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FOREWORD

These proceedings contain the papers presented at the Second Workshop on Utilisation and
Reliability of High Power Accelerators, organised by the Nuclear Science Committee of the Nuclear
Energy Agency (NEA). The first meeting in this series was hosted by the Japanese Atomic Energy
Research Institute (JAERI) and was held in Mito, Japan on 13-15 October 1998. The proceedings of
the first meeting have been issued by the OECD/NEA (ISBN 92-64-17068-5).
The present workshop covered recent developments in nuclear waste transmutation systems, with
specific emphasis on ADS (accelerator driven systems) concepts, comprising a sub-critical reactor
coupled with high power accelerator. The performance of such a hybrid system depends to a large
extent on the specifications and reliability of the particle accelerator. The information given in these
proceedings is mainly of interest to scientists working on ADS but also for those involved in the
construction of high power accelerators.
A third meeting in the present series of workshops is envisaged to be held in the autumn 2001,
possibly in the USA.
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EXECUTIVE SUMMARY

Background
R&D activities and construction plans for high power proton accelerators (HPPAs) are being
considered in a number of countries to promote basic and applied sciences, including accelerator-driven
nuclear systems (ADS) for nuclear waste transmutation. The requested performance of these
accelerators depends to a large extent on the applications envisaged. The ADS concept has specific
demands on the utilisation and reliability of the particle accelerator used and the present workshop was
mainly devoted to these issues.
Topics covered by the workshop
The meeting consisted of plenary sessions with invited and contributed papers, followed by a
summary by the session chairmen, a general discussion and a conclusion at the end of the workshop.
The following topics were covered:
•

Requirements for accelerator reliability.

•

R&D in high power accelerators to improve reliability.

•

System analysis and impact of beam trips/fluctuations.

•

International collaborations.

Presentations
The meeting was opened by A. Tournyol du Clos, head of CEA’s reactor department. The keynote
talk on “Utilisation and future development of high power accelerators” was given by C. Detraz from
CERN.
The first day of the workshop was devoted to overview presentations from different ongoing ADS
and other high power accelerator projects in NEA Member countries, such as the JAERI-KEK
collaboration in Japan, the KOMAC project in Korea, the LEDA and SNS projects in the USA and
different European efforts, including ESS and CERN.
During the first half of the second day new developments on the accelerator reliability issue were
discussed. Four papers describing ADS concepts based on cyclotrons were presented, followed by five
papers related to the stability of the radio frequency quadrupole (RFQ) systems in an accelerator.
The afternoon was dedicated to the impact of beam trips and fluctuations on target/system. This session
covered thermal and structural responses to accelerator beam losses. Effects on the subcritical reactor
as well as on the target system and the beam window were discussed.
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The third and final day started with presentations of papers related to interface technology and
requirements and was followed by a session on various completed, ongoing and planned calculation
benchmark activities.
The workshop concluded with a short oral summary by each session chairman, followed by a
summary talk by J-L. Laclare, CEA France, and a closing talk by Ph. Savelli, NEA.
Next workshop
It is planned to organise a follow-up workshop in the autumn of 2001, probably in the USA.
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SESSION I
Recent Developments
and Ongoing Accelerator
Programmes: Experience
of Relevance for ADS

Chairs: A. Mueller, M. White,
D. Wade, M. Napolitano
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JOINT PROJECT OF JAERI AND KEK FOR HIGH POWER PROTON ACCELERATOR*

T. Mukaiyama
Japan Atomic Energy Research Institute

Abstract
•

What is the Joint Project?

•

Reasons behind the Joint Project.

•

Science and technology explored by the Joint Project.

•

ADS development under the Joint Project.

•

Recent activities.

•

Summary.

* The full text of this paper is unavailable. The text presented here has been adapted from view graphs presented
at the workshop.
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What is the Joint Project?
The Joint Project is a new proposal to pursue frontier science in nuclear physics, particle physics,
materials science, life science and nuclear technology (specifically, ADS), using a new proton
accelerator complex at the highest beam power in the world.
Previously, JAERI had proposed the Neutron Science Project (NSP) and KEK the Japan Hadron
Facility (JHF).
The Joint Project is based on the merger of these two past proposals. It is also proposed that
accelerators and facilities of this Joint Project be constructed at the JAERI Tokai site.
Reasons behind the Joint Project
Two high power accelerator projects had been proposed:
•

Neutron Science Project (NSP) at JAERI.

•

Japan Hadron Facility (JHF) Project at the High-energy Accelerator Research Organisation
(KEK).

It was determined that there was a certain overlap with regard to major facility proposals in the
framework of the two projects mentioned previously, particularly with regard to:
•

High power proton accelerator.

•

High power spallation neutron source.

JAERI and KEK began discussing the integration of the two projects in September 1998.
The discussion was stimulated by the proposal of the Ministry of Education, Science and Culture
(Monbu-sho) to the Science and Technology Agency (STA) to construct the JHF under the
sponsorship of the two agencies.
Major highlights of the Joint Project
•

High intensity proton accelerators:
–

400 MeV NC linac: >666 µA, 50 Hz.

–

600 MeV SC linac: 333 µA, 25 Hz.

–

3 GeV PS: >333 µA, 25 Hz, >1 MW.

–

50 GeV PS: 15 µA, 0.3 Hz.
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•

•

Major types of secondary beams:
–

50 GeV: K, π, anti-proton, neutrino, etc.

–

3 GeV: neutron, muon, unstable nuclei, etc.

–

600 MeV linac: neutron (proton for Pb-Bi loop).

Multi-disciplinary accelerator facility:
–

•

Biological/materials science, nuclear particle physics, ADS.

World-class facility open to international users.

Accelerators of the Joint Project
•

•

High intensity linac:
–

Achieving high intensity and high quality beams is already a very challenging task.

–

Superconducting cavities for protons also present difficult challenges.

Rapid cycling 3 GeV ring:
–

•

World’s highest intensity as a synchrotron ring.

High intensity 50 GeV ring:
–

Lattice structure to achieve no transition energies.

–

High voltage gradient for the RF acceleration.

Science and technology explored by the Joint Project
•

•

Academic research:
–

50 GeV PS: Nuclear/particle physics frontier (impurity in nuclear matter, rare decay,
neutrino oscillation).

–

3 GeV PS: Short-lived nuclei beams.

Science and application:
–

•

3 GeV PS: Biology/material sciences with neutrons and muons.

Nuclear technology:
–

600 MeV SC linac: ADS.
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ADS development under the Joint Project
JAERI’s activities for OMEGA programme
Double strata fuel cycle
The double strata fuel cycle is a new fuel cycle concept proposed by JAERI. It concerns a
dedicated P&T process, which would encompass:
•

Partitioning of HLLW

•

Dedicated transmutation systems with fast neutron.

Development of technologies
•

Four-group aqueous partitioning process.

•

Dedicated transmutation systems:
–

Accelerator-driven system (ADS) with Pb-Bi.

–

Actinide burner fast reactor (ABR).

•

High power proton accelerator.

•

Nitride fuel cycle technology: fuel fabrication and dry process for MA & LLFP recovery.

Basic research to support these developments
Areas in which research is necessary to continue the development of the fields of study mentioned
above include:
•

JENDL file: for ABR, ADS and proton accelerator.

•

Integral experiments for data validation: MA file, high-energy file of spallation reaction.

•

Nuclear and fuel property data measurements.

Transmutation systems
•

Dedicated transmutation systems:
–

Hardest possible fast neutron system for direct fission of MA.

–

Homogeneous MA fuel: no separation amongst MAs.

–

Support factor > 10 units of large LWR.
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–

Nitride fuel with enriched 15N:
⇒ Good thermal properties.
⇒ Pyrochemical reprocessing for compactness and easier recovery of 15N.

•

Design study of transmutation systems:
–

Accelerator-driven subcritical system (ADS): 1-1.5 GeV proton accelerator, several tens
mA, nitride fuel core/tungsten target, Na cooling, Pb-Bi target cooling.

–

Actinide burner reactor (ABR): Pin bundle fuel with Pb cooling (L-ABR), particle fuel
with He cooling (P-ABR).

Design study of ADS
Performance parameters of ADS plant (sample case)
•

Proton beam: 1.5 GeV, 40 mA, neutrons per incident proton ~30.

•

Spallation target and coolant: lead-bismuth, flow speed 2 m/sec.

•

Fuel material: nitride, MA: Pu = 60:40.

•

Thermal output (fission power): 820 MW, coolant temperature inlet/outlet = 330/430°C.

•

Effective neutron multiplication: initial/max/min = 0.95/0.95/0.94.

•

Initial inventory of mA: 2 500 kg.

•

MA transmutation (fission) rate: 250 kg/y.

ADS is the best choice for MA transmutation
For several reasons, ADS is the best choice for MA transmutation. First of all, a dedicated system
is preferable. With a dedicated system, the fuel material is mostly MA, and there is no 238U to avoid
generation of MA. Also, the very hard neutron spectrum leads to both a reduced β eff and a reduced
Doppler coefficient.
On the other hand, highly enriched uranium is necessary to increase β eff in an ABR, which could
potentially lead to a nuclear proliferation problem. Taking into account the advantages listed above for
ADS, and this one great disadvantage of ABR, the logical conclusion is that ADS is the best choice for
MA transmutation, and ABR should be considered a back-up solution.
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Steps for ADS development
•

•

•

Phase 1. Demonstration of concept – low power experiments:
–

Reactor physics experiments for developing reliable data and methods.

–

Performance test of stable operation of ADS.

–

Engineering test: hot and cold Pb-Bi target, coolant and beam window, including
participation in the MEGAPIE experiments at SINQ.

Phase 2. Demonstration of technology:
–

Medium power target experiments for interface technology demonstration with several
MW proton beam.

–

Performance test of stable operation of ADS.

Phase 3. Demonstration of ADS operation (beyond the Joint Project):
–

Demonstration plant: ~50 MWt U oxide fuel core, then ~100 MWt U/MA nitride fuel core.

Possible upgrades
An upgrade of the energy from 1 MW to 5 MW can be envisioned. The neutron scattering
community has indicated a strong interest in this upgrade. Additionally, this would be a useful step for
nuclear transmutation.
As concerns nuclear/particle physics, upgrades in the following areas are under consideration:
•

Neutrino factory.

•

Muon factory.

•

Anti-proton accumulator ring.

•

Ultra cold neutrons.

•

Heavy ion beams at about 20 GeV per nucleon.

•

Polarised protons.

Recent activities
Recent activities include:
•

March 1999: MoU between JAERI and KEK signed, and new organisation of the project was
initiated.

•

April 1999: An international review chaired by Y. Cho emphasised the importance of the joint
effort.
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•

May 1999: Monbu-sho (Science Council) emphasises the importance of a co-operative effort
between KEK and JAERI, and the Atomic Energy Commission (STA) enthusiastically
approved the Joint Proposal.

•

September 1999: Monbu-sho and STA presented the Joint Proposal to the Ministry of
Finance.

•

December 1999: Beginning of project review by AEC and the Science Council.

Summary
The Joint Project is unique of its kind. Within the framework of this programme, we hope to
achieve the following goals:
•

The world’s highest intensity for proton beams.

•

A variety of secondary beams.

•

A variety of frontier sciences and transmutation with one accelerator complex.

This is an opportunity to create an international research centre in the Asian/Oceanic region at
which scientists from all over the world will be welcome to collaborate. This is also an important step
in that a firm co-operative effort has been established between two agencies, Monbu-sho and the STA.
Thanks in part to this collaborative effort, it is hoped that funding will be provided for the Joint Project
for JFY2001.
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Figure 1. Various secondary beams produced with high intensity proton beam

Figure 2. Neutron Science Project (NSP) at JAERI
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Figure 3. Japan Hadron Facility (JHF) project at KEK

Figure 4. Phase 1 project
Phase 1 = 1 MW for 3 GeV
Phase 2 = 5 MW in the GeV region
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Figure 5. Major fixed target proton accelerators

Figure 6. Progress of neutron science
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Figure 7. JAERI’s activities for the OMEGA programme
1 – Four-group aqueous partitioning process, 2 – Dedicated transmutation systems
3 – High power proton accelerator, 4 – Nitride fuel cycle technology

Figure 8. Transmutation fuel/target – JAERI approach
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Figure 9. ADS in double-strata fuel cycle
Superconducting Proton Linac

Nuclear Power Plant

to Grid
70~80%

U, Pu
st

1 Stratum

High Level Waste
Reprocessing
Partitioning

Figure 10. Low-power subcritical system
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Figure 11. Transmutation experiment facility

Figure 12. Development path for accelerator-driven transmutation system
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RELIABILITY CONSIDERATIONS IN DESIGN OF HIGH POWER LINACS

George Lawrence
Los Alamos National Laboratory, Los Alamos, New Mexico, USA

Abstract
For a high-power linac driving an ATW facility, it will be necessary to reduce the number and
duration of beam interrupts to a much lower level than is achieved in currently operating accelerators.
This paper considers a possible design concept for an ATW linac, and discusses how it is impacted by
requirements specific to the ATW mission. It assesses the design features needed to attain the degree
of beam continuity compatible with ATW plant performance objectives, and sketches the accelerator
design and R&D path that will be required to achieve this.
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Introduction
High power proton linacs are being designed and developed for several accelerator-driven
nuclear applications, including production of important isotopes and transmutation of nuclear waste
(ATW). In 1999 a road map [1] was developed in the US for an ATW programme that could destroy
all the spent fuel from US commercial reactors. The accelerator and transmuter configuration
proposed for a representative plant in this road map is shown in Figure 1, and consists of two 1 GeV
45 mA CW linacs distributing beam to eight subcritical assemblies (transmuters). The ATW linac
design is derived from the linac design [2] developed at Los Alamos in the last five years for
accelerator production of tritium (APT), but differs from it in several respects reflecting the specific
priorities and requirements for an ATW plant accelerator.
Figure 1. Accelerator configuration for ATW plant as visualised in US road map

Reliability performance requirements for ATW linac
The need for very high beam reliability in ATW systems is a new and demanding performance
requirement for high power accelerators, but how far we need to go in this direction is unclear.
One standard of comparison is that of modern commercial power reactors, which have only a few
unplanned power trips per year. Existing accelerators, on the other hand, typically have frequent short
duration beam trips (of the order of one per hour). In general, this behaviour causes no special
problem for users, since the normal production criterion is the total integrated current on target per
unit time. Design priority has been given to protecting the accelerator and its subsystems from
damage, while achieving a high average production availability. Beam continuity, i.e. the absence of
beam interrupts, has been of lesser importance. Thus, if there is an RF station abort, for example, the
beam is turned off momentarily while the fault is restored, in order to prevent unnecessary beam loss
in the machine while acceleration parameters are abnormal.
There are several issues connected with the functioning of the transmuter assemblies and also
with the electric power grid that require minimisation of beam interrupts. Large power transients in
the transmuters due to beam interrupts could cause damage to fuel assemblies and structural
28

components that would impact the useful lifetimes of the subcritical assemblies. Beam interrupts can
also lead to step changes in exported electricity that would make the power produced by ATW
systems less valued than from more reliable sources. The critical determinants are the duration and
frequency of beam interrupts, and the thermal response times of the driven assemblies and power
generating systems. Beam trips that are shorter than the thermal response times of the transmuter
(10-100 ms) would cause relatively low mechanical stresses, since the induced temperature swings
are modest; thus a relatively large number of such short beam trips would be tolerable. Longer lasting
interrupts are more serious in terms of cyclic stress damage. The response time of the electric power
generating system is longer, ranging from tens of seconds to minutes, so it can accommodate moderate
length beam trips. However, even a relatively small number of long outages (minutes to hours) per
year would negatively affect the price for which ATW-generated electric power could be sold.
The optimisation of an ATW linac design to address beam reliability is not as simple as just
aiming to reduce the number of interrupts to power reactor levels. Accelerator and transmuter
performance must be treated as an integrated system, looking both at how to improve beam
continuity, but also how to design subcritical assemblies and electric power generating systems that
can tolerate transients. Transmuter designers need to know the spectrum of beam interrupts
(frequency, duration) in existing accelerators, as well as what performance improvements may be
attainable in ATW linac designs. Accelerator designers need to know the tolerance range for power
transients in existing fission systems and, more importantly, what might be achievable in transmuter
design. As ATW system designs evolve, there will be trade-offs between transmuter and power
generator design on the one hand, and accelerator design on the other. Much can be done to reduce
the frequency and duration of beam interrupts, perhaps by factors of several hundred or more, but it is
likely that subcritical assemblies and their associated electricity-generating systems will have to have
an increased level of tolerance for power transients.
In addition to the beam reliability issue, the ATW plant imposes additional design and
performance requirements on the linac that are significantly different than those in the APT plant.
In the reference plant for the US ATW road map [1] each linac supplies beam to four separate
transmuters, so there is a need for a beam distribution and control scheme. In its simplest form, this
distribution system would supply equal beam intensities to each transmuter, without any beam losses
within the system, and would permit the deliberate interruption of beam to any transmuter without
affecting transmission to the others. In a more elaborate form, the beam distribution scheme would
allow independent control of the beam intensity delivered to each transmuter.
Comparison of APT and ATW linacs in terms of reliability
The APT linac, sketched in Figure 2, delivers a 100 mA CW proton beam at 1 030 MeV.
Following an injector, a 350 MHz radio frequency quadrupole (RFQ) accelerates the beam to
6.7 MeV [3]. Two stages of 700 MHz normal conducting (NC) coupled-cavity linac (CCDTL, and
CCL) accelerate the beam to 211 MeV. The high energy part of the accelerator is a superconducting
(SC) linac [4,5] with two different cavity design beta values. In terms of plant capital costs, the linac
is the largest cost element, and the RF power system is the dominant part of that cost. The target/blanket
assembly has no fissile material, has a low power density and operating temperature, and can handle
repeated beam transients because temperature swings are small. No electric power is produced for
export. In this system, the overall accelerator availability is important in order to meet tritium
production goals, but there is no particular need for high beam continuity, so it has not been a key
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Figure 2. Reference APT linac architecture

issue in the APT accelerator design. The design is optimised to achieve minimum capital and operating
costs, and to provide high plant availability (70%); this leads to an architecture featuring high power
(1 MW) RF generators (klystrons) supplying multiple accelerating cavities [6]. The gradients in the
SC cavities are moderate (5 MV/m), and are limited by power coupler performance and the high
beam current. Equipment redundancy is provided in both the NC and SC linacs to support the high
availability requirement. In the NC linac there is an extra klystron in each accelerating module; in the
SC linac there is extra power capability in each cryomodule.
The reference ATW linac design in the road map, depicted in Figure 3 below, also has a NC
low-energy section, but lowers the NC/SC transition energy to about 10 MeV; it also has a higher SC
linac gradient than in the APT design. While still a major cost component, the accelerator is not the
dominant cost element of the ATW plant. Also, the nominal beam power is lower, so the RF power
system does not represent as large a fraction of the accelerator cost as in APT. In the ATW system,
the driven subcritical assembly multiplies the beam power by a factor of 20, so power transients from
beam interrupts are potentially large. In this case the driven assembly produces electricity for export
to the grid. For these reasons, unlike the APT situation, availability and beam continuity are both
important design criteria for an ATW linac, with the latter taking on considerably greater significance.
Given this emphasis, the ATW accelerator architecture should be optimised, in priority order, for:
1) Low beam interrupt probability.
2) High production availability.
3) Minimum operating and capital costs.
4) Flexibility of beam distribution and control to multiple transmuters.
Figure 3. Possible ATW plant linac architecture

ATW linac design
The reference ATW plant linac design is derived from the APT linac design that has been
developed at Los Alamos over the past five years. However, it includes improvements that produce
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higher power efficiency, lower cost, and greater focus on beam reliability. Because of advances in
superconducting RF technology [7,8], the design gradient in the ATW SC linac cavities is chosen a
factor of two higher than in APT, providing 10 MV/m in the highest beta section. Justifying this
increased gradient, Figure 4 shows a comparison between the peak surface-field performance of
five-cell β = 1 cavities installed in CEBAF more than ten years ago, and recent results obtained with
Tesla Test Facility (TTF) nine-cell cavities [9].
Figure.4. Comparison of CEBAF and recent TTF cavity peak surface field performance

Parallel advances in RF power-coupler technology allow us to employ design values of
300-500 kW per coupler, compared with the maximum value of 210 kW per coupler selected for the
+
APT linac. The NC accelerator front end consists of an H injector, a 350 MHz 5 MeV RFQ, and a
short section of 350 MHz coupled-cavity drift-tube linac (CCDTL) to about 10 MeV. These are
similar to the elements in the front end of the APT linac. In order to provide independent control of
beams serving individual transmuters, it may be necessary to insert some kind of beam chopping
arrangement into the lowest energy section of the NC linac. The SC linac, which extends from about
10 MeV to 1 000 MeV would be divided into two major sections, using different kinds of accelerating
cavities. The section from 10 MeV to 211 MeV would employ 350 MHz 1/2-wave (spoke) resonators
of the type prototyped for the Rare Isotope Accelerator (RIA) proposed by ANL [10]; a prototype is
shown in Figure 5(a). The spoke resonators would be grouped into cryomodules containing two-gap
and three-gap cavity assemblies, interspersed with SC focusing magnets. Cavity designs would be
optimised at three beta values, 0.20, 0.30 and 0.44. The high energy section of the SC linac would be
made up of cryomodules containing multi-cell elliptical like those in APT, with SC focusing elements
in between. A prototype is shown in Figure5(b).
Alternate cryomodule architectures for ATW superconducting linac
Two approaches are being considered for the cryomodule architecture in the ATW high energy
linac. The one depicted in Figure 6 is aimed at minimum capital cost, featuring high power klystrons
that each deliver RF power to four eight-cell 700 MHz cavities. This design is vulnerable from a
beam reliability standpoint, since the fractional energy gain in each cryomodule is large (44.4 MeV),
and a beam abort would be required in the event of an RF station failure.
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Figure 5(a). 350 MHz two-gap 1/2 wave
resonator for beta 0.30, built by ANL CERCA

Figure 5(b). 700 MHz five-cell beta
0.64 by cavity built by CERCA

Figure 6. Cryomodule architecture for ATW plant linac design emphasising cost minimisation

The second design, illustrated in Figure 7, places the priority on beam reliability and puts cost in
second place. In this cryomodule concept, short (four-cell) 700 MHz cavities are driven independently
by medium power RF tubes, 300 kW high-efficiency IOTs similar to those used in the television
industry. The energy gain in each cavity is 5.5 MeV, which is a low enough increment that it would
not be necessary to interrupt the beam in the event of most RF station failures.
Figure 7. Cryomodule architecture for ATW plant linac design that emphasises beam reliability
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Legacy of APT accelerator development
The APT accelerator ED&D programme has provided a technology base legacy for the design
and development of a linac suitable for ATW, and has addressed many of the issues that previously
were concerns. The Low Energy Demonstration Accelerator (LEDA) at Los Alamos is a full power
front-end prototype, designed and built to confirm the performance and operation of the most
challenging part of a high current linac. LEDA has so far:
•

Operated a high-reliability 110 mA proton injector.

•

Demonstrated 100 mA CW operation of a 6.7 MeV 350 MHz RFQ [11].

By the completion of the programme, it will carry out key measurements to confirm beam halo
predictions and the validity of the beam-simulation codes used for high-current linac design, and will
accelerate the 100 mA beam to 8 MeV or more in a section of CCDTL. A superconducting cavity
development programme has:
•

Tested medium beta (0.48, 0.64) single-cell SC cavities.

•

Operated RF power couplers at up to 1 MW forward power at 700 MHz.

•

Fabricated five-cell beta 0.64 cavities [12].

The programme will be completed with a full power test of a two-cavity beta 0.64 prototype
cryomodule, which is now being built. The RF power system ED&D programme has:
•

Developed 700 MHz 1 MW CW klystrons and other high power RF system components
(circulators, windows, loads, etc.).

•

Carried out initial tests of a prototype new high-efficiency 1 MW CW RF generator, a
700 MHz high-order mode inductive-output tube (HOM IOT).

Design principles for high reliability in an ATW linac
While we have only recently begun to consider how to design a linac for assurance of a low
probability of beam interrupts, the main principles are already evident. A high reliability linac would
have an architecture that could tolerate failures of individual accelerating units, and would also have a
significant amount of equipment redundancy. In the SC linac, the accelerating units should be
individually driven by their own RF stations, and should each provide an energy increment small
enough that the beam can continue without interruption with one unit briefly out of service. In terms
of beam dynamics, while the loss of one accelerating unit causes an instantaneous small decrease in
beam energy, most of the protons remain within the longitudinal acceptance of the linac and transport
systems, and continue to accelerate properly. Under these conditions, beam losses will likely increase,
but the situation should be tolerable for the short time in which the RF feedback control system
retunes the accelerator to compensate for the failed unit.
Electric-field gradients in the SC linac should be high, in order to minimise accelerator length
and cost, but should also be held significantly below the level where frequent cavity faults (quenches
or arcs) would occur, as suggested by recent CEBAF operating experience [16].
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The accelerator architecture should have redundancy in critical equipment systems. In the NC
part of the linac, this means that each accelerating section should operate as a power combiner, with
one more RF station than is needed to supply the minimum power. When one unit fails, it would be
instantly shorted out and the drive increased in the remaining units to sustain the needed accelerating
power. In the SC part of the linac, the required redundancy is obtained by providing reserve power
capability in each of the RF stations. Thus, when one unit is out of service, the power level in
adjacent units is automatically increased to compensate.
Ultra-fast digital control systems, such as the one developed and tested recently on TTF [13] are
capable of adjusting the phase and amplitude in each of the accelerating-cavity/RF-station systems
very rapidly. With this kind of control system, the cavity RF phases can be adjusted in a few tens of
ms, and the RF amplitudes in several 100 ms. Thus, following a cavity or RF fault, it should be
possible to retune the entire downstream part of the accelerator and re-establish the correct output
beam energy in less than 1 ms, eliminating the necessity for interrupting the beam for most such
events [14]. In addition, the ATW linac control system should contain intelligent tuning algorithms to
support continuous online optimisation of accelerating parameters. This system would minimise the
time for restoration of an optimised accelerator tune following equipment faults.
A large fraction of equipment faults are caused by DC or RF high-voltage breakdown (arcs).
In the design of an ultra-reliable linac, equipment operating voltage levels should be chosen as low as
possible in order to minimise the frequency of faults. For example, significant improvements in RF
system reliability could be expected from using IOTs, operating at 30-45 kV, instead of klystrons,
operating at 80-100 kV. The use of lower DC voltages could dramatically reduce the breakdown
probability along the entire RF system chain, from HVDC power supply to RF tube.
Finally, many critical equipment systems in accelerators are protected from damage by
diagnostic circuits that cause them to shut down when off-normal conditions are detected, usually
forcing beam interruptions. These protection circuits and sensors are subject to noise, which
frequently leads to “false alarm” equipment shutdowns and beam trips. With close attention to design
of protection diagnostic electronics to eliminate noise effects, the number of equipment aborts from
this cause could be dramatically reduced.
Subsystem failures that cause beam interrupts and how to deal with them
What are the main subsystem failures that lead to beam interrupts in existing linacs? The operations
logs of the NC proton linac at Los Alamos (LANSCE) and the SC electron linacs at Jefferson
Laboratory (CEBAF) provide useful information on this topic, and assessments have recently been
published for both machines [15,16]. When reviewing these reports, one should remember that beam
continuity was not the highest priority in the design of these linacs, and that the operations records
give an unduly pessimistic picture in terms of attainable beam continuity performance in a new
accelerator designed around the reliability principles discussed above.
In the injector, the concerns are:
•

The ion-source plasma RF drive.

•

The microwave window.
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•

Low-energy beam-transport solenoids and plasma chamber solenoids.

•

High-voltage breakdown of the extraction column.

In the the NC linac (RFQ, CCDTL) the concerns are:
•

RF windows.

•

RF generators and their HVDC power supplies.

•

Quadrupole power supplies and magnet coils.

•

Water cooling system pumps and mixing valves.

•

Accelerating-cavity micro-discharges.

In the SC linac, the issues have to deal with:
•

Quadrupole power supplies and magnet coils.

•

SC cavity quenches.

•

Gradual degradation of cavity accelerating gradients.

•

RF windows and power couplers.

•

The LHe cryoplant.

In addition to these system-specific concerns, we must also add failures of critical beam
diagnostics systems, and major failures of the integrated control system.
In designing a linac to maintain beam continuity, there are approaches to subsystem and
equipment design that can radically reduce the number and frequency of interrupts. In general, critical
component lifetimes should be long enough that the number of unit failures producing beam
interrupts is very small within the interval between accelerator maintenance periods. RF window life
times, for example, should be comparable with the operating life of the plant. Component and
equipment operating parameters should be set well below peak capabilities, to reduce operating
stress. In particular, HVDC power supply voltages should be as low as practical to minimise the
probability of breakdown. Redundant equipment for critical systems should be provided online,
where appropriate, to provide immediate backup following a failure, or at least to avoid significant
delays in switching to backups. This suggests a spare injector, spare cooling pumps for the NC linac,
an extra RF drive in each NC linac section, and a spare LHe refrigerator for the cryogenic supply
system supporting the SC linac. The RF system and cavity configurations in both the NC and SC
linacs should be arranged to allow online replacement of failed RF units, with beam on and
accelerating cavities energised.
Different remedies for short and long-duration faults
The beam interrupt spectrum in existing linacs is reasonably well represented by Figure 8, where
the two curves roughly bound the zone of observed operational behaviour. Typically there are a large
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Figure 8. Representative spectrum of short-duration and long-duration faults in a linac

number of trips per year (of the order of 104) that have a very short duration (< 10 ms), and at the
other end of the spectrum a very small number of interruptions (< 10 per year) that can have long
durations (hours to days). The former are caused by equipment faults, such as HV power supply arcs
or RF discharges; the beam is aborted while the fault is cleared and then restarted immediately
afterwards, often in a fully automated procedure. The latter are due to real failures of critical
equipment, and the durations are controlled by the time it takes for replacements to be installed or
repairs to be made. In designing a linac for a high beam continuity, most of the frequent interrupts of
short duration can be eliminated by a fault tolerant architecture, and/or a fast retuning system
to compensate for the faults while they are being cleared. The second class of interrupts can be
dramatically reduced by a suitable level of equipment redundancy and again by fault tolerant design,
which permits continued beam operation while equipment is being repaired or replaced online.
Both kinds of faults can be reduced by designing for conservative system operating parameters and by
eliminating noise from protection systems.
Recent experience with CEBAF superconducting linac reliability
Experience at CEBAF, presently the best representation of SC linac technology, is instructive in
terms of understanding the trade-off between operating energy and reliability [16]. The two electron
linacs in CEBAF contain a large number of multi-cell elliptical cavities, each fed by its own RF drive.
Tuning algorithms have been developed to permit performance optimisation in terms of:
•

Maximum output beam energy.

•

Minimum refrigeration system load.

•

Best utilisation of available RF power.

•

Minimum number of beam interrupts due to cavity or window arcs.
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The linacs can be tuned for high accelerating field or a low interrupt rate, but not both
simultaneously. At maximum cavity gradients there are typically 50 trips per (eight-hour) shift.
However, at a 5% lower field there are only 0.2 trips per shift. This radical reduction in trip rate has
to do with an observed exponential dependence of cavity-window arcing probability on the cavity
gradient. CEBAF has developed a tuning algorithm that is used online to optimise overall accelerator
performance. This algorithm is also employed to compensate swiftly for failed cavities and klystrons
by increasing the incremental beam energy supplied by neighbouring units.
R&D programmes and trade studies to address beam reliability
How should we proceed to develop new linac designs and technology that specifically address
the beam continuity issue for ATW systems? Within the US road map, a five-year programme has
been outlined to initially address accelerator reliability. The programme has a two-pronged approach
involving:
1) Trade studies performed on accelerator architectures.
2) Hardware development and testing programmes.
The architecture studies should be completed within the first two or three years of the programme
and will provide guidance for the hardware development and testing programmes, which will take a
significantly longer time. Trial linac architectures will be based on the principles discussed earlier.
The R&D programme would address:
•

Understanding of failure mechanisms in specific equipment (e.g. discharges in RF station
components).

•

Elimination of spurious (noise-driven) protection system shutdowns.

•

Development of ultra-reliable and long-lifetime hardware.

•

Development and demonstration of fast compensation and retuning (with beam) following
cavity or RF unit faults.

The reliability R&D programme will require the use of several dedicated test facilities, such as
an injector test stand, an RF power system test stand and test cryomodules. The LEDA facility at
Los Alamos provides a fully operational high power CW prototype linac that can be used in various
ways as an integrating facility for assessment and demonstration of high reliability equipment, RF
system architectures, and control techniques. For example, a set of spoke-resonator cryomodules
could be built, installed on LEDA, and powered with one RF generator per cavity, to test the fast
rephasing and retuning principles described earlier in this paper. The US road map calls for a major
ATW demonstration facility to be built and operated following the initial R&D programme phase.
The design and operation of the high power linac in this facility would offer the ultimate integrated
test vehicle for demonstrating that the beam continuity objectives for an ATW plant can be met.
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Abstract
In the past few years national R&D programmes have started in France and Italy in the framework of
ADS. Limiting the discussion to the high current proton accelerator required to drive the spallation
process, the two reference programmes are respectively ASH and TRASCO. Following the guidelines
set by the representatives of the three national institutions involved, CEA, IN2P3 and INFN, we have
recently converged to a common reference design for the high-energy part (above 85 MeV) of the
superconducting (SC) linac. This paper will present a brief history and status of the two programmes,
focusing the discussion on the common design and on the two co-ordinate R&D programmes foreseen
in the next few years. The design and construction of two complete cryomodules, each containing two
SC cavities, is the major goal of this programme, together with the further development of the
components for the low energy part of the accelerator, where alternative options are still open.
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Introduction
For several years, R&D activities have been carried out by several European groups for the
investigation of a proton linac driver for an ADS system. The IPHI and ASH projects [1,2] at
CEA-CNRS in France and the TRASCO programme [3] in Italy are investigating a superconducting
linac scenario for the ADS driver and have an experimental programme intended to test the
technological components of a similar machine.
Following a dedicated meeting in Paris in January 1999, a MOU has been signed between the
three national institutions (INFN, CEA, IN2P3) for a joint R&D effort for ADS driver development,
based, for the high energy part, on a superconducting linac. On the basis of the common experience as
members of the TESLA collaboration, it was agreed upon that the use of superconducting cavity
technology is the most promising in terms of the needed accelerator plug power efficiency and
expected reliability. For a CW high power accelerator RF superconductivity is the most efficient
technology for the minimisation of the operational costs. Very low RF power is dissipated in the
cavity walls and – even taking into account the fact that the power is deposited in the cryogenic
bath – the acceleration gradient may be increased with respect to a normal conducting machine [3,4].
The superconducting option has also a substantial impact on the capital cost, by reducing the total
length of the accelerator. The very low losses allow the operation at a much higher accelerating
gradient than a normal conducting machine, where a limit to 1-2 MeV/m is rapidly imposed by
efficiency and cooling considerations. Practical accelerating gradients for the superconducting option
are in the 10 MV/m range, while taking a large safety margin with respect to the present SC cavities
technology [5].
An additional merit of the superconducting cavities is the large bore that highly reduces the risk
of beam losses and the accelerator activation by halos of the high intensity proton beam.
According to what was stated in the MOU, a strict collaboration was set for the development of
the general design and the various component of the accelerator. While starting from different funded
R&D programmes and boundary conditions, the very fruitful collaboration established suggests us to
move rapidly in the process of converging on a common reference design, to multiply the effect of the
effort and to take advantage of the complementary experiences and competencies.
What will be presented in the following is a brief summary of the work done so far in the
framework of the two different national programmes and the guidelines of the now emerging common
reference design, discussing the rational behind them. The open questions related to the low energy
part of the accelerator, below 85 MeV, are also discussed together with the motivation to leave open
alternative solutions with parallel, while co-ordinate, R&D programmes.
The choice of parameters for the superconducting cavities that have been assumed so far are
certainly conservative with respect to the outstanding performances of superconducting cavities
(accelerating fields well above 25 MV/m) reached in various laboratories (DESY, CEA, KEK,
TJNAF) in the world-wide R&D activity driven by TESLA. This margin on the cavity parameters
adds an intrinsic advantage to the reliability of such a machine. In fact, because of the few different
linac sections (three) required to accelerate the proton beam from 85 MeV to 1-2 GeV, the safety
margin on the cavity fields, with respect to the well established results on TTF [5], is equivalent to
install extra cavities in each section, that is to have spares on line to dramatically improve the
accelerator reliably.
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We are conscious that the final conceptual design of the ADS accelerator will need to meet the
specifications on beam current and energy arising from the design of the spallation target and
subcritical core of the transmutation system, and address all the related reliability and availability
issues. Because of the sake of definite values for current and energy, we decided to work on a common
reference design as open as possible and ranging up to 2 GeV, with efficient solutions at any chosen
energy below this value. Moreover, due to the growing international interest for high power pulsed
proton linacs for spallation neutron sources and muon storage rings (neutrino beam), we decided to
design cavities compatible for pulsed operation.
In the context of the 5th Framework Proposal Programme to the EU, these activities are also in
the process of merging in a wider European effort for the specification of the accelerator subsystem.
The ASH programme
In France, a five-year specific programme called Superconducting Accelerator for Hybrid (ASH)
will start in FY2000 for the development of superconducting cavities applied to high power proton
accelerators [6]. The main support for this programme comes from the French Hybrid programme
created in 1998, which aims at investigating the nuclear waste transmutation process.
The ASH project aims at building and testing a fully equipped cryomodule at 700 MHz, including
the design and construction of multi-cell cavities and power couplers. If the cryogenic tests are
successful in terms of accelerating field, power handling and cryogenic losses, the know-how will be
transferred to industry for future production.
The outcome of this R&D work will be a fully evaluated (technical and cost) proposal for a waste
transmutation accelerator. This proposal will be submitted to the French National Parliament in 2005,
in the framework of the 1991 French law on nuclear waste.
The proton accelerator for the ASH programme is a linac divided in three parts. The first one is
the 10 MeV injector, under development in the framework of the IPHI project [7-9]. This includes the
existing 100 mA proton source, and 6 MeV RFQ, under development on the basis of the APT
experience. A “conventional” DTL is foreseen to bring the energy up to the energy of 85 MeV.
The high energy part design is a two-section SC linac that brings the proton energy up to the final value
of 450 MeV, required for the demonstrator. A general scheme of the accelerator is shown in Figure 1.
In order to demonstrate the SC technology applied to a high power proton linac, a fully equipped
cryomodule at 700 MHz, which includes all the needed ancillary components, has to be built and
tested with RF power.
The requirements on the cavity RF performance for proton accelerators are within the present
state of the art. The main limitation will be the surface magnetic peak field, which in the design has
been chosen at the conservative value of 50 mT, allowing for a safety margin. Single-cell cavities with
β = 0.65 have already been fabricated and tested in a vertical cryostat at Saclay [10]. The results show
excellent performance, reaching an accelerating field exceeding 26 MV/m without quenching
(the corresponding surface magnetic field is 123 mT). This is shown in Figure 2, where the quality
factor Q0 is plotted as a function of the accelerating field.
Two five-cell cavities should be fabricated in early 2000, then prepared and tested at Saclay.
High power couplers, able to handle 300 kW CW, are required for the final hybrid prototype. A new
coupler is under design in collaboration with Los Alamos, integrating in the design the important
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Figure 1. General overview of the ASH superconducting linear accelerator. The final energy and
length quoted here correspond to the demonstrator case. (Picture courtesy of H. Safa, CEA.)

