritium. The peak current in a pulse is of the order of 40 mA, leading to a mean
neutron production of about 106 neutrons per pulse (with a titanium-tritium target).
Based on the GENEPI 1-2 experience, a new GENEPI-C accelerator operating both in continuous
and pulsed mode will be designed to be coupled to VENUS-F. In pulsed mode it should work with
characteristics as close as possible of that of the GENEPI 1-2. In continuous mode, deuteron current to
be reached should be in the 100 PA-1 mA range. It is recalled that a 1 Ps peak of 40 mA intensity at
4 kHz is equivalent to a continuous beam of 160 PA, bringing the same quantity of source neutrons
per second (around 109-1010 n/s), conditions of the MUSE experiment. To achieve the “beam trips”
part of the experimental programme, prompt beam interruptions [transition time less than 1 Ps (?)]
should be performed, with a repetition rate of a fraction of Hz, with a duration bounded by a few
hundreds of microseconds and a few tens of milliseconds.
These necessary modifications will be carried out by CNRS at CNRS laboratories in Grenoble
where the GENEPI-C will be completely assembled and tested. In the beginning of 2009, the
GENEPI-C accelerator will be dismounted at CNRS, transported to SCKxCEN and mounted again at
SCKxCEN. The commissioning and licensing of the coupled GENEPI-C and VENUS-F reactor is
scheduled to be finalised by summer 2009.
Evaluation of a critical fast lead core
The GUINEVERE project foresees the working of the fast lead VENUS both in a critical state
(without accelerator) and in a subcritical state (with the GENEPI accelerator). Since for the critical
state the largest number of fuel assemblies will be required, first an estimation of a critical fast lead
configuration was made.
Based on a compromise between different design criteria, a critical configuration was proposed
making use of two types of fuel loading for the unique assembly type. The first fuel loading assembly
type which will constitute the periphery and most of the core is made of 16 lead elements, 9 fuel
elements and 4 lead plates as shown in Figure 2 on the right. A lead element consists of 6 lead rodlets
(of about 10 cm long and 1.27 cm thick) provided by CEA. A fuel element consists of three 30%
enriched uranium rodlets (of about 20 cm long and 1.27 cm in diameter) which are also provided by
CEA. The lead plates have a length of about 60 cm, a width of about 7 cm and a thickness of 4 mm
and will be fabricated by SCKxCEN. In the upper part of the fuel assembly, an axial upper reflector of
about 40 cm is inserted. The bottom lead reflector is situated below the grid support plate. The second
fuel loading assembly type is identical to the first one except it contains four more fuel elements.
The second type is used at the centre to obtain a maximum reactivity effectiveness of the additional
fuel elements.
The core is thus enclosed in a square of 11 u 11 (88.66 cm u 88.66 cm) with an equivalent
diameter of 100.04 cm. The bottom and top reflector have a thickness of 40 cm. For the radial lead
reflector the distance between the fuel boundary and the core (with a diameter of 160 cm) is about
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Figure 2. Critical configuration with a central hole for vertical beam
penetration (left) and a detailed layout of the fuel assembly (right)

30 cm. The effective multiplication factor of this core without safety rods is keff = 1.0071 r 0.0005 and
is thus slightly supercritical. Possible bias due to inaccurate libraries is evaluated to be about 1 500 pcm.
Further calculations will be made to obtain the optimal configuration with the available fuel mass.
To obtain criticality the number of fuel assemblies can be adjusted and the remaining reactivity
difference will be compensated by control rod position.
The core will contain dedicated positions (at the interface core-reflector) for safety rods and
control rods (not yet defined in the core). The subcritical configurations will be derived from this
critical configuration by removing peripheral fuel assemblies (or insertion of control rods).
Figure 3. Vertical cross-section of the fast lead core
with the core region and axial and radial lead reflectors

Description of the accelerator room
To allow a vertical penetration of the beam line into core, a new room has to be constructed on
top of the VENUS hall. This “accelerator room” will have a direct penetration through the ceiling of
the bunker enabling the accelerator tube to enter the reactor vertically. Shielding was preferred to be
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locally installed around the area of the bending instead of having a heavier shielding for the walls of
the accelerator room to minimise the weight of the entire structure. The power supply and ion source
were located outside the local shielding, since the primary neutron and gamma source is linked to the
streaming of neutrons and gammas through the penetration hole in the ceiling.
The current shielding material of the roof of the current VENUS bunker consists of 12-cm barite
concrete and 24-cm paraffin. The 12-cm barite concrete will be kept, but the paraffin will be removed.
Instead an additional layer of 50-cm barite concrete is proposed together with a 25-cm layer of ordinary
concrete. The shielding walls in the accelerator room are proposed to have a thickness of 40 cm and
of barite concrete. Detailed shielding calculations will determine the final choice of thicknesses and
materials for the shielding.
A stairway provides the entrance from the lower level and allows the personnel to enter the
accelerator room. Large equipment and accelerator pieces can be lifted into the accelerator room from
the floor of the VENUS reactor hall through an opening in the work floor of the accelerator room by
means of a new tackle installed in the accelerator room. This new tackle allows transporting the pieces
towards the accelerator through-put where the accelerator will be assembled and installed.
Figure 4. Cross-section of the VENUS hall layout with the additional accelerator room

When the reactor is in operation, meaning “electromagnets energised”, access to the accelerator
room will be prohibited by physical and procedural means. When nonetheless such an unauthorised
access is gained, the reactor will be shutdown automatically by de-energising the safety rods as is
presently also the case when the shielding doors of the casement are opened.
Description of the core internals and fuel assembly
The internals of the vessel will mainly consist of fuel assemblies surrounded by a radial and bottom
lead reflector. In Figure 5, a cut of the core is shown visualising different fuel assemblies supported by
a stainless steel grid. This stainless steel grid rests on the vessel bottom by means of a dedicated support
structure containing the bottom lead reflector. The central position is left open to allow the insertion of
the accelerator beam tube. Around this central position there a lead buffer will be installed (at the place
of the eight surrounding fuel assembly positions) in case of subcritical configurations to degrade the
spectrum of the 14 MeV source neutrons.
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Figure 5. Schematic view of the core internals (left) and the fuel assembly (right)

At the moment, eight positions for safety rods are foreseen at the interface of the core and radial
lead reflector. Below the core, penetrations are foreseen for the four ionisation chambers which are
currently used in the VENUS reactor and which will be reinstalled in the lead VENUS core beneath
the core at approximately the same position. Also, the two BF3-detectors for the start-up chains
currently present in the VENUS reactor will be reinstalled at their positions in the radial reflector.
A tube for the insertion of the Am-Be start-up source will also be foreseen.
Figure 5 shows a more detailed picture of a fuel assembly consisting of an upper part and lower
part. The upper part simulates the upper lead reflector, whereas the lower part contains the fuel and
lead rodlets in a square grid structure as outlined earlier. At the bottom, a conic end-plug is foreseen to
allow an easy loading and fixation of the fuel assembly in the stainless steel grid support plate. At the
upper part, an eye is foreseen for lifting the fuel assembly and positioning it into the grid support plate.
Description of the shutdown system based on safety rods
The purpose of the shutdown system is to provide sufficient anti-reactivity insertion in a time
which is short enough to stop the chain reaction without introducing any damage to the installation.
Moreover, the system should be intrinsically safe. Therefore, we have chosen to use the standard
philosophy of shutdown rods which fall in the core under the influence of gravity upon receiving the
signal for de-energising of the electro-magnets.
Such a system was already installed at the VENUS facility during the first years of its operation.
Afterwards, the shutdown system was adapted and modified into a water dump shutdown system
based on the opening of safety valves.
The presently proposed concept is based on a limited number of safety rod mechanisms (e.g. 8)
for safety rods. The mechanisms will be distributed symmetrically on the periphery of the core.
The safety rods will be placed in the reflector very close to the core in order to maximise its reactivity
effect and avoid core perturbation. The safety rods will drop in a guide to assure that the free fall is
mechanically guaranteed under a large set of (incidental) conditions.
The safety rods consist of an absorbing element followed by a lead follower. In case the safety
rod is up, the lead follower is at the height of the core thereby eliminating reflector perturbation.
In this way, the anti-reactivity insertion in case of rod drop will also be enhanced: removal of reflector
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and replacement by absorber. Of course, this means that at the position of the safety rod, we will have
a hole in the lower lateral reflector. Since the core will have a height of approximately 60 cm, the
safety rods will fall over a distance of about 60 cm.
To “start” the reactor with the shutdown system in GUINEVERE, the following sequence is
foreseen (see Figure 6):
x

The compressed air cylinder is pulled out (down) (2).

x

The magnet coupling is activated to grab the safety rod (2).

x

The compressed air cylinder is pulled in (up) to lift the absorbing part of the safety rod out of
the reactor in such a way that the reactor can be start up (3).

In case the reactor needs to be shutdown, the current to the electro-magnet is cut and the safety
rod falls down under the influence of gravity. In case of failure of power supply, the electro-magnets
will be de-energised and the rods will drop automatically.
Figure 6. Working principle of the envisaged shutdown system for GUINEVERE
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The dimensions of the safety rods were chosen to fit in the space of one fuel assembly in order to
have maximum flexibility. The safety rods are 7 cm in diameter and consist of an active part of 60 cm
made of B4C with a density of 2.4 g/cc. The B4C active part is followed by a lead follower of 60 cm.
The reactivity effect of the introduction of the eight identical safety rods by replacing lead with
B4C is of the order of 5 000 pcm. The reactivity effect of one safety rod therefore yields 625 pcm.
The reactivity weight of the safety system can be compared with the reactivity weight conditions
of the safety rod system in the MASURCA facility at CEA Cadarache. The MASURCA reactor is a
fast spectrum research reactor with a maximum power of 5 kW for the study of fast reactor systems:
SFR and GFR. During the 5FP MUSE programme MASURCA also consisted of a significant central
part of lead. In MASURCA, the minimum required reactivity weight of the safety rods is 2 000 pcm or
-10$. We notice that our reactivity weight introduction of 5 000 pcm (or -7.7 $) largely satisfies the
minimum criterion of 2 000 pcm. We can therefore preliminarily conclude that the reactivity weight of
the safety rods is sufficient. The definitive analysis of the efficiency of the safety rods with regard to
reactivity weight and speed of insertion will be made in view of the different possible positive
reactivity insertion.
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Evaluation of cooling requirements
The aim was to assess the temperature profile in the GUINEVERE lead core and reflector,
supposing the system is only cooled by natural convection from the surrounding air in the room.
In case the maximum lead temperature exceeds the lead melting temperature (327.5qC), the core needs
additional cooling by forced convection. The analytical model used for this analysis is based on a
similar configuration as described earlier, but did not reflect all details. However, it allowed obtaining
a good temperature profile estimate. The analytical radial model is divided into several concentric
circles, indicating the thermal conductivity discontinuities. A particular difficulty in this configuration
arises from the modular structure of the fuel assemblies. Since each assembly consists of 16 lead
rodlets and 4 lead plates, they might or might not be separated by (air) gaps, which introduce thermal
resistances in the heat flux path. We could neglect these air gaps and admit that the heat conductivity
equals that of homogeneous lead (kPb = 35.3 W/m/qC), but it would not be conservative. Since the
effective heat conductivity kPb-eff in radial direction also depends on the air gaps, it is more realistic
(and conservative) to use a so-called effective conductivity defined as:
k Pb

2tb  n p zb
eff

2tb  n p zb
k Pb



ni Ga
kl

with tb being the thickness of lead plates (6.35 mm), np the number of positions in one assembly (25),
zb the thickness of lead blocks (12.7 mm), ni the number of intra-assembly air gaps (8) and Gi the air
gap thickness (0.3 mm).
The values of the number of intra-assembly air gaps and air gap thickness are chosen
conservatively.
Figure 7 shows the radial temperature profile for a 100-W core power with an effective heat
conductivity for the fuel assembly of kPb.eff = 1.04 W/m/qC which corresponds to 76.2 mm lead in
combination with 8 u 0.3 mm air gaps.
Figure 7. Radial temperature profile for a core of 100 W with kPb-eff = 1.04W/m/qC