Figure 2. Q0 vs. accelerating field Eacc plot for a single-cell 700 MHz
niobium cavity for the ASH accelerator. The performance by far
exceeds the design goal and adds reliability to the linac design.

requirements of reliability and easy replacement. This is a very crucial point, bearing in mind that the
coupler might be a weak point in the maintainability of the whole machine (MTBF of the window is
not yet demonstrated). The present schedule for the coupler development is to perform a first test at an
intermediate power of 80 kW in 2000 and a full power test in 2001.
The cryomodule design work will start next fiscal year. Integration of final cavities and couplers
is planned in 2002 and the complete test done in 2003. Industries should be involved at an early stage
in order to be ready for series fabrication if the hybrid project were to be approved in 2004.
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The other special studies will include the RF distribution and RF sources. In particular, the
specific phasing of the SCRF cavities for non-relativistic protons would favour individual power
sources, especially when dealing with fault conditions after a power source failure.
As for cavity testing, besides the standard vertical cryostat, a specific horizontal cryostat (named
CRYHOLAB) is under installation and should be operational for testing 700 MHz multi-cell cavities
in 2000. Dedicated infrastructures (like clean room facility, chemistry, HPR system, etc.) are also
under modification to support this programme [11].
The TRASCO programme
An R&D programme, TRASCO, was started in Italy in 1998 on an accelerator driven system for
nuclear waste transmutation. Our specific task is to develop, together with the national industry, a
design of the proton accelerator, along with prototype development for its most critical components.
TRASCO is a two year, 10 M$, programme run by INFN and ENEA, that has a strong partnership
with many Italian industries. TRASCO is the Italian acronym for Transmutation (TRASmutazione) of
Waste (SCOrie).
The aim of this preliminary, and short-term, programme was to set the feasibility of a high beam
power proton linac based on the technology established by CERN and LEP2. This was an attractive
option, for a conservative machine ready to be built with a minor R&D effort, because all the ancillary
components, noticeably the klystrons, power couplers tuners, RF controls and cryostats, exist at CERN
and are compatible with the ADS linac [12,13].
The higher frequency option (700 MHz, to stay compatible with the low energy part frequency)
was originally discarded because it would have required a few years of a wider R&D effort in spite of
more freedom of choice for the machine parameters and more possibilities for improvements, as
driven by the ongoing world-wide R&D programmes on SC cavities.
Simple scaling laws for the linac design with respect to the RF frequency have been derived, that
allow to scale at first order to any frequency obtaining the same beam dynamics properties at a highly
detailed level. According to these laws the linac length scales inversely as the frequency and hence the
significant length reduction of a 700 MHz linac should greatly compensate the additional investment
for the component development at this frequency.
The TRASCO reference design follows from that proposed at Linac’96 and revised at
PAC’97 [12,13]. A 1.6 GeV linac, operated at 25 mA, allows to reach 40 MW of beam power. A beam
power upgrade is achievable using additional couplers per cavity. This design is based on a normal
conductive low energy part, which includes a proton source, a RFQ and a DTL, followed by a three
section superconducting linac, at the 350 MHz LEP frequency. The three sections use five-cell
bi-elliptical cavities, designed to match the proton beam at the normalised velocities β = 0.5, 0.65 and
0.85, as shown in Figure 3.
Figure 3. Schematic layout of the TRASCO linac
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A design for bi-elliptical (both at the iris and at the equator) cavity geometries has been carried
out for all the three beta sections, including the huge stiffening system required by the lower betas for
mechanical stability. For the high β section, the CERN sputtering technique has been tested, in order
to validate this technology at β < 1. A collaboration with CERN led to a full five-cell sputtered cavity
for the β = 0.85 section, that has been measured at CERN and it performs in the same manner as the
best LEP cavities [14]. This cavity, with all the standard LEP ancillary components like couplers,
HOM and tuners, will be assembled in a modified LEP cryostat for horizontal tests by the end of 2000.
The low energy section of the machine, up to 100 MeV, is under study by two INFN groups, at the
national laboratories in Legnaro (LNL) and Catania (LNS), in the framework of the collaboration with
CEA and IN2P3.
A working prototype of the source is in operation at Saclay (IPHI) and one major objective of the
collaboration is the further improvement of its reliability and availability. A second updated version of
the source is under construction at LNS and will be assembled and tested there in 2000 [15]. The design
and development of the CW, 30 mA, 5 MeV, RFQ, is under way at LNL. An aluminium full-scale
prototype of the first section has been constructed and tested to gain experience in view of the
undergoing engineering design. The construction of the first section (up to 2 MeV) of the real RFQ is
part of the TRASCO programme [16].
The medium energy part, up to 100 MeV, is under study by INFN/LNL. The chosen design is
based on independently phased SC single-cell resonators and, once developed, should have the
advantage of a higher reliability. This option is pursued by LNL in view of even other possible
applications, as the production of radioactive nuclei to be accelerated in the ALPI booster. This design
takes advantage of the wide experience of LNL in the design and operation of low beta SC cavities for
heavy ions [17].
The common reference design
In this section a common reference design is outlined as emerging from the collaboration work
done so far. The scheme presented in the following has to be considered as a preliminary personal
synthesis because the institutions involved have not yet given their approval.
Proton source
The SILHI 2.45 GHz ECR [7] source built at CEA/CNRS as part of the IPHI project [1] and
operating in Saclay has successfully produced a 95 keV proton beam at its nominal current of 100 mA.
The source has operated at 70 mA in a one week test run with an availability of 99.98% [8]. A second
source, with slightly modified extraction channel geometry, is under construction at INFN/LNS.
This source, called TRIPS [15] is optimised for a lower extraction voltage (80 keV) and current
(30 mA) in order to enhance its reliability. A comparison of the experimental results, carried out
jointly by the two groups, will give the basis for the final choice.
Radio frequency quadrupole, RFQ
Two parallel RFQs are being developed, each one in collaboration with a national industry, for
performance and reliability comparison. The technology involved and the required tight tolerances
suggest considering as positive the development of alternative designs, taking advantage of the
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experience of different manufacturers. The French RFQ [9], based on the APT experience [18], is
designed for current up to 100 mA, while the Italian one, optimised for a 30 mA current, should
require reduced tolerances and RF power [16].
Intermediate energy section up to ~85 MeV
Two alternative design are also considered for the intermediate energy section ranging from
5-6 to ~85 MeV. The more conventional solution, using a DTL, will be mainly pursued by the French
group and will be based on a preliminary industrial study, commissioned to a qualified manufacturer.
A more challenging, though new and not yet proven, design, based on independently phased
single-cell SC cavities (ISCL), will be mainly studied at INFN/LNL [17], including fabrication and
tests of prototypes. This solution is supported as a valid alternative by the collaboration because, once
eventually qualified through the development of the required SC cavities, it should have the advantage
of a much higher flexibility, i.e. reliability, guaranteed by the use of independently phased single gap
cavities. In fact in this scheme, as for the high energy part of the SC linac (see below for details), one
specific proton beam energy is not strictly associated with a position into the linac. An appropriate
redundancy on the number of cavities can then be used to highly improve the accelerator reliability,
applying the concept of “spares on line”.
High energy SC linac
The high energy part of the accelerator is a three-section SC linac. For this part of the accelerator,
that represents the most consistent one and drives the overall accelerator efficiency, the general
agreement on a common reference design has been considered as crucial for a really fruitful
collaboration in view of the envisaged European project for an ADS. The scheme presented in the
following is the positive result of this common effort in which, through discussions, meetings,
calculations and prototype results, we have synthesised what in our opinion is not a compromise but
the best reference design we can imagine at present. Once the advantages and the limits of the
350 MHz design based on the LEP2 technology were demonstrated, the convergence to the 700 MHz
frequency has been mainly driven by the machine cost estimation. As anticipated, on the basis of the
experience gained as active subjects of the TESLA cavity development [5], more performing cavities
can be realised at this frequency and they can be treated and tested in our laboratories. Moreover, the
presently envisaged time schedule for the ADS demonstrator gives margin for the development of the
ancillary components and the cryomodules. Much more difficult is the choice of the reference machine
parameters in term of beam energy and current because, at present, the ADS community considers
different options. In this context, we decided, on the basis of the beam dynamic experience gained so
far by the collaboration members [19,20], to take advantage of the great modularity of this machine,
leaving freedom for a postponed decision. In particular the design guidelines can be summarised as in
the following:
•

The input energies of the three linac sections have been set respectively at 85, 200 and
500 MeV. Different beam currents (up to 50 mA and more) will be extensively computed and
qualified, while 20 mA is taken as a reference. The final performance of the power coupler
will give the limit to the maximum current.

•

The high energy section (β = 0.86) is designed to be efficiently extendible up to 2 GeV, the
final energy being only determined by the number of identical cryomodules installed.
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•

The number of modules in each section has been based on very conservative cavity
performances (Max magnetic field, Bmax = 50 mT), as compared with the results routinely
achieved on TTF (Bmax > 100 mT).

•

The cryomodule lengths have been set to round numbers, and are based on the TTF
experience. A warm section, of 1.5 m length, is guaranteed between two modules for
quadrupoles, vacuum and diagnostics.

•

The definition of a precise beta for the cavities of the three linac sections has been based on
the setting of the warm length of the cavity cells.

•

The choice of using two cavities per cryomodule (instead of three) in the second linac section
has been preferred because of the expected higher reliability.

Table 1 summarises the parameters of the SC linac for an output energy of 1 GeV (2 GeV) and a
current of 20 mA. A higher current requires just more RF power, total and per coupler. Above 1 GeV
any energy is possible up to 2 GeV at the cost of one four-cavity cryomodule for each 45.6 MeV
added. The total length of the SC linac at 1 GeV is ~320 m, while at 2 GeV is ~500 m.
Table 1. Summary of the common linac parameters for the 1 GeV (2 GeV), 20 mA option
SI
0.5
84
85
4.2
20
3.3
8.5
5
40
2
2
66

Section β c
Section length [m]
Section injection energy [MeV]
Focusing cell period [m]
No. focusing cells/section
Max. ∆E/Cavity [MeV] (ϕs = -30°)
Max. Eacc [MV/m]
No. cells/cavity
No. cavities/section
No. cavities/cryomodule
No. cavities/klystron
Max. RF power/coupler [kW]

S II
0.68
124.2
~200
4.6
27
6.0
10.2
5
54
2
2
120

S III
0.86
110.5 (297.5)
~500
8.5
13 (35)
11.4
12.3
6
52 (140)
4
2
228

The envisaged use of one klystron per cryomodule is suggested by reliability considerations,
while an optimisation based on the overall machine efficiency would suggest a higher number of
cavities per klystron, especially at low energy. This is in contrast with the possibility of leaving the
beam on in case of a klystron failure. Our reference choice gives credit to the importance of the
reliability and pays a price of a few per cent in term of the capital and the operation cost. A simplified
scheme of the cavity energy gain along the linac (step curve) is shown in Figure 4 as a function of the
beam energy. The second curve in the figure shows the energy gain per cavity at the maximum peak
magnetic field of 50 mT and at the constant synchronous phase of -30°. All energies are in MeV.
This figure has been used as a crude reference to determine the number of cavities and cryomodules
per linac section and give an idea of the criteria used to choose the betas of the three linac sections.
In particular, because all simulations show that voltage ramping [12] is an efficient option to smoothly
mach the beam at the section transitions, in each section the synchronous beta is chosen to give a
non-symmetric transit time factor curve.
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Figure 4. Simplified scheme of the cavity energy gain along the linac (step curve) as a function
of the beam energy. The second curve shows the energy gain per cavity at the maximum peak
magnetic field of 50 mT and at the constant synchronous phase of -30°. All energies are in MeV.

On the basis of the performances routinely obtained on the TTF nine-cell cavities [5] and of the
outstanding results on the first mono cell developed at Saclay [10], we are confident that the number
of cavities in each linac section exceeds by more than 20% the one strictly required. A co-ordinate
computational activity is now under way to make the best use of this redundancy, that should be
considered as the online installation of spare components. The aim of this work is to demonstrate that
the proton beam can stay on in case of a linac component failure (cavity, coupler, klystron, etc.).
In particular some components, as the klystrons, should be replaced out of line, while others, whose
lifetime is expected much longer, could stay off until the scheduled shutdown.
SC cavity design
One of the first necessary steps for the definition of the common design was to set the geometries
of the superconducting cavities, in order to maximise the benefits of the prototype production foreseen
by the two national projects. The reference cavity design work has been recently completed by the
collaboration and the main geometric and electromagnetic parameters for the chosen cavities are
reported in Table 2. The geometry for the three cavities is seen in Figure 5. The beam tube at the
coupler end of the cavity has a bigger aperture than the cell irises, in order to improve the main power
coupling. The lowest beta cavity has an elliptical shaped equator, in order to better distribute stresses
along the cavity walls and to simplify the stiffening structure [21].
A TESLA-like stiffening structure (not shown in Figure 5) is required for mechanical stability.
A proper choice of the stiffening ring position reduces Lorentz force detuning, leaving open the pulsed
operation option [21]. An alternative stiffening scheme by means of copper deposition using plasma
spay techniques is being currently investigated by the collaboration [22]. The higher beta cavities do
not require stiffening and Lorentz force detuning is well within the bandwidth.
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Table 2. Main cavity parameters
Geometrical parameters
Number of cells per cavity
5
Cell geometry length [mm]
100
Geometrical beta
0.470
Full cavity length [mm]
900
Iris diameter [mm]
80
End tube diameter at coupler [mm]
5.5
Internal wall angle, α [°]
Iris ellipse ratio, r
1.3
Full cavity electromagnetic parameters
3.59
Max. Epeak/Eacc
5.87
Max. Bpeak/Eacc
Cell to cell coupling [%]
1.34
R/Q [Ohm]
159

5
140
0.658
1 100
90
130
8.5
1.3

6
180
0.846
1 480
100

2.61
4.88
1.10
315

2.36
4.08
1.28
598

8.5
1.4

Figure 5. Sketch of the geometry chosen for the cavities of the three SC linac sections

Conclusions
On the basis of the fruitful experience in the framework of the TESLA collaboration and of the
political interest expressed by the national institutions for the co-ordinated R&D programmes in ADS,
the Franco-Italian collaboration for the development of a joint effort in the design of a SC linac for
waste transmutation is growing. A common reference design has been chosen for the high energy part
of the accelerator and for the source, while for the RFQ and the intermediate energy section (up to
~85 MeV) two alternative designs are pursued.
Prototypes of the critical components are being developed with the national industry, mostly
based on a common design effort. According to the funding expectation for the following few years,
we planned to be ready to test two complete, two-cavity, cryomodules by the end of 2003. The β = 0.5
cryomodule will be developed in Italy and the β = 0.68 in France. The ancillary components, including
the cryostat, will be developed as a common effort. Due to the limits given by the expected funding
and manpower, we are not planning to realise a complete cryomodule prototype of the high energy
linac section, limiting the effort to the design of its peculiar components. If possible, one or two
six-cell cavity prototypes will be built and tested.
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In parallel, prototypes of the major elements of the low energy part of the accelerator will be
realised and tested for performances and reliability. At the end of this programme, and according to
the schedule foreseen by the French part of the collaboration, a CDR will be prepared, where the
experience on prototypes will be used as a basis for the final design work. The option of an eventual
sharing of the beam among different possible users is considered for the component development and
should be included in the CDR.
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STATUS OF THE PROPOSAL FOR A SUPERCONDUCTING PROTON LINAC AT CERN

R. Garoby, M. Vretenar
PS Division, CERN
CH-1211 Geneva 23, Switzerland

Abstract
A superconducting proton linac delivering a mean beam power of 4 MW is being considered at CERN
as a potential front end for the proton driver of a neutrino factory. Built mostly with the RF equipment
to be recuperated from LEP after its decommissioning, it would provide H– ions at a kinetic energy of
2 GeV, which is adequate for the production of pions and muons. The requirements specific to a
neutrino factory are summarised, and the basic design of such a linac-based proton driver is given.
Subjects of further studies are outlined.

53

Introduction
Superconducting proton linacs are efficient at providing a high beam intensity up to slightly more
than 1 GeV kinetic energy and they are exploited in most projects aiming at high beam power [1-4].
A previous study [5] has shown that a 2 GeV superconducting linac can be built at CERN using the
large inventory of 352 MHz RF and superconducting cavities available after the decommissioning of
LEP-2. The existing complex of high-energy accelerators as well as the radioactive ion facility
(ISOLDE) would benefit from the higher beam performance and repetition rate, while the renewal of
the low-energy part of the accelerator chain would positively improve the long-term reliability.
Moreover, the proposal was recently made [6] to design that linac for a higher mean beam power and
use it as the front-end of a proton driver for a neutrino factory [6].
However, the time structure of the beam required by the complex of muon accelerators behind the
target is not directly feasible out of a linac, and special techniques must be implemented making use of
an accumulator ring. These requirements were highlighted at a recent workshop [7] and possible
solutions have since been envisaged.
Requirements of a neutrino factory
Existing studies for muon colliders and neutrino factories have concluded that 4 MW of proton
beam power is adequate for achieving their physics goal [8]. During the first workshop on neutrino
factories [7] the working group on targets quickly established that:
•

This is the maximum power any conceivable target could reasonably handle.

•

Pion and consequently muon production in the low-energy range depends mainly on beam
power for T ≥ 2 GeV.

Consequently the 4 MW figure has been used as a common specification for all proton driver
scenarios.
The time structure of the pions/muons beam after the target must comply with the needs of the
muon acceleration complex. Table 1 summarises the requirements for the proton beam hitting the
target, assuming that the muon beam is treated as foreseen in Ref. [7]. This corresponds to a peak
power during the beam pulse exceeding 10 GW (assuming the fastest tolerable repetition rate of
100 Hz, and a beam pulse of 4 µs) which is far outside the capability of an RF linac. An accumulator
ring is therefore absolutely necessary.
Table 1. Requirements imposed on the proton beam time structure
Parameter
Value
Bunch duration (RMS)
~ 1 ns
Time interval between bunches > 100 ns
> 300 ns
Total duration of beam pulse
A few µs
Beam pulse repetition rate

≤ 100 Hz

Source of constraint
Uncertainty in pion decay time.
First bunch rotation after target.
Second bunch rotation.
Revolution time in the muon storage ring (single turn
injection).
Background rejection in the distant experiments.
Power consumption in the muon accelerator complex.
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Since the longitudinal emittance of the bunches must be small, the accumulation process has to be
able to provide the ultimate density tolerable in the ring. Charge exchange accumulation is the only
possible solution and hence the linac must deliver H– ions.
Moreover, gaps are necessary in the bunch train received by the accumulator to minimise loss and
optimise longitudinal emittance of the accumulated beam. A fast beam chopper is therefore needed for
precise control of the bunch train.
Proton driver based on a superconducting proton linac (SPL)
SPL design
Based on the design work published in 1998 [5], the proposed linac has the characteristics listed
in Table 2. The beam power during the pulse is 20 MW (10 mA at 2 GeV) so that a 20% duty factor is
used to deliver the specified mean beam power of 4 MW (for example 2 ms pulses at 100 Hz repetition
rate, or 4 ms at 50 Hz).
Table 2. Superconducting linac characteristics
Energy
Mean current
Duty cycle
Beam power
Maximum bunch current
(maximum number of charges per bunch)
Transverse emittance (RMS, norm.)
Longitudinal emittance (total)
RMS bunch length at output

2
10
20
4
40
(7 × 108)
0.6
80
6

GeV
mA
%
MW
mA
µm
µeVs
ps

The schematic layout of the linac is shown in Figure 1. Superconducting RF structures are used in
the range of kinetic energies between 100 MeV and 2 GeV, while the lowest energy part operates at
room temperature.
Figure 1. Schematic layout of the SPL

The H– beam from the source is bunched and accelerated up to 2 MeV by a first radio frequency
quadrupole (RFQ) at 352 MHz. At that energy, a fast travelling wave electrostatic chopper (rise and
fall times < 2 ns) eliminates the unwanted bunches and provides the optimum bunch train for filling
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the accumulator with a minimum of uncontrolled beam loss and induced activation. A promising
design with the required rise time is being developed at Los Alamos for the SNS project [9]. For a
given mean current of 10 mA during the pulse, the required source current as well as the bunch current
depend upon the chopping factor. The value of 40 mA assumed in Table 2 is possible with existing H–
sources and space charge effects are tolerable. A second RFQ brings the energy up to 7 MeV.
Dedicated sections inside both RFQs provide matching to the chopper and to the second RFQ.
Between 7 MeV and 20 MeV, the beam is accelerated in a standard room temperature drift tube
linac (DTL) section. Above 20 MeV less conventional DTL sections are used with the focusing
quadrupoles either in only a fraction of the drift tubes (quasi-DTL) or outside of the DTL tanks
(separated–DTL).
The superconducting (SC) structure starts at 100 MeV. It is subdivided into four sections made of
cavities optimised for beta 0.48, 0.66, 0.8 and 1 respectively. The four-cell cavities at beta 0.48 will be
fabricated in bulk niobium, while the others use the standard CERN technology of niobium sputtering
on copper. The four-cell cavities at beta 0.66 exploit some components recuperated from the LEP-2
cavities like the input coupler, while the five-cell beta 0.8 cavities are housed in LEP-2 cryostats.
Existing LEP-2 cavities are directly employed along the 320 m long beta 1 section. The existing input
RF coupler is perfectly compatible with the SPL current of 10 mA.
The effective accelerating gradients in the four sections are shown in Figure 2. In spite of the fact
that the present LEP run has demonstrated that LEP-II cavities can operate above their design value of
6 MV/m and that a further improvement could be expected in pulsed mode, the SPL design is based on
a conservative value of 7 MV/m for the beta 1 section. The reason is that the existing LEP waveguide
distribution system, based on eight cavities per klystron, can be re-used without modification. In case
gradients higher than 10 MV/m could be reached in pulsed mode by at least part of the LEP cavities, a
layout with four cavities per klystron and a much shorter linac would become the natural choice.
For the five-cell beta 0.8 cavities, instead, a gradient of 9 MV/m can be reasonably assumed,
extrapolating from the CW measurements done on a test cavity. This gradient would need four cavities
per klystron. The section made of beta 0.66 cavities has a much lower gradient, based on the tests done
on a niobium-sputtered cavity, and again eight cavities per klystron would be appropriate. To overcome
the problem related to sputtering at low angles, a new beta 0.7 test cavity is in production, with a
geometry optimised for the sputtering process. This type of cavity is expected to be able to run at
higher gradients, and finally to replace the entire beta 0.66 section in the SPL design.
Figure 2. Effective gradients in the four sections of the superconducting linac
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Pulsing superconducting RF structures present some difficulties due to microphonic vibrations
which randomly de-tune the resonators and perturb the phase and amplitude of the accelerating field.
However, simulations show that adequate servo-systems can in principle reduce these effects to
acceptable levels, especially in the case of the stiff Nb-sputtered copper cavities [5]. On the other
hand, pulsed operation should allow for higher gradients than in CW (tests are foreseen in the near
future), and it should also help operate at lower Q-values, the static cryogenic losses being dominant.
The hardware components of the linac and some of their characteristics are listed in Table 3.
Each of the 33 klystrons used in the superconducting part operates at a maximum power of 800 kW,
with a comfortable safety margin for phase and amplitude control with respect to their maximum
power of 1.3 MW.
Table 3. SPL hardware
Output energy
[MeV]

Frequency
[MHz]

No.
cavities

RF power
[MW]

No.
klystrons

Length
[m]

SC β = 0.48

2
7
100
235

352.2
352.2
352.2
352.2

1
1
29
40

0.5
0.5
5.8
1.4

1
1
6
5

2.5
4
99
89

SC β = 0.66

360

352.2

24

1.2

3

60

SC β = 0.8
SC LEP-2

1 010

352.2

48

6.5

12

148

2 000

352.2

104

9.9

13

320

303

25.8

41

~723

Section
RFQ1
RFQ2
DTL

TOTAL

Each klystron feeds eight cavities in the beta 0.48, 0.66 and 1 sections, and four cavities in the
beta 0.8 section which works at a higher gradient. The power per klystron in the two lower beta
sections is deliberately kept low (200-400 kW) to limit to eight the number of cavities each one of
them feeds and ease the regulation problem and the complexity of the distribution network. A total of
26 LEP-2 four-cavity modules with their cryostats are re-used, i.e. only 36% of the 72 presently
installed in LEP. Moreover, 12 cryostats are recuperated for the beta 0.8 modules, giving a total of
38 cryostats that can be re-used (53%). Most of the LEP-2 klystrons (36 plus some spares), the high
voltage distribution boxes, the high voltage high power converters and a large fraction of the
waveguide distribution system are recuperated, making up about 90% of the linac RF system.
The management of beam losses is a major concern for the design of such a high intensity linac.
The general agreement among accelerator experts is that in order to allow hands-on maintenance of the
machine, distributed losses have to be kept below 1 W/m. For the SPL, this means a relative loss of
only 2.5 × 10–7 per meter at 2 GeV. Particular care has therefore to be put into the design in order to
avoid the migration of particles into diffused halos that would lead to uncontrolled losses along the
machine. This can be achieved by preventing mismatches between sections, making use of proper
matching units and by avoiding abrupt changes in the focusing parameters. The important role played
by space charge in halo formation favours in this respect the lower bunch currents. For example, in
the SC section the beam dynamics is space charge dominated for bunch currents exceeding 40 mA.
An important feature of the superconducting cavities used in the SPL is the large aperture (between
200 and 240 mm), that allows most of the halo particles to be transported up to the end of the linac in
the transport line, where they can be properly removed by special collimators.
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Accumulation/compression scheme
The capabilities of the accumulation and compression set-up will probably dictate a number of
characteristics of the proton driver, like the minimum number of bunches, the maximum number of
protons per pulse and consequently the minimum repetition rate. Work is progressing in that direction
but no conclusion can be drawn yet concerning feasibility. Although different designs are under
investigation, they share the basic principles illustrated in Figure 3.
Figure 3. Beam accumulation and bunch compression scheme

In the case represented, the linac is pulsed every 10 ms (100 Hz) and provides a beam pulse of
2 ms duration. This beam pulse is accumulated in a first ring, using charge exchange injection.
Assuming a ring which fits inside the existing ISR tunnel at CERN, the revolution time is 3.4 µs so
that 590 turns are injected in 2 ms. The pulse is made up of bursts of 30 consecutive 1 ns long bunches
of 6 × 108 protons, spaced by one wavelength at 352.2 MHz (2.84 ns) with a periodicity of 284 ns
(100 wavelength at 352.2 MHz). These bursts build up the intensity in 12 macro-bunches (~85 ns
long) circulating in the accumulator. After the linac pulse each bunch is made up of 1.04 × 1013
protons, and the accumulator contains a total of 1.25 × 1014 protons.
A promising idea for achieving a high enough longitudinal density of protons is for the
accumulator to be isochronous. Bunches can be progressively populated without spreading in azimuth
and in principle without the need for an RF system.
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Sketches of a macro-bunch in the longitudinal phase plane during accumulation (a) and after
bunch compression (b) are shown in Figure 4. At the end of the 2 ms injection process, macro-bunches
are long and have a small energy spread (estimated parameters: TB = 85 ns, ∆p/pACC = 2.8 × 10–3).
Conservation of longitudinal emittance imposes that:
TB × ∆p / p ACC = TBCOMP × ∆p / p COMP

so that, for given bunch lengths during accumulation and on the target, the final momentum spread is
directly proportional to the momentum spread at the end of accumulation.
Figure 4. Macro-bunch in the longitudinal phase plane

Since the bunch sent to the target must be short it has to have a large ∆p/p (estimated parameters:
TBCOMP = 6 ns, ∆p/pCOMP = 4 × 10–2). Such a large ∆p/p is difficult to handle in the accumulator ring
which would need a very large physical aperture because of its large momentum compaction factor
and large size. The proposal is therefore to transfer the 12 bunches immediately after the end of
accumulation into a compression ring, with a much smaller momentum compaction factor and adequate
RF for bunch rotation.
Acceptances of such an isochronous ring, beam stability in all planes, design of a realisable
charge exchange injection scheme are among the numerous issues being addressed to evaluate the
feasibility of such an accumulation/compression set-up.
Conclusion
A superconducting 2 GeV linac is capable of efficiently delivering the 4 MW of beam power
required on the target of a neutrino factory. But adequate beam characteristics also depend upon the
design of the accumulator and compressor rings which is still in progress.
Moreover, experimental results are necessary to precisely quantify the relative efficiency of pion
collection from protons of various energies and help decide upon the optimum proton beam energy.
Finally, since research and development concerning devices and concepts used for the muon
accelerator complex have only recently begun, new ideas are likely to appear and modify the
requirements of the proton beam characteristics. In this respect, the flexibility of a linac-based facility
makes it superior to a facility built with rapid cycling synchrotrons.
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OVERVIEW AND STATUS OF THE SNS PROJECT
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Abstract
The Spallation Neutron Source (SNS) project is a US Department of Energy multi-laboratory
construction project located in Oak Ridge, Tennessee. When the facility construction is completed in
2006, the SNS will be a premier neutron-scattering facility capable of delivering 2 MW of beam power
at a 60 Hz repetition rate to at least one neutron-generating target station. The facility consists of a
negative-hydrogen ion source, a 2.5 MeV radio-frequency quadrupole, a linac system capable of
accelerating a 2.5 MeV beam to 1 GeV, an accumulator ring and associated beam transport lines, a
liquid mercury neutron-generating target system and a suite of state-of-the-art neutron-scattering
instruments. The facility design and the project status are presented.

61

Introduction
One application of high-power proton accelerators is the generation of thermal and cold neutrons
for the investigation of materials structures and states by neutron scattering. For most neutron-scattering
research, the high-power proton beam should be pulsed with a 60 Hz or less repetition rate and should
have a pulse length less than or equal to 1 µs. The Spallation Neutron Source (SNS) described here is
an example of such a short-pulse neutron source driven by a high-power proton accelerator.
The SNS project at Oak Ridge is a concerted effort by five US Department of Energy national
laboratories to design and construct a 2 MW pulsed spallation source. The partner laboratories involved
in this effort are Argonne National Laboratory (ANL), Brookhaven National Laboratory (BNL),
Lawrence Berkeley National Laboratory (LBNL), Los Alamos National Laboratory (LANL) and
Oak Ridge National Laboratory (ORNL). Responsibility for operation of the completed facility and for
its scientific programme rests with ORNL. Each partner laboratory is responsible for design and
construction of the agreed-upon subsystem(s), and the Project Office in Oak Ridge has responsibility
for final integration. The division of responsibility is discussed later. Table 1 shows a summary of the
parameters for the SNS, and Figure 1 shows a schematic layout of the baseline facility.
Table 1. Summary parameters of the SNS
Proton beam power on target
Proton beam energy
Average proton beam current
Pulse repetition rate
Peak ion source H– current
Peak linac H– current
Chopper beam-on duty factor
Linac length
Linac RF frequency
Linac beam duty factor
Accumulator ring circumference
Ring orbital rotation period
Number of injected turns
Ring fill time
Ring beam extraction gap
Number of protons/pulse
Proton pulse length on target
Target material
Number of ambient/cold moderators
Number of neutron beam lines
Initial number of neutron-scattering instruments

2.0 MW
1.0 GeV
2 mA
60 Hz
70 mA
56 mA
65%
465 m
402.5/805 MHz
5.8%
220.8 m
881 ns
1 160
1 ms
240 ns
2.08 × 1014
600 ns
Hg
2/2
18
11

Unlike some other high-power proton accelerator systems such as the accelerator-driven systems
(ADS), the short pulse (~1 µs) requirement necessitates either an accumulator ring or a rapid-cycling
synchrotron to compress a 1 ms long linac beam pulse down to the required pulse length of 1 µs.
This factor of 1 000 in pulse length compression is achieved at the SNS by multi-turn injection into the
accumulator ring. The required number of injected turns for the SNS is about 1 100. This kind of
multi-turn injection is accomplished by means of a charge-exchange injection technique using
negative hydrogen ions. The acceleration and transport of H– beams requires different considerations
than are encountered when handling proton beams since the binding energy of the electron in the H–
ion is only 0.25 V.
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Figure 1. Schematic layout of the SNS baseline facility
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It is a generally accepted fact that when a 1 GeV proton bombards a heavy metal target, about
30 thermal neutrons will emerge from the moderator after undergoing the moderation process. Further,
it is agreed that the neutron yield is proportional to the beam power and is almost independent of beam
energy over an energy range of several GeV. The production of 30 neutrons by a 1 GeV proton implies
that about 30 MeV of energy is required to produce one neutron in the spallation process. In a reactor,
the moderation process to produce a thermal neutron requires about 270 MeV. From these two
numbers (30 MeV vs. 270 MeV), one can conclude that a 2 MW spallation source produces a similar
time-averaged neutron flux to that of an 18 MW reactor source. However, a 2 MW spallation source
has three orders of magnitude higher peak flux than that of a steady state source. Neutron scattering
experiments usually use time-of-flight (TOF) techniques to measure the neutron energy, so a pulsed
source with a much higher peak flux is ideal for TOF measurements.
The following technical systems and conventional facilities comprise the items that are to be
constructed for the baseline SNS project. A detailed discussion of each of these subsystems follows:
•

Front end subsystem, consisting of an ion source, radio-frequency quadrupole (RFQ), and
medium energy beam transport (MEBT) with chopper.

•

Linac subsystem, consisting of a drift tube linac (DTL), coupled cavity drift tube linac
(CCDTL) and a coupled cavity linac (CCL).

•

Ring subsystem consisting of an accumulator ring and beam transport systems.

•

Target subsystem with a liquid mercury target.

•

Experimental neutron scattering instruments.

•

Conventional facilities to house all technical systems and scientific staff.

Front end
Design and construction of the front end are underway at LBNL [1]. The LBNL group is to
produce: (a) ion sources capable of delivering 70 mA of H– beam, (b) low-energy (65 keV) beam
transport (LEBT) made of all electrostatic lenses without space charge compensation, (c) a 2.5 MeV
RFQ accelerator and (d) MEBT to match the beam to the DTL.
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The ion source is an RF-driven, caesium-enhanced volume-production type with an excess
electron removal mechanism implemented at the lower energy end. Progress to date includes 45 mA
peak current with a 6% duty factor, improved antenna design to lengthen the source lifetime, and
achievement of complete electron dumping from the source.
The 2.5 MeV RFQ is a four-vane type with π-mode stabilisers. The frequency of the RF system is
402.5 MHz. The total length of the RFQ is 3.723 m, and it consists of four modules. Fabrication of the
first module is underway. The estimated normalised transverse output RMS emittance in each plane is
0.2 π mm mr.
Chopping of the H– beam is necessary to provide a gap in the beam stored in the ring. This gap is
needed to allow the ring extraction kicker field to be raised to the desired value without initiating
extraction and beam loss. To have the minimum residual radiation everywhere in the accelerator
system, the chopping should be performed at a place where the beam energy is lowest, namely at the
LEBT. However, because of space charge effects, chopping at 65 keV cannot provide a clean gap
of 10–5. Therefore, chopping is performed at the MEBT as well as at the LEBT. The MEBT chopper
system has an anti-chopper as well as a chopper to cancel any residual effects of chopping by the first
chopper. Studies have found that a chopper rise time of 10 ns is sufficient.
The MEBT consists of 14 quadrupole magnets with steering windings and an assortment of
diagnostic instruments. Complete diagnostic measurements of the RFQ beam, and subsequent matching
of the beam into the DTL, are important functions of the MEBT.
Linac system
Responsibility for design and construction of the linac system resides with a team from LANL [2].
The current baseline plan for the SNS linac system consists of a DTL that accelerates the 2.5 MeV
RFQ beam to 79 MeV and a CCL that further accelerates the beam to 1 GeV. The RF frequency of the
DTL is 402.5 MHz, and the CCL operates at a frequency of 805 MHz. This configuration is somewhat
different from the original baseline design that had a DTL to 20 MeV, a CCDTL from 20-79 MeV,
and a CCL to 1 GeV. At this time, there are two study programmes in progress to evaluate (1) the
possibility of eliminating the CCDTL and (2) the feasibility of replacing most of the CCL, from
200 MeV to 1 GeV, with superconducting cavities.
Some of the most important design considerations for the linac are (1) to have low beam loss to
permit hands-on maintenance, (2) beam dynamics interfaces with the ring system and the front end
system, (3) high availability and (4) cost effectiveness of the design by trade-off between various
parameters such as length of the linac, modularity and RF partitioning.
With respect to beam-loss prevention, an extensive beam dynamics study has been performed
with tracking simulations to ensure adequate apertures and vacuum pressure. The beam emittance is
controlled throughout the acceleration period, and the linac is error tolerant or correctable. Table 2
summarises the linac parameters.
There are two CCL sections, one consisting of eight-cell segments and the other with ten-cell
segments. The eight-cell section is 109 m long, accelerates the beam from 79 to 287 MeV, and has
93 segments. The ten-cell section is 295 m long, accelerates the beam from 287 to 1 000 MeV, and has
168 segments. Figure 2 shows a cutaway view of a ten-cell segment.
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Table 2. Linac parameters
Energy and average current
Macropulse repetition rate
Macropulse length
Beam gate duty factor
Chopper transmission and period
Chopper rise time
Beam loss
RF frequency
Transverse emittance (π mm mr)
Long. emittance (π MeV deg)
Maximum energy jitter
Linac vacuum
Linac length
RF duty factor
Accelerating gradient
Peak 805 MHz RF power demand
CCL aperture & lattice
Peak Kilpatrick fields
RF phase and amplitude control

1 GeV; 2 mA
60 Hz
0.97 ms
5.8%
65%; 840 ns
10 ns
< 1 W/m
402.5 MHz (< 20 MeV); 805 MHz
0.27 @ 2.5 MeV; 0.45 @ 1 GeV
0.126 @ 2.5 MeV; 0.26 @ 1 GeV
± 2.2 MeV
< 5 × 10–8 to < 2 × 10–7 torr
465 m
6.6% (structure); 7.2% klystron
2.2 MV/m real estate; 3.8 MV/m max
115 MW from 30 5 MW klystrons
r = 1.5 to 2.0 cm; 12 βλ
< 1.5 (CCDTL); < 1.3 (CCL)
0.5°, 0.5%

Figure 2. Cutaway view of a ten-cell segment

Ring system
The SNS ring system consists of a 1 GeV H– high-energy beam transport (HEBT) and injection
system, an accumulator ring and a 1 GeV ring to target proton beam transport (RTBT) to the
neutron-generating target. The ring system is the responsibility of a team from BNL [3]. Figure 3
shows a schematic layout of the ring system, and Table 3 lists summary parameters of the ring.
The H– beam from the linac is accumulated in the ring using a charge-exchange multi-turn
injection technique. To minimise the space charge effects, the injection uses phase space painting in
both transverse planes. The designed space charge tune shift is 0.14, and further discussion on this
topic is presented.
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Figure 3. Schematic layout of the ring system

Table 3. Ring parameters
Energy and average current
Repetition rate
Linac beam pulse length
Number of protons/pulse
Energy in a single pulse
Uncontrolled beam loss
Number of turns injected
Revolution period
Space charge tune shift
Transverse emittance (normalised)
Longitudinal emittance
Tunes νx; νy
Transition energy, γt
RF voltage (1st harmonic)
RF voltage (2nd harmonic)
RF bucket area
Bunching factor
Beam gap during injection
Beam gap at extraction
Extracted beam pulse length
Vacuum
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1 GeV; 2 mA
60 Hz
0.97 ms
2 × 1014
32 kJ
0.02% or < 1 nA/m
1 158
841 ns
0.14
217 π mm mr
10 eV-s
5.82; 5.80
4.93
40 kV
20 kV
17 eV-s
0.44
295 ns
250 ns
591 ns
~ 10–9 Torr

As in the case of the linac, one of the important design considerations is the prevention of
uncontrolled beam loss in the ring to allow for hands-on maintenance. As shown in Figure 3, unstripped
H– or Ho beam from the injection process is transported to the injection beam dump. Using extensive
tracking studies, the ring lattice and its aperture are designed to have no beam loss during normal
operations. If unforeseen events result in beam loss, the ring collimator system is designed to catch
some 90% of the lost beam. The collimators are also designed to withstand a single-pulse, single-point
beam loss. The location of the collimator system is shown in Figure 3.
The 90° bend in the injection line, shown in Figure 3, is an achromatic system, designed to
remove large betatron amplitude particles (halo in transverse phase space) and to remove those H–
particles outside of the ring’s energy acceptance. There are two additional 805 MHz cavities installed
in the injection line to further prepare the linac beam so that its energy is acceptable to the ring. One of
the cavities is designed to remove potential energy jitter from the linac beam, and the other increases
the energy spread of the linac beam for phase-space painting and matching longitudinal phase space.
The ring RF system consists of first and second harmonic systems. When the first and second
harmonics are appropriately added, the bunch length in the ring can be increased. Because the space
charge tune shift is inversely proportional to the bunch length, elongating the bunch by second harmonic
cavities is a cost-effective feature of the design. The designed bunching factor is 0.44 with the second
harmonic system but would only be about 0.36 without the second harmonics.
The beam extraction system consists of a set of kicker magnets and a Lambertson septum to
deflect the beam vertically. To have loss-less extraction, the gap in the beam circulating in the ring
should be free of protons. The kickers should be energised during the 250 ns long, beam-free period so
that the rising kicker field does not affect the beam. Past experience at other accelerators shows that
kicker systems are prone to frequent failure. To minimise downtime caused by the kicker system, a
redundant kicker system is being designed, and studies show that the system can tolerate the failure of
one or two kicker module(s).
With respect to beam instability in the ring caused by collective phenomena, there is still one
known phenomenon without an adequate physical explanation, and that is the “PSR instability”. Onset
of the instability is akin to that of the e-p instability observed at other accelerators. Ongoing concerted
experimental and theoretical efforts are being made by personnel from ANL, BNL, FNAL, LANL and
ORNL to understand the PSR instability. A preliminary observation is that there is an avalanche of
electrons from stainless steel chamber walls. When a chamber segment is coated with TiN, the
electron yield is many orders of magnitude less than in the un-coated chamber case. Further work is in
progress on this subject.
Target system
Responsibility for design, construction, and operation of the target system resides with ORNL [4].
The current baseline contains a single 60 Hz target; however, there have been discussions with the
US National Science Foundation to fund an additional target operating at a 10 Hz repetition rate as a
long wavelength neutron source. The baseline target is presented in this paper.
Since each proton beam pulse contains 32 kJ of energy in a pulse length of about 600 ns, the
structural integrity of the target must be considered for a sustained period of operation. Studies
conducted within the framework of the European Spallation Source and by the SNS have concluded
that mercury is the best target material for a target with power of 2 MW or higher from the point of
view of neutronics as well as for material integrity.
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Table 4 summarises the SNS target parameters, and Figure 4 shows a cutaway view of the target
station.
Table 4. SNS target parameters
Beam power
Repetition rate
Target material
Target container
Moderators: Supercritical hydrogen
Ambient water
Geometry
Reflector
Number of beam ports
Target system utilities

2 MW
60 Hz
Mercury (circulating)
SS316 (replaceable)
2
2
Wing
Lead
18
D2O, H2O, He

Figure 4. Cutaway view of the target station
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The target system is flexibly designed to accommodate future upgrades such as moderator
changes or neutron beam line optical components. The mercury target, shielding and maintenance
systems are considered as a nuclear facility and must be designed in accordance with appropriate safety
requirements. Figure 5 shows the target system maintenance cell, which is equipped with a remote
handling system, and includes a radioactive waste handling bay, waste storage and transfer bays.
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Figure 5. Target system maintenance cell
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Eighteen tonnes of liquid mercury is circulated within the target system; thus, extensive research
and development is required to ensure suitability and safety of all target-related systems. Development
work performed to date includes (1) 5 000-hour test of a thermal convention loop, which showed no
significant mass transfer even at elevated temperatures of 250-300°C; (2) thermal shock and neutron
yield tests with proton beams from the BNL AGS and LANL LANSCE accelerators; and (3) construction
of mercury loops to perform a thermal-hydraulic study of target cooling and a full-scale target
mock-up for hydraulic, remote-handling and loop testing. Figure 6 shows a schematic drawing of the
full-scale target test facility.
Figure 6. Schematic drawing of the full-scale target test facility
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Project status
The cost and schedule baseline was established in July 1999. The scheduled completion date
of the project is March 2005, with eight months float. The groundbreaking has been scheduled for
mid-December 1999. An intensive study to compare the baseline warm and superconducting linac
technologies is underway. The decision to switch to superconducting technology will be made by the
end of 1999.
The ion source is fabricated and is being tested. The first module of the RFQ is fabricated.
A prototype 2.5 MW, 805 MHz klystron is being tested.
A prototype ring dipole magnet is being fabricated, and other ring hardware is in the procurement
process.
A full-scale mercury loop is operational, and other target-related tests are underway.
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RELIABILITY/AVAILABILITY CONSIDERATIONS OF THE SNS
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Abstract
The Spallation Neutron Source (SNS) project is a US Department of Energy multiple laboratory
construction project located in Oak Ridge, Tennessee. When the facility construction is completed in
the year 2006, the SNS will be a premier neutron scattering facility capable of delivering 2 MW of
beam power at a 60 Hz repetition rate to at least one neutron-generating target station. The facility is
designed to provide 95% availability for the scientific user experimental programme. Discussions of
the influence of past availability records of other accelerator facilities on the SNS availability goals are
presented, along with how it is planned for the SNS goal to be achieved.
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Introduction
The Spallation Neutron Source (SNS), under construction in Oak Ridge, Tennessee, is a 2 MW,
accelerator driven pulsed neutron source facility for condensed matter research. It will serve a broad
community of physical, chemical, biological and industrial users. A typical experimental programme
involves several steps. The first step, preparation of the sample to be studied, takes place in a
laboratory. Samples are often small and delicate, and some biological samples are living cells.
Preparation can take weeks or even months. The second step is to place the sample in a neutron
scattering instrument and expose it to a specially designed thermal neutron beam. The exposure time
can range from a few minutes to several hours depending on the neutron flux. Some of the more
fragile samples have a finite lifetime and are easily degraded. The third step, analysis of the
experimental data, takes place at the site or at the user’s home institute.
Sample preparation often takes longer than data collection, and because the samples may have a
finite lifetime, accelerator-based condensed matter research facilities such as pulsed neutron sources
and synchrotron light sources must have high availability. Availability is one of the key design
requirements for these facilities. The high-availability requirement is somewhat different from particle
and nuclear physics accelerator facilities.
Modern accelerators were invented and developed mainly to meet nuclear and particle physics
needs, where, historically, high energy and high luminosity were more important than availability.
Traditionally, high energy machines were designed and constructed to achieve the highest possible
energy for the lowest possible cost. The question of availability was not one of the highest priorities.
It was reported in the previous meeting of this workshop that the LAMPF/LANSCE facility used to
trip hundreds of times a week [1], whereas a typical reactor trips only once every year or two.
An accelerator driven system (ADS) for a subcritical assembly requires very high reliability and
availability to sustain the subcritical condition and not cause component damage. For an ADS to have
a reliability similar to that of a reactor system, the accelerator reliability has to be improved by a large
factor (~104.) Such a large improvement in availability may not come in one step. Because materials
research facilities such as the SNS and Advanced Photon Source (APS) require 95% or better
availability, these accelerators could be proving grounds for availability improvements.
What follows is a brief review of last year’s workshop, the availability budget of the SNS, the
basis on which the budget was determined and a discussion on how to achieve the goal.
A review of last year’s workshop
The probability of a system failure in a time interval, ∆t, is λ⋅∆t, where λ is a proportionality
constant. It then follows that the probability of the system being operational in that time interval is
1 - λ∆t. The integrated probability function of the system functioning is e-λt. The proportionality
constant, λ, is the failure rate and is the inverse of the mean time between failures (MTBF.) The failure
rate is constant on a short time scale, but it can vary with time. A typical system has a higher failure
rate during the break-in period, generally referred to as “infant mortality,” and an older system usually
has a higher failure rate because of wear and tear. The failure rate as a function of time over a longer
time period therefore has the shape of a bathtub. The infant mortality can be prevented by
well-organised and proper quality control during the construction of the system. The “old-age failures”
can be prevented by proper preventive maintenance.
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A reliable system has to be designed and constructed to have a very small failure rate or a very
long MTBF. It is easy to understand how a system that has built-in design stress would operate with a
higher failure rate than an over designed system operating substantially below its design limit.
The boundary between a stressed design and an under-stressed design is not well defined. System
designers must use good engineering judgement based on knowledge and experience. Furthermore,
there should be a cost versus benefit optimisation.
The availability of the facility includes not only its reliability but also the time required to make
repairs every time the facility trips off. In this respect, the facility and its subsystems must be designed
and constructed to minimise the time required to repair the failure. The minimisation of the repair time
involves designing in inspectability, including the ability to quickly locate faulty systems, plus
maintainability, redundancy of certain hardware and the creation of fault tolerant systems.
As discussed previously, compared with reactor facilities, the reliability of accelerator facilities
needs to be improved by a large factor to effectively serve the same user community. The SNS facility
is being designed to operate with 95% availability.
SNS availability budget
The availability budget translates to a downtime budget. For an accelerator system with many
subsystems, it is prudent to make separate downtime budgets for each of the subsystems. The previous
SNS management’s availability goal was 80%; however, the availability goal has recently been
revised upward to 95% for mature operation. During initial operation, the availability could be 90%.
This goal is similar to that achieved by the APS at Argonne National Laboratory (ANL).
Table 1 shows the availability budget of the various SNS subsystems for 90% availability at
start-up and for 95% availability during mature operation.
Table 1. SNS subsystem availability budget
Subsystem
Front end (ion source and RFQ)
Linac system
Ring system
Target system
All others

Start-up budget (%)
98
98
98
98
98

Final budget (%)
99
99
99
99
99

The SNS budgets are derived from a careful study of past experience at several accelerator
facilities.
Reviews of past performance and the basis for the SNS availability budget
The SNS availability budget is derived from an extensive review of several different accelerator
facilities, both new and old. Particular attention was given to determining which hardware failed the
most in order to avoid similar failure rates. The study includes facility downtime information from the
ISIS facility at Rutherford-Appleton Laboratory, the LANSCE linac at LANL, and IPNS and APS at
ANL. Even though it is not a proton accelerator, the APS was included, because it is a new machine
that was designed to operate with high availability and it has many similarities with the other facilities.
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ISIS experience
Table 2 shows the ISIS downtime and subsystem availability for the period from March 1998 to
February 1999 [2]. The scheduled period of operation was 4 193 hours, during which the facility
accumulated a total of 359.3 hours of downtime. The table shows that three hardware systems were
available less than 99% of the time. The linac system is more than 50 years old, and its RF equipment
had the most downtime. The reasons for the downtime are clearly related to the age of the equipment
and are not directly applicable to a newly constructed system. The second most troublesome hardware
system was the vacuum chamber RF shield, a component unique to the ISIS synchrotron. The downtime
was caused by breakage of the RF shield wires as a result of an incorrectly steered beam. An incorrectly
steered beam can cause vacuum chamber damage in any high power proton accelerator; however, a
suitably designed “machine protection system” can prevent such occurrences.
The ISIS hardware system with the third worst breakdown rate is the extraction magnet system.
Past experience shows that the extraction kicker system could be the least reliable system in the
accelerator. The IPNS at ANL had similar experience, and this is an area where careful design is also
required at the SNS.
Table 2. ISIS subsystem downtime and availability
during a scheduled period of 4 193 hours (1998-1999)
Subsystem
Ion source
Linac RF system
Main magnet power supplies
Vacuum chamber RF shield
Synchrotron RF
Extraction magnets
Extraction power supplies
Utility – water
Utility – electricity
Synchrotron beam transport
Total downtime

Downtime (h)
18.4
87.9
20.6
44.3
17.1
72.5
32.1
32.5
17.2
17.0
359.3

Availability (%)
99.56
97.00
99.51
98.94
99.59
98.27
99.23
99.22
99.59
99.59
91.43

From the ISIS downtime table, one can predict the availability of the SNS ring system with the
assumption that the SNS ring components are built to similar standards as those of ISIS, and that the
troublesome hardware is reengineered to have as good a reliability as the rest of the hardware. Simple
arithmetic shows that to have an availability of 98% for the ring, six items from Table 2, excluding the
ion source, linac RF system and utilities, should have an availability of 99.6%.
LAMPF/LANSCE experience
The LAMPF linac was built in the mid-1960s for nuclear physics research. Historically, the linac
availability never exceeded 90% during operation for nuclear physics [3]. However, during the past
several years, an extensive effort was put forth to improve its availability.
The 1997 beam downtime report by subsystem for operation with H+ and H– ions is listed in
Table 3 [4]. The table shows that for H+ operation, the downtime was 26.2% of 4 193 scheduled hours.
The majority of this 26.2% resulted from target failures. For H– operation, the downtime was 11.4% of
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Table 3. LANSCE subsystem downtime (%) in 1997
H+ operations (4 193 hours), H– operations (3 604 hours)
Subsystem
Injector
201 MHz RF system
805 MHz RF system
Vacuum
Water
Magnet power supplies
Magnets
Pulsed power
Target
Power
Timing
Computers
Interlock
Radiation safety system
Bad beam
Diagnostics
Operator errors
Tuning
Experimental area
Unknown
Spill
Facility
Others
Total downtime

Downtime (%) H+
3.0
1.0
1.6
1.0
0.3
0.5
0.2
0.2
16.5
0.4
0.0
0.1
0.2
0.1
0.0
0.0
0.0
0.2
0.2
0.1
0.0
0.3
0.2
26.2

Downtime (%) H–
1.4
1.0
1.1
0.3
0.8
1.0
0.2
0.3
1.1
0.4
0.3
0.2
0.7
0.6
0.0
0.1
0.0
0.3
1.1
0.1
0.0
0.0
0.3
11.4

the scheduled 3 604 hours. From these considerations, if one subtracts the downtime caused by the ion
source, target and facility, the remainder is the true linac availability for the period. The results are
94.2% and 92.6% for H+ and H– operations, respectively.
Those subsystems that require the greatest availability improvement are also displayed in Table 3.
The 201 and 805 MHz RF systems of LANSCE each had 1-2% downtime in 1997. The improvement
programme for the 805 MHz system resulted in downtime of 0.67% and 0.28% for H– and H+
operations, respectively, in 1998.
From Tables 2 and 3, one can draw the conclusion that downtime reduction can occur in small
steps, a half per cent here and a quarter per cent there.
IPNS experience
In its early days, the IPNS had a 1 m long kicker system that often experienced mechanical
failures. The situation was improved by dividing the meter-long kicker into three pieces that were
shorter and stronger. Although the original design energy of the IPNS synchrotron is 500 MeV, it
operates much more reliably at 450 MeV than at the full energy. This is an example of “under-stressed
operation.”
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SNS availability plan
Designing a facility to operate with high reliability means that failure rates of all subcomponents
should be small and that the time required to repair them should be as short as possible. All of these
goals should be achieved within a reasonable cost. The failure rate reduction takes one set of
considerations into account, while the repair time reduction takes the other into account.
Failure rate and repair time reduction
The SNS plans to overdesign its hardware somewhat to relieve design stresses. As discussed
previously, the IPNS was constructed to operate at 500 MeV, but operation at 450 MeV has been
almost trouble free. Similarly, the APS accelerator components were designed for 7.7 GeV operation
and operate with 95% availability at 7 GeV.
Most hardware failures are electrical, mechanical or both. Pulsed magnets and pulsed power
supplies are stressed systems and are susceptible to such failures. If possible, it is preferable to
eliminate pulsed magnets altogether. For example, the SNS uses a Lambertson septum magnet for
extraction rather than the usual pulsed septum. The plan is for a cross-disciplinary committee to
perform design reviews of those hardware systems deemed to be most susceptible to failure in order to
assess the mechanical and electrical soundness of the design.
Ring and beam transport magnets should be designed and constructed for an MTBF of many tens
of years. Such design and construction includes choices of radiation-hardened materials and proper
insulation.
Designing a system to reduce the time required to repair it involves incorporating inspectability
and maintainability features. Inspection and preventive maintenance processes must be considered
during the design. Easy access and egress should be considered as well as the radiation exposure
(as low as reasonably achievable) ALARA programme. Controls systems should be designed to assist
in rapid fault location.
Fault tolerant systems
A fault tolerant system is one in which the facility can still operate if a subsystem fails, either
because other nearby subsystems can take over for the failed system, or because there is adequate
capacity in the system to continue. In the early 1980s, the SNQ team from KFA-Jülich proposed to
build a 1 GeV proton linac consisting of independently powered single cells. If a single cell were to
fail, other cells could be adjusted and rephrased to accelerate to the full energy.
A similar study is under way at the SNS in conjunction with the feasibility of using superconducting
cavities for the SNS linac. Conceptually, the architecture of the 805 MHz super conducting linac in the
study consists of two different β sections, one with a geometrical beta of 0.61 and other designed for
βg = 0.76. The lower β section accelerates H– ions from 194.3 to 331.1 MeV and has 27 six-cell
cavities in nine cryomodules. The higher β section accelerates the H– ions from 331.1 to 1 000 MeV
and has 80 six-cell cavities in 20 cryomodules. There are 107 cavities in these two sections.
The maximum required peak RF power per cavity is less than 380 kW and the RF duty factor is 7%.
The question arose whether to design the superconducting part of the linac with 2.5 MW peak
power klystrons or with 400 kW klystrons. In the 2.5 MW klystron case, the RF power must be split
eight ways to feed eight cavities. In the 400 kW case, one klystron feeds one cavity. Studies show that
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the linac could operate with two klystrons off in either the medium or low β section. This conclusion is
similar to that of the SNQ study. The following discusses the pros and cons of these two schemes with
regard to availability.
Although there is no systematic study on the MTBF for the low or high power klystrons, the
general consensus is that degradation in a low power klystron comes only from filament ageing and
that its lifetime is likely much longer than that of high power klystrons. However, for purposes of this
discussion, we assume that both high and low power klystrons have the same lifetime or the same
mean time between failures. There is also no concrete data on the MTBF, although typically the
vendor’s warranty periods are several thousands of hours long. It is also reasonable to assume that the
warranty period is shorter than the MTBF. For purposes of this discussion, we assume that the MTBF
is 20 000 hours; thus, a 100 klystron system would have a MTBF of 200 hours. This means that on
average, one of 100 klystrons will fail in 200 hours of operation. When this happens, the linac is
retuned and operation continues; however, the failed klystron or associated failed system needs to be
replaced or repaired before the next failure occurs.
For simplicity, we assume that there are 16 klystrons in the system that uses high power
klystrons. The MTBF of this system would be 1 000 hours, and it could take 10 to 15 hours to replace
a failed klystron. The impact on availability as a result of the klystron replacement operation is
between 1% and 1.5%, and depends on the klystron MTBF. If the klystron MTBF is 8 000 hours, the
impact is between 2 and 3%.
There are other examples of fault tolerant design concepts. A typical electronic system has a set
of crates, and each crate has number of modules and circuit boards. In some cases, if one or more
modules malfunction, all units in the crate become inoperable. One idea is to have each module in its
own mini-crate, or at least to use smaller crates with fewer modules. This study is being pursued by
the SNS beam instrumentation working group.
Redundancy
Built-in redundancy in certain key hardware systems can substantially reduce downtime. Redundant
hardware systems can act as “hot spares.” The following is an example of hot spares, as implemented
at the SNS.
As noted previously, the extraction kicker system in the ring is susceptible to failures. The plan is
to construct 50% more kickers than are actually required and to install and operate all of them. If one
or two kickers fail, the other kickers would still be able to perform the required task of extracting the
beam.
Summary
Studies to maximise the SNS reliability have been performed to aid in the design and construction
of the facility. Systems that have proven less reliable at other facilities in the past have received
special attention. Redundant, fault tolerant systems are used wherever possible. Fault-predicting and
fault-locating software applications will be used to predict system failures before they actually occur
and to minimise the time to determine which system has failed. Mechanical design and construction
are being optimised to permit fast repairs with minimum dose to workers and to facilitate periodic
maintenance.

77

Acknowledgements
This work was supported by the US DOE Office of Basic Energy Science.

REFERENCES

[1]

N. Watanabe, “Utilisation and Reliability of High Power Accelerators”, Workshop Proceedings
on Utilisation and Reliability of High Power Proton Accelerators, Mito, Japan (13-15 Oct. 1998)
pp. 23-31.

[2]

P. Gear, private communication (May 1999).

[3]

M. Eriksson and C.M. Piaszczyk, “Reliability Assessment of the LANSCE Accelerator
System”, ibid. pp. 183-194.

[4]

LANL Report LA-UR-98-2264 (1998).

78

INITIAL TESTING OF THE LEDA RFQ AND RELATED EQUIPMENT

J. David Schneider
Los Alamos National Laboratory, Los Alamos, NM, USA

Abstract
The low-energy demonstration accelerator (LEDA) has been operating with a 6.7 MeV 100 mA CW
proton beam for the past few months. Although the LEDA is still in commissioning stage, we have
generated some preliminary data on operational reliability. This paper will present a brief summary of
the LEDA configuration, and then will focus on summarising the types, frequency, durations and
causes of beam trips.
In its present configuration, LEDA utilises an injector with a microwave ion source, and an 8 m long
RFQ, fed with three 1.2 MW 350 MHz RF klystrons. Power dissipation in this all-copper RFQ is
1.2 MW, and beam power is 670 kW. First beam was obtained in March 1999 and full current
(100 mA) CW operation was demonstrated in September 1999.
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Introduction
LEDA’s background, design, fabrication, and initial testing were described in a paper presented
at the PAC99 meeting [1]. That overview paper also points to many other publications that provide
much detail about LEDA and the associated accelerator hardware.
The most significant feature of LEDA is that it was designed to be a prototype front-end for a
nominal 1 GeV, high current, CW proton accelerator. For this reason, its design features and
performance are relevant to a large number of accelerator projects under consideration, including
most of those for tritium production and transmutation of waste.
Only the 75 keV proton injector and the 6.7 MeV radio frequency quadrupole (RFQ) have been
installed and tested with beam. However, lots of support and peripheral equipment have been
integrated with these two major beamline components.
Figure 1. Present configuration of LEDA, showing the
injector, RFQ, transport line and beamstop water shield

The injector [2] uses a microwave ion source, has no electronics at high potential, features a
single-gap 75 keV extractor, and uses two magnetic solenoids and dual steering magnets to provide a
matched beam into the RFQ.
LEDA’s unique RFQ [3] features brazed, all-copper construction, is 8 meters long, accelerates
protons to 6.7 MeV, and dissipates a nominal 1.2 MW of RF power, while providing an output beam
power of 670 kW. Three 1.2 MW, 350 MHz klystrons feed up to 2.0 MW into the structure through
six RF windows and coupling slots. Resonance control is accomplished with precise temperature
control of the cooling water.
The 2.5 m high energy beam transport (HEBT) line includes four quadrupoles, dual steering
magnets and a large amount of diagnostics to characterise the accelerated beam. A combination of
conventional intercepting diagnostics for low-duty-factor tune-up is used, combined with several
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non-intercepting devices to help monitor the CW beam. Performance of the specially designed
small-diameter “ogive” beamstop has been excellent, handling the 670 kW of beam power and
providing excellent shielding against the prompt gammas and neutrons.
Our RF power system is composed of a custom configuration of mostly commercial components.
The low-level RF (LLRF) control system [4] is based on I/Q (rather than amplitude/phase) sampling,
has both digital and analogue components, and makes extensive use of DSP to provide several critical
functions such as cavity phase, amplitude control, and resonance control, and gates the klystron drive
to provide high-speed fault protection.
Accelerator and other system control and monitoring are provided by a combination of
programmable logic controllers (PLCs), integrated with the EPICS system for database management,
supervisory control and operator interfacing. The computer system provides a run-permit function,
but all personnel safety systems and fast-protect functions are relegated to dedicated high-speed
hard-wired systems.
Current status of LEDA
The injector has provided more than 150 mA of protons, can provide beam pulses down to
50 microseconds, and the duty factor can extend up to full CW. Normal operation is with CW (DC)
proton beams of about 110 mA matched into the RFQ with a RMS normalised emittance of less than
0.2 • mm mrad.
Beam commissioning and operation with the RFQ has demonstrated peak output currents of up
to 110 mA, and CW currents have exceeded 100 mA.
The RFQ was conditioned to ~1.4 MW, which is ~120% of design power and about 110% of
design field levels. Operation at the design field levels of 104.6 kV vane-to-vane potential was
confirmed with multiple X-ray end-point measurements. Not surprisingly, we find that higher than
design field levels offer improved transmission for the higher CW beam currents.
LEDA’s RFQ routinely provides more than 90 mA of CW beam, peak currents up to 110 mA,
and will provide >100 mA cw for shorter periods of time. Much of the most recent emphasis has been
on improving RFQ transmission and on increasing the effective average currents for accelerated
currents above 95 mA. We have reached an important milestone by demonstrating successful 100 mA
of CW operation. However, long-term reliability needs improvement, and we want to better
characterise the output beam.
The LEDA injector continues to perform well, delivering in excess of 110 mA of protons with
good emittance. However, sparkdown rate on the injector is still such as to frequently limit our
longer-term beam operation. In the past month, we converted the tetrode extractor into a triode
configuration, with expectations that this will give a higher quality, lower divergence beam. We suffered
reduced operational reliability due to apparent formation of a “glow discharge” in the extraction
region. A very recent change to mild-steel emission electrodes reduced the leakage magnetic field,
and thus suppresses the glow discharge that precedes most column spark downs.
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A persistent and poorly understood challenge is the increased rate of sparkdowns whenever a
collimator is intercepting a fraction of the beam current in the low energy beam transport. In spite of
excellent electron suppression at the base of the high voltage column, the induced plasma contributes
to a higher number of high voltage faults.
Most diagnostic devices (including 2-D wire scanners, AC and DC current toroids, beam position
monitors, ion chamber beam loss monitors, and temperature sensors are mounted in the 2.5 m long
transport line immediately downstream of the RFQ. However, the most reliable, consistent and simple
indicators of a properly tuned beam are the vacuum levels in the RFQ and the beam loss sensors in
the high energy transport line.
Summary of commissioning
Beginning in late November 1998, the RFQ was conditioned with two klystrons to peak
power levels of 1.5 MW, and an average power level of more than the design level of 1.2 MW.
On 16 March 1999, we accelerated first beam through the RFQ. Then, over the next three weeks,
accelerated current was increased to 42 mA, and the pulse length to about 1.5 ms. Beam operation
was suspended on 16 April (exactly one month after first beam) to replace the RF coupling irises with
more robust units. The new slots, with well-rounded, larger-diameter end holes, have eliminated the
localised melting where the wall currents were concentrated at the ends of the coupling slots. We also
reduced the number of RF windows to six, with four units on segment D and two windows on
segment B. The RFQ is constructed in four contiguous 2 m segments (A-D) from low energy end to
high energy end. A third 1.2 MW klystron was added at this same time. RF power in the amount of
1.2-1.3 MW is dissipated on the cavity walls, and the beam power of nearly 700 kW raises the total
net forward 350 MHz power to nearly 2.0 MW.
One of our 350 MHz, 1.2 MW klystrons developed a serious deformation and damage to the
electron-beam collector that resulted in operational limitations. Then, we inspected all other
operational EEV klystrons and found that all (regardless of operational hours) had a design defect that
allowed a progressive mechanical asymmetry to cause non-uniform cooling water flow and thus
compromise the cooling effectiveness on the beam collectors. Installation of small spacers stabilised
this situation while klystron K1 is being completely rebuilt and a new design is developed for all
klystron collectors. An important and unique specification on these klystrons required that the beam
collector on each be capable of sustaining full electron-beam power (1.9 MW) for an indefinite
period. This demanding specification was included to avoid dramatic changes in ac power demand
whenever a large number of tubes might trip off due to a common fault. Changes to the klystron
collector will include modifying the joint between the large-diameter cylinder and the end conical
piece, making this a gradual transition with much-improved strength. Another key change is to
complete 3-D modelling of the magnetic fields to ensure that there are no hot spots in the exiting
electron beam that causes localised overheating on the collector wall. Because we no longer have a
spare 350 MHz klystron, we have adjusted parameters and added interlocks to ensure that we place no
unnecessary thermal stress on the klystron collectors.
RFQ re-conditioning proceeded relatively quickly, although we again saw significant multi-pacting
and vacuum outgassing from most of the six tapered waveguide structures. At higher power levels,
we saw gas evolution inside the RFQ cavity as well. X-ray end-point measurements were made to
ensure that we are operating at the design field level in the RFQ. During normal operation, we have
the ability to sample RF field levels at up to 128 points (four locations along each quadrant in each of
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four quadrants, in all eight sections). This monitoring capability on the previously calibrated RF
pickup loops is valuable for ensuring that the RFQ field distribution remains flat and correct as we
change power levels and introduce beam.
During July, we focused our efforts on determining the best methods of conditioning the RFQ
(with both RF and beam), fine-tuning the low-level RF system, and integrating diagnostics with the
control system. On 28 July, we demonstrated 61 mA of output beam with 5 ms pulse lengths. Then,
on 30 July, we operated briefly with CW beam at a current level of 16 mA. During August, we
increased the 65-80 mA of pulsed and 20 mA CW currents through the RFQ to above 50 mA CW,
and the peak pulsed current to about 89 mA.
At lower (<50 mA) beam currents, the RFQ performed very close to predictions. However, at
higher beam currents, we consistently were unable to get a good match from the LEBT. This poor
input match resulted in RFQ beam loss, some at low energy, near the input end, but also some at
higher energy in the last 1 m section. Particles lost at high energy (near 6.7 MeV) result in some
short-term copper activation, while low energy particle loss creates excessive hydrogen gas loading
on the RFQ vacuum pumping. Expected beam loss was about 5 mA at the full 100 mA output beam
current, and with the input beam emittance at 0.2 π mm mrad. Operationally, we have been challenged
to get consistent, but desired, 94% beam transmission at the higher (near 100 mA) CW beam currents.
By 26 August, we realised that the tune limitation apparently was due to the loss of space-charge
neutralisation for a distance of about 10 cm in front of the RFQ. Over that last August weekend, we
modified the last section of the injector beam transport to position the second solenoid magnet much
closer to the RFQ input.
For higher current operation, we typically approach CW operation by increasing the pulse length
(at 10 pps) to as much as 88 ms. From this operating condition, we usually switch smoothly to CW
operation. Sometimes we insert a short “notch” into the beam (>99% DF) to facilitate transmission
measurements with AC toroids.
Conditioning of the RFQ and the RF window assemblies remained excellent. The injector
operated reliably, although we struggled to obtain a properly tuned RFQ input beam. All three
klystrons operated correctly, although recovery from RFQ vacuum bursts sometimes was challenging
because of the interlocks and other protection we had included minimising the thermal stress on the
klystron collectors. The low-level RF system required parameter adjustment, mostly to compensate
for higher beam currents and to effect a rapid recover from RFQ arcs. Controls and operation were
mostly routine, with most operations extending from 7 a.m. until 11 p.m.
Preliminary commissioning and test results:
General categories of beam faults:
•

Arcs, sparks, and/or short periods of high reflected power may cause a cessation of RF drive
or loss of beam for a brief period. As long as RF off periods are kept less than about 100 ms,
temperature and thus resonant frequency of the RFQ are largely unchanged and recovery is
fast and automatic. Recovery from beam interruption is normally immediate. Typical beam
interruption times are 30 µs-2 ms.