The lead only reaches a temperature of 65qC and hence lead melting is not present.
It must be noticed that the effectiveness of the vessel convective cooling considerably affects the
maximum lead temperature. By enhancing the convective vessel cooling (e.g. by forced cooling
instead of natural convection), the maximum core temperature might decrease by ten degrees for
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100-W core power. Likewise, the temperature jumps in the reflector, caused by the radial gaps between
the reflector modules, have a big impact on the core temperature. It is obvious that “pie-shaped”
mono-blocks without any radial gap result in lower core temperatures.
Seeing the impact of kPb-eff on the results, the value for kPb.eff was investigated experimentally. The
experiments pointed out that indeed a realistic value for the effective heat conductivity of a sandwich
of lead plates is around 1-4 W/m/qC.
Based on the current assumptions, it can be concluded that the proposed configuration with a
power level of 100 W with natural air cooling always allows to adequately evacuate the heat from the
core without reaching the lead melting temperature (still a safety margin of 250qC).
Conclusions
The GUINEVERE project is an international project in the framework of FP6 IP-EUROTRANS.
IP-EUROTRANS aims at defining the design of a demonstration facility for the accelerator-driven
system concept, XT-ADS, and solving the main R&D issues related to the operation of such a facility
by 2009. The determination and on-line monitoring of the subcriticality level is one of the major R&D
issues to be addressed in this perspective. To investigate this topic a fast lead reactor coupled to a
flexible neutron generator is needed.
The GUINEVERE project aims to fill this gap by coupling a modified GENEPI accelerator
(CNRS design) to a modified VENUS reactor. The main modifications are the coupling of an
accelerator and the adaptation of the VENUS facility to become a fast lead reactor. To couple the
accelerator, a new room will be constructed on top of the VENUS reactor hall enabling a vertical
penetration of the accelerator beam. For the adaptation of the VENUS facility into a fast lead reactor, a
new shutdown system has to be installed, fuel assemblies and lead reflector pieces constructed.
A critical configuration based on fuel assemblies surrounded by an axial and radial lead reflector
was calculated. The fuel assemblies contain lead plates, lead rodlets and fuel rodlets. The fuel rodlets are
made of 30% enriched uranium metal. The configuration contains a central hole for the penetration of the
beam tube which is surrounded by a limited lead zone to degrade the spectrum of the 14-MeV neutrons.
Drawings have already been made of the core layout showing the fuel assemblies, axial and radial
reflectors and grid support structure. Later on these will be more detailed. A detailed drawing of the
fuel assembly has already been made. The new shutdown system will be based on a limited set (e.g. 8)
of shutdown rods at the periphery of the core. The shutdown rods are made of B4C absorbing material
followed by a lead-follower. The reactivity weight of these shutdown rods was calculated as about
5 000 pcm. This reactivity weight will probably be sufficient by comparing it to the criteria in the
MASURCA installation.
Also, an assessment was made of the coolant requirement for a 100-W core. Based on a
simplified model, it can be concluded that no forced air cooling is necessary and that a margin of
250qC is still present before lead melting occurs in the hottest assemblies.
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Abstract
JAEA has been promoting research and development (R&D) on accelerator-driven subcritical systems
(ADS) as a dedicated system for the transmutation of long-lived radioactive nuclides. The ADS
proposed by JAEA is a lead-bismuth eutectic (LBE) cooled, tank-type subcritical reactor with a
thermal power of 800 MWth driven by a 30-MW superconducting linac. The R&D activities for ADS
can be divided into two categories: one is design study and basic technical development for a future
large-scale ADS, and the other is an experimental programme at the Transmutation Experimental
Facility (TEF) under the J-PARC (Japan Proton Accelerator Research Complex) project. As for the
design study of the future ADS, reduction of the maximum temperature of fuel claddings and
verification of the feasibility of the beam window are under way. Regarding the TEF programme,
although its construction has not yet been approved, design study including an experimental device to
deal with minor actinide fuels is being conducted. To facilitate the research and development on ADS,
an international common roadmap is necessary. The TEF programme can play an important role in
such an international context as an experimental platform to conduct basic and flexible experiments.
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Introduction
The Japan Atomic Energy Agency (JAEA) was established in October 2005 through the fusion
of the Japan Atomic Energy Research Institute (JAERI) and the Japan Nuclear Cycle Development
Institute (JNC). The JAEA is continuing research and development (R&D) on partitioning and
transmutation (P&T) technology to reduce the burden for the management of high-level radioactive
wastes (HLW) [1]. The accelerator-driven system (ADS) dedicated to the transmutation of long-lived
nuclides such as minor actinides (MA) and long-lived fission products (LLFP) is mainly studied by the
Nuclear Science and Engineering Directorate of JAEA through collaboration with the J-PARC (Japan
Proton Accelerator Research Complex) Centre and the Advanced Nuclear System Research and
Development Directorate which is in charge of the R&D for fast breeder reactors and related fuel cycles.
The R&D activities on ADS in JAEA are divided into two categories: one is design study and basic
technical development for a future large-scale ADS, and the other is the planning of an experimental
programme at the Transmutation Experimental Facility (TEF) under the J-PARC project. The present
status and future perspective of these activities are described in this report. In addition, the importance
of an international collaboration to share a common roadmap toward the realisation of transmutation
technology using ADS is discussed.
Design study of future ADS
The ADS proposed by JAEA is an 800-MWth, lead-bismuth eutectic (LBE) cooled, tank-type
subcritical reactor driven by a superconducting proton linac [2-4]. The basic design parameters are
summarised in Table 1, and the conceptual view of the core region is shown in Figure 1. The engineering
feasibility of such a system is being discussed mainly from three aspects: (1) the maximum
temperature of the fuel claddings; (2) the structural feasibility of the beam window; (3) the tolerability
against frequent beam trips. The latter issue is discussed in another report in the workshop [5].
Table 1. Basic design parameters of 800 MWth, LBE-cooled ADS
Parameters
Thermal power
Electric power
Coolant
Spallation target
Accelerator
Proton beam energy
Active core diameter
Active core height
Fuel
Inert matrix
Effective multiplication factor (keff)
Cycle length
Transmutation rate
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Specification
800 MW
270 MW
LBE
LBE (window-type)
Superconducting linac
1.5 GeV
234 cm
100 cm
(MA, Pu)N
ZrN
Max.: 0.970
600 EFPD
500 kgMA/cycle

Figure 1. Conceptual view of the core region of 800-MWth LBE-cooled ADS [4]

Reduction of maximum temperature of fuel claddings
In general, the core design of ADS is confronted with a large power peaking near the spallation
target because of the subcriticality. This difficulty will be largely mitigated if the effective multiplication
factor (keff) can be kept at relatively high value (e.g. 0.97).
Figure 2 shows the burn-up swing of keff and the radial temperature distributions of a typical ADS
(single fuel zone) without active control of the keff and the power flattening, where inert matrix content
(66.5 vol.% of fuel) is fixed throughout the fuel cycles and plutonium content (36.2 vol.% of heavy
metal) at the first cycle is chosen to adjust the keff value to 0.97 at the beginning of cycle (BOC) of the
equilibrium cycle without additional loading of plutonium into recycled fuel [6]. The maximum
temperature of about 600qC at the surface of the fuel cladding is observed at the end of cycle (EOC) of
the second fuel cycle where the minimum keff value of 0.935 is observed. As is well known, the
corrosion of steel materials by LBE will be serious at this temperature range.
Figure 2. Core characteristics of a single-zone reference core [6]
(a) Burn-up swing of keff

(b) Radial temperature distribution of fuel claddings
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The design modification is, therefore, being investigated considering various methods: (1) control
of burn-up swing of keff by changing fuel compositions for individual fuel cycle; (2) multi-zone
configuration of the core in terms of fuel compositions and/or pin diameters; (3) optimisation of the
vertical position of the beam window; (4) adoption of short-height fuel assemblies near the spallation
target; (5) adoption of control rods or other reactivity control mechanisms. The optimisation of the
core design should be done by coupling these methods taking into account the feasibility of fuel cycle
processes including quality assurance in fabrication and reprocessing plants, the cost and the safety of
the whole system, and so on.
One possible example obtained by coupling the first two methods, i.e. the adjustment of fuel
compositions for the individual fuel cycle and the adoption of multi-zone configuration, is described
below. At first, the keff values of BOC of the second and later cycles were adjusted to 0.97 by putting
less plutonium at the first cycle and by adjusting the fractions of the inert matrix (ZrN) at BOC of each
cycle. Then the core configuration was divided into four radial regions to flattening the power
distribution. Table 2 shows the optimised fuel compositions for each zone and cycle. The volume
fraction of ZrN varies over the range 50-78%. The resultant burn-up swing and the temperature
distribution are shown in Figure 3. The minimum keff value is 0.958, while that of Figure 2(a) was 0.935.
This improvement contributes to the reduction of the beam current to keep the reactor power constant.
The maximum beam power was reduced form 34 MW to 27 MW. The maximum temperature was
remarkably reduced to 493qC which is about 100qC lower than that in Figure 2(b).
Table 2. Fuel compositions of an improved four-zone core [6]
Parameters
Inner/outer radius (cm)
Initial Pu content (vol.%)
ZrN content (vol.%)
1st cycle
2nd cycle
3rd cycle
4th and later cycles

Zone 1
32.49/53.53
30.1

Zone 2
53.53/74.70
30.1

Zone 3
74.70/95.91
30.1

Zone 4
95.91/117.15
30.1

71.1
75.7
75.8
77.8

64.2
68.3
68.5
70.2

59.3
63.1
63.2
64.9

50.8
54.1
54.2
55.6

Figure 3. Core performance of an improved four-zone core [6]
(a) Burn-up swing of keff

(b) Radial temperature distribution of fuel claddings
600

Surface temperature of
o
fuel cladding ( C)

Effective multiplication factor
keff

0.98

0.97

0.96

0.95

0.94

0.93

BOC of 1st. cycle
EOC of 2nd. cycle
BOC of 10th. cycle
EOC of 10th cycle

550

500

450

400

350
0

600 1200 1800 2400 3000 3600 4200 4800 5400 6000

20

40

60

80

100

120

Radial position (cm)

Effective full power days (EFPD)

The above-mentioned discussion is based on the nominal calculation results. To design realistic
ADS, several safety factors arising from the uncertainties of the calculation should be taken into
consideration. In such uncertainties, the accuracy of the nuclear data must be carefully considered
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because the burn-up swing of keff is the result of a delicate balance between capture and fission
reactions of MA and Pu isotopes. Although the nuclear data of these nuclides are being measured and
evaluated extensively, it is considered necessary to conduct the integral verification of the nuclear data
and the analysis method for the reactor physics parameters based on critical/subcritical experiments.
Feasibility of beam window
The beam window is unquestionably the most critical part of ADS, unless a windowless concept
is adopted. Its feasibility should be discussed in terms of structural strength, corrosion and erosion,
temperature, irradiation damage and so on. Our reference design of the beam window is shown in
Figure 4 [7,8]. The beam window will be exchanged periodically, preferably every two years.
Figure 4. Reference beam window design [7,8]

(unit: mm)

The inner diameter of the beam duct is 45 cm, and the thickness of the window bottom is 2 mm,
which is determined by considering the balance between the thermal stress caused by the heat generation
inside the beam window and the structural strength against the LBE pressure (about 0.8 MPa).
To assure the robustness against the buckling failure, the curvature of the window bottom is formed
with a partial spherical shell whose inner radius is 20 cm.
The candidate material for the beam window is assumed as Mod.9Cr-1Mo steel. The irradiation
damage in the beam window was estimated as 4.5-9.0 DPA/year by protons and 55-98 DPA/year in
total depending upon the burn-up swing of keff and the beam current [9]. The helium gas production in
the materials was estimated as 950-1 900 appm/year. In these calculations, the Gaussian distribution
was assumed for the proton beam profile. The irradiation damage and the corrosion by LBE are major
uncertain factors to determine the lifetime of the beam window. In JAEA, therefore, various
experimental activities are being continued to investigate the feasibility of the beam window under the
realistic operation conditions of the ADS.
Technical development for ADS
Various technical developments for ADS are under way in JAEA in the field of the LBE and
related materials including spallation materials.
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The static corrosion test and the loop corrosion test are two major activities for the material
compatibility in LBE [10,11]. Recently, steel alloys modified to enhance the corrosion resistance by
adding silicon were made and are being tested in the static device. On the other hand, in the loop test,
the transfer of material compositions caused by the temperature heterogeneity and the differences of
solubility is investigated by observing the deposits on the inner surface of the loop piping.
As for the irradiation damage of the structural materials by protons and neutrons, JAEA is
participating in the irradiation programme for the spallation target materials using the SINQ facility at
the Paul Scherrer Institute in Switzerland. Small pieces of samples irradiated by 580-MeV protons were
transported to JAEA, and the tensile test and the fatigue test are being conducted at the hot cell facility.
The results for the first phase of the programme for the specimens irradiated up to about 10 DPA have
already been reported [12,13]. The tests for the second phase are under way for the austenitic steel
irradiated up to about 20 DPA.
With regard to the test of the cooling performance of LBE for the beam window of ADS, a
thermal-hydraulic loop test was also performed. The test was carried out under conditions in which the
flow rate of LBE was changed as 100, 200, 300, 400 and 500 litre/min, and the inlet temperature of
LBE was changed as 330, 380 and 430qC [3]. The Ultrasonic Doppler Method (UDM) is also being
developed to measure the local LBE flow speed [14]. The evaporation behaviour of polonium and
other elements from LBE was also measured [15].
J-PARC project
JAEA is conducting a multi-purpose high-intensity proton accelerator programme called J-PARC
collaborating with the High Energy Accelerator Research Organization (KEK) [16]. The conceptual
view of the accelerators and the facilities is shown in Figure 5.
The proton accelerators consist of a linac and two synchrotrons (3 GeV and 50 GeV). The proton
energy of the linac is 400 MeV in Phase I of the project and will be upgraded to 600 MeV in Phase II.
The experimental facilities consist of the Materials and Life Science Experimental Facility, the Hadron
Beam Facility and the Neutrino Facility in Phase I, and the Transmutation Experimental Facility
(TEF) in Phase II.
Figure 5. Conceptual view of J-PARC accelerators and facilities [17]
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Present status of construction and commissioning of linac
The construction and installation of the linac part were completed up to 181 MeV, which is the
incident energy for the 3-GeV synchrotron at the beginning of the Phase I operation. The linac energy
is scheduled to be upgraded to 400 MeV which is the design energy for Phase I. The linac part is now
in the commissioning phase. On 24 January 2007, the linac successfully achieved the planned energy
of 181 MeV. Figure 6 shows the photos of linac part. It consists of an ion source, radio frequency
quadrapole (RFQ) linac, drift tube linac (DTL), and separated-type DTL (SDTL) up to 181 MeV. The
annular coupled structure (ACS) linac is being prepared for the energy range from 181 MeV to
400 MeV. The beam current of linac will be 0.33 mA in average, and operated in pulsed mode with
25 Hz in the final stage of Phase I. It will then be upgraded to 50 Hz in Phase II, where half of the
pulses will be supplied to TEF.
Figure 6. Installation of J-PARC linac (as of December 2006)
(a) Low-energy part (RFQ and DTL)

(b) Medium-energy part (SDTL up to 181 MeV)

Transmutation Experimental Facility
The original design of TEF consists of two buildings: the Transmutation Physics Experimental
Facility (TEF-P) and the ADS Target Test Facility (TEF-T) [18]. TEF-P is a zero-power critical
facility wherein a low-power proton beam is available to research the reactor physics and the
controllability of the ADS. TEF-T is a material irradiation facility which can accept a maximum
200 kW-600 MeV proton beam into the spallation target of LBE to conduct the material irradiation
and target engineering tests.
Step-wise construction of TEF
Although the original concept of TEF is to construct both TEF-P and TEF-T simultaneously at the
adjacent areas, the separation of TEF into two parts is now being discussed in order to start basic
experiments as early as possible, considering the shortage of construction budget. The basic idea is to
separate TEF into:
x

Part 1: TEF-P (with 400-MeV proton beam) and a beam dump.

x

Part 2: TEF-T and a 600-MeV superconducting linac.
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In the first part (Part 1), about 30-kW (maximum) proton beam with 400 MeV will be available.
Because the power of proton beam is too large to introduce it directly into TEF-P, a beam dump to
accept the full power proton beam must be installed. A laser charge exchange device will be used to
extract a 400-MeV, 10-W beam which is transported to TEF-P. The beam dump as well as TEF-P
can be used for various experimental purposes. The conceptual view for this Part 1 facility is shown
in Figure 7.
Figure 7. Conceptual view of Part 1 of Transmutation Experimental Facility (TEF)
TEF-P

Beam dump

10W beam line
~ 30 kW beam line

In the second part (Part 2), a 600-MeV, 200-kW (maximum) proton beam accelerated by a
superconducting linac will be introduced into TEF-T. A laser charge exchange device will extract a
600-MeV, 10-W beam for TEF-P. The proposed layouts of the facilities in Parts 1 and 2 are shown in
Figure 8.
Figure 8. Concept of step-wise construction of Transmutation Experimental Facility (TEF)
(a) Part 1 (TEF-P and a beam dump)

(b) Part 2 (TEF-T and a superconducting linac)
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Beam dump
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LINAC
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Specification of TEF-P
TEF-P is designed as the horizontal table-split type critical facility with rectangular lattice matrix,
referring to Fast Critical Assembly (FCA) in JAEA/Tokai. Although the regular fuels of TEF will be
plate-type, a partial mock-up region using pin-type fuels will also be possible. Figure 9 shows a
schematic view of the partial loading of pin-type minor actinide (MA) fuels around spallation target.
The central rectangular region (28 cm u 28 cm) will be replaced with hexagonal subassemblies. In order
to measure the physics parameters of the transmutation system, the pin-type fuel containing MA is
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Figure 9. Conceptual view of assembly of TEF-P and Pb block for pin fuel loading
(a) Conceptual view of assembly

(b) Pb block for pin fuel loading

considered indispensable. To manage the decay heat and the radiations of MA fuels, TEF-P will equip
an air-cooling system and a remote handling system. The power level of TEF-P is usually of the order
of 10-100 W from the viewpoints of accessibility to the core and the maximum thermal power is
temporarily fixed as 500 W. TEF-P is designed to contribute not only to the ADS development but
also to the fast reactor development by the experiments in critical state.
In the proton beam experiment, the effective multiplication factor, keff, of the critical assembly
will be kept less than 0.98. The proton beam is introduced horizontally from the centre of the fixed
half assembly. For spallation target, solid materials such as lead and tungsten will be used. In TEF-P,
it is also possible to perform the spallation target neutronics experiments without nuclear fuels.
Low current proton beam is extracted by a laser charge exchange technique from high-intensity
beam line of 30 kW (0.075 mA, 400 MeV) in Part 1 and 200 kW (0.33 mA, 600 MeV) in Part 2, most
beam is introduced into the beam dump or TEF-T. A pulse width of the proton beam delivered to
TEF-P will be varied from 1 ns to 0.5 ms in accordance with the requirements of the experiments. The
proton beam intensity can be controlled by a collimator device which will be installed in beam control
area of TEF-P. This area can be used for various experiments that require the low power proton beam
or very short pulse beam such as the time-of-flight measurement.
Experiments using MA fuels
To make meaningful experiments using MA fuels, a certain amount of MA fuels are necessary.
For example, if a central test region of 28 cm u 28 cm u 90 cm (about 70 litres) is loaded with MA
fuel, about 10 kg of MA is necessary to simulate 5% MA-added MOX fuels for fast reactors and about
40 kg of MA for ADS dedicated fuels.
The representativity and the effectiveness of the experiment are being discussed by coupling the
covariance of nuclear data and the sensitivity analysis [19]. At the present time, however, this
estimation does not correctly represent the usefulness of the experimental data because the current
error data of MA nuclides are not fully provided and some data seem to have too small errors. It is,
therefore, necessary to improve the error data as well as the nuclear data so as to discuss the necessity
of the integral validation of the MA nuclear data.
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Specification of TEF-T
TEF-T mainly consists of an LBE spallation target, an LBE primary loop, a helium gas secondary
loop and an access cell to handle irradiation test pieces. The LBE is filled into a cylindrical sealed
double-layer tube target. An effective size of the target is about 15 cm in diameter and 60 cm in length.
Several kinds of target are planned and designed according to the objectives of the experiments. One
of the target vessels is designed to irradiate ten or more samples in the flowing LBE environment.
A primary LBE loop is designed to allow LBE flow with maximum velocity of 2 m/s and a
maximum temperature of 723 K. These conditions are similar to those of the large-scale ADS. The
outstanding point of TEF-T is that it is a dedicated facility for the R&D of ADS target, and hence
experiments under various conditions can be conducted to accumulate valuable data and experience.
Specification of beam dump
The low-power proton beam should be extracted from kW-order proton beam, most of which
must be absorbed by a beam dump located near TEF-P. The beam power will be set at about 30 kW
considering the stable operation of linac. The beam dump is made from copper disks cooled by water.
The thickness of the disks was optimised to equalise the heat deposition of the proton beam. The dump
unit is about 1 m in diameter and 2 m in length. It will be possible to provide a small area for material
and/or sample irradiation in front of the beam dump.
Preliminary letters of intent
Although the TEF programme is not yet funded officially, the Project Team called for preliminary
letters of intent (LOI) for experiments at the TEF in the year 2006. The purposes of preliminary LOI
are: (1) to know which groups have an interest in this activity and what contributions from them can
be expected; (2) to reflect upon new ideas and proposals on the specifications and the layout of TEF
including the beam dump; (3) to establish an appropriate collaboration scheme between J-PARC and
the anticipated outside users.
Figure 10 shows the results of preliminary LOI. Thirty-seven proposals were received in total.
Experiments for both ADS and MA-loaded FBR were mainly proposed. In other fields, proposals were
for nuclear data measurement, high-energy physics, LBE spallation target technology, and miscellaneous
researches using protons and neutrons at the beam dump. Although the detailed discussions for the
proposals have not yet been started, it is clear that TEF can serve as a basic experimental platform for
nuclear science, engineering and applications. The project is still open to accept other proposals.
Importance of international roadmap
ADS and transmutation technology are increasingly important for the sustainable utilisation of
nuclear energy all over the world. The technical challenges for ADS, however, spread over a wide
range of scientific and engineering fields. It is therefore strongly desirable to share the experimental
efforts in a systematic way by many countries. The MEGAPIE project is a good precursor for
international collaboration in this field.
An intermediate goal before the realisation of transmutation by the ADS must be an experimental
ADS. European counties are implementing intense R&D for the XT-ADS project, which is the
experimental ADS with several-ten megawatt of thermal power. It is thus desirable to extend the
XT-ADS to a global programme.
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Figure 10. Results of preliminary LOI
 Total number of received Pre-LOI : 37
 Areas
1.
2.
3.
4.
5.
6.
7.

Reactor physics of ADS: 11
Reactor physics of advances nuclear system including MA-loaded experiments: 10
Nuclear data and neutron spectrum measurements: 6
High-energy physics, shielding: 5
Nuclear physics (neutrino measurement, ultra cold neutron): 2
Pb-Bi spallation target: 2
Boron Neutron Capture Therapy: 1
• University
– Hokkaido
– TIT
University:
– Nagoya
30
– Kyoto
Total number
– Kyushu
Oversea: of participants:

• Oversea
– EUROTRANS
– PSI (Switzerland)
– CIAE (China)
– Seoul National Univ.
(ROK)
– MINT (Malaysia)
– NTI (Serbia)

56

–
–
–
–

Tohoku
Niigata
Osaka
Kinki

113 *)

*) Number of participants from
EUROTRANS is not included.

JAEA,
KEK:26

•Private
– Japanese engineering company
Private:1

• JAEA & KEK
– Quantum Beam Science
– Nuclear Science & Engineering
– Advanced Nuclear System
– J-PARC Center

Before proceeding to such a demonstrative stage, establishment of a technical base to deal with
MA in nuclear energy system and to couple a proton accelerator with a fast-spectrum reactor is
extremely important for the purpose of reliable design of the system, safety assessment and discipline
of young scientists and engineers. From this viewpoint, TEF under the J-PARC project is expected to
play important roles.
Figure 11 shows a draft of international roadmap for the realisation of ADS and transmutation
technology. The TEF and XT-ADS will be complementary driving forces toward realising the
challenging technology.
Figure 11. International roadmap toward realisation of transmutation technology by ADS
Technical area

Reactor physics

Existing facilities

TEF-P (J-PARC Phase-II)

Basic experiments

Target & materials

Physics experiments for transmutation

Existing facilities

TEF-T (J-PARC Phase-II)

Basic experiments

Accelerator

Integrated system

Materials for beam window

Superconducting
accelerator

XT-ADS

EUROTRANS

R&D of system
Design

Demonstration
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Accumulation of operation data &
experience, fuel irradiation

Demonstrative ADS
for MA transmutation

Conclusion
JAEA has been promoting various R&D activities on ADS. As for the design study, the reduction
of the maximum temperature of fuel claddings was discussed and it was found that the adjustment of
keff values for each burn-up cycle is important. The feasibility of the beam window is being discussed
taking account of the corrosion and the radiation damage. The technological development on LBE and
related materials is also under way.
Under the framework of the J-PARC project, the experimental programme TEF is being proposed
as the Phase II programme of the project. The step-wise construction is now being considered for TEF;
TEF-P and a beam dump as Part 1, and TEF-T and a superconducting linac as Part 2. Recently,
preliminary LOI was called for and 37 proposals were received. The proposals were mainly in the
fields of reactor physics experiments for ADS and MA-added FBR, and wide range of basic
experiments were also proposed such as on the LBE spallation target and nuclear science.
The importance of the international collaboration to realise the ADS and the transmutation
technology was emphasised because these are quite fascinating topics for sustainable utilisation of
nuclear energy in spite of the technical challenges that are difficult to be tackled by one country alone.
The TEF and XT-ADS should be promoted as international complementary and indispensable projects.
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Abstract
In 2001, the first coupling between the subcritical MASURCA reactor (Cadarache) and the GENEPI-1
accelerator was achieved. GENEPI is a deuteron, high-intensity, electrostatic accelerator (250 keV,
40 mA peak intensity, 1 Ps pulse, 5 kHz repetition rate) producing neutrons on a tritium target located
in the reactor core. A second machine was built at LPSC-Grenoble in 2003 for neutron studies dedicated
to innovative options for nuclear energy. A general and technical presentation of the GENEPI machines
is given, and is placed in the technical prospective of the future GUINEVERE programme, where a
new accelerator (GENEPI-3C) will be set up. This accelerator will have the characteristics of the
previous machines, with new specifications: continuous beam (low intensity), possibilities of micro
beam interruptions (“beam trips”) for reactivity ADS monitoring. This work has been undertaken
within a collaboration since the beginning of 2007 with other laboratories: LPC Caen, IPN Orsay and
IPHC Strasbourg.
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Introduction
The GENEPI (GEnérateur de NEutrons Pulsés Intenses) machines are a family of electrostatic
neutron generators dedicated to accelerator-driven systems (ADS) studies. They are motivated by the
necessity to extend the validation of calculation and measurement methods already made for critical
fast reactors to ADS and/or to new reactor concepts based on new fuels. The first GENEPI machine
was designed and built by the CNRS/IN2P3/LPSC (formerly ISN) laboratory. It was a specific pulsed
250-keV deuteron accelerator (1 Ps or below, sharp edges pulses, no tails, 40-50 mA peak intensity).
Neutrons (2.5 or 14 MeV) were produced by the fusion (D+D) or (D+T) reactions of the incident
deuterons hitting a deuterium or tritium target located in the reactor core. The GENEPI-1 machine was
designed and built from 1996 to 1999, and the final implantation at the Cadarache MASURCA reactor
was completed in June 2000, and then dedicated to the MUSE4 experiments.
GENEPI-1 was partially dismantled in 2005. In parallel, GENEPI-2 was built in Grenoble, where
it is still under operation. It remains quite similar to GENEPI-1, and is part of the PEREN facility,
dedicated to the study of nuclear cross-sections for Generation IV reactor concepts.
The GENEPI-3C (“continuous”) machine will be coupled to the VENUS reactor in Mol (Belgium)
for the GUINEVERE programme planned for 2009. The main differences with the two first machines
will be the topology (vertical coupling instead of horizontal) and the additional possibility to have a
continuous beam with small interruptions inside (“beam trips”), at the millisecond level.
GENEPI-1
As already mentioned, the main objective of GENEPI-1 was the production of high-intensity,
sharp-edged 14-MeV neutron pulses. Despite existing neutron generators commercially available, a
new design was needed to generate short enough and, mainly, sharp-edged pulses: for example, the
commercial generators deliver long, tailed pulses (around 1 ms), which are not compatible with the
time resolution needed for fast reactor experiments.
Table 1. Summary of GENEPI-1 features
~50 Ma (@10Hz-5kHz)
100 PA at 4.7 kHz
140-240 keV
0.5-0.7 Ps (mid height)
2.5/14 MeV
20-25 mm
Deuterium or tritium/titanium
~5 106 n/pulse
~25 109 n/s at 5 KHz
1% from pulse to pulse