•

Longer-term RF interruptions that force a restart from an off-resonance condition. During
these, the RFQ makes a temperature excursion that entails a change in resonant frequency of
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more than about 30 kHz. A short period of RF-only operation is necessary until the resonant
frequency recovers, and the RF control system locks in to maintain control. Such recoveries
do not require that personnel leave the control room. Typical recovery times are 2-3 minutes.
•

Other operational faults require action or repair outside the control room. Some of these
require either consultation or calling in a subject-matter expert. Typical recovery times are
5-10 minutes.

•

Another category of faults requires making a beam tunnel entry. A tunnel entry requires that
we call a radiation-control technician (RCT) who must use an administrative key to allow
personnel access into the beam tunnel. Corrective actions normally require inspection,
resetting or adjustment. Recovery times are often in the 30-60 minute category.

•

More serious faults may require a modification of the beamline hardware, including letting at
least a portion of the equipment up to atmospheric pressure. Recovery requires at least a
modest amount of high voltage conditioning. Beam interruption often runs 1-3 days.

•

Actions that require a design modification and rework of critical hardware. These are definitely
non-routine, and require significant advance planning, plus co-ordination with a number of
working teams. Our limited experience indicates interruptions of three days to six weeks.

The most serious Category 6 flaw in the RFQ was the detailed configuration of the RF coupling
irises, that bring power from the tapered vacuum waveguide into the outer wall of the RFQ. These
coupling slots are approximately 1.7 mm wide by 8.9 cm long. Because we were unable to use full
3-D codes, we underestimated the power enhancement factor at the sharp corners of the slots.
This enhancement factor was nearly a factor of 600, the 10X factor in current (squared) times the
increase in resistivity (X6) near the melting temperature. The replacement slots, designed by a
sophisticated 3-D code, are larger, thicker and smoother, keeping the power enhancement to a factor
of less than 12X. The original configuration fed RF power through 12 windows and irises, to limit the
power flow through each window to less than 250 kW. When we changed the coupling irises, we also
reduced to six RF power feeds. We have seen no problem with running an average of 340 kW through
each window.
A Category 5 challenge that required some hardware modification was the drift region and
diagnostic area from the second LEBT solenoid to the input of the RFQ. This LEDA RFQ requires
only a 40 mrad convergent input beam, compared to nearly 100 mrad for previous RFQs. We had
taken advantage of this relaxed requirement to move the last solenoid farther away (about 15 cm) and
install additional diagnostics, valves and vacuum pumping. However, it became obvious that we were
losing space-charge neutralisation about 10 cm upstream of the RFQ, resulting in a poor high current
match to the RFQ. This deficiency was corrected at the end of August by shortening the distance and
installing a biased electron trap just upstream of the RFQ.
Although most of our electronics are in instrumentation areas outside the beam tunnel, we must
on occasion enter the tunnel to reset a tripped circuit breaker, replace a faulty switch or to confirm a
questionable indication. These are examples of Category 4 faults.
A significant fraction of Category 3 faults are caused by instrumentation faults. For diagnostic
and monitoring purposes, LEDA uses a large number of diagnostic instrumentation. Many Category 3
faults result from checking the status of fault indications on flow switches, temperature sensors and
other related instruments.
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A large fraction of beam interruption faults during commissioning have been due to vacuum
bursts or spikes inside the RFQ cavity. Most of these were accompanied or caused by arcs or sparks
that also generated a spike in the reflected RF power. Low-level RF drive into the klystron is
interrupted on every detected fault, arc or spike in reflected power. Duration of the RF drive
interruption is dependent on the origin of the fault, ranging from a few microseconds for an RFQ arc,
to a few seconds for a large increase in RFQ internal pressure. The longer such RF interruptions are
the source of most Category 2 faults. Resonant frequency of the RFQ changes rapidly (about
160 kHz/s) whenever RF power is interrupted. Therefore, we often must spend as much as a few
minutes in recovering from any power interruption that persists for more than about 100 ms.
Category 1 faults are relatively common, but because they are of very short duration, cause little
damage or reduction in delivered beamstop Coulombs. A more frequent cause is an arc in either the
RFQ cavity or one of the tapered RF waveguides feeding power into the cavity. The presence of the
arc is most frequently detected by a rapid rise in reflected RF power. Duration of the beam
interruption ranges from a few tens of microseconds to a few milliseconds. Both the low-level RF
drive and the beam from the injector are momentarily halted while the fault clears.
A standard PID loop controller is used to hold the RFQ on resonance during steady-state
operation. Other inputs, including a beam “feed-forward” and control parameter adjustments are
being implemented to speed recovery from an off-resonance condition.
The system is designed and optimised for CW operation. We generally tune up in pulsed-mode,
then switch to CW operation. Initial tune-up in low-duty-factor pulsed mode is used to permit use of
interceptive beam diagnostic devices, and to limit damage to equipment in the event of temporary
beam loss.
A modest fraction of our faults and accelerator downtime can be attributed to defects or failures
on the utility systems. Some examples include: epoxy-coated impellers on water pumps that lose the
coating after less than one year of operation; expansion tanks on several water loops whose air
bladders break, and thus fail to provide the required air buffering; air-relief valves that fail to release
trapped air, and thus lead to water-logged cooling systems. These failures on the relatively low-tech
systems are frustrating, but nevertheless negatively impact our beam operations.
Summary
LEDA has continued to demonstrate excellent operation of the proton injector, as it provides a
stable beam with more than 110-130 mA of protons with a beam emittance of less than 0.2 π mm mrad.
LEDA’s RFQ has gone beyond previous units by a large margin, accelerating more than 110 mA of
pulsed beam current, and repeatedly has handled up to 100 mA of CW current. At this point, CW
operation at 100 mA or above of CW current has been limited to mostly shorter (<10 minute) run
times.
During the next several months, beam testing on LEDA should include full beam
characterisation, extensive long-term operation, installation of additional sections of a coupled-cavity
drift tube linac (CCDTL), and probable measurements of beam halo resulting from introduction of a
beam mismatch. Already, LEDA is helping to prove that high current, high power proton linacs show
great promise. Commissioning time on this accelerator is identifying and helping to correct minor
deficiencies and identifying improved procedures.
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RELIABILITY OF SUPERCONDUCTING CAVITIES*

Henri Safa
CEA Saclay

Abstract
•

Accelerator layout and requirements.

•

Fault conditions of the superconducting part.

•

How to deal?

•

Conclusion.

* The full text of this paper is unavailable. The text presented here has been adapted from view graphs presented
at the workshop.
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Accelerator requirements
•

•

•

Cost effective:
–

Investment cost: length, RF efficiency.

–

Operation cost: AC power.

Very high reliability:
–

Less than one trip a month (thermal stress induced in the blanket).

–

No beam stop if a component fails.

–

Need for large safety margins on all parameters.

Easy maintenance:
–

Low activation of the structures.

–

Low beam losses.

–

Easy replacement of components.

–

Tolerances for fault conditions.
Table 1. Accelerator parameters

Accelerator length
Maximum energy
Maximum current
Beam power
Electrical power
RF sources
Cyrogenics

(m)
(MeV)
(mA)
(MW)
(MVA)
(MVA)
(MVA)

Normal part
100
85
20
1.7
10
10

SCRF part
193
450
20
9.0
21
18
3

Application of superconductivity to high power proton accelerator
Advantages
•

Economical:
–

100% RF to beam efficiency.

–

Big savings in operating cost.

–

Savings in investment cost.
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Total
293
450
20
9.0
31
28
3

•

Technical:
–

Large openings of beam tubes.

–

High gradients (shorter linac).

–

Flexibility.

Drawback
•

Cryogenics.

Advantages of superconducting cavities
•

High efficiency. 100% RF to beam (instead of roughly 50% for normal conducting structure).
Savings: 40 MW for a 40 MW beam.

•

Operating cost savings. Lower AC power consumption. Savings: 32 M$ a year for a 40 MW
beam.

•

Investment cost savings. Less RF sources needed. Savings: 40 M$ investment for a 40 MW
beam.

•

Large beam tube openings. Reduces threat of beam halo. Lower activation and easy
maintenance.
 Φ iris 

 ≅ 20
 Φ beam 

Fault conditions for the superconducting part
•

Quench. Thermal breakdown. Transition to the normal state. Q0 drop from 1010 to 105. Short
time decay. Frequency: Very rare. Action: Stop beam.

•

Coupler trip. Arc or Multipactor in the coupler/window. Reflected RF power. Cavity time
decay. Frequency: Probable. Action: Try to maintain beam.

•

Q-degradation. Field emission or vacuum leak. Usually very slow process. Does not affect
operation. Action: Reduce cavity field, maintain beam.

•

RF source trip. Tube, circulator, power supply. Sudden power loss. Cavity time decay.
Frequency: Probable. Action: Try to maintain beam.

•

Cryogenics. System down. No immediate impact on operation. Helium level decrease.
Long-term impact. Frequency: Rare. Action: Maintain beam.
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Time reaction for control operation
•

Phase control (~20 µs). Faster than cavity decay. Use of fast DSP. Allow for continuous
beam operation.

•

Amplitude control (< 1 s). Correction for energy loss (contiguous cavities). Correction for
power reflection. Main corrections. Resume nominal beam power.

•

Frequency control (~10-60 s). Use of stepping motors. Recover smooth operation. Nominal
ideal beam operation.

How to deal?
•

Independently short phased structures.

•

Take advantage of the long decay time of the cavity.

•

Try to maintain beam even in case of failure.

•

Redundancy whenever it is necessary.

How to deal?
•

Quench. Include design margins. No quenches expected.

•

Coupler trip. Fast re-phasing of following cavities.

•

Q-degradation. Field emission: reduce cavity field. Vacuum leak: slowly turn off cryomodule
power.

•

RF source trip. Cavity idle. On-line replacement of failed component. Redundancy.

•

Cryogenics. Redundancy.

Conclusions
•

•

Superconducting cavities are capable of high reliability operation:
–

Independently short phased structures.

–

Long decay time of the cavity.

Three levels of time control are required:
–

Fast (100 µs) for phase control.

–

Medium (1 s) for amplitude control.

–

Long (60 s) for frequency control.
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•

Margins and redundancy are required:
–

•

Beam can be maintained for most common failures:
–

•

Quench level, cryogenics.

RF trip, coupler trip, Q-degradation.

RF scheme must be carefully designed for high reliability:
–

Advantage of low number of cavities per RF tube.

Figure 1. Quench – phase diagram of niobium
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Figure 2. Quench – proton superconducting cavity at CEA Saclay (F = 700 MHz, β = 0.65)
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Figure 3. Nominal failure (no beam)
a) Multi-particle simulation

b) Beam profile (diameter 5 mm)
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Figure 4. Cavity failure (no compensation)
a) Multi-particle simulation (the beam is spread continuously)

b) Beam profile (the beam is completely lost)
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Figure 5. RF source trip/coupler trip
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δϕ = + 30° / m

Figure 6. Cavity failure – phase compensation
a) Multi-particle simulation

b) Phase and energy profile
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Figure 7. RF scheme
Advantages :
•Lower cost
•Lower number of
components

2 MVA
Power Supply

1 MW Klystron

Disadvantages :
•Vector-sum control
•Loss of eight cavities
in case of trip
•Higher amplitude and
phase errors
•Additional losses
•Lower efficiency
•Splitters and high
power components

Figure 8. Alternate RF scheme

Advantages :
•Individual control
•Loss of one cavity in case of failure
•Very good amplitude and phase control
•Low losses
•High RF efficiency
•No splitters, low power RF components

Disadvantages :
•Slightly higher
cost
•Higher number of
components

1.6 MVA
Power Supply
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Figure 9. IOT vs. klystron

• Better efficiency in back-off regime
• Room for improvement (efficiency goal 75%)
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OVERVIEW OF ESS, R&D EFFORTS AND RESULTS

I.S.K. Gardner
Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, UK

Abstract
A study for a future European Neutron Source based on a 5 MW accelerator with two spallation
targets was completed in 1996 by a consortium of European institutes. The study was funded by the
participants and by the CEC under the HCM programme. An R&D phase has now begun to address
topics identified in the study. A brief description is given of the European Spallation Source (ESS)
design and its progress along with the status of the accelerator R&D programme.
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Introduction
The specification for the ESS was established in 1991, and is as described in the following table:
Beam power

5 MW

Beam energy

0.8-3.5 GeV

PRF

50 Hz

Pulse length

~1 µs

Two targets

50 Hz & 10 Hz

Average neutron production

Equivalent to ILL

The ESS design study was completed with publication of a report to the European Commission
in November 1996 [1]. Since then the R&D phase has started to tackle the problems identified in the
study, to rectify weak links in the original design and to consider alternative ideas. The reference
design of the accelerator proved its feasibility, provided that several developments could be achieved,
and gave a satisfactory cost estimate. Further study in the R&D phase has identified that some changes
to the design are required. The current status of the accelerator design and the development progress
are outlined in this report.
The facility consists of a 1.3 GeV H– linac that delivers beam to two compressor rings.
The compressor rings are filled sequentially using multi-turn H– beam stripping injection. This process
is completed in about 1 ms and the linac beam is chopped at the revolution frequency of the rings to
leave a gap in the circulating beam for fast extraction kicker magnets. The two rings are emptied
sequentially and the two beam pulses are combined in a beam transport line with a kicker magnet and
a septum magnet forming an intense, double proton pulse of about 1 µs length. This process is
repeated at 50 Hz. The pulses can be fed to either of the two spallation targets with one target
operating at 10 Hz and the other operating at up to 50 Hz. The accelerator is designed to achieve
sufficiently low beam losses that “hands on” maintenance is normal for the majority of the accelerator.
Consideration is also given to achieving the very high reliability necessary for a pulsed neutron source
with a large user community.
The accelerator design status
The linac design [2] has evolved to that shown in Figure 1 with alternative designs for the main
part of the acceleration being either a normal conducting coupled cavity linac (NCCCL) or a
superconducting linac (SCL) operating at 560 MHz. It is planned to make the choice between NCCCL
and SCL at the end of 2001, by which time a good design and cost estimate of the SCL will have been
established and the preliminary SCL R&D will be completed. Meanwhile the NC version will be taken
as the new reference design. Studies of the beam funnel showed that the beam energy had to be
increased to 20 MeV to obtain short enough bunch lengths for effective funnelling and this requires
the use of two prior drift tube linac (DTL) sections. The reduction in operating frequencies from
175, 350, 700 MHz to 280, 560 MHz is a good compromise for various linac stages. The peak bunch
current in the main part of the accelerator is reduced by a factor of two compared with the original
reference design as each RF cycle now contains beam. Complete beam tracking with space charge
effects has now been carried out from the RFQ through the beam chopper, the DTL, the funnel, the
CCDTL and the CCL, Figure 2. The final beam emittances are a factor of two, lower in the transverse
planes and a factor three lower in the longitudinal plane in comparison with the earlier design.
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Figure. 1. The current linac reference design
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100 MeV

1.334 GeV

Figure 2. Beam plots, RFQ output to chopper to DTL to funnel to CCDTL to CCL

The lower radio frequencies may allow the use of more efficient power sources such as inductive
output tubes (IOTs), a feature which is important for the reduction of operating costs. The use of IOTs
rather than klystrons would also reduce the construction costs and should lead to improved reliability,
as IOTs do not require high voltage pulse modulators.
The compressor ring design has also evolved to reduce the very high temperature predicted for
the H– to proton beam stripping foil. Several options for reducing the temperature have been
investigated. The first has been to increase the chopping duty factor of the linac beam from 60% to
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70%. The second option has considered the JAERI proposal to use laser excitation and undulator
magnet beam stripping. A new ring that incorporates this scheme is shown in Figure 3. However, the
scheme does not yet have a solution with acceptable emittance growth. The third option uses an
increased circumference ring to reduce the number of foil interactions from the circulating beam and
this design is shown in Figure 4. The circumference is increased by 34.6% compared with the original
reference design, and the additional straight section per super period simplifies the design of the beam
loss collection system. Options one and three are now adopted for the reference design. The modified
site layout, which is not greatly different from the original, is shown in Figure 5.
Figure 3. Compressor ring with laser and undulator magnet stripping or foil stripping

Figure 4. The increased circumference compressor ring
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Figure 5. The modified ESS site layout

The programme of work
Summary
The programme of work is shown in Figure 6 along with the institutes involved in the various
tasks. Some of the tasks do not yet have effort or money allocated to them. However, as the work
progresses additional participants are joining. The first phase of the R&D programme is planned for
completion by the end of 2001. By this time it is anticipated that a suitable H– ion source, a 2.5 MeV
RFQ and a beam chopper will have been built, and the beam parameters measured. Successful
completion of this will allow progress to the next stage of the linac R&D that will build and develop
–
stages for a two-beam funnel. The development of a chopped, funnelled beam of 114 mA of H ions at
50 Hz with 5% duty cycle at 20 MeV with the required beam emittance and energy spread will provide
the necessary high level of confidence for the successful design of the later linac stages.

103

Figure 6. Programme of work and institutes involved with various tasks
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Progress
•

Task 1 and 2 are summary tasks.

•

Task 3: H– volumes source 1
Significant progress has been achieved with this source at Frankfurt. Currents of up to
140 mA at 50 Hz and 5% duty cycle have been obtained with low residual electron current.
The emittance values inferred from beam profile comparisons look satisfactory but further
measurements and longer operation of the source are required.

•

Task 4: H– volume source 2
The next stage of the volume source R&D is to provide a suitable version for installation on
the RFQ and chopper test stand. At present this work is not funded and lacks resources.

•

Task 5: H– penning source 1
The penning source development is progressing at Rutherford Laboratory with currents of
over 50 mA obtained at 50 Hz but at 1% duty cycle. A new ion source test stand is nearing
completion.

•

Task 6: H– penning source 2
The development of a penning source for the ESS RFQ is awaiting the completion of the
performance measurements of the ISIS RFQ. There is also an investigation of an ECR source
at CEA-Saclay.

•

Task 7: H– ion source diagnostics
Although no new source beam diagnostic devices have been developed, sufficient devices
exist at Frankfurt and RAL for the present work programme.

•

Task 8: RFQ diagnostics
Devices that are now being built for the ISIS RFQ will be available for the ESS RFQ when it
is built.

•

Task 9: Start ISIS RFQ tests
Low power RF and vacuum tests have been carried out at Frankfurt. The RFQ is installed on
its test stand at RAL and high power tests have taken place to the full power value at 2% duty
cycle. A series of 5% duty cycle tests for ESS will follow the beam tests.

•

Task 10: Start ISIS RFQ beam tests
Test stand components are now available at RAL and the ISIS RFQ is installed Figure 7.
Beam testing will be started after the final assembly and checking.

•

Task 11: Build ESS RFQ RF supply
Negotiation with firms for the commercial development of a suitable supply is under way.
It is anticipated that this can be delivered in the year 2001. This will form the basis of the
development of high efficiency RF systems.

•

Task 12: Design & build ESS RFQ
The design of the 2.5 MeV, 280 MHz RFQ is progressing well as a collaborative effort
between Frankfurt and RAL. The beam dynamics study is near to completion and the first
mechanical and RF design is being established.
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Figure 7. The ISIS RFQ on the ISIS/ESS test stand

•

Task 13: ESS RFQ tests start
It is anticipated that the first ESS RFQ tests may take place a little later than planned.

•

Task 14: Design & build the beam chopper
The beam dynamics design of the beam chopper is now completed and RAL, Frankfurt and
Uppsala will build the hardware. Use will be made of the development work carried out at
LANL for the SNS.

•

Task 15: ESS RFQ beam tests
The tests will be started on programme as long as sufficient resources can be found.

•

Task 16: Chopper & RFQ beam tests
The tests will be started on programme as long as sufficient resources can be found.
Satisfactory conclusion of this test will mark the end of Phase 1 of the Accelerator R&D
programme.

•

Task 17: Funnel & DTL development
A good beam dynamics design for the funnel and DTL now exists. This development marks
the start of Phase 2 of the accelerator R&D programme and will start after a review of the
whole ESS design. Commitment to this part of the programme should only be made if the
ESS has a high chance of approval.

•

Task 18: Full front end test
This will mark the end of the linac front-end development and should provide a working front
end for the ESS linac. Some of the prototype devices may need to be replaced.
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•

Task 19: Develop code and tracking
Considerable progress has been made with the tracking codes as a collaborative effort
involving Jülich, Frankfurt University, RAL and LANL. Tracking codes and data now exist
for all parts of the accelerator although some of this work needs to be updated for the new
reference design. The understanding of beam halo production has improved with good
comparison now between tracking and theory predictions [3,4]. Extensive study has been
made of the space charge effects during ring injection.

•

Task 20: Linac cavity modelling & RF
Theoretical cavity designs have been developed for all the major sections of the linac using
SuperFish and, in some cases MAFIA. Surface fields impedance values and cooling
requirements have been estimated. Outline mechanical designs have commenced. The work is
not yet published. At a later stage these designs will be studied further. The RF power
systems development is not yet started but the development programme for higher efficiency
RF sources is being planned.

•

Task 21: Injection development
This covers Tasks 22 and 23.

•

Task 22: Foil system
Stripping foil temperatures have been estimated for both carbon and aluminium oxide foils.
The estimated temperature of an aluminium oxide foil is above its melting point but the
carbon foil temperature remains below its melting point. The increased ring circumference
improves this situation. Further work is required to establish the rate of sublimation of the
carbon foil and to see if alternative foil stripping schemes are possible.

•

Task 23: Laser stripping system
Laser excitation and undulator magnet stripping is the subject of a JAERI led collaborative
proposal being considered by JAERI, LANL, RAL and possibly CIEMAT. Initial studies
indicate that the required laser and undulator magnet need some development and that the
present scheme generates too large an increase in beam emittance. The initial study will
continue.

•

Task 24: Diagnostics development
Uppsala may develop further devices as resources become available and the need increases.

•

Task 25: Ring impedance studies
INFN and RAL have carried out an initial study of ring components. Silver or copper plating
of the internal faces of vacuum components has been suggested to decrease the resistive
impedance of vacuum components. Deposition of titanium nitride is also under consideration;
this reduces electron emission coefficients and hence the likelihood of EP instabilities.
Further work is likely to await more detailed design of the rings.

•

Task 26: Summary of the superconducting Linac R&D

•

Task 27: Design of SCL for costing
Progress is being made with the initial SCL design. This is benefiting from the SCL cavity
design work at CEA Saclay and the linac design work at Jülich.
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•

Task 28: Define the SCL R&D programme
Not yet completed.

•

Task 29: Cost the R&D programme for the SCL
Not yet completed.

•

Task 30: Cost the SCL
Not yet completed.

•

Task 31: Initial SCL R&D
Some preliminary studies of SCL low beta cavities are being started now.

•

Task 32: Compare SCL and NCCCL designs
This task will consider the benefits and drawbacks in terms of R&D, construction and
operating costs, comparison of the estimated reliability, and sensitivities to accelerating field
errors and misalignments for the two alternatives.

•

Task 33: Design review
On completion of Phase 1 of the R&D programme a design review will be carried out.

•

Task 34: Continue SCL or RT accelerator development.
Phase 2 will start in 2002 assuming there is a good chance of the ESS being approved.
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EXPERIENCE AND FEATURES OF SINQ RELEVANT TO ADS

Günter S. Bauer
Spallation Neutron Source Division
Paul Scherrer Institut
CH-5232 Villigen-PSI, Switzerland

Abstract
SINQ is the only dedicated spallation neutron source world-wide operating at the 1 MW beam power
level. Experience with the driving system of isochronous cyclotrons shows that high availability
should be achievable in a single use machine and extrapolation to the multi-megawatt level is
reasonable. The present water-cooled target is taken advantage of to carry out an extensive materials
irradiation programme in a mixed proton, fast and thermal neutron spectrum characteristic for
spallation targets It also yields information on the production and control of radioactivity in the
cooling water. Efforts to develop a liquid metal target in the framework of the international MEGAPIE
collaboration aim at developing and testing an extensively instrumented PbBi target in order to gain
experience with this system under realistic operating conditions, including frequent beam trips which,
for the time being, are still a fact of life. The extensive R&D programme accompanying this effort will
yield a variety of design input data which will be validated through the operation of the MEGAPIE
target at a power level near 1 MW.
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The SINQ spallation source system
Accelerators and beam line
The spallation neutron source SINQ is an add on to a cascade of three accelerators originally
designed and built for a variety of applications in basic and applied science. A Cockroft-Walton
800 keV pre-accelerator feeds into a 72 MeV injector cyclotron which injects the proton beam into the
eight sector ring cyclotron for acceleration to the final energy of 590 MeV. The beam, which is extracted
from the ring at an efficiency of 99.99% (an important feature to allow hands on maintenance) is used
in a large complex of experimental facilities, as shown in Figure 1. This multiple use of the beam
implies a large number of electrostatic and magnetic devices, many of which run at their design limits
as a consequence of the various intensity upgrades the facility underwent during the course of its
history. Many of the beam interruptions that limit the availability of the PSI accelerator system are due
to difficulties in these devices, which would be absent in a dedicated ADS accelerator. Nevertheless,
the overall availability of the PSI accelerator (mAh delivered per mAh scheduled) ran at a respectable
overall value of 91% during the year 1999, as shown in Figure 2. While in some weeks effectively
100% could be scored for the combined system of accelerator, beam transport line and SINQ target
station, some serious interruptions were mostly caused by devices peripheral to the accelerator.
The most significant ones are displayed in Figure 2. It is only in the week 49/50 that a component
internal to the accelerator, namely the extraction system, caused a major interruption. On a good day
the number of short (mostly RF related) beam trips can be as low as 10 (Figure 3), which is roughly a
five-fold improvement over the previous years [1]. Much of this improvement is due to the growing
awareness of the importance of such trips as the beam power and hence the thermal load on
components increases. A discussion of causes for beam interruptions caused by the RF system can be
found in [2].
Figure 1. The PSI accelerator complex and its associated experimental facilities
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Figure 2. Beam statistics of SINQ in the operating period of 1999 (weeks 11 through 50)
The causes for the most serious losses were: (1) flooding of the river and hence loss of heat sink,
(2) failure of a bending magnet (AHB), (3) failure of the beam splitter for proton therapy and (4) failure
of the extraction system in the main cyclotron. The total charge on target in this period was 4 710 mAh.
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Figure 3. Beam current on the SINQ target over a period of 25 hours around 6 June 1999
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It should be noted that, during the course of the year 1999, the proton current was continuously
upgraded from 1.5 to 1.8 mA, which also introduced some instability in the operation. Fifty-five
per cent of this current was available for SINQ due to losses primarily in the pion production target
“E”. The thickness of this graphite target was reduced from 6-4 cm in week 44, which increased the
fraction of beam available for SINQ to 69%. Together with the ongoing programme to raise the beam
current in the accelerators to 2 mA, this will result in nearly 1.4 mA and a peak current density of
about 35 µA/cm2 on the SINQ target. Since the peak current density is one of the most serious
operating parameters for an ADS target window, this will provide important input data for the design
of such windows.
The operation of the PSI accelerator system and its various upgrades from the original design of
100 µA to presently 18 times this value showed that cyclotrons can be run safely and reliably in the
1 MW power regime. It also provided enough experience to allow extrapolation to significantly higher
power levels as detailed in another paper in this conference [3].
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When passing through target E the proton beam gets scattered and occupies a much larger phase
space volume afterwards than when it exits the accelerator. This makes it necessary to scrape the halo
with collimators in order to be able to recapture a well-defined beam for low loss transport to the
SINQ target station. About 300 kW of beam power are dumped in the environment of target E, which
requires special provisions for remote handling of the components in this region. A system of inserts
which can be removed upwards into shielded casks and a specially equipped hot cell called “ATEC”
(cf. Figure 1) were devised to accomplish this task.
The beam, after scraping and recapturing, is bent downwards through an angle of 28° and,
following a 12 m long drift section, back in the horizontal direction [4]. While losses are still relatively
high in the drift section, the accessible part is designed for hands-on maintenance with loss levels
around 10-4/m (Figure 4). In this region the apertures of all elements in the transport line are between
20-26 cm. Two dipoles are used to bend the beam into the vertical direction for injection into the
target from underneath. The last one of these magnets (cf. Figure 5), which generates a 64° bend,
together with its support structure weighs nearly 80 tonnes. Just below the target a set of three
collimators are provided to prevent beam line components from being activated by neutrons from the
target and to avoid deposition of protons into the central tube which separates the proton beam vacuum
from the heavy water of the moderator surrounding the target. Their apertures closely follow the beam
envelope with a crossover point about 2 m below the target. In this way one can be sure to have the
desired beam diameter of 10 cm on the target. In order to prevent ground water activation from
spallation neutrons passing through the collimator in backward direction, a shielded catcher was
placed below the big bending magnet and an additional block of steel was buried into the foundations
of SINQ.
Figure 4. Beam losses along the transport line between target E and SINQ [5]
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Target station
The SINQ target station is a polygonal block with an average diameter of about 6 m, 4.5 m of
which are filled with densely packed steel to reduce the radiation levels at its outside to what is
allowed for a permanent work space. In order to capture the neutrons from the “iron windows” a
30 cm thick layer of borated concrete surrounds the steel shield. A vertical cut through the target block
and its associated section of beam transport line is shown in Figure 5. The innermost region is a 2.2 m
diameter heavy water tank serving as a moderator for the fast neutrons generated in the target.
The target insert is a 4 m long structure with 40 cm diameter in its upper half and 20 cm in its lower
half, which is suspended at its upper edge from the target block. Beam extraction channels for thermal
neutrons penetrate the shielding through tapered casings which have a cross-section of 1 × 1 m2 at the
outside in order to allow maximum flexibility for the user-defined design of the inserts. Most of the
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Figure 5 Partial vertical cut through the SINQ target station

space in these casings is filled with steel for shielding. Exchange of a target is accomplished by using
a heavily shielded exchange flask which is equipped with its own hoist to pull the target up and weighs
about 60 tonnes when containing the target. In order to put this flask in place, the 6 m thick layer of
concrete which is stacked above the target to minimise sky shine during operation must be removed.
The amount of shielding used at SINQ is also relevant for an ADS, since it is determined by the
high-energy neutrons emitted from the target.
Target development
Present solid target
For the commissioning phase of SINQ a relatively simple concept of a heavy water cooled rod
target was used, although the general concept of the facility had included a liquid metal target from the
very beginning [6]. This was mainly because the database to design a liquid metal target was
considered as insufficient at that time. SINQ being optimised for high time average thermal and cold
neutron flux, rather stringent selection criteria apply as to what materials can be used in or around the
target [7], especially with respect to neutron absorption. In this context it turned out that zircaloy as a
target material would be as efficient as tungsten or tantalum despite its lower mass and neutron yield,
because of its low absorption cross-section. Since this is a well-proven nuclear material, it was
selected for the first targets. The target is designed as an array of rods held in a hexagonal case and
cooled in cross flow by heavy water. It is contained in a double walled and separately cooled
aluminium hull which separates the target coolant from the vacuum of the proton beam. The rod
bundle is suspended from the shielding insert by means of an aluminium tube, which separates the
down flowing water at its outside from the up flowing one inside. The left-hand side of Figure 6 shows
a schematic representation of the solid target arrangement.
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Figure 6. The solid (left) and liquid (right) metal targets for SINQ

TARGET
SHIELDING
AND
SUPPLY
SHAFT

The first zircaloy target was removed from its operating position after half a year of use, having
received a total of 0.5 Ah of beam. Although some discoloration was visible on the surface of the
target rods, indicating the effect of radiolytic oxygen, no serious concentration of hydrogen could be
detected in the volume using neutron transmission radiography [8]. Tensile testing of samples cut from
the rods showed that the ductility of the zircaloy had decreased from 15% to 6% after as little as
0.2 dpa but did not change afterwards up to the maximum of 1.2 dpa which parts of the target had
undergone. Target MARK II was basically of the same design as the first one but contained roughly
1 500 small test specimens in 10 capsules plus some 15 rods of different materials specially prepared
for post irradiation examination (PIE), some of which were equipped with thermocouples to monitor
the level and evolution of the centre line temperatures during use [9,10]. In particular lead-filled steel
tubes were included as prototypic target elements for the next generation of SINQ targets (MARK III).
Figure 7 shows some examples of temperature recordings in different rods over a period containing
two short beam trips. It can be seen that the temperatures remain within very reasonable limits but follow
very closely any change in beam power. No change in this behaviour was observed over the whole
period (2 years, corresponding to 6.77 Ah) of use. Removal of the target is due in February 2000 and
PIE of the test rods will be started after about 6 months of cooling down.
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Future solid target
The next target prepared for SINQ now basically consists of lead-filled stainless steel tubes
(316Ti) and contains another nearly 2 000 test specimens plus four rods in which steel samples will be
irradiated in contact with liquid metal (PbBi and Hg). This endeavour is carried out under a large
international collaboration and will produce valuable data for the design of ADS. In particular there
will also be a wealth of information on the behaviour of zircaloy at high dose levels in a spallation
spectrum, which, to date, is missing completely.
By operating a water-cooled spallation target at a megawatt of beam power, SINQ has also
produced (and will continue to produce) important information on the radioactivity in the cooling
loops and its effect on the loop components as well as on possibilities to control the radiation levels
around the water circuits. Initial results were reported in [11] and will not be reproduced here.
It should be noted, though, that the system of filters and ion exchangers used in a 10% bypass flow in
the SINQ cooling loops were found to be fairly efficient in removing the 7Be from the walls of the
circuit pipes where it had deposited when the purification system was not in operation. Since solid
targets are being considered in some ADS concepts, SINQ may be a valuable source of information
concerning the layout and operation of the water cooling loops.
Liquid metal target
In pursuit of the original concept of a liquid metal target PSI has recently joined efforts with a
group of laboratories interested in testing a PbBi pilot target for ADS at a megawatt of beam power.
This initiative was named MEGAPIE (MEGAwatt PIlot Experiment) and was initiated by CEA
Cadarache/CNRS Saclay (France) and Forschungszentrum Karlsruhe (Germany) [13]. Apart from PSI
it has in the meantime been joined by ENEA (Italy). JAERI (Japan) has also expressed interest in
participating.
Although the conceptual and detailed design for the MEGAPIE target will be worked out within
the collaboration, a basic design has been drafted in order to visualise some of the essential features to
be incorporated in the target. In some aspects this design takes into account results from preliminary
studies carried out by PSI in pursuit of liquid metal targets for the European Spallation Source (ESS)
project [14] and for SINQ. A sketch is shown in the left part of Figure 6. In its outer dimensions this
target is identical to the one presently in use at SINQ.
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The lower (20 cm diameter) part of the target consists essentially of a double-walled and
separately cooled containment shell, the liquid metal confinement hull with a beam entrance window
cooled by the liquid metal, and a central guide tube to separate the downward flow of cooled target
material in the outer annulus from the upward flow of heated material in the central region. The concept
foresees, subject to computational verification, thermal convection as the main driving force for the
flow. Since this is a self-regulating and passive process, it should facilitate the task of adjusting heat
removal and auxiliary heating to variations in the power deposited by the beam. Auxiliary heaters are
foreseen along the inner guide tube above the region of beam interaction. A hemispherical shape of the
windows of the confinement hull and containment shells is proposed in order to minimise stresses
from thermal gradients. This requires special care to ensure proper cooling. Although experimental
results seem to suggest that there is enough turbulence and chaotic motion in an essentially
axisymmetric flow to avoid hot spots [15], it was found [16] that the cooling in the beam centre region
can be improved significantly if a partial stream of the target flow is pumped by an auxiliary pump and
directed across the beam window by means of a separate flow guiding tube as shown on the right of
the central guide tube in Figure 6. For the containment shells the existing cooling concept shall be
retained.
Located in the upper (40 cm diameter) part of the target are the bypass flow pump (shown as an
electromagnetic pump which can be removed upwards), the heat exchanger (shown as double-walled
with a suitable medium in the inter-space to optimise the temperature dependent heat transfer) and any
components that might be necessary to survey and control the performance of the target and the
quality of the liquid metal. A steel shielding block with feed-throughs for the cooling water, etc. will
prevent excessive activation and dose levels at the target top to make possible hands-on uncoupling of
the target head from the water pipes for removal.
Preliminary studies have shown that from a thermal hydraulic point of view this target should
work at an even higher power level than required for SINQ and that there exists significant margin for
optimisation with respect to pump and heat exchanger size as well as the possibility to accommodate
the desired instrumentation for temperature and flow control. Details of this instrumentation will have
to be specified in the conceptual design phase.
It is planned to have a two years study phase to demonstrate in detail the feasibility of such a
target and to carry out the necessary R&D work including the safety analysis. After this a final
decision on the detailed design and construction of the target will be made.
Concluding remarks
Both in the field of cyclotron drivers and on the target side SINQ can rightly be considered the
most important technological test bed presently available for ADS development. Together with zero
power subcritical assemblies elsewhere it may help to strengthen confidence in the feasibility of such
facilities and to identify areas which require special solutions for an industrial installation, which
SINQ will never be. Also in this context the next generation research neutron sources such as ESS,
with 5 MW of beam power, deserve attention, because they will constitute an ideal intermediate step
between what is presently available and what the ADS community is aiming at.
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SUPERCONDUCTING RF CAVITY R&D WITH HIGH POWER
PROTON ACCELERATOR FOR THE JOINT PROJECT JAERI/KEK
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High Energy Accelerator Research Organisation (KEK), Accelerator Laboratory
1-1, Oho, Tsukiba-shi, Ibaraki-ken, 305-0801 Japan

Abstract
In 1999, KEK and JAERI signed to unify their mutual future projects in the fields of neutron science,
high-energy hadron physics, nuclear waste transmutation, etc., into one joint project. This Joint Project
requires a high intensity proton linac. It has been decided to use superconducting RF cavities in the
proton linac from energies of 400-600 MeV. The R&D of the SC cavities for the proton SC linac has
been continued for the NSP (the original JAERI project) and is ready to switch to the Joint Project.
Here, an overview of the status of the proton linac and the R&D with regard to the SC cavities are
presented.
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Introduction
On 18 March 1999, KEK and JAERI (Japan Atomic Energy Research Institute) signed an
agreement to merge mutual future plans into one project. Thus the Japan Hadron Project (JHP) at KEK
and the Neutron Science Project (NSP) at JAERI became one, and it was agreed to construct an
accelerator complex at JAERI’s Tokai site. In this Joint Project, a 600 MeV high intensity proton
linac, a 3 GeV rapid cycle synchrotron (RCS) and a 50 GeV synchrotron are to be constructed.
One challenging issue for the accelerator complex is the high intensity proton linac, and it has been
determined to use superconducting (SC) cavities for this purpose.
Five years ago, the R&D of SC cavities for the high intensity proton linac was begun by a
JAERI/KEK collaboration for the NSP, which had been proposed for the fields of neutron science and
nuclear waste transmutation. For this co-operative effort, JAERI built the required equipment at its
Tokai site: 900°C vacuum furnace, Class 10 clean room, ultra-pure water making system, high
pressure water system, vertical cold test system, etc. After TRISTAN, KEK continued the basic R&D
for future SC applications at L-band: TESLA, FEL, SC proton linac, etc., and established the high
gradient and high Q cavity fabrication technique: Eacc > 30 MV/m, Qo > 1 × 1010 [1]. Through the
in-house fabrication of several 600 MHz medium SC cavities by KEK staff with JAERI personnel in
attendance, the most advanced of these SC technologies were transferred to JAERI. In preparation for
such technologies, JAERI had designed a 600 MHz, 15 GeV SC linac for the NSP [2] and was
concentrating on the study of SC pulse operation, which remains a challenging issue for the Joint
Project. This pulse operation study continues to progress, and will eventually be realised with a
cryomodule including β = 0.604, 600 MHz, two five-cell cavities in 2000. On the other hand, from
the realistic point of view, KEK started to study the reliable cavity horizontal assembly method in
order to maintain excellent accelerator performance. The Joint Project chose a different RF frequency
(972 MHz) from that of the NSP (600 MHz). A new SC linac design is now in progress, but other
basic studies based on the NSP still continue. Preparation of the 972 MHz SC has just begun, but no
hardware currently exists. In this paper, the SC linac in the Joint Project, the SC linac design, the R&D
status on 600 MHz medium β structure and the horizontal assembly study are described.
Overview of the high intensity proton linac for the Joint Project and system design of the 972 MHz
SC linac
Overview of the linac [3]
As shown in Figure 1, the accelerator complex in the Joint Project consists of a 600 MeV proton
linac including a SC linac from 400 MeV, a 3 GeV RCS and a 50 GeV synchrotron. The proton beam
will be injected from the 400 MeV normal conducting linac to the 3 GeV RCS at the early stage.
After the SC linac pulse operation is established, the injection will be switched to the SC linac.
This accelerator complex allows beam powers of 1 MW at the outlet of the 3 GeV RCS and 750 kW
after the 50 GeV synchrotron. Neutron science experiments or other high-energy nuclear physics will
be performed using the proton beam from the 3 GeV RCS. The transmutation study will be conducted
using the 600 MeV proton beam from the SC linac. A neutrino beam will be injected to the
Super-Kamiokande from the 50 GeV synchrotron. In the second phase the beam power will be
upgraded to 5 MW for the neutron science. Continuing upon this upgrade path, two choices are
considered: a combination of an extended 1 GeV SC linac and a storage ring, or an additional RCS
(adding another RSC) with upgraded current and energy. The parameters of the 600 MeV linac are
summarised in Table 1. This linac accelerates negative hydrogen ions at the peak current of 50 mA.
The RFQ (3 MeV), DTL (50 MeV) and SDTL (separated DTL, 150 MeV) located upstream of the
400 MeV normal conducting linac use the frequency of 324 MHz. The frequency of CCL (200 MeV)
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Figure 1. Schematic view of the Joint Project

Table 1. Parameters of the 600 MeV linac
Energy
Repetition
Beam pulse width
Chopping rate
Frequency
RFQ, DTL, SDTL
CCL, SSL
Peak current
Linac average current
After chopping
Total length of DTL,
SDTL, CCL and SCC

600 MeV
50 Hz
500 µs
57%
324 MHz
972 MHz
50 mA
625 µA
333 µA
350 m

and the SC linac (200 MeV) is a 972 Hz. This scheme was just recently agreed upon between JAERI
and KEK. The R&D of SC RF cavities continues based on the NSP frequency of 600 MHz. For the
new frequency of 972 MHz, the design of the SC linac has begun, but the R&D for the cavity has not
yet commenced.
System design of the 972 MHz SC linac [4]
β-grouping of the SC linac
As a proton has a heavy mass, the accelerated speed can not reach the light velocity (c) in our
accelerating energy range, e.g. the β (= v/c) value is 0.71 at 400 MeV and 0.88 at 1 GeV. It is costly to
fabricate each SC cavity cell to fit to the proton’s β as normal conducting cavities. A cost effective
fabrication method is to separate into several β sections, however, it results in a phase slipping
problem, and leads to the beam emittance growth of the proton beam. Therefore, this β-grouping has
to be performed with precaution, always keeping in mind the emittance growth. In this design a
scheme with a same phase slip (<10°) at each cell was considered. Three values of β were chosen for
the range 397-600 MeV: β = 0.725, 0.751, 0.778. An additional three values were chosen for the range
600-1 000 MeV in the second upgraded phase: β = 0.806, 0.833, 0.861. The seven-cell structure was
selected considering HOM, mechanical vibration effect and handling RF power with an input coupler.
The cavity shapes are presented in Figure 2 and the RF parameters are summarised in Table 2.
The average synchronous phase angle is a -35° in this design.
123

Figure 2. Cavity shapes of the preliminary designed 972 MHz SC cavities

Table 2. Cavity parameters of the designed structures

Lattice design
The lattice configuration is shown in Figure 3. One focusing period consists of a doublet
Q-magnet and one cryomodue containing two seven-cell cavities. The operation field gradient is
supposed to be a 20 MV/m in Ep (Eacc ~ 7 MV/m) for the 397-600 MeV range, and a 24 MV/m in
Ep (Eacc ~ 10 MV/m) for the 600-1 000 MeV range. The length between the cavity end and the
Q-magnet is supposed to be 85 cm. The resultant design parameters for the SC linac are summarised
in Table 3. To suppress the longitudinal emittance growth, the following equipartioning condition for
the magnetic field was used:
γ⋅

ε nx z
⋅ =1
ε nz a

(1)

where εnx is a transverse normalised emittance, εnz is a longitudinal normalised emittance, a is a
transverse bunch length, z is a longitudinal bunch length and γ is the Lorentz factor. Besides this
condition, for H– ion acceleration the Lorentz stripping effect with a magnetic field has to be
considered. This effect is presented by the following equation:
B
 A 
f =   ⋅ exp − 2 
 βγcB 
 A1 

(2)

where f is a beam loss ratio per one meter, B [Tesla] a magnetic field strength, A1 = 2.47 × 10–6 [Vs/m]
and A2 = 4.49 × 109 [V/m]. In this design, the number of f = 10–8 [m–1] was used. The beam duct radius
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Figure 3. Schematic view of the lattice structure

Table 3. Designed parameter for the SC linac

is supposed to be 5 cm. For each Q-magnet the magnetic field gradient was fixed so as to be a smaller
value by 10% as a margin from the Lorentz stripling limit by the Eq. (2). The criteria for the lattice
design that zero current transverse phase advance should be smaller than 90° was set. The designed
Q-magnet field distribution is presented in Figure 4.
Figure 4. Designed Q-magnet field distribution

Emittance growth in the designed SC linac
The designed SC linac section is 257 m long for 1 000 MeV. Using the code PARMILA, modified
for the SC linac, RMS emittances are calculated along the system. The results are presented in
Figure 5. The emittance growth ratio is on the average 2% between the x and y directions with the
transverse, and close to zero with the longitudinal. The low emittance growth in the longitudinal
shows the availability of the equipartitioning condition in Eq. (1).
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Figure 5. RMS emittance growth by the beam simulation

Evaluation of control errors
In the first phase, the proton beam will be injected into the 3 GeV RCS through the SC 600 MeV
linac. The requirement from the 3 GeV RCS injection is ±0.1% with phase error (∆p/p). This condition
corresponds to an energy error of ±0.97 MeV. To see the possibility of this injection condition with
the designed SC linac, the energy error at the outlet of the SC linac was evaluated. The energy error is
contributed from the errors in phase and amplitude in the SC cavity control, and also comes from the
error in the normal conducting linac section at the upstream. For the SC linac section, 1° in the phase
error and 1% error is the amplitude that was considered. Such error conditions are realised with an
enough margin in the TTF pulse operation experience with the 150 MeV electron SC linac at DESY.
The phase and amplitude errors were given by random numbers changing the initial number variously.
The 1° error in phase corresponds to 0.19 MeV and 1% error in amplitude is 0.23 MeV in such a
calculation. Here, a 0.2 MeV was supposed as the error for the normal conducting linac. Supposing
these errors are independent of each other, the total energy error is calculated as following.
2
2
2
σ = σ injector
,error + σ amp ,error + σ phase ,error

= 0.2 2 + 0.19 2 + 0.23 2 = 0.36[MeV ]

This result suggests that the beam injection into the 3 GeV RCS through the 600 MeV SC linac is
sufficient. However, as other errors such as debunchers (which will be installed between the SC linac
and the 3 GeV RCS) will come into play, this information should be more carefully scrutinised.
The evaluated energy distribution at the outlet of the 600 MeV SC linac is presented in Figures 6.
The resultant energy spread of the beam is presented in Figure 7.
Figure 6. Average output energy at the 600 MeV
linac by 1 000 calculation in each error condition
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Figure 7. Energy spread of the beam by the error analysis

Pulse operation studies
Pulse operation with SC cavities in the Joint Project
Because of the long feeling time of SC cavities, generally speaking a rapid pulse operation is not
preferable to SC cavities. In such an operation, energy consumption at the rise and fall of pluses
considerably decreases the energy efficiency. However, the pulse length in the Joint Project is
sufficiently long to make the SC and normal conducting options competitive, even considering the
construction cost. On the other hand, the SC option has many advantages: the higher field gradient for
short accelerator length and the larger stored energy for stable operation, in addition the large bore
radius resulting in small beam losses. The most challenging issue is, however, how to overcome the
problem related to the pulse operation: Lorentz vibration or phase/amplitude control of the accelerating
field. In contrast to electron SC machines, a very precious control with phase and amplitude is required
in proton machines against the beam losses and also from the 3 GeV RCS injection requirement in this
Joint Project. The improvement of mechanical strength and sophisticated RF control technique using
digital feedback and feedforward are challenging technical issues for the SC pulse operation in the
Joint Project.
Static behaviour of the Lorentz deformation [5]
Electromagnetic fields (Es, Hs) on the cavity surface generate the surface stress as following:
p=

1
(ε o E s2 − µ o H s2 )
4

(3)

Generally SC cavities have a thin niobium wall to reduce the expensive material cost. The stress
deforms the cavity wall, then the cavity resonant frequency shifts (Lorentz detuning), e.g. -70 Hz for a
972 MHz seven-cell cavity, 3 mm thick and no stiffener and oscillates in the RF pulse. If the frequency
change is not negligible compared with the half bandwidth determined by the loaded QL value, the RF
feeding efficiency is reduced remarkably. The frequency oscillation brings the amplitude fluctuation
or phase oscillation in the field. This Lorentz deformation effect should be dumped by the next
RF pulse, otherwise, the effect is accumulated and results in the beam emittance growth. The Lorentz
deformation can be suppressed by making the structure mechanically stronger: using the thicker
niobium wall or welding stiffeners on the outer wall. However, a greater understanding of the process
is required to establish a precise RF control system. The Lorentz deformation is considered to be a
challenging issue in SC pulse operation, therefore an extensive effort has been continued based on the
NSP SC cavities.
Using the codes SUPERFISH (for the electromagnetic field calculation of cavities) and ABAQUS
(for the mechanical structure analysis), Lorentz deformation behaviour was simulated with static
response. Calculating the stress distribution on the inner surfaces by SUPERFISH and putting the data
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to ABAQUS, the deformation was estimated for a 600 MHz five-cell cavity 3 mm thick with
β = 0.604 and no stiffeners. The resultant stress distribution is shown in Figure 8(c). An important
feature is that the stress at the equator section acts to the outside direction and results in expanding it,
and acts inside at the iris section and results in pulling it. These stresses make L and C larger. As a
result, the Loretz force acts as to lower the resonant frequency. The other feature is that the stress is
smaller on the most end iris due to the field penetration into the largely opened beam tube, which
makes a symmetry braking in the mechanical vibration in the dynamic behaviour.
Figure 8. Surface field distribution and the stress
a) Cavity shape: 600 MHz, β = 0.604, five-cell structure 3 mm thick and no stiffener

b) Distribution of electromagnetic surface field

c) Stress distribution on the five-cell

Vibration modes analysis [6]
For the vibration analysis, eigen vibration modes are calculated for this structure using ABAQUS
with the boundary condition: one end is fixed and another side is supported by a spring constant with
60 000 N/mm accounting future tuner operation. The SC cavity usually has an axial symmetry and the
vibration freedoms are in the longitudinal and transverse. In this static analysis there are two kinds of
vibration mode, the first known as the “collective” mode at rather low frequencies, and the other
“half cell” mode at higher frequencies. These typical vibration modes are illustrated in Figure 9.
The Lorentz vibration should couple strongly to the half cell modes as understood from the
deformation distribution.
Dynamic response of the cavity [5,6]
For the Joint Project, a pulse operation with a beam pulse length 500 µs and a repetition rate of
25-50 Hz is required. RF power has to be fed into cavities synchronising it with the similar pulse
structure. The Lorentz deformation generated in the RF pulse will excite some eigen vibration modes.
To illustrate this, a simulation was performed. A trapezoid RF pulse with the following specifications
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Figure 9. Typical vibration modes analysed from the static deformation
a) Typical collective vibration mode

b) Typical half cell vibration modes

was designated: rising time 1 msec, falling time 1 msec and flat top 2 msec, total pulse width 4 msec.
To simulate the Lorentz vibration phenomenon, the time dependent stress with the RF pulse is put in
ABAQUS and the time dependence deformations are calculated. Then, the resonate frequency shifts
are calculated using SUPERFISH.
Figure 10(a) shows the results for the 600 MHz niobium five-cell cavity 3 mm thick with
β = 0.604. In this simulation the mechanical Q value (Qm) = 100 was supposed. Roughly speaking, the
resultant resonant frequency shift follows the RF pulse structure but the oscillation adds about 100 Hz.
At the flat top the frequency is shifted by a -200 Hz. Looking at this cavity vibration, the typical times
are as follows: t = 0.2 (rising), 1.0 (starting point of flat top), 2.0 (middle of the flat top), 3.0 (end of
the flat top), 4.0 (end of the (pulse), 8.0 msec (no RF pulse). These behaviours are presented in
Figure 10(b), and demonstrate that a half cell vibration mode is dominate up to the middle of RF flat
top, then collective vibration mode starts at the end of the flat top, and continues to the next pulse.
Looking at the displacement at the node #224, where has the maximum vibration displacement, it is
vibrating at about 120 Hz. This frequency corresponds to the collective second eigen mode. In the RF
pulse the half cell modes, which can not be controlled through the beam tube by a mechanical tuner,
might contribute dominantly with the Lorentz vibration, therefore we have to make the cavity
mechanically stronger.
Stiffening [5]
The cavity must be mechanically stronger to reduce the Lorentz vibration. We have calculated the
thickness dependence of the Lorentz detuning effect. Figure 11 shows the result for the 600 MHz
five-cell niobium cavity with β = 0.604. The Lorentz detuning is inversely proportional to the square
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Figure 10. Dynamic response of the cavity: 600 MHz, β = 0.604, 3 mm thick, no stiffener
a) Maximum displacement and the cavity resonant frequency

b) Time dependence of the displacement in the RF pulse

Figure 11. Wall thickness dependence of the Lorentz
detuning on the 600 MHz β = 0.604 five-cell structure
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of the wall thickness. Considering the RF power feeding efficiency with the cavity, the Lorentz
detuning should be smaller than 80 Hz with this cavity supposing QL = 1.35 × 106. For that the wall
thickness has to be thicker than 4.5 mm. On the other hand, cavities have to be vacuum evacuated at
room temperature (this is most dangerous as a high pressure vessel), then the maximum Mises stress
should be lower than 43 MPa from the yield strength of the high pure niobium material. This is
satisfied in the case of the thicker wall than 4.8 mm.
As shown in Figure 12(b), a cavity with stiffeners on the outer wall is also designed for the
600 MHz five-cell niobium cavity 4 mm thick with β = 0.604. The typical mechanical parameters are
listed in the Table 4. In this case the maximum Mises stress and the Lorentz detuning frequency are
satisfied with a relatively thin wall thickness (4 mm) but the stiffness becomes higher by nearly a
factor of 3 and the tuner power has to be increased. Considering the mechanical feature and the cost
performance, the thicker wall cavity seems to be the better choice.
Figure 12. Cavity design with stiffened structure for 600 MHz β = 0.604 five-cell structure
a) Thicker wall structure

b) Stiffening structure

Table 4. Mechanical parameters with the stiffened structure
Items

3 mm

4.8 mm

Thickness of stiffener (mm)

None

None

Thickness of beam pipe (mm)
Maximum Mises stress (Mpa)
Maximum displacement (mm)
2.5 cell
Spring constant (N/mm)
5 cell
Tuning sensitivity (Hz/µm)
5 cell
Lorenz detuning (Hz)*
Lorenz detuning (deg.)**

3.0
86.9

3.0
42.6

4 mm (end cell 4.8 mm)
4.0
(end cell without stiffener)
3.0
42.7

4.6

2.2

1.06

719.5

1 510.0

4 123.7

193.9

186.2

146.0

-205.2
42.7

-86.3
21.3

-79.7
19.7

* Tuner stiffness = 6 000 N/mm, ** QL = 1.35 × 106
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Modelling of resonant frequency vibration [7,8]
The resonant frequency vibration finally brings to phase or amplitude fluctuation of the acceleration
field in the SC cavity. These fluctuations have to be controlled by the RF feedback or feedfoward.
To establish parameters such as gain or response speed in such a RF control system, a computer
simulation of its operation should be performed. In this simulation we need a mathematical modelling
with the resonant frequency vibration. We have developed a mathematical equation to represent the
complicated vibration phenomenon through the combination of several eigen vibration modes.
Dividing the cavity wall into n sections and making a simultaneous deferential equation for the
many bodied system with 2n dimensions according to z-direction and r-direction, one can describe the
following equation:

[M ]{u&&} + [C ]{u&} + [K ]{u} = {F }

(4)

where [M], [C] and [K] are a vector with 2n-th dimension of mass, vibration resistance and vibration
constant respectively, {u} and {F} are a displacement vector and a surface stress vector, which are
calculated by the ABAQUS code. Eq. (4) can be rewritten with an eigen matrix [a] and an eigen
vector {ξ} presenting the amplitude of the eigen vibration ({u} = [a]{ξ}) as follows:

[M ][a]{ξ} + [C ][a ]{ξ} + [K ][a ]{ξ} = {F }

(5)

Diagonalsing the matrix equation, Eq. (5) is rewritten as:
&ξ& + ω mk ξ& + ω 2 ξ = 1 {a }T {F }
k
mk k
k
mk
Qmk
mk

(6)

where Ck/mk = ωmk/Qmk and ω 2mk = K k mk . ωmk is the eigen angular frequency of the k-th eigen
vibration, which is calculated from the general mass (mk) and spring constant (Kk) for the stationery
solution [d2ξmk/dt2 =dξmk/dt = 0 in Eq. (6)]. Qmk is the generalised mechanical Q value of the k-th
vibration. As the resonant frequency fluctuation of k-th mode, ∆fk can be presented as:
 δf 
 δf 
∆f k =   ⋅ {u k } =   ⋅ {a k }ξ k
 δu 
 δu 

(7)

the final equation being:
V
ω
2
∆&f&k + mk ⋅ ∆f&k + ω mk
⋅ ∆f k = K k  c
Qmk
 Vo
Kk =

[





]


1  δf 
T
  ⋅ {a k } ⋅ {a k } ⋅ {Fo }

mk  δu 


2

(8)

(9)

The surface stress {F} is linearly proportional to the square of accelerating voltage, thus it can be
calculated from a stress {Fo} at a fixed voltage Vo. Total resonance frequency shift ∆f is calculated by:
∆f =

(10)

2n

∑ ∆f

k

k =1
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On the other hand, the accelerating voltage (Vc) in the cavity is described by the following
differential equation with beam current Ib and RF generator current Ig:
r& r&
ωR
&r& ω r&
Vc + r ⋅ Vc + ωr2 ⋅ Vc = r L ⋅  I g + I b 

QL
QL 

(11)

where QL is the loaded Q value of the cavity, ωr the resonant frequency, RL = 1/2•(R/Q)•QL. Presenting
the RF field with the angular frequency ω as follows:
r
Vc = (Vr + iVi ) ⋅ exp(iωt ) ,

r r
r
I = I g + I b = (I r + iI i ) ⋅ exp(iωt )

(

)

(12)

the second order differential Eq. (11) is reduced to the following first order differential equation in the
approximation with QL >> 1 and ωr ~ ω [9]:
V&r  − ω1 2
& =
Vi  ∆ω

−∆ω  Vr 
 RL ⋅ I r 
   + ω1 2 

−ω1 2  Vi 
 RL ⋅ I i 

(13)

where ω1/2 is the half band width of the resonance and:
ω1 2 = ω (2Q L ) ,

∆ω = ω r − ω = 2π( f pre + ∆f )

(14)

where fpre is a pre-detuned frequency. In the RF control, Ig and Ib are known, then inputting the
calculated ∆f by Eq. (10) into (14), one can evaluate the voltage fluctuation with the Lorentz vibration
by Eq. (13). Feeding back or forward these evaluated results to the RF generator, one can control the
amplitude and phase fluctuations.
R&D of medium β SC structure
The R&D for medium β SC structures for a proton linac was started five years ago by the
KEK/JAERI collaboration for the NSP project. This collaboration has allowed a successful transfer of
SC technology from KEK to JAERI.
1 300 MHz β = 0.45 single cell [10]
As shown in Figure 13(a), the medium β structure has a smashed shape in the beam tube direction
in order to mach the acceleration length according to the proton velocity. In such a shape, multi-pacting
or field emission is a serious concern. Before going to a 600 MHz structure, KEK fabricated a
1 300 MHz β = 0.45 single cell niobium bulk cavity because they could be fabricated in-house and
tested very quickly. Ep/Eacc is a 5.1 in this cavity shape and Hp/Eacc is a 133 Oe/MV/m. This cavity was
cold tested and confirmed. There was no serious problem with the cavity performance. The result is
shown in Figure 13(b). The surface peak field of Ep = 53 MV/m was achieved, which corresponds to
10 MV/m with the accelerating gradient (Eacc).
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Figure 13. 1 300 MHz β = 0.45 single cell cavity
a) Designed shape of the 1 300 MHz
β = 0.45 single-cell cavity performance

b) Cold test result

600 MHz β = 0.5 and β = 0.886 single-cell cavities [5]
After the quick confirmation of the cavity performance with the L-band medium β single cell
cavity at KEK, two kinds of β, β = 0.50 and 0.886 at 600 MHz were fabricated. The cavity shape with
β = 0.889 is shown in Figure 14(a). These cavities were fabricated by KEK in-house with JAERI
colleagues. The fabrication technique followed the L-band cavity fabrication procedure. Half cells were
form by deep drawing out of 3 mm thick niobium sheets with 570 mm diameter and RRR = 250. After
trimming and lightly cleaning the parts with CP, half cells, beam tubes and beam pipe flanges were
jointed by electron beam welding. After completing the cavity, the inner surfaces were mechanically
ground by 100 µm by so-called barrel polishing, then electropolished by 30 µm. The cavities were
heat treated at 750°C for 3 hr at JAERI to eliminate the hydrogen Q-disease. Then high pressure water
rinsing (HPR) was carried out in a Class 10 clean room. After vacuum evacuation, they were cold
tested in the vertical cryostat at JAERI.
The test results are presented in Figures 14(b) for β = 0.5 and (c) for β = 0.889. The β = 0.5
cavity was twice. The first test was just followed the HPR after the heat treatment. The maximum peak
field of Ep = 44 MV/m was achieved with a high Q value of 5 × 109. The second test was performed
after air exposing for six months in the Class 10 clean room. Qo value was dropped due to the
oxidation but the Ep did not change at 2.1 K.
The other cavity with β = 0.886 was also tested twice, once just after HPR followed the heat
treatment and once after electropolishing by 30 µm after the first cold test. In the first test, a Q-slope
appeared in the Qo vs. Eacc curve at 2.1 K but the Ep was achieved at 47 MV/m, which corresponds to
Eacc = 24 MV/m. This kind of Q-slope was also seen in the β = 0.5 cavity [Figure 14(b)]. In the second
test after the additional 30 µm electropolishing, the Qo slope had gone and the Ep = 51 MV/m
(Eacc = 25 MV/m) was obtained. This result suggests contamination during the heat treatment.
The operation field gradient for the original NSP was Ep = 16 MV/m with Qo = 1 × 1 010. Therefore,
these results have a large enough margin for such a target performance.
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Figure 14. 600 MHz medium β single cell cavity
a) Designed cavity shape with 600 MHz β = 0.886 single cell cavity

b) Cold test result with 600 MHz
β = 0.50 single cell cavity

c) Cold test result with 60 MHz
β = 0.886 single cell cavity

600 MHz five-cell niobium cavities with β = 0.50 and β = 0.886
After the confirmation of cavity performance at 600 MHz single cell medium β cavities, we
fabricated five-cell niobium cavities with β = 0.5 or 0.886. As KEK’s electron beam welder was still
acceptable for the β = 0.5 five-cell cavity, it was fabricated by KEK in-house. On the other hand, the
β = 0.886 five-cell cavity was too long for the KEK’s electron beam welder, thus it was ordered from
a Japanese company (Toshiba). The fabrication and preparation procedures are the same as for single
cell cavities. Figure 15(a) shows the completed five-cell structure with β = 0.50. This cavity was
recently cold tested. The result is presented in Figure 15(b). An Ep exceeding the target value of
16 MV/m was achieved, but a serious Qo slope was observed at 2.1 K. This test was performed just
after HPR followed the heat treatment, so a contamination during the heat treatment is suspected as the
cause of the Qo slope. This cavity is awaiting the next test with electropolishing by 30 µm.
The other β = 0.886 five-cell structure was also recently completed, but is currently awaiting the
chemistry.
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Figure 15. 600 MHz β = 0.50 five-cell structure
a) Designed 600 MHz β = 0.50 five-cell structure

b) Cold test result

Reliable horizontal cavity assembly method
Accumulated knowledge for reliable operation for SC cavities
A very highly reliable operation is required for proton linacs, and this is particularly the case for
ADS. For reliable operation we have collected knowledge from the following electron machines: KEK
TRISTAN, CERN LEP-II or DESY HERA, CEBAF, CSER, KEK-B, etc. Our conclusions can be
summarised as follows.
•

Radiation light in storage ring makes trips of SC cavities associated to the gas adsorption.

•

Multi-pacting at input couplers or HOM coupler provokes trips.

•

Warming cavities up to 30 K reduces the trip rate.

•

Applying a bias voltage on the input coupler is very effective for the suppression of
multi-pacting and remarkably reduces the trip rate.

•

Cold windows should not face the beam.

•

Coaxial input coupler can handle 1 MW RF power.

•

Absorber type HOM coupler nicely works.