Peak current (deuterons)
Mean current
Beam energy
Pulse deuteron length
Neutron energy
Spot diameter
Target
Neutron production (peak)
Neutron production (average)
Reproducibility

The pulsed ion source
The main feature of GENEPI is its deuteron source. Due to the very short pulses required, a
duoplasmatron source has been chosen (rather than an ECR source, for example). The source (Figure 1)
consists mainly of:
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x

an impregnated cathode (filament), to provide an electron arc;

x

a first triggering electrode of conic shape, the “cone”, with a small aperture on the beam axis;

x

an anode;

x

external coils, which provide an axial magnetic field, for plasma confinement.
Figure 1. Duoplasmatron
Filament
Cone liner
Cone
Extraction
Anode

Under normal operation, a very small plasma is created between the cone and the cathode, where
the deuterium gas is ionised before extraction. Deuterons are produced, as well as molecular ions D+2 ,
the ratio depending on the plasma density. Typically, for GENEPI-1, the ratio is about 25% molecular
ions, which have to be removed from the D+ beam by a magnetic dipole located downstream.
In pulsed mode, the duoplasmatron is operated like a thyratron:
x

The cone is used as a trigger (positive short pulse) to initiate the electron discharge.

x

Once started, the electron beam is completely dominated by space charge and cannot be
controlled by electrodes. Consequently, the only way to get a short pulse is to polarise the
anode by a LC delay line, whose discharge has a square shape, and the appropriate duration.

x

After the delay line is discharged (~1 Ps), the electron beam stops.

Great care has been taken for the filament (Figure 2). First, it is prepared under a hydrogen
atmosphere during several hours at 80-100 A for conditioning. Second, the filament is mounted inside
the source and powered permanently under the nominal intensity to avoid any thermal shock, even
when the accelerator is shutdown.
Figure 2. Filament (diameter ~4 cm)
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Focusing and high-intensity aspects
After the extraction hole, the beam (around 80 mA peak) is focused by a set of electrostatic lenses
of conical shape before entering inside the accelerating tube. A difficult challenge of GENEPI is the
handling of high intensities. In the first part of the machine, the current is about 80 mA, because it also
includes the molecular ions. The neutralisation by residual gas has a time constant of about 1 ms, and
cannot occur with the GENEPI time structure, so all space charge has to be managed. So, the choice of
the accelerating tube has been made with respect to two specific and mandatory characteristics:
x

a sufficiently large aperture (60 mm in diameter);

x

a strong gradient in order to have a maximum focusing effect at field entrance.

The acceptable losses in such a machine are very high, due to the very low power of the beam.
These losses will produce some deuterium implantation along the machine, leading to D+D reactions
and to 2.5 MeV neutron production, but this neutron noise will remain negligible.
Figure 3. General view of the duoplasmatron, the focusing electrodes and the accelerating tube

General structure
A view of GENEPI-1 is given in Figure 4. A high-voltage platform supporting the source and the
accelerating tube is enclosed in a Faraday cage. A magnetic 45q dipole is used for removing the
molecular ions from the beam. The focusing is done by several electrostatic quadrupoles over
approximately 5 meters. The beam line is supported by a granite girder and can be translated by
motion on air cushion. The target is located in the centre of the reactor core. The difficulty of handling
high intensities is illustrated by the necessity of having permanent focusing. The GENEPI “rule of
thumb” was to have a focusing element at least every 50 cms. So, a focusing electrostatic channel (the
“thimble”) goes through the reactor to the target. It is made of six electrostatic quadrupoles with planar
electrodes. Detailed studies have shown that the non-linearities of these elements had no consequences
on the beam quality. The dipole itself has 11.25q faces in order to have the same vergence in the two
planes. The 45q shape of the machine has two additional advantages:
x

The machine shape is well adapted to the confined MASURCA reactor room.

x

It ensures an easy way to remove the target, by disconnecting the HV platform, and retracting
it, by pulling back the beam line on top of the girder.
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Figure 4. GENEPI-1 at Cadarache with HV platform (1), source (2), accelerating tube (3),
electrostatic quadrupoles (4,6,7), dipole (5), beam line (8) in the reactor (9) and target (10)

The machine was designed, built and commissioned in Grenoble, before its final installation in
Cadarache. In particular, the whole calibration of the machine was done in Grenoble (profile, intensity,
emittance measurements, beam position and steering calibration).
Target
The target is a 49-mm copper disc on which a thin layer of titanium is deposited over 30 mm
(diameter). For Cadarache, about 1.2 mg of tritium or deuterium is then deposited (12Ci in case of
tritium). The activity is defined by the local safety rules: in Grenoble, the load is limited to 0.9Ci.
In operation, the target is air-cooled and kept below 100qC to avoid any desorption of tritium or
deuterium.
Neutron production control
The beam intensity is controlled on the target via an amperemeter. The neutron production is
monitored on-line by two backward silicon detectors located upstream the 45q magnet. The first
detector detects D particles and protons produced backward during the fusion reaction and transmitted
in the beam line while the second one, covered by an Al foil, collects only the protons. An absolute
calibration is performed via Ni foils irradiations.
GENEPI-1/MASURCA: the first accelerator-driven system
The average deuteron intensity can be modulated via the modulation of the repetition rate.
Typically, a factor 13 can be achieved in the intensity range by modulating from 100 Hz to 4 kHz.
This modulation is done in two ways:
x

very sharp edge falling times (a few microseconds) from Imax to Imin;

x

a plateau period, a low intensity;

x

a progressive rise time from Imin to Imax (a few tens of seconds), longer than the reactor time
constant.

By using this intensity modulation, the MUSE experiment demonstrated the real possibility of
controlling the reactor power by the accelerator.
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Operation feedback: reliability aspects
The GENEPI accelerator was an experimental device which was in constant evolution during all
the MUSE4 experimental campaign. In spite of several component failures (hot filament, vacuum
pump, electronic cards, etc.) operation of GENEPI was satisfactory during the considered period: more
than 12 000 h of pumping and 130qC integrated charge on both types of targets TiD then TiT. In terms
of reliability, the failure rate is about of 11%, the MTBF is 8.12 days and the mean time to repair is
4.3 days (eight effective hours per day). These considerations lead to a relatively low value of GENEPI
availability of 65% which could be explained by several reasons. First, the constringent nuclear
environment contributes to at least 10% of unavailability by increasing the intervention complexity.
Second, the ions production had never reached the steady state because it had to be started and stopped
every working day. This discontinuous operating mode associated with quite frequent complete stops
promoted a failure rise. Third, and despite the common LPSC and CEA teams’ effort, a correct technical
maintenance level has never been reached. This is mainly due to an underestimation of this item in
financial and manpower terms.
The main component behaviour feedback is the following:
x

Filament has been changed only once in four years leading to a lifetime of at least 5000 h.

x

Hardware located in the GENEPI room has suffered from n and J emission coming from the
core-inducing microcomputers PC104 and electronic device failures.

x

The pumping system has been entirely satisfactory with only one failure of a secondary
turbo-molecular pump in July 2004.

x

Control command software has given entire satisfaction permitting quick remote failure
diagnostics by the LPSC team and the record of a consistent operating parameter database.

x

Concerning the use of tritiated target, even if tritium is confined in a very stable titanium
hydride, it has been released by the beam effect. So special detectors, gloves box and air
flowed diving-suits used for target manipulation have been of a real need. Of the ten targets
purchased, only four, two TiD and two TiD have been used during the programme.

The GENEPI neutron source was characterised for each target by irradiation experiments of
nickel foils inserted in the MASURCA core, as close as possible (10 cm) to the target. These
irradiations were performed with all the safety rods down and at a repetition rate of about 4 kHz in
order to minimise the activation due to the core inherent source. After irradiation the activity of each
Ni target was measured in the Low Activity Laboratory of the LPSC using a low background
germanium detector. These activities, compared to MCNP simulations, allow obtaining the neutronic
yield per pulse.
The neutron production rate of the deuterium target was found equal to 3r0.3 u 104 n/pulse
(60 mA peak intensity on target) in May 2001, and, for the tritium target, equal to 3.3r0.3 u 106 n/pulse
(40 mA peak intensity) in January 2003. Due to the experimental needs, the target change has always
been performed before reaching its lifetime limit. Literature indicates that desorption due to the impact
of the beam is approximately 50% for a total charge of 20 Ci/cm2. In our case it a desorption of almost
30% in the first few days of use has been noticed, and then a constant yield decay. In addition, on-line
neutron production monitoring should have been upgraded in terms of reliability and on-line recording.
These modifications will allow improving the accuracy of the experimental measurement techniques
tested in the MUSE4 programme.
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From the safety point of view no incident concerning the reactor-accelerator coupling was related
during the almost four operating years. All the specific safety equipments and rules, upgraded all
along the programme, have done their duty.
Finally, it is worth noting that GENEPI was designed to allow operation transfer to “local”
technical staff with no initial accelerator background.
Safety aspects
In order to obtain the agreement to use GENEPI coupled with MASURCA from French safety
authorities (DSIN), extended safety studies were performed in several phases from 1997 (preliminary
safety report) to November 2001 (first coupling). The main recommendations are the following:
x

Explosion. Deuterium tank pressure < 50 bars.

x

Fire. Protection of the most inflammable parts and use of specific cables.

x

Radioprotection. Rules of access to GENEPI room and reactor room strengthened (interlocks
to the high-voltage acceleration voltage).

x

Tritium risk. Glove box for target manipulation and use of air flowed diving-suits for equipped
target-holder handling.

x

Ventilation. Tritium detector added on exhaust gases circuits, GENEPI target forced air
cooling, no oil in the vacuum system.

x

Emergency reactor shutdown process modified.

x

Seism. Safety demonstrations mainly on the core aggression by GENEPI glove finger and an
upgrade of the accelerator mechanic structure.

x

Electro-magnetic compatibility between GENEPI high-voltage cage and the reactor control
command.

x

Passive beam intensity limitation devices (beam rise time constant > reactor safety time
constant).

The GENEPI-2/PEREN facility
In the frame of studies dealing with future reactor concepts using new fuels supposed to produce
less minor actinides, the knowledge of numerous nuclear cross-sections are required. Thus, LPSC has
developed the PEREN facility. It is dedicated to capture cross-section profile measurements between
0.1 eV to 30 keV using a lead-slowing-down-time spectrometer coupled with a pulsed neutron
generator, GENEPI-2, an evolution of the GENEPI concept.
GENEPI-2 is very similar to GENEPI-1, except for the target (D or T) location. A first location
(the shortest), is devoted to light slow-down materials, it is surrounded either by a graphite barrel or an
assembly of Teflon® plates. The second position of the target is at the centre of the previously used
eight-lead-block assembly. This topology needs additional electrostatic quadrupoles.
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Figure 5. The GENEPI-2/PEREN facility at LPSC. The short configuration
is shown, with the target inside the graphite barrel. A second one is possible,
with the target inside the lead block, using an optic free and longer thimble.

A minor modification has been made on the pulse duration, which has been decreased to 500 nsec
by replacing the LC delay line by a coaxial line.
The future: The GENEPI-3C for the GUINEVERE programme at Mol
In 2006, the GUINEVERE programme was started. The objectives are to perform a low-power
coupling experiment either with a pulsed beam but also with a continuous beam to study short beam
interruptions. The aim of these interruptions is to demonstrate that it is possible to apply reactivity
monitoring techniques investigated in MUSE without disturbing the CW operation mode of an ADS.
It will be based on the GENEPI machine coupled to the modified VENUS reactor with two major
differences:
x

the possibility of having a continuous deuteron beam (200 PA minimum, 1 mA if possible)
with some short programmable interruptions (a few ms);

x

a vertical coupling.
Figure 6. Schematic and very preliminary layout of GENEPI-3C
inside the VENUS reactor building (courtesy P. Baeten, SCKxCEN)
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The source
The first question for GENEPI-3C is to know the possibility of running the same source either in
the high-intensity pulsed mode or in a moderate-intensity continuous mode. The second question is to
know the relative amount of molecular ions, which will be probably higher at low intensity. A bench
test (Figure 7) has been built at LPSC and will be used at 40 kV in two stages:
x

source test in pulsed and continuous mode and emittance measurements;

x

beam analysis, by using a magnetic dipole downstream, to separate the molecular beam.
Figure 7. View of the test bench. Left: the 40-kV platform, right: the duoplasmatron.