The material science has also been much improved for the high power window in the JLC activity
at KEK [11]. High isotropic pressuring (HIP) can improve the window breaking frequency
considerably so as to reduce voids in the material. Highly reliable operation will be attained in the
future SC machines by feeding back the knowledge.
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Reliable horizontal assembly study
Present SC electron machines are operated at the accelerating gradient of Eacc ~ 5 MV/m
corresponding to Ep ~ 10 MV/m. In the Joint Project the SC linacs are designed to be operated at
higher gradients: Ep ≥ 20 MV/m. In such a case, we have a problem in the horizontal cavity assembly.
Drawing from the TRISTAN experience, it is known that the cavity performance measured in the
vertical test is degraded after the horizontal cavity assembly, i.e. cryomodule assembly for installation
in the accelerator. Figures 16(a) and 16(b) show the performance degradation with Qo value and
gradient after the horizontal cavity assembly. Qo drooped to 1.7 × 109 in average from 2.5 × 109, which
corresponds to the additional surface resistance of a 60 nΩ. The gradient was also decreased to
Eacc = 7 MV/m from 10 MV/m. These performances, however, did not change in the operation in the
TRISTAN MR ring. Therefore, an excellent performance can be maintained in the accelerator if the
horizontal assembly method is improved. The investigation of the problem has been carried out with
L-band niobium cavities at KEK. Each procedure in the TRISTAN horizontal assembly was
investigated in detail: 1) nitrogen gas venting at opening cavity vacuum after the vertical test,
2) nitrogen exposure effect, 3) air exposure effect, 4) disassembly of cavity or indium contamination
effect, 5) effect of the clean environment, 6) multi-pacting, and so on. The L-band cavity developed at
KEK has the highest gradient: Eacc > 30 MV/m (Ep > 54 MV/m) with a less field emission. The residual
surface resistance can be measure within an error of one nΩ. The effects mentioned above can be
investigated with a very high sensitivity.
Figure 16. Performance degradation after horizontal assembly
in the TRISTAN 508 MHz five-cell superconducting RF cavities
a) Qo degradation

b) Gradient degradation

Nitrogen gas venting [12]
After the vertical test, cavities are opened to a vacuum venting pure nitrogen gas through a
0.01 µm filter. In this process, particle contamination might be brought into the cavity and results in
field emission. After confirming the base line performance, the cavity performance was re-tested to
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determine the venting speed (F) effect from F = 1.5 cc/min. to 900 cc/min. Pure nitrogen gas from
cold evaporator through 0.01 µm filter was vented into the cavity up to 1 atom, and re-evacuated with
120°C baking, then re-tested. The results are presented in Figure 17(a) with the surface resistance and
in 17(b) with high field. Any additional surface resistance was not observed by the nitrogen gas
venting. Except for one result at F = 5 cc/min., which might be a mistake, any serious field emission
did not occur. The nitrogen venting could not be the source of the Qo drop or field gradient drop in the
TRISTAN horizontal assembly.
Figure 17. Nitrogen gas venting speed and the cavity performance
a) Effect of nitrogen venting speed on the surface resistance

b) Effect of nitrogen venting speed on the field gradient

Nitrogen gas exposure effect for three days [13]
During the horizontal assembly, pure nitrogen gas was directed into the cavity to prevent particles
or air from entering. Usually horizontal assembly takes a few days, and the cavity surface is exposed
to the nitrogen gas for 1.5 days. The nitrogen gas exposure effect was investigated. Taking the base
line performance, pure nitrogen gas was vented at a flow speed of 900 cc/min. The cavity inner
surface was then exposed for one day and vacuum re-evacuated with 120°C baking, and cold re-tested.
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Similar experiments were repeated up to three days of the total nitrogen exposure time. The results are
presented in Figure 18. Cavity performance degradation was not found in the residual surface
resistance and the gradient. The RF processing level appeared around Eacc = 17 MV/m by the nitrogen
exposure but was processed out pretty easily. In the TRISTAN horizontal assembly, baking was
carried out around 70°C and it was not enough against the gas adsorption. We took a higher baking
temperature (120°C) to separate the gas adsorption problem from the nitrogen exposure effect.
This baking effect should be investigated separately. However, one can say nitrogen gas exposure
effect is small on the degradation as long as the baking is performed at a high enough temperature
during the vacuum evacuation.
Figure 18. Nitrogen gas exposure effect on the cavity performance
a) Effect on the surface resistance

b) Effect on the high gradient

Air exposure effect for long term [14]
During the horizontal assembly, even in a short time, there might be a chance for the niobium
cavity inner surface to be exposed the air. As the niobium surface was experienced the RF test, the
surface might be active with oxygen in the air. Therefore the air might bring about a degradation of
performance. Tests similar to the nitrogen exposure experiment were carried out with air. The surface
was exposed to air up to 65 days totally. The results are summarised in Figure 19. The residual surface
resistance increased by 10 nΩ in the first week of air exposure, then was saturated by the continued
exposure. TRISTAN cavities were measured at 4.2 K where the BCS surface resistance is domain,
i.e. ~ 100 nΩ. TRISTAN cavities were exposed to air very little in the horizontal assembly and even
considering the worst case the air exposure contributes to the 10% Qo drop (10 nΩ). One can not
explain the Qo degradation (60 nΩ) only by the air exposure effect.
A RF processing level around 17 MV/m accompanied X-ray was not observed in the base line
measurement but appeared after the air exposure, even in the fist air exposure of 45 min. This level
disappeared fairly easily during RF processing. As mentioned before, a similar phenomenon was
observed with the nitrogen exposure. This level is regarded as the two-point 1st order multi-pacting
according to the frequency scale from the well-assigned MP level by W. Weingarten at 350 MHz [15].
This level corresponds to the 7 MV/m with 508 MHz TRISTAN cavities. In the vertical measurement
of the TRISTAN cavities it was often observed around 7 MV/m but pretty easily processed out.
The another RF processing level around 27 MV/m accompanying X-ray, which might be the one-point
1st order multi-pacting, was observed in the base line measurement. It was more difficult, however,
to process out with the increasing air exposure time and the maximum gradient was finally limited to
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Figure 19. Air exposure effect on the cavity performance

27 MV/m. After a total air exposure of 65 days, we took a high pressure water rinsing to the cavity but
the performance was not improved. The gradient degradation in the horizontal assembly could be
explained by the multi-pacting, maybe by the two-point 1st order MP. The L-band cavity was
considered to be limited by the one-point 1st order MP but the TRISTAN cavities were limited by the
two-point 1st order MP because of a large amount of serious surface contamination or gas absorption.
Actually the baking temperature in the vacuum evacuation after the horizontal assembly was around
70°C and was not enough against the gas absorption.
Cavity disassembly, indium contamination and clean environment [16]
In the horizontal assembly, after opening cavity vacuum, the end flanges with RF accessories
(vacuum evacuation port, input coupler) for the vertical test are detached. The used indium wire for
the vacuum sealing is also removed. Usually the indium piece sticks around the flange, thus cleaning
is required. During cleaning, there is a possibility that small indium pieces can fall into the cavity.
This contamination causes performance degradation. The indium contamination effect was investigated
in the Ref. [10]. It has very serious effects both on field emission and Q-degradation. The question is
how often indium dust comes into the cavity. Taking the base line performance, we disassemble a
cavity in the Class 10 clean room, then quickly reassembled and re-tested. This kind of experiment is
also related to the assembly clean environment. Therefore we continued a similar experiment in the
Class 100, 1 000, and 10 000 clean rooms. The results are presented in Figure 20(a) with surface
resistance and in 20(b) with gradient. On the residual surface resistance no remarkable increase was
observed, even in the disassemble/reassemble in the Class 1 000: the front of the air conditioner.
However, a serious field emission was observed in the Class 1000 clean environment. In this
experiment, the base line performance has a field emission and the result is not as clear. However,
one can say that cavity assembly environment or indium contamination is not so serious at least
Ep ~ 30 MV/m (Eacc = 17 MV/m).
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Figure 20. Cavity reassemble in various clean environments and the cavity performance
a) Temperature dependence of the surface resistance

b) High gradient performance
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Abstract
The KOrea Multi-purpose Accelerator Complex (KOMAC) project, based on constructing a
multi-purpose accelerator complex centred with a high power proton linac of 1 GeV, 20 mA at the
Korea Atomic Energy Research Institute (KAERI), has a final goal to study nuclear transmutation and
energy production for an ADS system. The KOMAC application and utilisation programme has been
developed for industrial applications with low energy beams by utilising its feature of a high power
accelerator technology, and prepared a long-term user programme with high-energy beams after
completion of the complex. As industrial applications, we have developed an ion beam process for a
surface modification of polymers using the 50 keV high current injector technology and an explosive
detector using the MeV accelerator technology. Programmes of various applications and utilisations
using intermediate energy beams of 20 MeV, 100 MeV and 260 MeV are being prepared based on
requirements of the surveyed potential users in Korea. Some details of the utilisation and application
plan of KOMAC are presented and discussed.
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Introduction
Historically accelerators have mainly been used for basic science research such as nuclear and
high-energy physics. The energy required for accelerators has been increased to the TeV order for the
high-energy physics. In the late 1970s accelerators started being used for producing intense neutrons
which are necessary for material science research. Accelerator based neutron sources such as IPNS,
KENS, LANSCE and ISIS have been constructed and are in operation. The need for more intense
neutrons keeps high power proton accelerators (HPPAs) being built around the world. SNS and APT
in the USA, NSP in Japan and ESS in Europe are major projects which are currently being developed
or proposed.
Recently, the HPPAs have become the subject of renewed interest in the nuclear industry,
specifically with regard to the possibility of accelerator-driven systems (ADS) being able to solve
nuclear waste problems and produce relatively clean energy. Korea currently has 15 nuclear power
plants, and 13 more nuclear power plants will be built by 2010. The problem of long-lived radioactive
nuclides in spent fuel has motivated Korea to study an ADS, which requires a HPPA of 1 GeV, 20 mA.
The Korean government has funded the study of a transmutation system since 1992. In the early
stage, the research was mainly focused on studying the various transmutation systems such as thermal
and fast systems, critical and subcritical systems. Through a comparison study, ADS emerged as the
best system for transmutation. In the second stage beginning in 1997, we focused on the study of ADS
including accelerator development. Currently the low energy(3 MeV) part of the accelerator is under
development and a 20 MeV accelerator will be constructed by 2003. We have also made a proposal to
the government in order to obtain the funding needed to build the higher energy part. That proposal is
currently being reviewed.
Although the main purpose of the Korean HPPA is for use in developing an ADS, we have
established other purposes of the Korean HPPA such as industrial, medical and scientific purposes.
The Korean HPPA can be used more effectively within this multi-purpose strategy.
KOMAC utilisations
Main utilisation
The subcritical transmutation system for the Korean ADS is called HYbrid Power Extraction
Reactor (HYPER). It is developed for the transmutation of nuclear waste R&D [1]. The HYPER
project is within the framework of the national mid and long-term nuclear research programme.
KAERI aims to develop the key elemental technologies for the subcritical transmutation system by
2006. Figure 1 shows the concept and role of HYPER in the proposed Korean nuclear fuel cycle.
One of the features of HYPER is that on-power fuelling concepts are employed to keep system
power constant with a minimum variation of accelerator power. A hollow cylinder-type metal fuel is
designed to support the on-line refuelling concept. Pb-Bi is adopted as a coolant and spallation target
material. HYPER is to transmute about 380 kg of TRU a year and produce 1 000 MWth power.
The support ratio of HYPER for LWR units producing the same power is about 5 ~ 6.
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Figure 1. Concept of the proposed ADS fuel cycle and HYPER
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Additional purposes
KOMAC is designed to be used multi-purposely, in the nuclear field, industry, medical research
and basic research area as a national research facility. The following is a list of the potential
applications of KOMAC for each area.
•

•

•

•

For the nuclear field:
–

Nuclear data measurements.

–

Radiation damage study of nuclear reactor materials including fusion reactor materials.

For industry:
–

Carrier lifetime control of power semiconductors.

–

Surface modification of polymers.

–

Detection of mines and explosives.

–

Neutron/proton radiography.

–

Material test under artificial space environment.

For the medical area:
–

Radioisotope production.

–

Proton therapy.

–

Boron neutron capture therapy (BNCT).

For the basic research area:
–

Astrophysics by radioactive nuclear beam (RNB)

–

Pion, muon and neutrino related experiments.

–

Material science and bioscience by spallation neutrons.
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Each potential application listed above requires a specific range of beam conditions such as energy,
current and operating mode. Some of the applications require pulse beam and additional pulsing
systems should be implemented in that case. Since the needed proton energy of each application item
varies from keV to GeV, we established the strategy to develop each application item step by step from
low energy. Table 1 shows the applications appropriate for the proton beam of each specific energy.
Table 1. Potential KOMAC applications for specific proton energy
Energy range
Applications
< 1 MeV
Surface modification of polymers.
Carrier lifetime control of power semiconductor.
∼3 MeV
Implantation of polymers to enhance hardness.
Detection of mines and explosives.
Neutron radiography.
BNCT.
Radioisotope production.
∼20 MeV
Thin layer activation.
Fusion reactor material test.
Small scale transmutation experiment.
Nuclear data measurements.
∼100 MeV
Proton radiography.
Material test under artificial space environment.
Proton therapy.
∼260 MeV
Astrophysics and material test by RNB.
New radioisotope production.
Transmutation.
∼1 GeV
Energy production.
Pion, muon and neutrino related experiments.
Material science and bioscience by spallation neutrons.

Accelerator
This KOMAC consists of several component accelerators and, from the beginning, accelerators
such as RFQ, CCDTL(I), CCDTL(II), SCL(I) and SCL(II) will be installed in sequence and deliver at
each stage beams of 3 MeV, 20 MeV, 100 MeV, 260 MeV and 1 GeV, respectively, to be utilised
appropriately [2]. Table 2 shows the main parameters of the accelerator and Figure 2 shows both the
accelerator and potential applications at each stage of development.
The unique feature of KOMAC is to use beams at different energies of 100 MeV, 260 MeV and
+
–
1 GeV at the same time. To achieve that goal, H and H beams are accelerated simultaneously.
+
–
The H beam is 18 mA which will be used as 1 GeV for transmutation, but a 2 mA H beam is
delivered for use for other purposes at 100 MeV and 260 MeV.
Low-energy applications
The applications of the low-energy (keV and MeV order) beams are already being progressed.
We discuss the ongoing applications in this section.
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Table 2. KOMAC main parameters
Beam energy
Beam current/power
Particle
Operational mode
Accelerator structures
Accelerator RF system
Intermediate beam extraction
Electricity
Water cooling capacity

1.0 GeV
20 mA/20 MW
H+ (18 mA)/H– (20 mA)
CW (final), pulse (initial)
Linear accelerator (Injector-RFQ-CCDTL-SL)
31 klystrons (700 MHz)
100 MeV/260 MeV
68.5 MW
60 MW

Figure 2. Potential applications of KOMAC
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Surface modification of polymers
Irradiating a low-energy ion beam to polymer as an electric insulator can drastically change its
electric conductivity. It is very important to prevent anti-electrostatics for plastics. The semiconductor
chip in the tray package can be damaged because of electrostatics. For formation of a conductive layer
on the tray, carbon is added to the MPPO, but it can make the tray non-recyclable, brittle and
expensive. We have implanted nitrogen onto the surface of the tray and found out that the conductivity
6
9
is increased to 10 -10 Ω/m which is enough to prevent electrostatics. Figure 3 shows that the surface
resistivity depends on the dose of ion irradiation. The number of the tray is about 800 000 per month
in Korea, and that requires that the implanter should be a high current accelerator based on injector
technology. KAERI has developed a 50 keV, 30 mA ion irradiator only for treating trays in an effort to
establish a mass production process. Figure 4 shows a picture of the prototype ion irradiator.
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Figure 3. Surface resistivity vs. dose
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Figure 4. Prototype ion irradiator

Detection of mines/explosives
The mine and explosive detection technique through the photo-nuclear resonant reaction between
a specific element and the gamma-rays has been confirmed by theory and basic experiments [3].
13
The gamma-rays are produced by nuclear reactions that occur when an C target is bombarded with a
1.75 MeV proton beam which is obtained from the proton accelerator. The 9.17 MeV gamma-rays
14
produced are absorbed or scattered when they react with the N included in the mines and explosives.
We can determine the existence of mines or explosives by detecting the absorption and scattering.
Figure 5. Yield of 9.17 MeV gamma-ray depending on proton energy
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In the study of explosives detection, we have surveyed the various present technologies and the
requirements. From the analysis, we have found that an explosive detector based on the gamma
resonance reaction should be relatively superior to the present ones in terms of accuracy. The gamma
14
resonance absorption in N rich compounds was successfully verified using a tandem accelerator.
For verification of field application, however, a higher beam current(>10 mA) is needed. The result of
the present experiment to measure the absorption rate is shown in Figure 6.
Figure 6. The result of 9.17 MeV γ-ray absorption experiment for melamine (C3H6N6)
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Lifetime control of power semiconductor carrier
At the present time, carrier lifetime control techniques apply widely to IGBT, Diode, Thyristor
and a part of Power IC Devices for fast switching. There are several techniques such as metal diffusion,
electron irradiation and proton irradiation as the method of carrier lifetime control. As a localised
control technique for making defects, proton irradiation is a useful tool in the fabrication of an
advanced power semiconductor with the characteristics of fast switching and low heat generation.
Figure 7 shows the mechanism of proton irradiation for carrier lifetime control of a power
semiconductor in a specific localised zone like a p-n junctions. The required proton energy is from 1 to
10 MeV according to the voltage of the semiconductor and high current beam (>10 mA) is required
for mass production.
Figure 7. Proton irradiation for carrier lifetime control of power semiconductor
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Production and utilisation of neutrons for movable radiography and BNCT
A proton beam of MeV order can be used not only directly but also indirectly by producing
neutrons. The 10 mA, 2-3 MeV proton beam is bombarded to an Li target to produce about
13
10 neutrons/sec. The produced neutrons can be used for movable radiography and boron neutron
9
2
capture therapy (BNCT). BNCT requires a high neutron flux (>10 n/cm .sec), therefore proton current
should be high. Since an Li target produces a few hundred keV neutrons, a moderator and reflector are
placed to change the neutron energy. Epithermal neutrons are needed for BNCT and thermal neutrons
for radiography. KAERI performs target system design and neutron production experiments by using a
3 MeV tandem accelerator.
KOMAC user development programme
In order for the accelerator complex to be fully utilised as a national fundamental research facility
beyond the nuclear field, it is necessary to formulate a proceeding user programme plan for the
accelerator complex. It is expected that a common understanding and a general agreement over proper
utilisation of the accelerator should be deduced and that a user programme for beam utilisation and
application should be firmly established in time for the completion of each phase of the accelerator
construction.
To prepare the user programme, foreign user programmes for large accelerator facilities which
are well organised and already settled down as a result of many years or decades operation experience,
were surveyed. The survey was conducted through conference attendance, visits, interviews, seminar
openings and internet searches. In addition, the utilisation as well as application areas of the KOMAC
are categorised and four surveys of user’s requests and markets were conducted via e-mail, mail,
telephone interviews and visits. The potential research area for KOMAC in the near future was
suggested and provided through the analysis of collected data and information. Figure 8 shows the
results of the survey. As a result of four surveys on user’s markets, high flux neutron science related
fields received much interest, and many scholars of the Korea Nuclear Physics Research Group gave
strong support by providing a large amount of information on the research topics and spin-off impacts.
In many cases, the responses were limited to the experiences and information of their research fields.
Thus, long-term user education and user programme development are found to be very important.
Summary
KAERI is developing the KOMAC project which consists of 1 GeV, 20 mA, CW linac and beam
utilisation facilities. The main purpose of KOMAC is to use its accelerator for the accelerator-driven
transmutation system, which is called HYPER. Although the main purpose of KOMAC is for
developing ADS, it is also designed to be used for additional purposes in the industrial, medical and
+
–
basic science areas. Therefore KOMAC has a unique feature of accelerating 18 mA H and 2 mA H
beam simultaneously, so as to be used in a multi-purpose manner. KOMAC adopts a strategy of using
the accelerator at each energy stage of the proton beam. The applications of keV and MeV proton
beam are currently being developed by building the low-energy part of the accelerator. The user
development programme has also been launched to maximise the utilisation of KOMAC in various
application areas.
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Figure 8. The result of survey on potential users in Korea
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INDUCTION FIXED-FIELD ALTERNATING GRADIENT (IFFAG)
SYNCHROTRON FOR AN ACCELERATOR-DRIVEN SYSTEM

Hiroshi Takahashi
Brookhaven National Laboratory
Upton, New York, 11973

Abstract
To drive a subcritical reactor with a high-intensity proton accelerator, I propose the use of an induction
fixed-field alternating (IFFAG) synchrotron. Using a static fixed field for strong focussing, this
muti-orbit synchrotron can accommodate a proton beam with a high space charge which is accelerated
by an induction cell free from a wake field and electric field associated with an electric break down.
In this way, the reliability of the accelerator can be improved. A tandem-type circular accelerator can
become more compact, and can be built with less cost than a linear accelerator, hence a nuclear plant
or a transmutor operated by this type of accelerator can be economically competitive as an alternative
energy source.
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Introduction
In the accelerator-breeder concept, one of the aims of which is to quickly build up fissile material
when deep subcriticality is adopted, a high power accelerator is required [1]. On the other hand, a fast
reactor was developed for breeding fuel, as well as for producing power, using a sodium coolant.
To realise a high breeding gain or to transmute minor actinides (MAs) at a fast rate, a hard neutron
energy spectrum is preferable because of its high η value (number of fission neutrons/neutrons
absorbed) at the higher neutron energies. However, due to this characteristic, the Na coolant void
coefficient of a large reactor becomes positive; several approaches have been developed to deal with
this; they include pancake flattened cores, or a GEM-type core which enhances neutron leakage when
the Na coolant starts boiling. In some designs of the fast reactor with a heavy metal coolant such as Pb
or Pb-Bi, the global coolant void coefficient is negative, but in local void coefficient becomes positive.
Hence, to operate the fast reactor in a critical condition requires careful control and this becomes
rather tricky. But, if it is operated in a subcritical condition by providing spallation neutrons, its safety
is greatly improved even with a slight subcriticality of k = 0.98-0.99. This allows a great flexibility in
choosing a material for the fuel, the cladding, and for structural materials, with the added advantage
that excess neutrons can be gained. They, in turn, can be used for further production of fissile material,
and for transmuting minor actinides and long-lived fission products (LLFP).
To operate a 3 GWt powered fast reactor in the slightly subcritical condition of k = 0.99 requires
a proton accelerator power of 30 MW. When a cyclotron is used for driving the reactor, the proton
energy becomes 3 GeV for the 10 mA beam current, which is estimated as the maximum value due to
the space charge effect. This high-energy proton cyclotron needs a larger magnet and extracting the
beam is complicated because the distance between the two tracks of the final energies becomes smaller
as extraction energy increases.
For transmuting minor actinides(MAs), a dedicated transmutor 600 MWt powered fast reactor
with hard neutrons was proposed [2], but operation in critical condition is problematic due to the
possibility of positive coolant coefficient, smaller Doppler coefficient, shorter neutron life time and
smaller delayed neutron portion. At the EURATOM workshop I proposed first running this in a
subcritical condition for transmuting high-level radioactive waste [3]. We chose a rather arbitrarily
deep subcriticality of 0.9-0.95, as a small powered proton beam is sufficient to run a small powered
transmutor. Mandarion [4] at CERN proposed a tandem-type accelerator system composed of three
radio frequency quadrupoles (RFQs), three small powered cyclotrons and one main cyclotron. I have
suggested employing a small power cyclotron to run the fast reactor in a slightly subcritical condition,
which provides more safety barriers, thus avoiding the possibility of a disastrous critical accident.
As I stressed in my published papers, this slightly subcritical operation can be beneficial in its higher
neutron economy which is critical for developing nuclear energy for breeding the fuel and for
transmuting long-lived fission products (LLFP).
FFAG
Recently, the use of a rapid-cycling proton synchrotron has been considered to obtain a high
intensity proton beam for spallation neutrons, neutrino oscillation experiments and a muon-muon
collider.
In this accelerator, protons are created by stripping electrons from negatively charged hydrogen
passing through a foil, capturing them in a radio frequency (RF) bucket, and accelerating them in an
electric field excited in a RF acceleration cavity; however, the proton beam’s intensity is limited by the
Laslett tune-shift due to a space charge. To obtain a high intensity, Mori, Machida and Roser [5]
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explored the use of a dual harmonics acceleration and manipulation using a barrier bucket (BB) at the
Alternating Gradient Synchroton at BNL, in the framework of the collaboration between Brookhaven
National Laboratory (BNL) and the High-energy Laboratory (KEK) in Japan.
To accelerate the charged beam with a higher intensity, a fixed-field alternate gradient (FFAG)
synchrotron was proposed. The FFAG was invented by Ohkawa [6], Symon [7] and Kolomensy [8] in
1950, and it successfully applied to an electron accelerator in the MURA project. FFAG is a
multi-orbit synchrotron (MOS), and a larger beam current can be accelerated from it than by forming a
single orbit synchrotron.
Mori and Machida [9] have been promoting the adoption of the FFAG to the accelerator-driven
system at KEK, and presently, a small scale FFAG which accelerate protons up to 1 MeV is assembled
as the first initial test stage. A further development of the accelerator to obtain higher proton energy is
planed. In this plan, using a tandem-type acceleration similar to our tandem cyclotron system is being
considered.
Reggieo, et al. [10] suggested an FFAG into which protons are injected using a linear induction
accelerator. Since a linear induction accelerator can accelerate a high intensity proton beam, it can
avoid the stripping of electrons by the foil. Furthermore, accelerator, induction cell is used only once
to accelerate the pulsed beam; the usability of an induction cell is limited, and the accelerator building
must be a long one, similar to the linear RF accelerator.
Circular induction accelerator
Recently, Takayama, et al. [11] proposed the circular induction accelerator; this allows an
efficient use of an induction acceleration by repeatedly using an induction cell by circulating the beam.
Thus, the accelerator becomes compact.
The induction accelerator has been studied with a view to accelerating a very high peak electron
current for the free electron laser and also to accelerate ultra high intensity heavy ions for the inertial
fusion applications; the latter proposes 50-100 turns to get more than KA. Induction acceleration for
protons might be possible with a turn number of 2 × 104. To get high a intensity of beam, a beam
bucket can be created by using the power supply (moderator) with a frequency of 100 K-1 MHz.
Induction FFAG
This circular induction accelerator uses a single track, but by employing a multi-track orbit
trajectory in the FFAG’s magnetic field, the space-charge limitation can be extended further. In regular
FFAG acceleration, the particles are accelerated and modulated by RF. Induction acceleration, which
can create a higher acceleration field than can RF’s acceleration, it might be more efficient than a
FFAG with RF acceleration.
Although particle acceleration with the RF has been studied by many laboratories, the use of
induction acceleration has not yet been thoroughly investigated by the accelerator community.
The particles are accelerated by an electrical field created by a time change in the magnetic field
generated by a high electric current which passes through the magnet conductor; the magnetic field is
enhanced by using a ferrite material. The characteristics of the acceleration depend on the magnetic
properties of ferrite and upon its motion of magnetic domain wall in the magnetic material. Much
research will be needed to obtain a proper characterisation of acceleration in the induction accelerator.
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In RF acceleration, the particles are accelerated by the electrical field which almost reaches
steady state dominated by the lowest mode of an acceleration cavity; thus, the acceleration field can be
analysed more easily than the one in the induction acceleration, where the electrical field is determined
by a time change of the magnetic field in the transient states. Here the analysis of the field is more
complicated as it depends on the surrounding boundary condition. When the induction cell is situated
in the cavity, the higher modes contribute to the acceleration. Thus, a more detailed study is required
for this analysis.
In order to be economically competitive with regard to other alternative energy sources, the
accelerator used in the accelerator-driven system must have a low cost that can be maintained in a
hands-on condition until inexpensive advanced robotic technology is available. Thus, the radiation
level of accelerator due to the beam’s hollow should be minimised. The beam hollow for a linear
accelerator is analysed mathematically, and also by computer simulation; a similar study has started
for the circular accelerator.
Recently the reliability of the accelerator has been discussed to ensure a power supply without
interruption; one of the main causes of a beam trip is from an electric breakdown in the cavity and the
coupler. We proposed to reduce the small amount of acceleration voltage applied to the cavity to
achieve a higher reliability. The experimental data on breakdown obtained at CERN and the FERMI
laboratory show that by lowering an applied voltage even a few per cent, the occurrence of the trips is
substantially reduced [10]. Although the small reduction of voltage increases the linear accelerator
length by little, in the case of the circular accelerator, this requires an increasing number of turns along
with a small increase in size.
Since the induction accelerator system does not have the wake field associated in the RF cavity,
the beam track is not disturbed and the train of the beam is independent from each train. In the case of
induction acceleration, since it does not involve the breakdown of the electric fields in the cavity, its
reliability might be increased more than in RF acceleration, although the beam track must be stabilised
for each track. The beam current in the proton accelerator is much smaller than for the electron
machine. In CW operation, however, using a super conduction cavity ensures that the wake field has a
longer lifetime; the beam then might be disturbed by this wake field.
The IFFAG is not a CW machine like the cyclotron. A shock wave will be created in the
subcritical assembly by pulsed operation, but its magnitude can be reduced by using a high repetition
rate of the pulse of more than a kilo hertz in contrast to the conventional synchrotron, and by
elongating the pulse length [12].
In the CIA proposed by Takayama, everything except for acceleration is same as that of the
conventional strong focusing machine where a series of bending magnets guide proton beams, and the
transverse stability is realised in the FODO, doublet, or triplet lattice. He described details of it in his
paper [11]. The following are the main points of his discussion.
The induced voltage for acceleration is controlled so as to keep the equilibrium orbit on the
desired position following the ramping guide-field. This is performed through the voltage feedback
system. The second BB-IC is triggered with a time delay corresponding to the bunch length from the
trigger timing of the first BB-IC. The polarity seen by particles is changed when the reference particle
passes the transition energy.
From the view point of longitudinal beam dynamics, a big figure of merit in employing the IC is
its maximum use of the available longitudinal phase-space, so as to mitigate the space charge effects in
all directions. He considered two types of injection; Liouvillan injection (injection from a booster ring
to a slow cycle accelerator ring), and non-Liouvillian injections.
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For stable acceleration in the CIA, the so-called phase stability must be guaranteed. The induced
voltage pattern which a beam experiences by passing the ICs implies phase stability without a tedious
description, and, at transition energy, the polarity of induced voltage in the BB-IC that the bunch beam
sees must be changed. Changing the trigger timing of the BB-IC accomplishes this. Problems arising
from transition crossing such as non-adiabatic phase motion and asymmetric bunch shape due to
non-linear kinematics effects are akin to those in the conventional RF accelerators. Since the BB’s
height can be independently controlled by reducing the voltage in the vicinity of the transition energy
without affecting the acceleration itself, however, an inclined bunch shape in the phase space with a
large momentum deviation intimidating the momentum aperture and increasing the space charge
forces is avoidable. In addition, the serious microwave instabilities observed in a particular synchrotron
with large narrow band impedance tend to diminish. This is another advantage of introducing the IC
into the synchrotron.
In fast extraction, the rectangular bunch stacked in the BB is extracted by a combination of
septum magnets and kicker magnets which ramp up during the time interval not occupied by the
bunch. The bunch shape can be controlled by adiabatic changes in the BB-IC parameters at the flat-top
in a manner similar to that in acceleration. This manipulation is analogous to the controlling the
longitudinal beam by using time-varying waveforms in the re-circulating induction accelerator.
Concerning to induction cell, it is non-resonant as mentioned; if designed properly, it stores
neither the drive fields nor the wake fields. In the BB-IC that provides short pulses (-50 nsec), the IC
is filled with ferri-magnetic materials (ferrite); the A-IC that provides longer pulses (-500 nsec) is
filled with ferro-magnetic materials (e.g. co-amorphous, magnetic alloy). While these cells are all
driven in parallel as the proton beams passes through them, their voltages add energy to proton beam
in series.
In our induction fixed-field alternating gradient (IFFAG) synchrotron, changes in the acceleration
carried out by RF in the regular FFAG by the induction cell are regulated by modulator.
For reference, we show in Tables 1-3 the CIA design parameter adopted by Takayama for the
rapid cycle synchrotron for the 3 GeV booster ring of the Japan Hadron Facility, the accumulators for
the spallation neutrons source designed in Europe (ESS, 1.33 GeV) and the US (SNS, 1 GeV), and the
circular induction accumulator for ESS and SNS.
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Table 1. The parameters of the rapid cycle synchrotron
for 3 GeV booster ring of the Japan Hadron Facility
Average radius
Injection energy
Extraction energy
Accelerating time (25 Hz)
Intensity
Bunch length
Max. A-IC voltage
Max. BB-IC voltage
BB-IC pulse length

R
Ei
Ef
N
ωsτB
(V1) max
(V2) max
ω(2π/ωBB)/2

54 m
400 MeV
3 GeV
20 msec
1014
~π
230 KV
80 kV
~π/10

Table 2. The parameters of the accumulators for the spallation neutron
sources designed in Europe (ESS, 1.33 GeV) and the US (SNS, 1 GeV)

Average radius
Energy
Transition energy
Accumulating time
Bunch length
Bunching factor
RF frequency
RF voltage(2nd)
Beam gap
Intensity per pulse

R
Es
γT
Nt
τB
BF
ωs/2π
V0

ESS
26 m
1.33GeV
4.37
2 000 turns
400 nsec +-125°
0.464 (dual RF)
1.67 MHz
> 190 nsec
2.34 × 1014

N
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SNS
35.12 m
1.0GeV
4.93
1 225 turns
546 nsec
0.405 (dual RF)
1.1886 MHz
40 (20) kV
295 nsec
2 × 1014

Table 3. The parameters for circular induction accumulator for ESS and SNS

Momentum spread
Bunch length
Bunching factor
Switching frequency
BB-IC voltage (total)
BB-IC pulse length
Core length/cell
Cell number/unit
Unit number

(∆p/p)in/(∆p/p)final
τB
BF
ωS/2π
V2
ωs(π/ωBB)
W
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ESS
± 0.1%/±0.5%
400 nsec (± 125°)
0.65
1.67 MHz
44 kV
60 nsec (36°)
1.5 cm
5
2

SNS
± 0.1%/± 0.5%
550 nsec
0.653
1.1886 MHz
57 kV
60 nsec
1.5 cm
6
2

AN ACCELERATOR COMPLEX TO DRIVE A
DEMONSTRATIVE SUBCRITICAL REACTOR

L. Calabretta, D. Rifuggiato, G. Lo Friddo, S. Schepounov
INFN-LNS
Catania, Italy

Abstract
An accelerator complex able to drive a demonstrative 80 MW subcritical reactor has been investigated.
The facility is based on a two-stage complex. The first stage consists of a compact superconducting
cyclotron (CSC) able to accelerate H +2 ions, which will be extracted by stripping to deliver 100 MeV
protons with a beam current up to 10 mA. The second stage is a ring cyclotron similar to the PSI ring
and able to deliver a proton current up to 5 mA at an energy of 590 MeV. Previous experience will be
of great help, while on the other hand improvements will be introduced based on modern techniques.
The facility proposed is intended to deliver a beam current in excess of 5 mA and more. The time
expected to develop such facility is relatively short.
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Introduction
A demonstrative plant to investigate the problems related to the operations of a real subcritical
reactor driven by an accelerator and demonstrate the technical, economical and operative feasibility of
the whole complex is a preliminary step towards the construction of a full scale accelerator-driven
system to be used as a waste transmutator and/or energy amplifier.
In Figure 1 the beam currents vs. beam energy required to drive a 80 MW demonstrative
subcritical reactor [1], evaluated for K values in the range 0.99-0.93, are shown. K factor values lower
than 0.95 should be considered because the reactor gets safer and safer.
Figure 1. Beam current vs. beam energy needed to run a 80 MW energy
amplifier prototype for different multiplication coefficients, by Ref. [1]
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Assuming an energy beam of 600 MeV the minimum current required to drive the reactor
(K = 0.99) is 1 mA, while with a current of 5 mA the K value of the reactor could be lowered to 0.93.
At present the accelerator complex of the PSI is able to deliver a 590 MeV, 1.5 mA proton beam [2].
A remake of the PSI accelerator complex based on the introduction of two additional accelerating
cavities in the main ring and on a new injector to increase the maximum beam current and the
reliability of the system is presented. The original design for most of the other components is
unchanged. This proposal is intended to guarantee the already obtained beam current of 1.5 mA at the
start-up of the operation and to reach and overcome the 5 mA nominal beam current in a short time.
The reference scheme here described is based on a two-stage accelerator complex:
•

A compact superconducting cyclotron (CSC) able to accelerate H +2 ions and to deliver
100 MeV protons with a current up to 10 mA.

•

A cyclotron similar to the PSI ring delivering a beam current ≥ 5 mA with an energy of
590 MeV.

In the next section the description of the ring cyclotron is presented; the characteristics of the
CSC to be operated as an injector are presented afterward.
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Ring cyclotron
A layout of the new ring cyclotron is shown in Figure 2, while in Table 1 a comparison among
the characteristics of the PSI ring cyclotron and of the present proposal is presented. As is well known,
the critical point in a cyclotron is the extraction process, which must be highly efficient for beam
powers of the order of some MW. The efficiency of the extraction process is related to the feasibility
of single turn extraction, which requires well separated turns and good beam quality in terms of energy
spread, bunch length and beam halo [2]. In a cyclotron accelerator the orbit separation at the extraction
radius is given by:
1
dR R ⋅ E g γ
=
⋅
⋅ 2
dN
E γ +1 ν r

where R is the average orbit radius, Eg the average energy gain per turn, E the kinetic energy, γ and νr
the relativistic factor and the frequency of radial betatron oscillations respectively. On the other side
the width of the beam is effected by the emittance and the energy spread:
∆x =

4R ε x
dR2
⋅ +
⋅ (∆Ei2 + ∆E (φ ) 2 + ∆Esc2 )
2 2
βγν r π dN E g

where εx is the normalised horizontal emittance, ∆Ei is the energy spread of the injection beam, ∆E(φ)
is the energy spread due to the wave form of the accelerating voltage and to the bunch length and
∆Esc is the energy spread produced by the charge forces.
Due to the excellent beam emittance provided by the modern sources and to the high energy
(γ ≈ 1.6) the first term can be generally neglected as compared to the second, but the beam halos of the
injected beam could increase the value of emittance and produce significant beam losses at the
extraction.
Figure 2. Layout of the accelerator complex
C – new cavity, F – flat-topping cavity, D – electrostatic deflector, I – electrostatic inflector
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Table 1. Characteristics of the proposed new ring cyclotron and of the PSI ring

Injection energy
Extraction energy
Beam current
Beam power
Injection radius
Extraction radius
Number of sectors
Harmonic mode
Number of cavities

New ring
100 MeV
590 MeV
5 mA
2 950 kW
2.45 m
4.45
8
h=6
6

PSI ring
72 MeV
590 MeV
1.5 mA
885 kW
2.1 m
4.45
8
h=6
4

RF frequency
Sector width
Spiral angle
Sector gap
Bhill
Energy gain/turn
Turns separation
∆ϕext
Energy spread

New ring
50.6 MHz
18°
35°
50-90 mm
2.09 T
4.÷5.3 MeV
11÷15 mm
10°-15°
0.15%

PSI ring
50.6 MHz
18°
35°
50-90 mm
2.09 T
2.46 MeV
7 mm
8°
0.1%

For example the beam of the PSI injector has halos just in the radial plane. These halos are due
mainly to the particles which are slowed down by collimators placed along the early orbits. The energy
spread terms ∆E(φ) and ∆Ei are negligible with respect to the ∆Esc term. We presently consider that the
energy spread of the PSI beam is of about 0.1% = 590 keV and is mainly due to the space charge
effects. These limits could increase up to 0.15% ≈ 885 keV if the energy gain per turn increases.
Increasing the energy gain per turn allows to accept a larger energy spread at extraction, and then an
injected beam with energy spread of ∆Ei ≈ 400 keV is also acceptable.
The upper current limit of the PSI accelerator is mainly due to the energy spread produced by
space charge forces which accelerate the particles on the head of the bunches and slow down those on
the tails. Increasing the energy gain per turn reduces this effect, because the space charge forces act for
a time proportional to 1/Eg. Moreover the separation among the last orbits is proportional to the energy
gain per turn. As demonstrated by Joho [3] and reported by Stammbach [2], the results of these two
effects is that the maximum beam current is proportional to E g3 . According to this rule, in order to
increase the maximum beam current up to 5 mA and maintain the same amount of losses, it is
mandatory to increase the energy gain per turn Eg of a factor 1.5, assuming that the bunch length and
energy spread of injected beam are unchanged. The PSI ring presently operates with four RF cavities
able to reach a maximum voltage of 730 kV. As part of an upgrading programme, PSI plans to replace
the original aluminium cavities with a new copper made version, to be operated with a peak voltage of
about 1 MV.
The higher energy gain per turn achievable in this way will allow the PSI accelerator complex to
deliver beam currents up to 2.5 mA. Since it is quite difficult to design cavities with peak voltage
larger than 1 MV, to increase the beam current up to 5 mA, we suggest the design of a ring cyclotron
with six accelerating cavities. In this way, assuming an operating peak voltage of 750 kV, the energy
gain per turn becomes 4.0 MeV (12% of the energy is absorbed by the flat-topping cavity). Moreover
a higher injection energy of 100 MeV, as compared to the present 72 MeV, is suggested to reduce the
turns number to reach the maximum energy and mainly to increase the injection radius.
Under these conditions the particles reach the maximum energy after ≈122 turns vs. the present
205 turns. According to the above rule Imax ∝ (Eg)3 ∝ 1/N3 the expected beam current should be
increased by a factor 4.5 with respect to the present 1.5 mA. Thus an Imax of 6.75 mAmp is expected.
To use a Eg higher than the strictly required value, coming from the scaling rule Imax ∝ E g3 , allows to
inject into the ring a beam with broader energy spread and/or a longer beam bunch. This solution also
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allows a better chance of success with cavities of 750 kV. Moreover if cavities able to operate at
voltages higher than 750 kV (1 000 kV) are feasible, it becomes possible to explore higher current
limits of the whole accelerator complex and of the demonstrative plant, as well.
The higher injection energy into the ring allows to have a larger injection radius and more room
in the central part of the ring to install the six cavities. Moreover the six cavities could be a little
shorter than the present resonators of the PSI. The injection energy of 100 MeV for the ring cyclotron
is a good balance between the advantage of the ring cyclotron and larger size for the injector machine.
The main advantages of the present proposal are:
•

The design of the sector magnets should only be slightly changed, they should be shorter.