In the first stage, the duoplasmatron has been run up to 1.2 mA deuteron total DC intensity
without major difficulty. This corresponds to 48 W on the Faraday cup and 10-20 W on the cone.
To prevent heating issues, we decided not to exceed these values in a first step. The total current is
collected on a Faraday cup. The emittance measurement can be done by using this Faraday cup like a
pepperpot, with holes on a vertical diameter only. A second, movable, Faraday cup with a 0.1 mm slit
is located 50 mm downstream and gives the beam profile as a series of peaks (Figure 8). The RMS
emittance is deduced by measuring the width of the peaks and their relative positions. The present
(and preliminary) non-normalised value is about 20S 10–6 m.rad at 40 keV.
Figure 8. Side view of the test bench (left) and (right) beam profile on
the second Faraday cup, used to measure the RMS emittance of the
beam. Units are tenth of mm in horizontal and arbitrary in vertical.
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The source test must now enter the second phase (May 2007) as soon as possible. The first
conclusion is that the same duoplasmatron can be used in the pulsed and continuous modes and that
the main intensity goals can be met.
General structure
The general and preliminary structure is presented in Figure 9. The beam transport is made by
electrostatic quadrupoles. A first quadruplet transports and focuses the beam at the 90q magnet
entrance. A doublet is located at the dipole exit and there is no optical element in the width of the
casemate ceiling. Two triplets are put above the reactor to focus the beam on the target. There is no
optical element inside the reactor. Control rods limit the room available near the core. Pumps, steerers,
diagnostics, are not represented on this figure.
Figure 9. General overview of the GENEPI-3C. The solid squares are electrostatic quadrupoles.
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A lot of issues, taking into account all the reactor safety constraints, remain to be solved:
x

The 90q dipole must accommodate a neutron telescope and presents a wide fringing field.
Its cooling system requires special attention to avoid any leakage in the reactor. It is under
design at the IPN Orsay.

x

Target replacement is not possible at Level 1, and the vertical line has to be removed vertically
for core loading. A handling system is under design at LPC Caen.

x

The beam line from the reactor entrance to the target is under design at IPHC Strasbourg.
As the beam power can now be 250 W in continuous mode (1 mA, 250 keV), versus 50 W for
GENEPI-1, the cooling system has to be studied carefully.

x

For the same reason (high beam power), the interceptive diagnostics must be reconsidered, as
well as the dipole chamber, where the power deposited by the molecular ions will now not
be negligible.
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Following the GENEPI-1 experience, the accelerator is expected to be fully designed, assembled,
tested and commissioned in Grenoble for the first quarter 2009. This first commissioning will be
progressive and will require an easy access for beam calibration. It cannot be done on the VENUS site,
in particular above the reactor. The first beam on the VENUS site is expected for mid-2009.
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Abstract
The objective of the European Integrated Project EUROTRANS of the EURATOM 6th Framework
Programme is to provide answers to the challenge of high-level nuclear waste transmutation in ADS.
The EUROTRANS experimental activities have been joined into the ECATS domain, namely
“Experiment on the Coupling of an Accelerator, a Spallation Target and a Subcritical Blanket.
The RACE-T experiment, formerly named TRADE, is part of ECATS. The experimental campaign
presented in this paper was held in the period 2004-2006 in the TRIGA RC-1 reactor, operated by
ENEA-Casaccia at the research centre near Rome, in order to propose experimental techniques for
absolute reactivity calibration at either start-up or shutdown phases.
The RACE-T campaign includes fission rate measurements (performed with a special instrumented
fuel element), investigation of different subcritical configurations (with D/T generator in the core
centre), and development of special devoted instrumentation and acquisition systems.
The main outcomes of the experimental campaign, together with the specifications of an international
IAEA benchmark focused on the subject, will be illustrated.
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Introduction
The objective of the European Integrated Project EUROTRANS [1] of the EURATOM 6th
Framework Programme is to provide answers to the challenge of high-level nuclear waste transmutation
in ADS. The EUROTRANS experimental activities have been grouped into the ECATS domain, namely
“Experiment on the Coupling of an Accelerator, a Spallation Target and a Subcritical Blanket”.
The RACE-T experiment, formerly named TRADE [2], is part of ECATS. The European
experimental teams performing the different experiments operated in the period 2004-2006 on different
core configurations. In that period the reactor operation was exclusively in subcritical conditions, with
the exception of the critical reference core assessment at the beginning of the campaign where the
maximum power was 80 W. In this work we will focus on some selected RACE-T campaign outcomes:
x

Characterisation of the critical phase performed by fission rate traverses.

x

Evaluation of the applicability of various experimental techniques for assessing a subcritical
level. Those techniques are based on:
–

The system response to a pulsed neutron source, in particular the area ratio method
obtained by a D-T generator.

–

The system response to a source jerk (SJ), in particular the inverse kinetics (IK) method
applied to a SJ obtained by a D-T generator (the difference between SJ results by D-T
generator and 252Cf sources are analysed in [3]).

–

The source multiplication technique.

By means of the methods mentioned above, reactivity estimates were performed at different core
locations and for three different “clean” (control rods withdrawn) subcritical core configurations,
namely SC0 (~ -500 pcm), SC2 (~ -2 500 pcm) and SC3 (~ -5 000 pcm).
Subcritical level measurements: theoretical outlines
The area ratio method
Pulsed neutron source (PNS) area methods are based on the analysis of the responses shown by a
subcritical system to an external source pulse. A typical response of this kind is shown in Figure 1,
where the contributions of prompt and delayed neutrons are evident.
Figure 1. Response shown by a subcritical system to an external source pulse
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In particular, the fundamentals of the area ratio method [4] consist in the evaluation of the
absolute level of reactivity (in dollars) by measuring, independently by the detector position, the ratio
between the area under the prompt peak and the delayed one after the injection of a neutron pulse in
the subcritical system:


Ip
It - Ip

Prompt neutron area
Delayed neutron area

$

(1)

where the prompt area Ip is proportional to the detector response without delayed neutron precursors
and the delayed area Id is equal to the difference between the total area It and the prompt one. If the
system response cannot be approximated by point kinetics, the reactivity value can apparently depend
on the detector position rD, and we will obtain, in place of Eq. (1), relationships like:


Local prompt neutron area
Local delayed neutron area

rD

$

I p rD
I t rD - I p r D

(2)

In such cases, these spatial effects can be taken into account by calculating spatial correction
factors obtained by:
x

equivalent steady-state methods obtained by solving time-independent inhomogeneous
transport problems (see for example [5] for an application to the MUSE-4 case).

x

explicit time-dependent analysis where time-dependent inhomogeneous transport problems
are solved.

Equivalent steady state methods
Consider the neutron source represented by Q(r,E, W = Q(r,E,:,t)G + (t) and the signal due to
the prompt neutrons alone; the prompt neutron flux )p(r,E, ,t) will obey to the prompt timedependent ordinary transport equation, with the usual free-surface boundary conditions and the initial
condition )p(r,E, ,0) = 0. Integrating from t = 0 to t = f, and defining the time integrated prompt
neutron flux as
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source) time-independent prompt transport equation with the initial condition and the condition
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where Ei and id are, respectively, the delayed neutron fraction and the delayed energy spectrum for
each precursor group i, and F is the total (prompt + delayed) spectrum. 6ins is the in-scattering
cross-section and, as usual, <> denotes integration. Analogously, the total time-integrated flux
~
~
(r, , E) can be defined by integrating the transport equation over time;
will then satisfy the
inhomogeneous ordinary time-independent transport equation:
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Therefore, the reactivity level of the system given by Eq. (2) can be evaluated by means of a
steady-state Monte Carlo or deterministic multi-group methods. In particular, being VD the detector
cross-section, we can write:

I p rD
I d rD

³³³

~
(r  rD , E) p dV dEd
~ ~
 p dV dE d
D (r  rD , E)

³³³

D

Explicit time-dependent analysis
Explicit time-dependent analysis by numerical solution of the time-dependent inhomogeneous
transport problems is the direct way to evaluate spatial correction factors for the area ratio method.
In any case, for these methods we also will probably have to devise some stratagems to evaluate,
a priori, the delayed background shown in Figure 1, without the need to run (useless?) multi-pulse
CPU time-consuming cases in order to obtain a sufficient increase of the delayed background.
Of course, it is of great interest to have explicit time-dependent calculations in order to compare these
results with those obtained by equivalent steady-state methods.
Inverse kinetics applied to a source jerk
The inverse kinetics method is a widely known method used to analyse the transient behaviour of
reactor systems. It is based on the inversion of the points kinetics equations which gives the reactivity
versus time:

U$

/
1

Eeff

S d t  S eff 

dn
dt

nt

with the delayed neutron source equal to Sd(t) = 6iOiCi(t). The delayed neutron precursors group
concentrations Ci(t) are calculated using the measured flux n(t) and the effective source Seff is adjusted
so that the inferred reactivity is steady after the source jerk. Finally, the reactivity is obtained by
averaging the reactivity on an appropriate time range after the source jerk. This method will be
referred in the following as SJ-Gen technique.
The source multiplication technique
MSA approximation
Let us consider a reference subcritical state characterised by a negative reactivity level U0
experimentally obtained by an independent method like a rod-drop measurement, and a generic
subcritical core state i characterised by the reactivity Ui, assuming both states driven by the same
external neutron source. If we measure for both states some counting rates T in a given core position r,
the experimental reactivity for the state i will be given by:
U iexp

U exp
0 

T0exp (r )
{ U iMSA
exp
Ti (r )
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(3)

This is the so-called MSA approximation (from the French Multiplication Source Approchée),
which presumes that the ratio T0(r)/T1(r) does not depend on the position r.
MSM correction
If the above-listed MSA hypotheses break, (calculated) correction factors are needed. We can
write for the reference state:
U 0  T0 r

  I 0S ! 

T0 r
 I 0 F0

0

!

{ S eff , 0  H 0 r

(4)

were Seff,0 and H0(r) denote, respectively, the effective source and the detector efficiency (at position r)
for the state 0, and I 0 is the associated adjoint homogeneous flux solution. Analogously we can write
for the generic subcritical state i:
U i  Ti r

  Ii S ! 

Ti r
 I i Fi

i

!

{ S eff ,i  H i r

(5)

From (4) and (5) we obtain:
U i  Ti r
U 0  T0 r

S eff ,i  H i r
S eff , 0  H 0 r

(6)

By comparison with Eq. (3) we see that the MSA approximation is equivalent to assume that
effective source and detector efficiency remain unchanged when passing from state 0 to state i. Eq. (6)
must be evaluated by calculation, and we have to impose that:
U iexp  Tiexp r
exp
U exp
r
0  T0

cal
U cal
r
i  Ti
cal
cal
U 0  T0 r

Thus, we have to replace the MSA formulation (3) with the modified formulation:
U iexp

§ exp T0exp r · § U ical  Tical r ·
¨¨ U 0  exp ¸¸  ¨ cal cal ¸ { U iMSA  MSM ical 0 r
Ti r ¹ © U 0  T0 r ¹
©

The correction factors MSM cal
i 0 r , depending on the position, have to be evaluated by calculation.
This is the so-called MSM method (Modified Source Multiplication) which takes into account spatial
and energetic effects, due to type and position of the detector.
Experimental set-up
Description of the TRIGA reactor
The RC-1 TRIGA reactor, located at the ENEA Casaccia research centre nearby Rome, is a
1-MW Mark II reactor built in 1960. It is a lightwater reactor cooled by natural convection, with a
284-mm thick annular graphite reflector. The core has a 565-mm diameter cylindrical configuration
with 127 locations that are arranged in seven concentric rings, namely A, B, C, D, E, F and G (see
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Figures 2 and 6). Each location can be filled with either a fuel element or some other component like
graphite rods, a neutron source or a measurement channel. The stainless-steel clad fuel material with
37.3-mm diameter and 381-mm height is a homogeneous mixture of uranium and zirconium hydride
terminated at both the bottom and top by 87.5-mm high cylindrical graphite slugs that act as axial
reflectors. There are four boron-carbide control rods: two fuel-follower shim rods (SH1 and SH2), one
fuel-follower safety rod (SEC) and one regulating rod (REG), not fuel followed.
The fuel elements consist of a stainless-steel clad (AISI-304, 0.05-cm thick, 7.5 g/cm3 density)
characterised by an external diameter of 3.73 cm and a total height of 72 cm, end cap included
(Figure 2). The fuel is a cylinder (38.11 cm high, 3.63 cm external diameter, 5.9 g/cm3 theoretical
density) of a ternary alloy uranium-zirconium-hydrogen (H-to-Zr atom ratio is 1.7 to 1; the uranium,
enriched to 20% in 235U, makes up 8.5% of the mixture by weight; the total uranium content of a rod,
on the average, is 197 g, of which 39 g is fissile) with a metallic zirconium rod inside (38.11 cm high,
0.5 cm in diameter, 6.49 g/cm3 of density). There are two graphite cylinders (8.7 cm high, 3.63 cm in
diameter, 2.25 g/cm3 of density) at the top and bottom of the fuel rod. Externally two end-fittings are
present in order to allow the remote movements and the correct locking to the grid.
Figure 2. TRIGA reactor overview
The three control rods are located above the REG rod, which is bottom centre in (b)
(b) Radial view

(a) Side view

(c) Fuel rod section

Neutron sources
For the subcritical configurations, the reactor was coupled with the following neutron sources:
x

A pulsed deuterium-tritium neutron generator, accelerating deuterium ions onto a tritium target,
and producing 14.1-MeV neutron bursts with strength 108 neutrons/s at maximal frequency.
The frequency range spanned from 1 to 150 Hz. The pulse duration was less than 1 Ps. The
neutron generator was located at the core centre A01.

x

A 252Cf source, with a strength of 0.4 Ci, was used to perform source multiplication
experiments using a fast rabbit (FR) location in the B02 position in ring B (Figure 6).
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Instrumentation
For the characterisation of the critical phase by fission rate traverses, a special fuel pin was used.
This fuel is hollowed in the centre, and enables the fission chamber to be inserted inside the fuel. The
hole has a diameter of 5 mm, allowing the insertion of the 1.5 mm fission chambers. The cross-section
of this special pin is shown in Figure 3.
Figure 3. Cross-section of the special fuel pin

The position of the fission chamber in the special fuel pin corresponds to the mid-plane of the
core. A tight tube is fixed at the end of fuel and enables the connexion cable to leave the pool of the
reactor. Before each measurement, one withdraws a fuel pin and replaces it by the special fuel pin.
To evaluate the applicability of various experimental techniques for assessing a subcritical level,
the instrumentation consisted of fission chambers (labelled from A to D in Figure 6), current-sensitive
amplifiers and the X-MODE data acquisition system [6]. The fission chambers were placed within the
core region close to the reflector (see Figure 6). The main purpose of X-MODE is to integrate in a
single system all the features needed for reactor measurements. The main asset of X-MODE is an
accurate time stamping capability that offers many methods of investigating acquired data.
Fission rate measurements
Radial traverses enable one to analyse the shape of the fission rate in different energy ranges, and
to look at possible asymmetry effects. Measurements were carried out for the reference critical
configuration shown in Figure 4, along the main G13-G31 diagonal (Figure 4), in the positions G13,
F11, E09, D07, C05, C11, D16, E21, F26 and G31. The measurements were performed in critical
condition with a reactor power in the range 10y80 W.
In order to cover the broadest range in energy, various types of deposits were used:
x

two 235U fission chambers (n°1847 and n°331) for thermal fission rates;

x

one 237Np fission chamber (n°1523) for intermediate spectrum range;

x

one 238U fission chamber (n°861) for the fast energy range.