•

The design of the RF cavities does not change, they have to be only shorter than the PSI ones.

•

Although the power transferred to the beam increases by a factor 4, the power to be transferred
to each cavity is in the worst case only twice the power inside the cavities of the PSI ring.

Injection and extraction
Looking at the PSI ring it is evident that to install two more cavities is not a trivial affair. Of the
eight valleys, four are already occupied by the cavities, another by the flat-topping cavity and injection
line, and another by the magnet channels of injection and extraction lines. The electrostatic deflectors
for injection and extraction of the beam are also installed in the last two valleys. In order to install
the two extra cavities in these valleys, the deflectors must be moved out of the way (see Figure 2).
The injection deflector could be installed in the next sector. This solution is feasible using curved
electrodes to replace the straight deflectors. The experience with electrostatic deflectors installed
inside the superconducting cyclotrons shows that in this case a voltage as high as 50 kV is quite
reliable. The 90 mm gap of the sector in the central region allows to install this device quite easily.
The electrostatic deflector (ED) for the beam extraction could be realised in two pieces. The first
element of electrostatic deflector consists of a straight section 35 cm long, with the septum made by
single tensioned wires installed inside the valley after the new cavity, more or less similar to the
present device. To balance the shorter length an effort to increase the maximum voltage capability is
necessary. The entrance side of the ED is the most critical part, because here the beam hits the septum,
then γ, X-rays plasma and activation are produced. The proposed solution allows to take advantage of
using an ED in a region without a magnetic field and with enough vertical room. Thus it will be
possible to apply voltages up to 100 kV. The second stage of the ED will be housed inside the next
magnetic sector. It could be about 1.3 m long and should be operated with a voltage of 52 kV over a
13 mm gap. The hill gap in this region is about 50 mm. ED similar to the ones used for superconducting
cyclotrons has to be investigated. In Table 2 a comparison between the characteristics of the ED of the
PSI and the new proposed ED are shown.
Table 2. Comparison between the electrostatic deflector of PSI and the ones for the new ring

PSI electrostatic deflector
New electrostatic deflector 1
New electrostatic deflector 2

Length
100
35
130

Gap
13
13
13
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Voltage
78 kV
78 kV
52 kV

Gradient
60 kV/cm
60 kV/cm
40 kV/cm

No magnetic field
No magnetic field
With magnetic field

Sector magnets
The main advantage of the present proposal is to maintain the same magnetic configuration of the
PSI ring cyclotron. The larger injection radius allows to reduce by about 35 cm the pole length of each
sector. The sector magnets are then a little shorter but the design does not change significantly. Mainly
it is possible to take advantage of the measured and well known magnetic field of the magnetic sectors
of the PSI ring, the design and construction of the magnets of a cyclotron being one of the heaviest and
time consuming tasks.
RF system
The RF system of the PSI accelerator is the reference scheme to evaluate the problems related to
the acceleration of high power beam by cyclotrons. The status of the RF system of the PSI accelerators
has been clearly presented elsewhere [4].
Due to the increased beam power that has to be delivered, the RF system should have an
improved performance as compared to that of the PSI.
The RF system for the present ring cyclotron requires:
•

Six accelerating RF cavities with 750 kV peak voltage. Voltages higher than the PSI ring are
necessary only to overcome the 5 mA nominal current.

•

Flat-top cavity with 750 kV 1.5 times higher than that presently used at PSI.

•

Amplifiers and control systems able to handle large load variations.

The accelerating cavities required for the new ring are an extrapolation of the PSI cavities.
A comparison among the RF cavities of PSI and the cavities for the proposed new ring is shown in
Table 3.
Table 3. Comparison among the performances of the RF cavities of the
PSI ring and the required performances of the cavities for the present proposal

Proton current (mA)
Total beam power (kW)
Ring beam power (kW)
Cavities
Material
Cavity voltage (kV)
Beam loading/cavity (kW)
Power dissipation/cavity
RF power/cavity
Flat-toping cavity
Peak voltage (kV)
Power losses (kW)
Beam power (kW)
Conversion efficiency

PSI
(730 kV)
1.5
885
777
4
Aluminium
730
216
300
516
1
460
60
-96
0.26
168

New ring
(750 kV)
5
2.950
2.450
6
Copper
750
460
280
730
1
690
135
-329
0.38

New ring
(1 000 kV)
10
5 900
4 900
6
Copper
1 000
915
500
1 415
1
945
250
-658
0.39

For the proposed ring much more power has to be fed through the coupling loops. Two different
operating conditions of the cavities, one with a peak voltage of 750 kV and a delivered beam current
of 5 mA, another with 1 000 kV and 10 mA, are shown. In the first case, the total RF power to be
delivered through the coupling loop to each cavity and the ratio between power losses and beam
loading is about 1.5 larger than the present operating conditions, while a beam power four times larger
is delivered. In the second case (1 000 kV) the power to be delivered by the amplifier through the
coupler is doubled and larger than 1 MW per cavity.
The last item in Table 3 is the conversion efficiency from electric to beam power, assuming a
conversion efficiency of 0.7 from electrical main power to the RF power. The third column presents a
list of the requirements for the RF cavities in the hypothesis to operate the cavity at 1 000 kV and to
accelerate 10 mA.
The flat-top cavity has to flat the acceleration voltage per turn to reduce the energy spread due to
the sinus-like voltage acceleration. As shown in Table 3, the flat-toping cavity for the present proposal
must be able to reach a voltage twice as high as the flat-toping cavity of PSI. This is a consequence of
the large increase of the energy gain per turn. The flat-toping cavity has to balance about 12% of the
voltage gain per turn to flat the accelerating voltage. The higher voltage means that a large power
amplifier is required to drive the cavity as well as a more serious control system to operate the cavity
from zero current up to maximum beam current. The cavity needs about 135 kW at zero beam current
but absorbs about 330 kW from the beam when the maximum current of 5 mA accelerates. These
values are doubled in the case an accelerating voltage of 1 000 kV is applied on the accelerating
cavities and a current of 10 mA is accelerated. To couple the RF amplifier to this flat-toping cavity
and the absorption of the beam power is probably the most difficult task of the project.
The compact superconducting cyclotron for H +2
As an injector for the booster ring cyclotron we propose a compact superconducting cyclotron
able to accelerate H +2 ions [5]. The main difference between the acceleration of H +2 and protons is that
the charge to mass ratio changes from 0.5 to 1. The magnetic rigidity for H +2 ions is twice as large
than for protons of the same speed, implying a magnet with a radius twice as large. This may not be
true if high intensity beams at energy of 100 MeV/n or higher have to be delivered. In fact in this case
the size of the cyclotron is not ruled only by the magnetic rigidity of the beam. For example proton
cyclotrons with electrostatic extraction need large radii to increase the orbit separation, which enables
single-turn extraction. Cyclotrons for H– also need very large radii due to the electromagnetic stripping
of the weakly bound electron, which forbids the use of high magnetic field. For the acceleration of H +2
magnetic fields as high as 10 T are usable because the binding energy of the electron of the H +2
molecule is about 20 times higher than the binding energy of the electron in the H– ion.
The acceleration of H +2 molecules, to deliver high beam currents of protons offers the following
advantages:
•

Beam extraction by stripper.

•

Reduction of space charge effects.

•

Lower voltages on the acceleration electrodes.

•

High magnetic field permitted.
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The stripping method is currently used by some cyclotron laboratories to extract light and medium
ions, by the TRIUMF Cyclotron to extract H– at energies of 520 MeV and by many commercial
cyclotrons to extract H– and D– beams. In particular the success of the commercial cyclotron to deliver
high beam current is an indication of the reliability of this kind of cyclotron.
The parameters of a possible compact superconducting cyclotron for H +2 have roughly been
fixed, scaling our K800 superconductor cyclotron the maximum energy has been assumed to be
100 MeV/n, which requires an average magnetic field of 2.5 Tesla if the extraction radius is 1.21 m.
Vertical focusing is guaranteed by the modulation provided by three sectors, the hill being
56° wide, and by a spiral angle of 45°. In the hill, a maximum field of 3.6 Tesla is assumed, while the
valley field is 1.6 Tesla. Three radio frequency cavities, working at 50.6 MHz, could provide a
maximum voltage of 120 KV on the dees. Assuming the harmonic mode of acceleration h = 3, an
energy gain per turn of 720 keV is achievable.
The injection mode assumed for this cyclotron is the axial one. An injection energy as high as
possible is desirable to decrease the space-charge effect and to enlarge the central region itself,
increasing the clearance for the beam. A list of the parameters of the proposed H +2 compact cyclotron
is presented in Table 4.
Table 4. Main parameters for the proposed H2+ compact superconducting cyclotron
EMax (MeV/n)
EInj (MeV)
RInj (mm)
Rex (m)
Cavities
Harmonic mode
Frequency (MHz)

100
0.06
26
1.21
3
3th
50.6

Q/A
Valley gap (cm)
Hill gap (cm)
Sectors
Voltage (kV)
L He
Ampere turn

0.5
100
9
3
85-120
≤ 15 lt/h
1.8∗106

Extraction
Bvalley (T)
Bhill (T)
<B> (T)
RF power/cavity
Energy gain/turn
Weight (t)

Stripper
1.6
3.6
2.3-2.5
≤50 kW
720 keV
≈200

Extraction by stripping
The extraction of beam in a compact cyclotron is performed by a stripper foil placed at the
extraction radius, which strips the electron of H +2 , breaks the molecule and produces two free protons.
These protons follow a quasi-circular inner trajectory having a radius approximately one-half the size
of the extraction radius, and due to the precession of the orbit centre escape the region of the magnetic
pole of the cyclotron. To verify the above statements and obtain elements on the feasibility of the
extraction method proposed, extraction by stripping has been studied in our K800 superconducting
cyclotron. The magnetic field was interpolated from the measured magnetic field maps. The stripper
foil, simulated by a sudden change of charge state, was placed at different angles inside a hill.
We found that for an large enough angular range of the stripper positions the stripped particles escape
from the cyclotron magnetic field in one turn. In Figure 3(a) three different trajectories for three
different stripper positions are shown. According to our simulations small variations of the extraction
radius have negligible effects on the extraction trajectory. The stripper position has a strong effect on
the size of the beam envelope. This is mainly due to the different strength of focusing field crossed by
the different trajectories. However a position which minimises the beam envelope in both the radial
and axial plane along the whole trajectory was found. The radial and axial beam envelopes along the
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Figure 3. (a) Trajectory of the last accelerated orbit of H2+ and extraction
trajectory of the proton beam produced by the stripper. (b) Beam envelope
along the trajectory of extraction without and with focusing magnetic channel.
Evaluation performed on the measured magnetic field of K800 of LNS.

better extraction trajectory are shown in Figure 3(b). The beam envelope has a maximum in the region
where the trajectory crosses the cryostat, but the introduction of single magnetic channel at R = 100 cm
is able to flatten the beam shape along the whole extraction trajectory.
The insertion of a small magnetic channel at R = 100 cm, quite far from the last accelerated orbit
is sufficient to focus the beam and maintain its size below 10 mm in both the transversal directions up
to the outer radii. Although for each cyclotron the extraction trajectories are different, the present
simulation confirms the experience of other laboratories [6], proving the feasibility of this process.
Upper current limit
A realistic evaluation of the current limit due to space charge effects for the proposed compact
superconducting cyclotron (CSC) can be extrapolated from the experience obtained with H– cyclotrons.
The acceleration of protons or H +2 in a compact cyclotron is similar to the acceleration process of H–:
in both cases the space charge effects are stronger in the first turns.
Commercial cyclotrons such as Cyclone 30 and the TR-30 are able to deliver beam current up to
1 mA. Cyclone 18+ was able to accelerate up to 2 mA of protons routinely and during tests up to
5 mA. The cyclotron test bench at TRIUMF was able to accelerate up to 3.3 mA of H– beam.
According to these experimental results and to the considerations of Baartman [7], the upper
current limit, due to the space charge effects, scales with a rule of E 3inj/ 2 , if the geometry of the central
region and the beam trajectory are unchanged. According to this rule the TR-30 compact cyclotron for
H– with a central region scaled up by a factor 1.44, double injection energy and double accelerating
voltage, should have an upper current limit of 10 mA (see Table 5). If the central region of the CSC is
scaled for the magnetic rigidity of H +2 ions, the intensity limit should be twice as high in the proton
case, as a consequence of the reduced charge to mass ratio, q/A = 0.5 of the H +2 ion. Moreover the H +2
beam will produce a double current of protons after the crossing of the extraction stripper. A significant
advantage of the H +2 beam could be the better emittance and the higher currents of H +2 sources vs. H–
sources. In Table 5 the maximum currents delivered by some existing cyclotrons, the expected
maximum beam current for the TR-30 cyclotron scaled up to an injection energy of 50 keV and the
expected maximum current for the CSC H +2 are shown.
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Table 5. Expected upper current limit, due to the space charge
effects and related parameters of injection for compact cyclotrons

TR-30 estimated
TR-30 scaled up
CSC for H +2

Einj (keV)
25
50
60

DEE (kV)
052
104
085

Eg (keV)
208
416
500

Rinj (cm)
2.5
2.7

Bo (T)
1.9
1.9
2.3

Imax (mA)
3.3*
10*
16 (8†)

* Ref. [5].
†
Beam current of the H2+ before the stripping.

Beam quality
In order to be acceptable to the main ring the injector has to deliver a beam with ∆Ei ≤ 400 keV,
∆ϕ ≈ 10° RF and low beam halo. The energy spread for the CSC with extraction by stripping is the
main difference between the energy of the last two orbits which is the energy gain per turn
∆E = 720 keV. But after the stripper, the proton beam has an energy spread of 360 keV, which fits the
request of the booster very well.
To deliver a beam with bunch width of ≈10° for further acceleration in the ring cyclotron, a
two-stage phase selection should be performed. The first phase selection, to reduce the natural large
acceptance phase of 60° down to 20° RF has to be done at the early turns using the posts of the central
region. Assuming a DC of 20 mA and a two harmonic gridded buncher with a moderate efficiency
about 84% of the beam intensity should be stopped in this region, and a beam power of about 1 kW
has to be removed. Moreover a proper shape of the magnetic field could produce a correlation between
the phase of the particles and their radial position along the first 16-20 turns [8]. Thus a second stage
of phase selection using movable slits should be able to define a final beam phase width of 15° RF.
To prevent activation of cyclotron components this second stage of phase selection has to be installed
at a radius ≤ 30 cm where the beam energy is ≤ 6 MeV/n and the inter turn separation is of 7.5 mm.
The expected beam losses at this location should be 25% and to obtain a H +2 beam current of 2.5 mA,
10 kW beam power should be removed. The energy gain per turn, after the phase selection, has to be
increased up to the extraction radius to allow a phase compression down to 10° RF.
A strong reduction in the production of halos is expected for the compact cyclotron for H +2 with
respect to a proton cyclotron like the PSI injector. As reported in [2,7] the beam delivered by the PSI
injector has halos mainly in the radial direction. These halos are produced by the space charge force
and by the straggling of the beam on the collimators placed along the first orbits. The effect of a
collimator on a H +2 molecule is to break the H +2 into two protons which are stopped very quickly and
efficiently by the isochronism of the cyclotron magnetic field.
Proton beams with current exceeding 10 mA are more feasible if compact cyclotrons for H +2 are
used. Nevertheless we have considered a cyclotron for a nominal beam current of 5 mA.
Vacuum requirements
As is well known, due to interaction with the residual gas, ions could lose the orbital electron
along the acceleration path. The fraction of particles that survives is [9]:
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(

)

v
with: σ l ( E ) ≈ 4π ⋅ a 02 ⋅   (Z t2 + Z t )
 v0 
where P is the pressure (torr), L is the path length in cm, σl(E) is the cross-section of electron loss,
v0 and a0 are the velocity and the radius of the orbit of Bohr respectively and Zt is the atomic number
of the residual gas.

T=

2

N
= exp − 3.35 ⋅ 1016 σ l (E ) ⋅Pdl ,
N0

∫

This formula gives a result in quite good agreement with experimental data. Anyway it is very
important to have some measured values of the cross-section for electron stripping of H +2 across the
residual gas. We plan to measure these cross-sections in the near future, as soon as an H +2 beam of
70 MeV/amu becomes available at our laboratory. As shown in Table 6, to maintain the amount of
loss during the acceleration at the same level as the TRIUMF cyclotron, the vacuum has to be 10–
8
torr, twice as good as the vacuum of the TRIUMF cyclotron. The proposed high-energy cyclotrons
discussed here are more compact and smaller than the TRIUMF, so achieving a better vacuum should
be feasible. Moreover good values of vacuum are also useful for increasing the reliability of the RF
cavities.
Table 6. Beam losses due to interactions with residual
gas for TRIUMF and for the cyclotrons here considered

TRIUMF
CSC ( H +2 )

Emax (MeV) ∆E/∆n (MeV) Rex (m)
520
0.34
7.8
200
0.6
1.2

Imax (mA)
0.4
5

Vac.(torr) T%
2 10–8
1.66
–8
0.028
10

Iloss (µA)
6.6
1.4
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THE CYCLOTRON AS A POSSIBLE DRIVER FOR ADS SYSTEMS

Th. Stammbach, S. Adam, T. Blumer, A. Mezger, P.A. Schmelzbach, P. Sigg
Paul Scherrer Institute, Villigen, Switzerland

Abstract
The feasibility of cyclotrons as possible drivers for an accelerator-driven reactor system (ADS) has
been investigated. A conceptual design of a cyclotron for the acceleration of a 10 MW proton beam
(10 mA beam current at an energy of 1 GeV) has been proposed and is discussed based on the
experience gained at the PSI accelerator facility with the routine operation of a 1.5 mA, 590 MeV
proton beam driving the spallation neutron source SINQ. The facility operates with extremely low
beam loss and good availability. The causes for beam interruptions are discussed.
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Introduction
The feasibility of cyclotrons as possible drivers for spallation neutron sources and for applications
in transmutation technologies has been discussed in several publications [1-9]. All authors conclude
that it should be possible to build and operate a cyclotron capable of producing beams with typically
10 MW beam power. A large variety of designs are proposed, either based on separated sector
cyclotrons or using negative or molecular beams. A key issue is, of course, the beam loss at extraction
and the question of how the corresponding activation of components affects the serviceability of the
accelerator. For the separated sector cyclotron, a high acceleration voltage and a large average radius
are the essential features which would enable to achieve good turn separation and low beam loss.
The open structure of the cyclotron with separated magnets allows to install large and efficient cavities
in order to achieve high acceleration voltage. The disadvantage is that the beam has to be injected at an
intermediate energy and hence this type of cyclotron requires a second accelerator, generally an
injector cyclotron, as a pre-stage. The use of molecular or negative ion beams which can be extracted
with stripping foils is another method that results in low beam loss at extraction. Most proposals are on
the level of conceptual designs but based on known technology.
Details of a final design have yet to be worked out. An important step is the optimisation among
size, cost and reliability. A large size allows to increase the number of acceleration devices. Both size
and a large energy gain per turn contribute to a better turn separation and hence result in lower beam
losses, but at the price of higher investment costs. The Yerevan proposal [6] is a typical example of a
very large cyclotron with an average radius of 36.5 m at a final energy of 1 GeV, which in view of low
beam losses, has a very comfortable turn separation of 140 mm. A high acceleration voltage, hence
high energy gain, also gives better turn separation and lower beam loss, but at the price of a lower
power efficiency. The PSI facility [1] is an example of this. The contribution of superconductivity in
order to reduce the power consumption is not as large as one might expect, since in a high power beam
facility the total power is dominated by the beam power and the power loss in the conversion of
electricity from the line to the RF systems used for the acceleration (as discussed in the section
concerning power efficiency). Also, building a compact cyclotron using superconducting magnets in
order to reduce investment costs is only feasible if molecular beams are used [3]. If reliability is the
key issue we should select the simplest accelerator with the least number of components.
The 10 MW facility proposed by PSI [10] and the preliminary design for the energy amplifier [2]
both use a 1 GeV separated sector cyclotron as the final stage of the accelerator chain and a beam
current of 10 mA. Both cyclotrons are very similar. They are built up of 12 and 10 sector magnets,
respectively, with an average radius at extraction of about 6 m. Beam acceleration is performed with
eight and six cavities. Two flat-top cavities are installed in order to render the acceleration independent
of the beam phase. Both proposals employ proven construction principles from existing installations.
The layout shown in Figure 1 is a scaled up version of the existing facility at PSI, which consists of a
590 MeV cyclotron main stage, a 72 MeV injector cyclotron, “Inj.2”, and a Crockcroft-Walton
pre-injector with an energy of 870 keV. The facility is routinely operated at a beam current of 1.5 mA
as the driver for the spallation neutron source SINQ at PSI. The highest beam current that has been
accelerated and extracted in the existing facility was 1.8m A.
Technical performance
Generally, the performance of a prototype facility as proposed in Figure 1 can only be predicted
with a large degree of uncertainty, but since the proposed 1 GeV cyclotron is very similar to the
existing cyclotron at PSI, it is possible to extrapolate the performance data from 1.5 mA beam current
at 590 MeV up to 10 mA at 1 GeV for different subsystems with a good level of confidence.
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Figure 1. Conceptual layout of a high power cyclotron for 10 mA beam current at 1 GeV
Its main characteristics are: 12 sector magnets, 8 cavities for the acceleration (C)
operating at 44.2 MHz and two 132.6 MHz flat-top cavities (F). The injection energy
is 120 MeV and the extraction radius of 5.7 m is reached after 140 revolutions.

The maximum beam currents accelerated and extracted in the PSI facility are 1.8 mA at the final
energy of 590 MeV and 2 mA for the injector cyclotron at the intermediate energy of 72 MeV. This is
achieved using a DC current of 12 mA from the ion source. The extrapolation to 10 mA is a modest
factor of about 5. Concerning the source, a factor of 5 should not be difficult since ion sources that
deliver 100 mA have been built. The question of bunching the higher beam intensity into the proper
phase space has not been demonstrated for the case of a cyclotron. Beam simulation based on a rather
simple model, but including space charge effects, shows, however, that 5 times more beam current can
be bunched into the same phase space, provided the buncher is located closer to the first cyclotron [11].
The distance from the buncher to the cyclotron has to be reduced from about 6 m for the existing
facility to about 3 m for the 10 MW facility. This could be implemented in a new design.
Concerning beam loss, the extraction of the 1 GeV beam is the most critical point. A good
separation between the orbits at the extraction radius is mandatory in order to achieve a good
extraction efficiency. It is given by the average radius an the number of turns. In the 10 MW facility
these parameters have been selected such that the separation of turns is larger than that in the 590 MeV
cyclotron at PSI. The averaged extraction efficiency achieved in the 590 MeV cyclotron is as high as
99.98% and the same extraction rate can be expected from the 10 MW facility.
The effect of space charge and possible limits have been discussed extensively in previous
publications and the references therein [1,11]. Especially longitudinal space charge forces have to be
considered. Their effect is strong since cyclotrons do not have longitudinal focusing properties and
with increasing beam intensities a deterioration of the beam quality and increasing beam loss at
extraction is observed. Only the use of circular beam bunches in radius and phase on well separated
cyclotron orbits, a method so far only employed in the PSI injector cyclotron [11,12], counteracts the
deterioration. In this case the beam is longitudinally matched to the very strong space charge forces.
The result is a compact particle distribution that remains stable during acceleration and that can be
extracted with extremely low beam loss even at high intensities. If the injector for a 10 MW facility is
operated in this regime a comparably good performance can be expected.
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The proposed 1 GeV cyclotron is not large enough that it could be operated in this regime using
circular beam bunches. The effect of longitudinal space charge forces can only be kept small by
reducing the number of revolutions needed to reach the extraction radius, i.e. by using the highest
possible acceleration voltage. A simple model [13] has been used to demonstrate that under space
charge dominated conditions the maximum beam intensity that can be extracted with low beam loss
scales with the third power of the acceleration voltage. The model could be verified during the upgrade
of the PSI facility to higher beam intensities, when the acceleration voltage was increased stepwise
from 450 kV per cavity to 730 kV. Figure 2 shows how the maximum beam current could be increased
when the acceleration voltage was raised in the course of the upgrade programme. Based on an
extrapolation using the same model we can expect a maximum beam intensity of 10 mA in the
proposed 10 MW facility.
Figure 2. The maximum beam current that could be extracted from the PSI 590 MeV
cyclotron under space charge dominated conditions plotted at different stages in the
course of the upgrade of the facility to higher intensities by raising the acceleration voltage.
Due to the effect of longitudinal space charge forces, the beam intensity is expected to scale
with the third power of the acceleration voltage. Based on the model that predicts this scaling law,
a maximum beam current of 10 mA can be expected from the proposed facility shown in Figure 1.

Operational performance
The operational aspects of a high power cyclotron facility can best be discussed based on the
experience gained with the routine operation of the PSI cyclotron at a beam power close to 1 MW.
An important operational task is repair and maintenance of the accelerator in the vicinity of activated
components. For applications in power generation and transmutation the power conversion efficiency,
i.e. the power needed to drive the accelerator, as well as the reliability and availability of the beam are
important aspects to be discussed. Less for research, but very much for industrial applications,
operational cost is an important factor. Little can be said about cost without details of the design
including the necessary handling equipment and the spare parts needed to achieve a given reliability.
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Activation and radiation dose
The radiation dose imposed on the personnel involved in repair and maintenance is difficult to
predict. The dose not only depends on the beam loss in the cyclotron and beam lines, but to a larger
degree on the design of the equipment, the installation of local shielding, on installations for quick and
remote removal of activated components into shielded boxes and the use of manipulators [14]. It also
depends on preventive measures like concentration of activation in specially designed beam catchers,
optimised material selection and, last but not least, the attitude of the personnel themselves in the
handling of activated components. The serviceability after irradiation is rather related to design than to
the amount of beam produced or lost. An example is given in Figure 3 which shows the annual dose of
the accelerator division over the past 25 years. The accelerator division does not include all the
personnel involved in maintenance, but it is a rather stable group of about 70 people working around
the cyclotrons. Although the beam production could be raised by several orders of magnitude, the dose
of this group stayed constant. The conclusion is that, with proper design strategies as mentioned
above, a 10 MW facility can be handled, provided the beam transmission remains comparable to that
in the PSI cyclotrons.
Figure 3. Beam production and radiation dose
Plotted are the integrated annual beam current in the PSI cyclotron facility (solid line) and the total radiation
dose of a stable group of personnel involved in repair and maintenance of the cyclotrons (squares). The figure
demonstrates that the maintenance dose is to a large degree determined by other factors than beam production.

Power efficiency
The power efficiency of the facility depends very much on the type of accelerator, on the size of
the cyclotron and on the amount of beam loading. It is highest if the facility is operated close to the
intensity limit, i.e. at the highest possible beam power for a given accelerating voltage. It can, therefore,
only be known after a final design has been finished. A rough estimate shows that the power needed is
dominated by the beam power, as shown in Table 1. Going to superconducting RF systems would, in
the example of the 1 GeV facility, be only a moderate improvement of not more than 20% in efficiency.
Reliability
The expectations concerning reliability of a high power facility differ substantially depending on
its use. In a research environment a beam availability of about 85% to 95% is considered acceptable
and most experiments are little affected by short beam interruptions (beam trips). In the application of
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Table 1. Power needed to drive the PSI facility and
a power estimation for the proposed 10 MW facility
Existing PSI
facility, 0.9 MW

Proposed 1 GeV
facility, 10 MW

Beam power
Line to RF conversion

0.90 MW (10%)
0.45 MW (5%)

10.0 MW
5.0 MW

(36%)
(18%)

RF systems
Injector cyclotron
Main stage cyclotron
Line to RF conversion

0.40 MW (4%)
1.30 MW (14%)
0.90 MW (10%)

1.0 MW
3.0 MW
2.0 MW

(3%)
(11%)
(7%)

Other systems
Injector cyclotron
Main stage cyclotron

0.60 MW (7%)
1.00 MW (11%)

1.0 MW
2.0 MW

(3%)
(7%)

Beam lines
Facility infrastructure

1.00 MW (11%)
2.45 MW (28%)

1.0 MW
3.0 MW

(4%)
(11%)

Total
Power efficiency

9.00 MW (100%)
10%

28.0 MW (100%)
36%

high power beams in connection with a reactor core, however, it is expected that the beam is close to
100% available and virtually never interrupted. Hence the reliability and the number of beam trips
have become a question of prime interest in these applications. Most existing facilities are used for
research activities, and their design is generally optimised for low cost and not for a 100% beam
availability.
Studies on the reliability of existing facilities have been performed [15,16], but they offer little
help in order to extract what could be expected if the design of an accelerator were optimised for
maximum reliability. An example is given in Table 2. Listed are typical data on the operational
performance of the PSI 590 MeV cyclotron facility covering the period April-September 1999 and
corresponding data on the H+ and H– production cycles 1996/97 in the LANSCE 800 MeV linac.
The PSI data are not based on an exact event-by-event analysis, but a rough estimate based on various
available data sources: a list of beam interlocks 17.3.-25.8.99 and beam time integration 1.4.-30.9.99
corrected for planned maintenance. The data on the LANSCE linac are quoted from the summary of
M. Eriksson [16]. In order to facilitate a comparison all entries are scaled up form the actual scheduled
beam time to 8 760 h in order to represent one full year of operation. The mean down time per beam
interruption is given in Table 3 using the data listed in Table 2. Two kind of interruptions can be
distinguished. The short beam interruptions, beam trips, after which the beam is immediately turned
on again, shall be discussed in a separate section. They contribute little to the down time. The main
contribution to the down time is due to component failures in RF systems, magnets and especially
their power supplies and controls. A considerable fraction of the down time is caused by outage of
support systems (vacuum, cooling, electricity). Striking are the large differences seen in Table 2, not
only between cyclotron and linac, but also between H– and H+ production in the case of LANSCE.
This, and the fact that certain subsystems contribute predominantly to the down time, demonstrate that
these facilities are not optimised with respect to maximum reliability. Furthermore just three events
dominate the quoted down time in the case of the PSI facility: the repair of corroded cooling lines in
25 year old equipment (a bending magnet and an injection device) took a time of 132 h and 30 h
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Table 2. Down time and beam interruptions (trips) in the PSI 590 MeV cyclotron facility in
comparison to corresponding data for the H+ and H– beam at the LANSCE 800 MeV linac
The PSI data are based on beam time and interlock records covering the period April to September 1999
(scheduled beam time 4 060 h). The LANSCE data are taken from the thesis of M. Eriksson [16] who summarised
the H+ and H– production cycles 1996/97 (2 870 h and 5 144 h). All values listed are scaled up from the actual
beam time to 8 760 h in order to represent an operation period of one year. Partly also given are the number of
parts or elements in the subsystems for which data are listed.