The results relative to the G13-G31 diagonal are plotted in Figure 5 for each fission chamber.
The effect of the asymmetry shown in Figure 5 is due to the presence of the tangential beam tube
of important diameter situated near the core mid-plane, in the reflector (cf. Figure 2). This tube
removes an important part of the water and induces a very important local void effect.
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Figure 4. Reference critical core configuration for the radial fission rates measurement
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Figure 5. Normalised count rates on G13-G31 diagonal
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Subcritical level measurements
Core configurations
The investigated core configurations, all characterised by main control rods withdrawn, are as
follows: one reference critical configuration (REF), the REF configuration with the regulation rod down
(representing the reference subcritical configuration for the source multiplication method) and three
subcritical configurations, namely SC0 (~ -500 pcm), SC2 (~ -2 500 pcm) and SC3 (~ -5 000 pcm), as
shown in Figure 6. The fission chambers, the fast rabbit (FR) pipe and the neutron generator were
always placed in-core during the experimental campaign. It should be mentioned that the REF core
configuration was critical with the regulating rod (REG) 51% inserted (cf. Figures 2 and 6).
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Figure 6. Core configurations for the subcritical level analyses
One removes three fuel elements in C-ring to shift from one subcritical configuration
to another. The fast rabbit (FR) pipe is in B02 and the neutron generator (DT) in A0.
(a) Full core map in REF

(b) C-ring in REF

(d) C-ring in SC2

(c) C-ring in SC0

(e) C-ring in SC3

Experimental results and data analysis
The following methods have been into account for the intercomparison: the area ratio technique
(PNS-Area), the inverse kinetics-source jerk technique based on the transient caused by the neutron
generator shutdown (SJ-Gen) and the approximated source multiplication technique (MSA).
All the reactivity estimates for the three subcritical configurations are displayed in Figure 7.
For SC0, the uncertainties are about 1% for the PNS-Area technique, 3.1% for the MSA technique,
4.0-4.4% for the SJ-Gen technique. For SC2, the uncertainties are about 0.4% for the PNS-Area
technique, 3.1% for the MSA technique, 6-7% for the SJ-Gen technique. For SC3, the uncertainties are
about 0.5% for the PNS-Area technique, 3.1% for the MSA technique, 5-6.5% for the SJ-Gen technique.
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Figure 7. Comparison between PNS, SJ-Gen and MSA techniques with all rods up
The error bars corresponds to a confidence level of 95% (1$~700 pcm)
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First, it appears that the PNS-Area and SJ-Gen reactivity estimates are always equal with a
confidence level of 95%. Second, the MSA technique is clearly the most detector-location-dependent.
The discrepancies from the PNS-Area estimates are about 1-5% for SC0, 5-19% for SC2 and 16-40%
for SC3. Conversely, the PNS-Area technique is the least detector-location-dependent with a spread of
1.22% at most for SC3.
IAEA benchmark
Generalities
The results obtained from the flux measurements and from the subcritical level determination by
different methods indicate, in the case of RACE-T experiments, the presence of the following effects:
1) asymmetry in the radial flux profile.
2) coherence between subcritical levels obtained by area ratio and SJ-Gen methods.
3) discrepancies between subcritical levels obtained by MSA and area ratio/SJ-Gen methods.
In particular, it cannot be excluded a priori the existence of a correlation between points 1) and 3).
In this frame, an explanatory role may be played by the evaluation of the correction factors to be applied
to the measurements (especially MSA results). A calculation benchmark focused on the evaluation of the
correction factors for the RACE-T case not only can help to clarify the above-mentioned discrepancies
but can also tackle the issue of the calculation methodologies to evaluate spatial/energy correction
factors to be applied to subcritical level measurements in ADS.
Recently IAEA has endorsed the outcomes illustrated in this work from the RACE-T experimental
campaign, and a computational benchmark has been launched in the framework of the Co-ordinated
Research Project “Analytical and Experimental Benchmark Analyses of Accelerator-driven Systems
(ADS)” co-ordinated by IAEA [7]. The benchmark, named “Pre-TRADE Experimental Benchmark”,
will be focused on the evaluation, via computation, of the correction factors to be applied to the PNS
area ratio and MSA results for the selected reactivity estimates to take into account the role of the
spatial/energy effects on the rough experimental data.
The TRIGA-RC 1 reactor burn-up issue
In this frame, a “basic” issue can be raised for what concerns the degree of knowledge of the fuel
burn-up status of the RC-1 TRIGA reactor, although it is not expected, a priori, that a detailed
description of the fuel composition will provide a significant impact on the corrections factors to be
calculated for the above-mentioned subcritical configurations (SC0ySC3), because several fresh pins
are loaded into the core for such configurations.
As expected, in the case of the RC-1 TRIGA reactor, built in the sixties, the degree of the present
knowledge of the fuel burn-up status is obviously low. In any case, seizing the opportunity given by
the IAEA benchmark, a relatively more accurate approach to the burn-up issue is presently being
undertaken, although in approximated ways taking into account the objective difficulties inherent to
such an issue.
The old estimation for the reference critical configuration for the “Pre-TRADE Experimental
Benchmark” is shown in Figure 8.
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Figure 8. Old burn-up evaluation for the REF critical configuration

It may be seen from Figure 8 that, for this particular configuration, several fresh fuel elements
have been loaded. To (slightly) improve the present knowledge of the burn-up status of the TRIGA
RC-1 reactor, a new coherent burn-up factors data set has been prepared [8], which has been applied to
all the core configurations loaded in the TRIGA RC-1 reactor since reactor start-up. Table 1 shows a
synthesis of the results relative to the REF critical configuration shown in Figure 8, and it can be seen
that the burn-up variation is around 3.5%.
Table 1. Burn-up evaluations intercomparison for the REF critical configuration
Evaluation
New
Old
'

235

U consumption (g)
554.25
703.47
26.92%

Burn-up (%)
12.73
16.15
3.43

Improvements with respect to this provisional new evaluation are presently ongoing by means of
the ERANOS codes system [9], which takes into account the fission product build-up, together with
the fuel consumption, in function of the actual energy produced by each fuel element during its life.
The burn-up factors for the whole core and for each historical configuration of the TRIGA RC-1
reactor, together with the energy produced by each element, are obtained by the TRIGLAV code [10].
This new evaluation will provide the final compositions for the fuel elements to be used in the
benchmark.
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Conclusions
To have at one’s disposal a reference critical state, contrary to the foreseen situations in ADS,
allows the intercomparison of dynamic methods to measure the subcritical level (PNS area ratio,
source jerk) with the static method MSA, which is usually taken as a reference but requires for large
MSM spatial correction factors at deep subcriticalities.
Under this point of view, the RACE-T experiments have allowed the testing of different
techniques to measure the subcritical level in ADS. Coherently with the outcomes from MUSE, the
PNS area ratio method seems to be the most stable for what concerns the spatial effects, even if such
stability has to be supported by theoretical and numerical confirmations.
As concerns the inverse kinetics/source jerk technique, the measurements provided reactivity
estimates always in excellent agreement with those obtained by the area ratio technique, although a
discrepancy between PNS area ratio and inverse kinetics/source jerk results can clearly be observed
when increasing the subcriticality level.
The above-mentioned theoretical and numerical confirmations will be obtained, hopefully, thanks
to a computational benchmark, recently endorsed by IAEA, focused on the evaluation of the correction
factors to be applied to the PNS area ratio and MSA results described in this work to take into account
the role of the spatial/energy effects on the rough experimental data. In order to prepare the benchmark,
a new evaluation of the TRIGA RC-1 fuel burn-up level is presently ongoing.
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THE MATERIALS TEST STATION: A FAST SPECTRUM IRRADIATION FACILITY

Eric J. Pitcher
Los Alamos National Laboratory

Abstract
The US Department of Energy is developing technologies needed to reduce the quantity of high-level
nuclear waste bound for deep geologic disposal. Central to this mission is the development of high
burn-up fuel with significant inclusion of plutonium and minor actinides. Different fuel forms
(e.g. nitrides, oxides and metal matrix) and composition are under study. The success of these cannot
be judged until they have been irradiated and tested in a prototypic fast neutron spectrum environment.
In 2005, the US Congress authorised funding for the design of the Materials Test Station (MTS) to
perform candidate fuels and materials irradiations in a neutron spectrum similar to a fast reactor
spectrum. The MTS uses a 1-MW proton beam to generate neutrons through spallation reactions. The
peak neutron flux in the irradiation region approaches that of the world’s most powerful fast-spectrum
research reactors. The estimated cost for building the MTS is $79M, including 25% contingency. Once
approved for construction, the MTS can be operational in four years.

427

Introduction
Nuclear power is predicted to play a crucial role in the coming decades as a means to reduce
global emissions of carbon dioxide. Proliferation concerns and the disposition of high-level nuclear
wastes are seen as impediments to a broad expansion in the worldwide use of nuclear power. These
concerns can be greatly alleviated by transitioning to a closed nuclear fuel cycle wherein spent nuclear
fuel is recycled and used to power a new generation of fast reactors. New fuel forms containing
neptunium, americium and possibly curium are needed to close the fuel cycle. The economics of a
closed nuclear fuel cycle are closely tied to the time that the new fuels and associated cladding are
able to reside in the harsh radiation environment of a fast reactor. Therefore a primary goal in the
development of reactor fuel for the next generation of fast reactors is the creation of radiation-resistant
fuel and cladding that can tolerate very high neutron fluence (4 u 1023 n·cm–2 or greater).
The development of new forms of nuclear fuel requires testing in prototypic neutron spectra.
Within the United States of America, fast reactor fuel development is hampered by the lack of a
domestic fast-spectrum irradiation facility. The Materials Test Station (MTS), currently under
development and slated to be built in the Area A experimental hall at the Los Alamos Neutron Science
Center (LANSCE) within Los Alamos National Laboratory (LANL), is well suited for providing the
intense radiation environment needed to test the fast reactor fuels being developed for a closed nuclear
fuel cycle. As a fast-neutron spectrum irradiation facility, the MTS will be unique in that the vast
majority of neutrons by which the fuel is irradiated are not created through low-energy fission
reactions, but rather by spallation. The spallation reactions are driven by a powerful 800-MeV, 1-MW
beam of protons delivered by the LANSCE linear accelerator.
Design overview
The MTS project is currently in the pre-conceptual design phase. The design requirements include:
x

a neutron energy spectrum in the fuel irradiation region similar to that of a fast reactor;

x

a peak fast (E > 0.1 MeV) neutron flux in the fuel irradiation region of at least
1 u 1015 n·cm–2·s–1;

x

an irradiation volume sufficient to irradiate at least forty 0.5-cm high fuel pellets in a fast
neutron flux of 1 u 1015 n·cm–2·s–1 or greater;

x

an overall facility availability that provides at least 1.5 u 1022 n·cm–2 fast neutron fluence on
pellets in the peak flux position;

x

an ability to maintain the fuel clad temperature at up to 550qC during irradiation.

The current MTS design meets or exceeds all of these design requirements.
The target assembly forms the heart of the MTS. As depicted in Figure 1, it consists of two
spallation target sections separated by a fuel irradiation region. The active fuel height of the fuel
rodlets in the fuel irradiation region is 12 cm. In order to provide near-uniform neutron flux over
typical pellet dimensions of 5 mm diameter by 5 mm height, alternate macropulses of the LANSCE
proton beam are directed onto the two spallation target sections. This scheme generates a time-averaged
flux in the fuel irradiation region with a low gradient in all three transverse dimensions. The beam
pulse structure for nominal MTS operation will consist of 750-Ps long macropulses delivered at a
428

Figure 1. Basic configuration of the spallation target and fuel irradiation region

100-Hz repetition rate. A beam raster system composed of a series of ten magnets (up to 60 kHz raster
frequency) delivers a beam spot on each target section of nearly uniform 70-PA proton current density
with dimensions 15 mm wide by 60 mm high. The LANSCE accelerator is slated to undergo a major
refurbishment within the next five years that will assure stable and reliable beam delivery to the MTS
for a decade or more. Once completed, the MTS is expected to receive at least 4 400 hours of beam at
a nominal current of 1.25 mA.
A horizontal cut through the target assembly is shown in Figure 2. The spallation target modules
are comprised of a series of ever-thicker tungsten plates separated by 1-mm coolant channels. The
coolant in both the spallation target modules and the fuel module is Pb-Bi eutectic, which has a
melting temperature of 125qC. The primary motivation for using Pb-Bi to cool the fuel module is that
its selection allows irradiation temperature of the fuel clad up to 550qC. At temperatures over ~400qC,
active control of oxygen concentration in the Pb-Bi must be employed. Los Alamos National
Laboratory has developed oxygen control expertise through the operation of the Delta Loop [2], and
this experience will be applied to the design and operation of the Pb-Bi loops used in the MTS.
Lead-bismuth was recently demonstrated in a spallation target application in the successful MEGAPIE
experiment [1]. Two primary Pb-Bi loops are employed, one cooling the target modules and the other
cooling the fuel module and backstop. The fuel module and spallation target modules share common
sidewalls that allow active removal of decay heat from neighbouring modules should either of the
primary Pb-Bi loops fail during operation.
Neutronic performance
The spatial distribution of the proton flux at the horizontal mid-plane of the target is depicted in
Figure 3(a). The incident beams are evident at the left of the figure. As the protons interact with
tungsten atoms, the beams attenuate and spread. The protons are reasonably well confined to the
spallation target modules, although some protons do enter the irradiation regions. At the peak neutron
flux position in the fuel module, the proton flux is about 1% of the neutron flux. The spatial
distribution of the neutron flux is shown in Figure 3(b). The neutron flux peaks in the spallation targets
where the neutrons are born. The peak flux in the fuel module is 1.6 u 1015 n·cm–2·s–1 and is nearly
constant over the dimensions of a typical fast reactor fuel pellet.
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Figure 2. Horizontal cut through the target assembly

Figure 3. (a) Proton and (b) neutron flux spatial distributions
(a)

(b)
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The energy spectrum at the peak flux position in the fuel module is shown in Figure 4. Also
shown for comparison is the spectrum of a sodium-cooled fast reactor. The two spectra are quite
similar below 1 MeV, but the MTS exhibits a high-energy tail above 10 MeV that is not prototypic of
fast reactors. These neutrons arise from the intranuclear cascade phase of spallation reactions, and
have energies up to the incident proton beam energy. While studies indicate that this high-energy tail
should not impact fuel performance, higher helium production in steel cladding will occur. At the peak
irradiation position, the helium production rate in iron is 60 times greater than that typically seen in a
fast reactor at equal flux. This higher helium production rate may give rise to creep rupture or
embrittlement at concentrations of 600 appm, which corresponds to about 12% burn-up for typical
fuels with low fertile content.
Figure 4. Neutron energy spectrum of MTS compared to a fast reactor
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The MTS can accommodate up to forty 40-cm-long rodlets. This length allows an active fuel
length of 12 cm and a 24-cm-high gas plenum region above the fuel. The total length of fuel that
can be loaded into the MTS is 4.8 m. Figure 5 shows a histogram of the number of 0.5-cm-high fuel
pellets as a function of the fast neutron flux. Over 90 cm of fuel experiences a fast flux exceeding
1 u 1015 n·cm–2·s–1. Heat loads for the fuel module (and backstop) and target modules are calculated to
be 290 kW and 520 kW, respectively. As the LANSCE accelerator has historically experienced
numerous beam trips per day, the heat removal system must be designed to accommodate these trips in
a manner that does not subject the fuel rodlets and module components to unacceptable thermal
cycling. To meet this design criterion, the current concept calls for shell-and-tube heat exchangers that
can vary heat exchange surface area in a matter of seconds. Between the primary flowing Pb-Bi and
the secondary water coolant is an intermediate volume of static Pb-Bi whose elevation in the heat
exchanger can be controlled by changing the pressure of a cover gas in the static Pb-Bi reservoir. The
performance of this innovative heat exchanger is sufficiently important that testing of a scaled version
of the heat exchanger will be conducted on the Delta Loop [2] in the near future.
The life-limiting component of the integrated target assembly will be the target front face, which
is subjected to a proton current density within the beam spots of 70 PA/cm2. Assuming 4 400 hours of
operation at full beam power per calendar year, the proton fluence will be 6.9×1021 p·cm–2 on the
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Figure 5. Histogram showing number of fuel pellets as a function of fast neutron flux
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target front face. For comparison, the MEGAPIE target container, composed of T91, was subjected to
1.9×1021 p·cm–2, while the front face of one of the spallation targets at the ISIS facility at Rutherford
Appleton Laboratory in the United Kingdom, made of SS316, received a dose of 3.0×1021 p·cm–2
before being removed from service due to thermocouple failures. As neither of these targets was
removed from service for reasons of material performance, one may expect the MTS target to survive
to at least these doses, or 2 to 3 months of continuous service. With operating experience, it is not
unreasonable to reach a goal of replacing the target assembly on an annual basis.
Safety and permitting
The design process places paramount importance on the safe operation of the MTS. The “safety
by design” philosophy has the goal of precluding the possibility of accidents leading to a release of
radioactivity to the environment, or to mitigate the consequences of an accident should one occur.
Defence in depth is employed, as well as reliance on passive safety features where viable. The
overarching safety goal is to preclude temperature excursions in the tungsten target material or fuel
rodlets that might result in melting or vaporisation, as these components contain the majority of the
radioactive inventory in the target assembly. Those components that are critical for safe operation are
deemed credited controls, and meet stringent quality specifications in their manufacture and will undergo
regular testing during operation. Fewer than 5% of neutrons generated in the MTS are born from fissions
induced by neutrons, which means the target assembly is deeply subcritical. The fissile inventory
contained in the 40 fuel rodlets will be less than 1 kg. As such, the MTS is expected to operate under
the Department of Energy’s Accelerator Safety Order 420.2B [3], and not as a nuclear facility.
Summary
In nearly every respect (e.g. fuel burn-up to clad dpa ratio, radial dependence of the fission rate
within the fuel pellet, cladding temperature), the MTS irradiation environment is prototypic of fast
reactor conditions. The significant differences between fuel irradiations in MTS and a fast reactor are
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the higher helium production rate in the fuel cladding and the frequent thermal cycling due to beam
trips. Thermal cycling may be an issue for oxide fuel irradiations, but are not thought to be a concern
with respect to cladding or metal fuel performance. Investigations of oxide fuel performance in pulsed
reactor environments can provide some insights on this issue. The higher helium production in the
cladding may be a concern beyond about 600 appm, although the high He concentrations on the
clad inner surface resulting from alpha decay of the americium-bearing fuels that are expected to
be developed under GNEP dwarfs the He production that comes about from (n,D) reactions in the
steel alloys.
The MTS flux magnitude, irradiation volume, and facility availability are sufficient to support a
vigorous fast reactor fuels and materials development programme in support of GNEP. The MTS can
provide a near-term domestic fast-spectrum irradiation capability for rodlet-scale testing, which is
required prior to lead test assembly irradiations in a fast reactor. Tests on fuels and materials
performed in the MTS will provide essential and timely information that will meet the needs of the
GNEP programme.
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IN KYOTO UNIVERSITY CRITICAL ASSEMBLY (KUCA)
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Abstract
The ADS benchmark problems in the KUCA were based on both the 14-MeV neutrons generated from
pulsed neutron generator and 150-MeV protons generated from the FFAG accelerator. Among the
benchmark problems, the valuable and important information on the neutron spectrum measurement of
14-MeV neutrons using the foil activation method was described. The experiments and the numerical
analyses by MCNP-4C2 with ENDF/B-VI.2 revealed that the 27Al foil was experimentally confirmed
to be one of suitable activation foils for obtaining the neutron spectrum information in the ADSR. For
the high-energy protons generated from FFAG accelerator, the foil activation method was found to be
a useful measuring technique for examining the neutron spectrum of the ADSR through the reaction
rates obtained by MCNPX with LA150 and the unfolding analyses by SANDII with ENDF/B-VI.2.
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Introduction
The Research Reactor Institute of Kyoto University (KURRI) is going ahead with a research
project [1] on an accelerator-driven subcritical reactor (ADSR) using the fixed-field alternating
gradient (FFAG) accelerator [2]. The FFAG accelerator, which is a synchrotron-type accelerator, was
developed in the High Energy Accelerator Research Organization (KEK) of Japan. The goal of the
research project is to demonstrate the basic feasibility of an ADSR as a next-generation neutron source
multiplication system using the Kyoto University Critical Assembly (KUCA) coupled with a newly
developed variable energy FFAG accelerator. In ADSR experiments starting in August 2007,
high-energy neutrons generated by nuclear reactions with a 150-MeV proton beam in a tungsten target
will be injected into a solid-moderated and -reflected core (A-core) in the thermal neutron field of
the KUCA.
Prior to operate the FFAG accelerator, it is inevitable to evaluate neutronic characteristics for the
ADSR of the KUCA and to establish measurement techniques for several neutronic parameters in the
ADSR. For these purposes, a series of preliminary experiments in the ADSR with 14-MeV pulsed
neutron generator [3] by D-T reactions at a Cockcroft-Walton type accelerator had been carried out at
the KUCA A-core. In the experiments, several neutronic parameters had been measured: neutron
multiplication [4], neutron decay constant [4], reaction rate distribution [5], neutron spectrum [6] and
subcriticality [7]. The numerical analyses for the experiments had been executed by using Monte Carlo
calculation code MCNP-4C2 [8] coupling with nuclear data libraries ENDF/B-VI.2 and JENDL-3.3.
Through the analyses, very important and valuable results have been obtained for neutronic
characteristics in the ADSR. After completing the examinations of the FFAG accelerator, consequent
ADSR experiments are planned to start by using 150-MeV protons from the FFAG accelerator
including those topics of the preliminary experiments by using the 14-MeV pulsed neutrons: J-ray
spectrum detection at the target and in the core region, power monitoring of the core during beam
current change and moving control rods. Moreover, these experiments could be possibly carried out in
several neutron spectrum and J-ray fields using cores consisting of several kinds of fuel and reflectors;
highly-enriched uranium, thorium fuel and natural uranium; polyethylene and graphite.
The ADS benchmark problems in the KUCA are based on both the 14-MeV neutrons generated
from pulsed neutron generator and 150-MeV protons generated from the FFAG accelerator. Among
the benchmark problems, the valuable and important information on neutron spectrum measurement
using the foil activation method in the preliminary experiments was described in this paper. Moreover,
the results in experimental and numerical analyses in the FFAG accelerator were presented. The
FFAG accelerator, the KUCA A-core configuration and the ADS benchmark problems are presented;
the results of experiments and analyses by MCNP-4C2 code with ENDF/B-VI.2, MCNPX [9] code
with LA150 [10] and SANDII [11] code with ENDF/B-VI.2, and the summary of the study.
ADS in KUCA
FFAG accelerator
The conceptual image of the ADSR in the KURRI is shown in Figure 1. In this ADSR system, all
of ion beta, booster and main accelerator is composed of the FFAG accelerators, and maximum power
of the A-core and maximum neutron yield could be 100 W and 1 u 1010 neutrons/s, respectively, when
150-MeV protons generated from the FFAG accelerator are injected onto the tungsten target. The
main characteristics of the FFAG accelerator are indicated in Table 1. Maximum beam current of the
FFAG accelerator at the target is 1 PA and average one is 1 nA.
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Figure 1. Conceptual image of ADSR with FFAG accelerators in KURRI
100 keV

2.5 MeV

20 MeV

150 MeV

H+
Ion generator
KUCA
Max. power: 100 W
Max. yield: 1 × 1010 n/s

Ion beta
(FFAG acc.)
Booster
(FFAG acc.)
Main ring
(FFAG acc.)

Table 1. Main characteristics of FFAG accelerator
12
2.5-150 MeV
120 Hz
60 ns
1 PA (max.), 1 nA (ave.)
1.5-4.6MHz
7.5
4.4-5.3 m

Number of sectors
Proton energy
Repetition rate
Pulsed width
Beam current
Rf frequency
Field index
Closed orbit radius
KUCA A-core configuration

The KUCA comprises solid-moderated and -reflected type-A and -B cores, and a water-moderated
and -reflected type-C core. In the series of preliminary experiments, the solid-moderated and -reflected
type-A core was combined with a Cockcroft-Walton type pulsed neutron generator installed at the
KUCA. The materials used in critical assemblies were always in the form of rectangular parallelepipe,
normally 2s sq. with thickness ranging between 1/16s and 2s. The upper and lower parts of the fuel
region were polyethylene reflector layers of more than 500 mm long, as shown in Figure 2. The fuel
rod, a highly-enriched uranium-aluminium (U-Al) alloy, consisted of 36 cells of polyethylene plates
1/8s and 1/4s thick, and a U-Al plate 1/16s thick and 2s sq. The functional height of the core was
approximately 400 mm.
Figure 2. Full sideways view of configuration of fuel rod of A3/8”P36EU(3) in KUCA A-core
EU – enriched uranium, Al – aluminium, P – polyethylene
1/16” EU

Unit cell

483mm
Polyethylene

Al plate

483mm
Polyethylene

1/8”P+1/4”P
1/2”P 2 plates

Reflector 538mm

Fuel 395mm
(Unit cell 36 times)
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1/2”P

5+1/8”P

Reflector 591mm

5

The present configuration of the ADSR at KUCA is a slightly different from several ADS,
because a target is located outside the core. In the experiments, therefore, neutron guide composed of
several shielding materials and beam duct (void) were installed in the polyethylene reflector region, as
shown in Figure 3. The main purpose of installing the neutron guide was to direct the highest number
possible of the high-energy neutrons generated at the target to the centre of the core. For shielding the
high-energy and thermal neutrons, collimator comprises several materials inserted into the core, iron
(Fe) for shielding the high-energy neutrons generated in the target region by inelastic scattering
reactions; the polyethylene containing 10% boron [polyethylene + boron (10%)] for shielding the
thermal neutrons, moderated by absorption reactions, in the reflector region; beam duct for directing
collimated high-energy neutrons, by streaming effect, to the core region. Note that a new target of the
ADSR with the FFAG accelerator will be also placed outside the A-core, and that the neuron guide be
installed in target region to the centre of the core.
Figure 3. Top view of configuration of A-core with
neutron guide conducted in neutron spectrum experiments
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ADS benchmark problems
The KUCA is equipped with these following cores coupling several kinds of fuel and reflectors:
x

polyethylene moderated and reflected core with highly enriched uranium fuel;

x

graphite-moderated and -reflected core with thorium fuel;

x

polyethylene + graphite-moderated and -reflected core with (thorium + natural uranium) fuel;

x

neutronic decoupling core modelling large size core.
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After introducing the FFAG accelerator, reactor physics experiments for the ADSR are planned at
a next stage as follows:
x

measurement of subcriticality by pulsed neutron method, neutron noise methods and source
multiplication method;

x

measurement of reaction rate distribution in the core by the foil activation method and optical
fibre detection system;

x

measurement of neutron spectrum by the foil activation method and organic scintillator;

x

evaluation of neutron multiplication characteristics ( M = S/1 – keff);

x

J-ray spectrum detection at the target and in the core region;

x

power monitoring of the core in case of beam current change or moving control rods;

x

optimisation of the neutron guide installed in the A-core.

Both new experiments and numerical simulations could be conducted for the high-energy neutrons
obtained by 150-MeV protons generated from the FFAG accelerator, on the basis of the important and
valuable information obtained in the preliminary experiments using 14-MeV pulsed neutrons. At the
next stage, several benchmark experiments could be opened not only in Japan but also in other
countries in the future. On the other hand, these benchmark problems are positioned as basic research
for the ADS development and nuclear transmutation technology in co-operation with international
collaboration research programme [12] published by the J-PARC project of JAEA in February 2006.
Neutron spectrum experiments
14-MeV pulsed neutrons
The neutron spectrum experiments were carried out at the A-core in subcritical system and the
neutron spectrum was measured by the foil activation method. In these experiments, activation foils of
five materials (Fe, Al, In, Nb and Au) were irradiated with the aggregate of the activation foils at once,
and, among these, Au foil was utilised as normalisation factor including the reactor power and neutron
source generation in the core. These activation foils were chosen for covering range of threshold
energy up to 14 MeV. The size of 56Fe and 27Al is 45 u 45 u 5 mm3 for each of them, that of 115In
45 u 45 u 3 mm3, and that of 197Au 1I u 0.05 mm3. The foils were set at void region in streaming void
(SV) of (15, K) position shown in Figure 3. The subcriticality of the core was adjusted by inserting a
variety of combination of three control rods (C1, C2 and C3) and three safety rods (S4, S5 and S6)
shown in Figure 3. After the irradiation, J-ray emission of each activation foil was measured by the
high-purity germanium (HPGe) detector.
The comparison between reaction rates by experiments and MCNP calculations with ENDF/B-VI.2
for the subcriticality U = 1.23%'k/k is shown in Table 2. It was observed that the result of the
calculation in 27Al agreed with that of the experiment within the relative difference of 5% in C/E
value, while 56Fe, 93Nb and 115In were observed to be a large discrepancy in the results of the C/E
value. And, the same tendency was also obtained in other subcriticalities (0.87 and 1.75%'k/k). From
these results, it was concluded that the large discrepancy of three foils (56Fe, 93Nb and 115In) was
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Table 2. Comparison of measured and calculated results of reaction rates obtained
at position of (15, K) shown in Figure 4 for subcriticality U = 1.23%'k/k
Reaction
115

In(n,nc)115mIn
Fe(n,p)56Mn
27
Al(n,D)24Na
93
Nb(n,2n)92Nb
56

Threshold
(MeV)
0.32
2.97
3.25
9.08

Measured reaction rate
(1/s/cm3)
(3.15r0.02) u 103
(4.09r0.06) u 102
(5.20r0.02) u 10
(4.78r0.28) u 102

C/E value
2.22r0.05
0.17r0.01
1.05r0.03
0.10r0.01

attributed to the influence of the self-shielding by each activation foil and the neutron flux depression
by interaction of mutual activation foil. From Table 2, it was considered that 27Al is one of suitable
activation foils for obtaining the neutron spectrum information on high-energy range up to 14 MeV at
the present state. On the other hand, the neutron spectrum information by unfolding analyses using
SANDII code with ENDF/B-VI.2 on the basis of the results of Table 2 was shown in Figure 4. It was
observed that configuration of neutron spectrum obtained by the unfolding analyses was approximately
good shown in Figure 4, compared with that of initial guess by MCNP code with ENDF/B-VI.2.
Figure 4. Comparison of results in neutron spectrum of unfolding by SANDII
and initial guess by MCNP at (15, M) shown in Figure 4 for U = 1.23%'k/k

Neutron flux [Arbtrary units]

101
100
10-1
10-2
U = 1.23 %'k/k
-3

10

10-4

Unfolding (SANDII)
Initial guess (MCNP)

10-5 -1
10

100

101

Energy [MeV]

High-energy protons by FFAG accelerator
The FFAG accelerator in proof-of-principle (PoP) model had been constructed at the KEK on
March 2005, and the neutron spectrum experiments were conducted in an irradiation hole shown in
Figure 5(a) of the FFAG accelerator in PoP model, although high-energy proton beam was not
concentrated adequately with a slender due to just commissioning. A specific flange shown in
Figure 5(b) setting a tungsten target (184W), 93Nb and 209Bi was placed in the irradiation hole. In these
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Figure 5. Simple image of irradiation hole at the
FFAG accelerator and flange setting activation foils
(a) Irradiation hole at the FFAG accelerator setting outside beam dump
25 mm

Flange

Beam duct

500 mm

Proton beam

200 mm

750 mm

540 mm

(b) Flange setting activation foils (W, Nb and Bi)

W (t = 3 mm)
500 mm
50 mm

Nb (t = 1 mm)

Bi (t = 3 mm)

experiments, 209Bi was utilised for measuring reactions rates, and 93Nb as normalisation factor of
neutron yield generated from the tungsten target. The size of 184W and 209Bi 50I u 3 mm3 for each of
them, that of 93Nb 20 u 20 u 1 mm3. The beam injection onto the tungsten target was conducted with
below 100 MeV of proton energy and 0.4 nA of beam intensity, and in about three hours of irradiation
time. The reaction rates were obtained by nuclear reactions of 209Bi(n,xn)210-xBi (x = 3 to 12) covering
a wide range of threshold energy about 15 MeV to 90 MeV according to changing the value of x.
In other words, the neutron spectrum information on this irradiation field can be easily acquired by
irradiating the 209Bi foil once, especially in high-energy region more than 15 MeV.
The results in measured reaction rates obtained by the proton beam injection are shown in Table 3.
From the results in Table 3, it was considered that the high-energy neutrons from about 20 to 50 MeV
were generated by the injection of the high-energy protons onto the tungsten target. As shown in
Figure 6, the results of calculated neutron spectrum generated from the tungsten target were obtained
by using MCNPX code with LA150. From these results, it was inferred that the high-energy protons in
about 70 MeV were generated from the FFAG accelerator and injected onto the tungsten target.
In these neutron spectrum experiments using the FFAG accelerator, it was concluded that neutrons up
to 50 MeV can be obtained by about 70 MeV proton beam injection onto the tungsten target.
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Table 3. Measured reaction rates obtained at irradiation hole of the FFAG accelerator
Reaction

Threshold (MeV)

Measured reaction
rate (1/s/cm3)

Bi(n,3n)207Bi
209
Bi(n,4n)206Bi
209
Bi(n,5n)205Bi
209
Bi(n,6n)204Bi
209
Bi(n,7n)203Bi
209
Bi(n,8n)202Bi
209
Bi(n,9n)201Bi

14.42
22.55
29.62
38.13
45.37
54.24
61.69

(1.51r0.01) u 105
(1.01r0.03) u 105
(2.37r0.02) u 104
(6.35r0.16) u 103
(2.74r0.07) u 102

209

Figure 6. Calculated results of neutron spectrum obtained by MCNPX code
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Summary
A series of preliminary experiments were carried out at KUCA A-core by using 14-MeV pulsed
neutron generator to evaluate neutron spectrum. The experiments and analyses by MCNP-4C2 with
ENDF/B-VI.2 revealed the following: the 27Al foil was experimentally confirmed to be one of suitable
activation foils for obtaining neutron spectrum information in the ADSR of the KUCA.
For the high-energy proton beam generated from FFAG accelerator, the foil activation method
was found to be a useful measuring technique for examining the neutron spectrum through the reaction
rates and the unfolding analyses.
In the future, it is expected that the basic research activity of ADS could be progressed through
these ADS benchmark problems in the KUCA suggested in this paper, especially about neutronic
characteristics in terms of reactor physics.
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WORKSHOP CONCLUSION

At the end of the conference, session co-chairs were invited to summarise the technical sessions
and to form a panel for an open discussion with the HPPA5 attendees.
During this workshop it became clear that the accelerator community is designing, constructing,
testing and operating more and higher-powered proton accelerators with high reliability properties.
The Spallation Neutron Source (SNS, USA) shows us the way forward in order to improve beam
reliability for an operating accelerator by adopting the fault-tolerant design approach proposed by the
accelerator community working for ADS application. Major components are tested on a one-to-one scale.
Furthermore, the spallation target, either a stand-alone neutron source or the neutron source as
interface between the proton beam and the subcritical core in the case of an ADS, received quite a bit
of attention. MEGAPIE demonstrated that a lead-bismuth (Pb-Bi) technology-based spallation source
can be built and operated under reliable conditions. A great deal of progress was also made for the
windowless spallation source design. Especially, the WEbExpIr experiment performed by SCKxCEN,
IBA (Belgium) and CNRS/SUBATECH (France) got appraisal from the community, as this was a
cornerstone experiment for the coupling of a high-power electron beam simulating the high-power
proton beam interaction with a lead-bismuth eutectic windowless concept at the free surface level.
In the session on subcritical system design both ADS systems, XT-ADS and EFIT, developed
within the European Commission’s FP6 EUROTRANS project were presented. Neutron code and
neutron/thermal-hydraulics coupled code development for ADS systems also received attention.
Several existing and upcoming ADS experiments were discussed in the last session. Coupling
experiments with a subcritical core are started and promising results are obtained: MUSE (France),
TRADE (Italy), RACE (USA); and further coupling experiments are planned: YALINA (Belarus),
KIPT (Ukraine), KART (Japan), VENUS-1 (China). Recently, within the context of FP6 EUROTRANS,
it was decided to launch the GUINEVERE project at SCKxCEN, which studies the transformation of
the VENUS zero power light water reactor into a solid lead fast spectrum subcritical core coupled with
a GENEPI accelerator.
Moreover, it is clear that progress has been made within the ADS community, which may pave
the way for more ambitious projects such TEF-P (Japan), TEF-T (Japan) and MYRRHA/XT-ADS
(Belgium/EU).
The comment participants made the most was that these workshops contributed significantly to
improving communication between the accelerator community and the nuclear reactor community.
This, of course, is indispensable to the efficient development of accelerator driven systems.
In response to the worry expressed by the NEA Nuclear Science Committee and by the nuclear
community in general about transferring know-how to the young generation and building up new
competencies in the nuclear engineering and nuclear research fields, IAP Frankfurt and SCKxCEN
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took advantage of the experts and experienced professionals in the field of HPPA present at this
workshop, to organise an International Training Course on Particle Accelerator Technology in
conjunction with HPPA5. This training course is part of the FP6 EUROTRANS project. The students
were allowed to follow the complete HPPA5 workshop and they all greatly appreciated this initiative.
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Utilisation and Reliability of High

Utilisation and Reliability

Power Proton Accelerators (HPPA5)

It is in this context that the NEA organised the fifth workshop on the Utilisation and Reliability of High
Power Proton Accelerators (HPPA5) which was held on 6-9 May 2007 in Mol, Belgium. The workshop
included a special session on the MEGAPIE programme as well as five technical sessions: accelerator
programmes and applications; accelerator reliability; spallation target development and coolant
technology; subcritical system design and ADS simulations; and ADS experiments and test facilities.
These proceedings contain all the technical papers presented at the workshop and will be of particular
interest to scientists working on ADS development.

Utilisation and Reliability of High Power Proton Accelerators (HPPA5)

The accelerator-driven system (ADS) is one of the viable concepts for transmuting the long-lived isotopes
contained in spent nuclear fuel and for this reason has been receiving considerable interest. In turn,
attention must be given to the high power proton accelerators whose reliability and performance are key
to the functioning of the ADS.
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