LANSCE 1997
LANSCE 1996/97
H+ beam
H– beam
Down Beam
Down Beam
Down Beam
No.
No.
No.
time
trips
time
trips
time
trips
of parts
of parts
of parts
[h/y]
[y–1]
[h/y]
[y–1]
[h/y]
[y–1]
6
190
369 12 740
157
2 097
PSI 1999

Cockroft-Walton HV
RF systems
Injector
Main stage
High voltage devices
El. stat. devices
Pulsed power
Magnets
Power suppl. CTRL
Targets
Support systems
Beam protection
Procedures, users

5
5

76
88

170
130

8

30

8 200

180

Whole facility
Availability

44

7
800
278

441
330
4
50
239
100
45 11 700
20 5 130
950 26 000
89%

195
92

747
523

9

1

89
189
168
73
55

210
334
228
1 337
388

1 240

16 550

86%

44

7
800
278

114
90

710
487

102

375

279
138
250
215
65

434
497
365
2204
988

1 410

8 160

85%

Table 3. Mean down time per beam interruption for the data listed in Table 2
PSI 1999
Cockcroft-Walton, HV
RF injector
Main stage
High voltage devices
Magnets, PS, CTRL
Support systems
Beam protection
Procedures, users
Whole facility

0.03 h
0.45 h
0.68 h
0.004 h
1.34 h
2.40 h
0.004 h
0.004 h
0.04 h

LANSCE 1997 LANSCE 1996/97
H+ beam
H– beam
0.03 h
0.07 h
0.26 h
0.16 h
0.18 h
0.18 h
9h
0.27 h
0.42 h
0.64 h
0.74 h
0.68 h
0.05 h
0.10 h
0.14 h
0.07 h
0.07 h
0.17 h

respectively, entering (scaled up to 1 year) with 350 h/y in Table 2. An outage due to flooding caused
52 h down time, which contributes 127 h/y to the listed value in Table 2. Without these events, which
are not thinkable in the environment of a power reactor, the entries to Table 2 would read 90 h/y for
magnets, power supplies, control and 130 h/y for the support systems. Without these three failures the
beam availability would have reached close to 95%.
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The fact that existing accelerators are not primarily optimised with respect to reliability renders
an extrapolation to a high power facility fully optimised for maximum reliability difficult. The authors
of Ref. [15] have shown that with special effort the reliability can be improved considerably. The time
needed to localise the exact cause of a failure can be reduced by the installation of diagnostic tools.
The time needed for repair depends on policies concerning spare parts, redundant systems and fast
access. The total down time can partly be reduced by preventive maintenance. In the design of the
accelerator good accessibility and fast pump down are important factors. As a conclusion we might
expect that the best performing subsystems could achieve down times below 1% of the scheduled
beam time. But all subsystems and the large number of components needed would nevertheless add up
to a few per cent, a clear difficulty coming from the large number of components. Presumably
operation would also have to be interrupted once a month for a few hours for maintenance.
Beam trips
Frequent short beam interruptions, “beam trips”, after which the beam is immediately turned on
again, are typical for the existing facilities at PSI and for the LANSCE linac. The number of beam
trips in these facilities are listed in Table 2, as described above. Again large differences can be seen
between the machines. Obviously the acceptance of interruptions from operational procedures and
connected to use and protection of the facilities is different in the two labs. This demonstrates that
these accelerators are not built for an operational regime without beam interruptions. A large number
of beam trips could be avoided if needed. Many systems, however, work with high electric fields, like
ion source, the Cockcroft-Walton pre-injector, electrostatic deflectors, pulsed power systems and RF
systems. A natural consequence of the use of high electric fields is occasional discharges that recondition
the surfaces of the field boundary. In the case of the PSI cyclotron the high power beam is interrupted
after such a discharge. The duration of the interruption is made to be about 20 sec in order to avoid
thermal stress in the radiation cooled pion production target. The frequency of discharges depends on
the field strength. The three electrostatic deflectors at PSI for beam extraction from the injector
cyclotron, beam injection into the main stage cyclotron and extraction from the main stage work with
electric fields of 3.2 MV/m, 7.4 MV/m and 8.8 MV/m and the frequency of discharges observed
during the period specified in Table 2 corresponds to about 300/y, 3 100/y and 4 300/y. Figure 4 gives
the number of discharges per day in the electrostatic deflector of the PSI injector and that of the
590 MeV cyclotron in the course of the beam production period 1999 summarised in Table 2. It shows
that the electric field strength and vacuum conditions have a strong influence on how frequent
discharges occur. Hence at the price of a conservative design the number of discharges can certainly
be reduced, but not completely avoided. A conservative design would probably result in a larger
cyclotron with better turn separation, but lower power efficiency. The same holds for the RF systems.
In this case, however, we face conflicting demands: a conservative design with low electric fields on
one side, and on the other side acceleration at the highest possible acceleration voltage in order to
reduce the effect of space charge as described above. In the PSI main stage cyclotron the field strength
in the RF cavities amounts to about 5 MV/m. As seen in Table 2 the number of discharges remains
moderate, and as described in Ref. [15] a large number of discharges are short enough that the high
power beam does not have to be interrupted. In one cavity (Cavity 4), that was studied over a two
month period (September/October 1999), only four non-recoverable sparks were recorded, but
53 microsparks after which the beam was not turned off. Finally, high voltage electric fields are also
employed in linacs and as seen in Table 2, a large number of beam interruptions from these systems
are observed, too. As a conclusion, we expect that a high power beam facility has to be designed to
accept short beam trips at a rate of at least 1 000/y or 2 000/y.
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Figure 4. Number of short beam interruptions caused by discharges in the
high voltage electrostatic deflectors for beam extraction from the PSI cyclotrons,
the deflector in the 590 MeV cyclotron, field strength 8.8 MV/m (dark dots) and
the deflector in the injector cyclotron, field strength 3.2 MV/m (grey squares)
The influence from vacuum conditions is seen in the increased sparking rate
observed after the 590 MeV cyclotron had to be opened for repair in August 1999
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Conclusion
The cyclotron facility at PSI is routinely operated at a beam power level of 1 MW with good
reliability as shown in Figure 5. Based on the same, well proven design strategies, a facility for the
production of 10 MW beam power can be proposed. Its performance can satisfactorily be extrapolated
from the existing facility. The technical performance can be expected to meet the requirements.
The reliability of existing facilities has not been pushed to the level that would be optimal for an
application in connection with a reactor core. A large effort in quality control, improved repair
strategies and preventive maintenance is needed in order to reach reliability figures above 95%.
An annual average of 98% or more, as envisaged, might be difficult to achieve with the large number
of components involved. Frequent short beam interruptions have to be expected, caused by discharges
in the high voltage elements of the accelerator. The corresponding load cycles have to be accounted
for in the design of the target system. If the thermal cycles in the target systems become too large a
solution with more than one accelerator coupled to the same target system has to be taken into
consideration. This would strongly reduce the number of full load cycles.
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Figure 5. Beam availability curve for the PSI 590 MeV cyclotrons for a period of
routine operation at a nominal beam current of 1.5 mA during April-September 1999
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EXTRAPOLATING IBA EXPERIENCE OF
MULTI-MILLIAMPERE CYCLOTRONS TO ADS APPLICATIONS

Yves Jongen
Ion Beam Applications s.a. (Belgium)

Abstract
In recent years, Ion Beam Applications (IBA) has designed, built and installed 16 cyclotrons for the
production of 103Pd, operating at 14 or 18 MeV, 2 mA on an internal target. Such cyclotrons operate
unattended for week-long irradiations. The main design features of these cyclotrons are summarised.
An analysis of the reliability of these cyclotron shows that the dominant beam perturbations result
from very short RF sparks, mostly in the central region and close to the ion source. A short discussion
of this sparking mechanism is proposed.
Recently, IBA has proposed [1] a new method to extract positive ions from a cyclotron without using
an electrostatic deflector. The prototype of a 14 MeV, multi-milliampere cyclotron using this new
technology is currently under construction. The design and the status of this project are reviewed.
Finally, for the MYRRHA project, developed jointly by the SCK (Mol, Belgium) and IBA [2], two
new cyclotron designs have been undertaken. The first one is a four sector injector cyclotron
accelerating protons to 80 MeV, 2.5 mA. The second one is a six sector, 340 MeV, 2.5 mA booster
cyclotron, to drive the MYRRHA device. These designs are also briefly presented herein.
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Existing cyclotrons used for the production of 103Pd
Since 1991, IBA has built 16 cyclotrons, specifically designed for the production of 103Pd, using
the reaction 103Rh (p,n) > 103Pd. The (p,n) reaction requires proton energies from 12-18 MeV at the
rhodium entrance, but the relatively low production yield and high desired production (103Pd is used
for brachytherapy) require very high current on target. Our cyclotrons use internal targets, thus
circumventing the problems related to the extraction of high beam currents. To spread the high beam
power on the fixed target, the target is placed at grazing incidence with respect to the circulating beam.
This causes part of the beam to scatter out of the target, and to be lost in the cyclotron, on a specially
designed aluminium shield covering the magnet poles.
The design of the cyclotron is illustrated in Figure 1. The magnet uses four straight sectors, with a
small gap between the hills (30 mm) and a large gap between the valleys (670 mm). The sector angle
is 54°. The RF accelerating system is installed in two opposite valleys, and includes two 30° dees,
connected at the centre and driven by a single RF amplifier, which is directly coupled to the cavity.
The power used to accelerate the beam is typically 30 kW, while the power dissipated in the RF
cavities reaches only 8 kW. These cyclotrons operate therefore at beam loading levels unprecedented
in cyclotron design. An internal, PIG, cold cathode ion source, generates the proton beam. We have
observed up to 7 mA of beam accelerated on a beam probe located at low radius (at which point the
beam probe melted).
Figure 1. View of the CYCLONE 18+, a 18 MeV, 2 mA cyclotron for the production of 103Pd
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In view of the half-life of 103Pd (14 days), the cyclotrons are operated for one or two week
irradiations. The target is loaded, the beam is established, then normally the cyclotron runs unattended
for one or two weeks, with often no one in the building during the night or weekend. A beam current
regulation loop monitors the beam current measured on the target, and adjusts the ion source arc
current to keep the target current at the pre-set value. As the beam sometimes shows a tendency to
exhibit a power surge when restarting abruptly at full power, the same circuit provides a slow ramp-up
of the beam if it has been interrupted longer than a pre-set time (typically one second).
Reliability issues in 103Pd production cyclotrons
These cyclotrons typically operate at 2 mA accelerated beam current, very close to the melting
point of the target and of the pure aluminium pole shields. Not surprisingly, the most frequent
problems are damages to the target or to the pole shields. However, if these problems are excluded
from the statistics, these cyclotrons have exhibited an excellent reliability, once the initial break-in
period is passed. In these conditions, unscheduled down time is less than 1%.
Short RF discharges in cyclotrons
Of particular interest to ADS application is the issue of short beam interruptions. The only
observed cause for such interruptions are sparks in the RF system. Such discharges happen almost
exclusively in the central region, were the RF fields and the gas pressure are the highest. We are
unfortunately unable to elaborate clear rules about the frequency of such discharge occurrences.
Among cyclotrons of identical design and similar operating parameters, some will exhibit RF discharges
almost once an hour, others almost never. A few empirical rules have however been observed:
•

RF discharges take place (almost?) exclusively along magnetic field lines. This is not
surprising in view of the curvature radius of electron paths in cyclotron magnetic fields.

•

The discharge rate is a steep function of the RF field along the magnetic field lines. Any
decrease of this field will significantly reduce the spark frequency

•

The older the accelerator, the lower the spark rate. There is clearly a conditioning effect,
where the surfaces subjected to high electric RF fields are progressively outgassed and
cleaned, leading to a lower spark frequency.

The time needed to discharge the RF energy stored in the cavity in a spark is exceedingly short.
The time to recover from the spark is partly defined by the time needed to pump away the burst of gas
released by the discharge (milliseconds to hundred of milliseconds), and also, to a large extent, by the
tunings of the Low Level RF Control Unit. To provide a smooth restart, the RF power first needs to be
re-applied in pulsed mode (to overcome multipactor, always present in cyclotrons), then CW at
attenuated level, then gradually at full dee voltage. When the RF is OFF, the RF cavity cools,
changing its resonant frequency, and the cavity tuning circuit, based on the RF signals, is inoperative.
If, as a result of the spark, the cavity tuning is lost, the system must start again to look for the
resonance. This last procedure can take 5-10 seconds. But most frequently, the RF restarts in less than
one second, and the cavity tuning is not lost because the cavity did not have time to cool and drift away.
While we do not know any solid theory explaining the kind of RF discharges experienced in
cyclotrons, here is our current view of the mechanisms involved. These discharges happen as
previously said along magnetic field lines, and at RF electric field levels much higher than the fields at
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which multipactor can take place. Thus it cannot be a simple multipactor. On the other hand, the local
pressure is too low, and the gap too small to explain a gas discharge according to Paschen law.
There is a strong suspicion that in such discharges, an initial electron current along an electric field
line causes local outgassing, and even melting of the copper surface at the point of impact. When the
gas pressure gets high enough, plasma is formed that effectively shorts the electrodes and absorbs all
the energy stored in the cavity. This model would explain the conditioning which is observed (older
cyclotrons show less RF discharges than new ones), along with the effects of the gas pressure.
In the cyclotron designs presented here for ADS, we think that we have introduced improvements
that should effectively address this problem. The most fundamental improvement is the suppression of
the internal ion source injecting directly into the dee, and of the central bridge connecting the two dees
at the centre of the cyclotron. This region, where the RF fields and the gas pressure are the highest is
also the region where most RF sparking takes place. The second cure is more advanced low level RF
circuits, using digital, programmed logic to ensure the fastest possible restart after a flash.
The self-extracted cyclotron
In 1995, the author proposed a new method to extract positive ions from a cyclotron without the
use of an electrostatic deflector [1]. This method relies on an extremely rapid transition in the radial
shape of the magnetic field, from the internal isochronous field, increasing with radius in proportion to
the mass of the ions, to a rapidly dropping field, with a field index equal or lower than -1, and
therefore unable to prevent the ions escaping the magnetic field. The key to this rapid transition is the
use of extremely small axial gaps at the extraction radius.
The self-extraction of the beam from the 230 MeV cyclotron built by IBA for proton therapy,
foreseen by beam tracking simulations, and described in Ref. [1] was indeed experimentally verified
on the prototype cyclotron built for Massachusetts General Hospital in Boston, during the factory
beam tests. After completely removing the electrostatic deflector, a small amount of beam, quite wide
as expected from calculations, was still observed in the extracted beam line. This experimental
verification of the beam self-extraction, although non-usable from a practical standpoint, gave
credibility to the computer simulations describing the method.
In 1998, IBA commenced the design and construction of a high current proton cyclotron to verify
the new extraction method. For this first prototype, the energy of 14 MeV was selected for the
following three reasons:
1. 14 MeV is a preferred energy for the production of the commercially important radioisotope
103
Pd.
2. The new method requires a large turn separation at extraction. This is obviously easier to
achieve at lower energies.
3. A smaller cyclotron represents also a smaller investment, a desired feature when trying a new,

untested extraction method.
The design of the new cyclotron is illustrated in Figure 2, showing a cut through the cyclotron
median plane.
The magnet has a few unusual features. First the hill gap is not uniform, decreasing from 36 mm
close to the centre, to 15 mm at extraction. This small gap at extraction is one of the essential features
of a self-extracted cyclotron. Then, the four sectors do not all have the same radius: the sector guiding
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Figure 2. Median plane projection of the 14 MeV self extraction cyclotron

the extracted beam, along with the opposite sector (for symmetry reasons), has a larger radius. In these
two sectors, a specially shaped groove is cut along the trajectory of the extracted orbit. This grove is
the passive equivalent of a septum magnet. The goal of this groove is to realise a field gradient
opposing the radial defocusing normally encountered in the extraction region. This magnetic geometry
was extensively analysed using the TOSCA computer code from Vector Fields (UK), and proton
trajectories were tracked in the simulated field. Successive iterations led to the present design.
The beam is generated, like in the current internal target
source, located at the centre.

103

Pd cyclotrons by a cold cathode PIG

The RF system operates at 68 MHz, on the 4th harmonic of the proton orbital frequency. The two
dees are connected at the centre, and capacitively fed by a single amplifier using a power tetrode tube.
The dee voltage is 43 kV at the centre and 52 kV at extraction radius, resulting in a dissipation of
15 kW in the RF cavities. The RF amplifier is sized to be able to accelerate 140 kW of beam. This does
not mean that we expect the extracted beam to be 10 mA. Rather it represents the fact that we want to
size the cyclotron components to be able to verify the actual beam current limit of the new extraction
method, without reaching the limits imposed by the design of individual subsystems.
The valleys not used by the RF system are used to locate injection and extraction elements, as
well as beam diagnostics.
The most original part of this cyclotron is, of course, the extraction system. The beam is normally
accelerated from the central region on a well-centred orbit. This beam centring can be fine-tuned by
harmonic coils located around 35 cm radius. At the last internal turns, the beam encounters two
radially opposed first harmonic kickers made of samarium cobalt permanent magnets, and located in
the centre of the valley. These kickers generate a plus/minus 0.1 Tesla field bump, extending radially
over 8 cm, and rising radially in less than 1 cm. The strong radial oscillation resulting from these kicks
creates a beam separation of more than 1 cm at the beam extraction point. This separation is enough to
bring the extracted beam on a trajectory clearly escaping the cyclotron magnetic field.
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During its last sector crossing, the defocusing effect of the radial field drop is partly compensated
by the field gradient caused by the groove milled in the sector along the extracted beam trajectory.
But the extracted beam is still radially diverging, and at the exit of this sector, a gradient corrector
made of Sm Co permanent magnets brings the beam back to parallel. This quasi-parallel beam is then
again refocused by a pair of Sm Co permanent magnet quadrupoles located at the exit of the cyclotron.
It is important to note that this extraction principle does not requires a separated turn structure in
the internal beam to achieve a high extraction efficiency. The computer simulations indicate a high
extraction efficiency with a multi-turn extraction.
Of course, the extraction efficiency is not 100%. Some particles fall in between the acceptance of
the extracted beam line and the acceptance of the last circulating orbit. According to beam simulations,
the extraction efficiency should be around 90%. To catch the lost protons, a special beam catcher is
located between the inner limit of the extracted beam and the outer limit of the internal beam, at an
azimuth where the power density of the lost beam is low. In the beam catcher, the protons cross a thin
pure aluminium window, and then are stopped in water flowing at high velocity. The design of this
beam stop is optimised to minimise activation and neutron production, as well as to maximise the
possible power dissipation. The beam catcher is electrically insulated from ground, allowing to
measure the amount of beam lost in it.
The MYRRHA project
In 1995-1996, the SCK•CEN (Mol, Belgium) and IBA studied together the development of
ADONIS, a subcritical fission device, aimed at the production of medical radioisotopes, mainly
99
Mo [3]. In ADONIS, a 150 MeV, 1.5 mA proton beam produced by an H– cyclotron was used to
produce 700 kW of fission in a subcritical assembly of targets made of highly enriched 235U. The total
production of 99Mo of one ADONIS device could supply the world demand in 99Mo. However, the
world market conditions for 99Mo did not justify the construction of ADONIS.
Starting in 1997, the SCK•CEN expanded both the missions and the design specifications of the
project, and ADONIS became MYRRHA [2]. The main missions of MYRRHA are:
•

In the field of radioactive waste management, study and pilot plant demonstration of the
transmutation of minor actinides and long-lived fission products.

•

The demonstration and study of ADS technology

•

In the mission of the SCK•CEN for nuclear reactor safety, testing of reactor materials in high
fluxes of neutrons

•

The production of radioisotopes for medical and industrial applications

The MYRRHA system would be composed of three main elements:
1. A system of two cyclotrons, an 80 MeV injector, and a 340 MeV booster, able to inject 2 mA
of proton beam into a spallation neutron source.
2. A spallation neutron source, where the 700 kW proton beam would be absorbed in a liquid
Pb-Bi eutectic, in a windowless design
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3. A subcritical assembly composed of a nuclear fuel core in a non-critical configuration
(0.85 < keff < 0.95) and acting as an amplifier of the primary spallation source. In MYRRHA,
it is envisioned to couple a fast spectrum zone (neutron flux Φ>0.1 MeV > 1015 n/cm².s) where
minor actinides transmutation studies, structural material and ADS fuel studies can be
conducted with a thermal spectrum zone (Φth > 1015 n/cm².s) where radioisotope production,
long-lived fission products transmutation research as well as light water reactor fuel safety
studies can be conducted. The fission power generated in the subcritical assembly would be
10-20 MW. The subcritical assembly of MYRRHA is illustrated in Figure 3.
Figure 3. Three-dimensional view of the spallation
source and the sub-critical system of MYRRHA

Cyclotron designs for the MYRRHA project
The MYRRHA project requires 2 mA of 340 MeV protons. This energy and current are well
within the possibilities of current cyclotron designs. A 340 MeV cyclotron is more easily achieved
using the separated sector magnet design. In separated sector cyclotrons with coils around each sector,
it is difficult to extent the isochronous field to the centre, and such cyclotrons are more easily done as
booster cyclotrons. We therefore propose a two cyclotron design for this application: four separated
sectors, common coil injector cyclotron, able to accelerate 2.5 mA of proton beam at 80 MeV with
good beam qualities, and a more classic six-separated sector cyclotron, able to further accelerate the
beam to 340 MeV.
A 80 MeV, 2.5 mA proton, 40 MeV deuteron injector cyclotron design
A cyclotron used as an injector in a cyclotron complex has to meet more severe requirements than
a cyclotron used in stand-alone mode. The RF frequency must be identical, or harmonically related, to
the frequency of the main ring cyclotron. The beam properties of the extracted beam must be good
enough to allow high efficiency injection and extraction in the booster cyclotron. An additional
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specification of the injector cyclotron made by another group considering this accelerator was the
possibility to accelerate deuterons to 40 MeV in addition to protons. The proposed injector cyclotron
design is illustrated in Figure 4.
Figure 4. Median plane view of the magnets and accelerating cavities of the 80 MeV injector

The magnet has four separate straight sectors, and a common pair of main coils, in such a way
that the sectors can extend to the centre of the cyclotron. A good axial focusing is obtained with a
sector angle increasing from 46° at injection to 48° at extraction, and no spiral. In this case, the
maximum value of νz the vertical betatron frequency is around 0.86. Narrower sectors or the use of a
spiral could increase νz above 1.0, but this choice seems unattractive. In this case, a crossing of the
νz = 1 resonance would be unavoidable at the centre and probably at extraction, and the tune shift due
to space charge forces would easily bring νz into the νz = 1 resonance.
To change from proton to deuteron acceleration, it is necessary to change the way the magnetic
field increases with radius. This can be done with surface coils wound around the magnet poles.
The current density needed does not exceed 20A/cm on each pole, corresponding to negligible power
dissipation. Deuterons having half the orbital frequency of protons would be accelerated on the fourth
harmonic of the RF frequency, versus H = 2 for protons. The injection and extraction parameters, as
well as the dee voltage would need to be similarly altered to maintain similar orbits.
The acceleration is produced by two dees, supported on half wavelength vertical resonators.
Two separate final amplifiers drive the two independent cavities. The dee voltage is 200 kW, and the
corresponding power dissipated in each cavity is 50 kW. In addition, 200 kW of RF power are needed
for beam acceleration, leading to a total RF power of 300 kW, or 150 kW/amplifier. Based on the
experience of the PSI Injector 2, no flat-topping cavities are foreseen in this design.
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Beam injection would be made at 1 MeV. There are several candidates as possible injectors for
1 MeV protons: a 1 MeV, 10 mA tandem accelerator was recently developed by Grumman Aerospace
for explosive detection. The Dynamitron accelerators, which are now part of the IBA company group,
could also accelerate several tenths of milliampere at 1 MeV. Finally, a large Cockroft-Walton, such
as that used at PSI is also a possibility. The injected beam emittance should be < 30 π mm mrad, and a
H = 1 simple buncher should be foreseen to provide a time focus with less dispersion as on the PSI
Injector 2. A low cost alternative for the beam injection would be the use of an internal PIG ion source
located close to the centre, in a valley without RF, with the source biased at +30…+50 kV. Control of
the injected beam quality would, however, be more difficult in this case.
For the beam extraction, we are currently considering a classical solution: a low electric field
(80 kV/cm) electrostatic deflector in a valley without RF, followed by a bending/focusing septum
magnet in the following valley.
340 MeV booster design
The preliminary designs of a 250 MeV and of a 340 MeV booster cyclotron have also been made
by IBA for the MYRRHA project. It should be noted, however, that these designs were based on a
38 MeV injector, different from the injector presented here above, and that these designs will need to
be amended for an injection energy of 80 MeV.
The 250 MeV design uses four separate sectors, while the 340 MeV design uses six sectors.
The designs are illustrated by Table 1, and, for the 340 MeV, by Figure 5.
Figure 5. Median plane view of the magnets and accelerating cavities of the 340 MeV booster
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Table 1. Booster cyclotron list of parameters
340 MeV
General
# sector
Hill field
Gap
Hill angle
Injection energy
Bρ at injection
Injection radius
Extraction energy
Bρ at extraction
Extraction radius
Revolution frequency

6
1.85 T
60 mm
22°-37.1°
38 MeV
0.9 Tm
1.117 m
340 MeV
2.9 Tm
2.75 m
11.79 MHz
Magnet data
1.057 m
2.800 m
3.750 m
40°
2.140 m
56 T
336 T
53 280
1.4 T
212 kW
RF system data
2
4
6
70.28 MHz
250 kV
750 kW
1
212.3 MHz

Inner pole radius
Outer pole radius
Overall external radius
Yoke return span
Overall height
One sector weight
Total steel weight
Ampere turns
One coil weight
Main coils power

Magnetic septum

Electrostatic inflector

Electrostatic deflector

Magnetic septum

# main cavities
# acceleration gaps
RF Harmonic
RF Frequency
Gap voltage
Total RF power (@ 2 mA)
# Flat-top cavities
FTC Frequency
Proton radial step/turn
Injection
10 mm
Extraction
2.5 mm
Phase acceptance
60°
Injection system data
Length
0.5 m
Field
0.6 T
Septum thickness
10 mm
Deflection angle
19°
Length
0.5 m
Field
100 kV/cm
Septum thickness
0.5 mm
Deflection angle
3.75°
Extraction system data
Length
1.0 m
Field
100 kV/cm
Septum thickness
0.5 mm
Deflection angle
0.97°
Length
1.0 m
Field
0.8 T
Septum thickness
10 mm
Deflection angle
15.8°
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250 MeV
4
1.85 T
60 mm
40°-51.6°
38 MeV
0.9 Tm
0.981 m
250 MeV
2.432 Tm
2.20 m
13.28 MHz
0.921 m
2.250 m
3.100 m
57°
1.950 m
42 T
168 T
53 280
1.4 T
141 kW
2
4
4
53.13 MHz
250 kV
600 kW
1
159.4 MHz
10 mm
4 mm
60°
0.66 m
0.6 T
10 mm
25°
0.66 m
100 kV/cm
0.5 mm
5°
1.3 m
100 kV/cm
0.5 mm
1.66°
1.3 m
0.8 T
10 mm
24°

REFERENCES

[1]

Yves Jongen, Dirk Vandeplassche, Pascal Cohilis, “High Intensity Cyclotrons for Radioisotope
Production, or the Comeback of the Positive Ion”, Proc. 14th Int. Conf. on Cyclotrons and their
Applications, Cape Town, South Africa, 1995, World Scientific Publisher, pp. 115-119.

[2]

K. Van Tichelen, J.L. Bellefontaine, E. Malambu, H. Aït Abderrahim “MYRRHA Project, a
Windowless ADS Design”, 3rd Int. Conf. on Accelerator-driven Transmutation Technologies
and Applications (ADDTA’99) Praha, Czech Republic, 7-11 June 1999.

[3]

“ADONIS Project: Feasibility Study”, 5 September 1997, SCK•CEN & IBA, unpublished doc.
SCK•CEN Bldg. 747.

197

ACCELERATOR AS A REPAIRABLE SYSTEM

Christopher M. Piaszczyk
Advanced Energy Systems, Inc.
Medford, NY 11763

Abstract
An accelerator is a prime example of a repairable system which is the type of device that can be
restored to a fully operational condition via a process of repair other than replacement of the entire
system. Since repairable systems can fail two or more times, the analysis of their reliability focuses on
predicting the trends in the pattern of failures and repairs rather than the time to first failure. Thus, it
needs to focus on the underlying random processes rather than the probability distribution function of
the component failures. This paper summarises the analysis methods available today and proposes an
approach to development of a simulation.
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Introduction
The reliability field originated during the development of the V-1 rocket in Pennemunde, where it
was discovered that launch success could not be guaranteed deterministically. Because of the complexity
of the system, chance failures of various components constituted a new factor in the design.
Robert Lusser, a mathematician called in by Von Braun to consult, proposed a probabilistic model of
the launch success rate as a product of probabilities of successful performance of all the components.
Intensive development of reliability methodology took place immediately after the war. Significant
early contributions to this field were made during the development of first computers by [1] and [2].
An important step was the introduction of Failure Modes and Effects Analysis. Fault Tree Analysis
was invented by H.A. Watson in Bell Labs during the Minuteman programme to evaluate the
probability of an accidental launch of the missile. Additional stimulus to the probabilistic way of
thinking was provided by the public concern over the safety of nuclear power plants. To address this
concern, the nuclear industry and the regulatory bodies developed methods for probabilistic risk
assessment [3].
Despite this long history of reliability theory and practice, repairable systems such as an
accelerator are still a challenge. Reliability of a repairable system cannot be treated in terms of a
product of reliabilities of its parts. There is a big difference between a repairable and non-repairable
system and there are many examples of both: a rocket that explodes during launch is definitely not
repairable; similarly, interplanetary spacecraft is not repairable. Once all its built-in redundancies are
exhausted, it cannot be repaired and a new one has to be launched. On the other hand, in common
circumstances, an automobile, a computer, a watch, a textile plant and other complex industrial
facilities are repairable. Their function can be restored via corrective maintenance. Since repairability
greatly increases the complexity of the analysis, practitioners tend to ignore it, despite the inadequacy
of the standard non-repairable system reliability methodology to repairable systems as has been
pointed out a long time ago [4]. Today, however, this complexity can be addressed by means of
computer simulations.
Credibility of the input data used in the analyses is another serious issue in accelerator reliability.
Credible failure and repair rates, especially for a one-of-a-kind large complex system such as an
accelerator facility, are not readily available. However, one can enlarge the available information base
by combining the statistics collected from a number of operating accelerator facilities. This idea gave
birth to the accelerator reliability database effort that started in 1995 [5,6]. Results of this effort to date
are summarised in [7,8,9].
Reliability analysis of repairable systems
For a non-repairable system, such as a spacecraft or a missile, the reliability theory is based on the
concept of failure probability distribution. One can theorise that when the spacecraft was being built,
each of its components was sampled from a virtual population (not necessarily physically in existence
but potentially manufacturable with the same process). The infinite number of “virtual” systems
assembled from these families of component populations constitute the population of systems for
which probabilistic statements can be made.
One naturally assumes that each population consists of components which are identical and fail
with equal probability. The reliability of a component at an instant of time is defined as the probability
of the component being still functional at that time having been put in operation at time zero. In other
words, reliability of a component at any time represents the proportion of the original population still
functioning at that time. For a single component, if the probability of failure is proportional only to the
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number of remaining, not-yet-failed components, and is not a function of time, we have a situation
completely analogous to the radioactive disintegration of nuclei. The constant disintegration rate is
known in reliability theory as the hazard rate. Its inverse is the mean time to failure (MTTF). But the
analogy pretty much ends here.
Consider for now a non-repairable system where all components must be functioning for the system
to be functioning (neglecting, for the time being, any redundancies that may be present). The probability
of the system being functional is the product of probabilities that the individual components are
functional. Hence, the reliability of the system is the product of reliabilities of the individual
components. From another point of view, the construction and operation of the system from time 0 to
t can be regarded as an experiment whose outcome is binary: up or down, depending on the outcomes
of the constituent experiments for individual components. This logical construct can be put to practical
use. We can determine the MTTF for each component (i.e. each component population) by randomly
sampling the populations of real components and subsequent statistical analyses of the samples.
Once we have that information, we can calculate the MTTF for the system from the MTTFs of the
components. Since the system hazard rate is the sum of the hazard rates of the components, the inverse
of the system MTTF is the sum of the corresponding inverses of the component MTTFs.
One important complication by which reliability differs from the theory of radioactive decay is
that we have to allow for the possibility of the hazard rate changing with time. This effect is usually
the result of ageing, with the probability of failure increasing as a function of time. In real world,
everything ages, but for mathematical convenience, one can argue that the ageing process is so slow
that the hazard rate can be approximated by a constant. This may well be acceptable in many cases,
especially in light of the arguments leading up to the “bathtub” model which is discussed later. On the
other hand, some authors argue that the use of a constant hazard rate gives non-conservative reliability
estimates for the system [10]. One has to pay attention to this argument since modern manufacturing
techniques are very likely to produce components whose failure probabilities follow the Weibull
distribution rather than the exponential. Indeed, quality considerations should drive the manufacturers
to produce components with a very low initial failure rate which increases rapidly after a certain useful
design life. As a matter of fact, the whole objective of quality control is to minimise the standard
deviations for all the specifications of the part including its design life. Needless to say, once Weibull
distributions are introduced into the model, closed form analytical solutions are no longer possible for
any system of realistic size.
A whole new level of complexity is introduced when we consider repairability. Following the
previously cited work by Ascher and Feingold and a more recent text by Tobias [11], let us imagine
that the system consists of an imaginary backbone structure with sockets for its components. When a
component fails, we pull it out of its socket and put a fresh one in. For the time being, let us believe
that this replacement is instantaneous, ignoring the time required for repairs (actually, a pretty good
approximation for many systems, but a significant omission in certain circumstances as we shall
discuss). The main difference with respect to the non-repairable case is that of emphasis. The question
we are interested in now is not: “What is the probability that the system will fail by time t?”, but:
“Is the system deteriorating, improving, or remaining the same with the passage of time?”. This
information obviously has important economical implications because we want to continue to maintain
the system only if the repairs expected from now to the end of service do not cost more than a new
system. The answer to this question can be found by examining the cumulative number of failures N(t)
as a function of time. Its graph is a staircase with each failure event raising the value by one step.
If the rate of failures decreases with time, as it would be for an improving system, the staircase is
flattening. If the rate of failures increases with time, as it would be for a deteriorating system, the
staircase is getting steeper and steeper. If the failure rate is not changing, the slope of the staircase
follows a more or less straight line.
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When the concept of hazard rate was introduced above, it referred to the number of failures per
unit time observed in a population of components, normalised by the number of components still
remaining alive at time t. In contrast, the quantity called failure rate is usually defined as the number
of failures per unit time referred to the constant number of original elements of the population.
In practice, one should remain vigilant because the two are used interchangeably by many authors.
In addition, for a repairable system, it is also possible to define the failure rate for the entire system
with replaceable components as dN(t)/dt. It is not difficult to realise that this quantity is entirely
different from the failure rate or the hazard rate we defined previously for the population of
component Since the dN(t)/dt is a characteristic of the entire system, each subsequent failure could be
due to a different component, sampled from an entirely different population. Even so, the same
components are naturally assumed to have identical and independent distributions (IID). To make sure
that this difference is not lost in the details, Ascher and Feingold introduced a concept of rate of
occurrence of failures (ROCOF) for the dN(t)/dt failure rate of a system.
The difference between repairable and non-repairable systems can be further illustrated by
considering the differences between the bathtub curve and the Drenick’s theorem [12]. The bathtub
curve is a hypothetical model which postulates that the component population hazard rate is higher
during its early life, flattens out over the middle part where the effect of infant mortality is no longer
noticeable, and the effect of ageing is not yet in effect, so that the failures are caused by events
independent of the system’s age, and grows again for the last segment of its life when the age effects
begin to dominate. This picture is intuitively appealing and almost universally accepted as applicable
even to complex systems, although the heuristic argument above is really plausible only for
components. Human mortality curves actually do seem to follow a trend similar to such a model [13].
However, human beings are an example of complex systems that are not repairable. Although modern
medicine did extend the flat region of the bathtub curve quite a bit to the right, we cannot be restored
to the “as good as new” condition after “failure” (note that mortality data does not count occurrences
of diseases). In contrast, Drenick provided a mathematical argument that in a repairable system, as a
result of the replacement of the failing parts at random times, the ages of parts in the system are
randomly distributed and the system failure rate tends to a constant with time. Hence, the model based
on Drenick’s reasoning does not have the high failure rate at the far end but, instead, its flat region
extends forever. Our everyday experience teaches that this behaviour is probably not realistic even
for systems commonly regarded as repairable and we would rather stick with the bathtub curve.
To overcome this objection, Asher proposed the “as bad as old” modification of the Drenick’s model
which postulates continuity of the system failure rate through the process of failure and replacement of
a component to account for the gradual wear-out of the remainder of the system components which are
not being replaced and which usually represent the majority of system parts [14].
Strictly speaking, since N(t) is not differentiable, ROCOF is defined as a limit of a series of
functions ∆N(t)/∆t as ∆t tends to zero. The inverse of the average value of ROCOF is the mean time
between failures (MTBF). Since ROCOF is a function of time, its inverse is actually an instantaneous
cumulative value of MTBF. Note that if a component population is characterised by an exponential
probability density function, the inverse of the hazard rate equals the MTTF. Moreover, the averaging
implied by the word “mean” is performed over the population in the case of MTTF and over time in
case of the MTBF. The cumulative MTBF can also be estimated from system failure data as the sum
total of all times between failures, i.e. the difference between the time of failure and the time of
restoration following the previous failure, divided by the total cumulative number of failures.
Ascher and Feingold as well as Tobias ignore the sequence of times to repair. It is easy to see,
however, that the times to repair, or equivalently, down times, can be treated in complete analogy to
the times between failures. The cumulative mean down time (MDT) can be estimated as the sum total
of all the down times divided by the cumulative number of down times. For symmetry, one can also
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introduce the name rate of occurrence of repairs (ROCOR) to denote the inverse of the MDT.
Thus, the system’s availability (i.e. reliability and maintainability) behaviour is driven by two separate
processes, one for the up times and the other for the down times which alternate with time [15]. They
can be viewed in two orthogonal axes, as will be shown later, allowing one to interpret the history of
the repairable system as a random path in two dimensions (not entirely a random walk because the
values along both axes are only increasing).
The consideration of the down times is significant (although they can be neglected in many
specific situations when they are orders of magnitude less than the times between failures). A system
can now be characterised as deteriorating when its down times are increasing even if failures occur at a
steady rate (the sequence of times between failures neither increasing nor decreasing). If the horizontal
axis represents the cumulative up time and the vertical axis the cumulative down time, the system is
deteriorating if its trajectory tends to migrate into the upper octant, and improving if it remains in the
lower octant.
Example
We shall illustrate the concepts introduced above using the time series of downtime events
obtained from the Los Alamos Neutron Science Centre (LANSCE). Specifically, the data represents
Cycle 71 of the LANSCE operation in 1996. First, the plot of N(t) vs. the cumulative up time is shown
in Figure 1.
Figure 1. The gradually decreasing slope of the graph of the cumulative
number of events per unit up time indicates that the system was improving
slightly over the course of time in Cycle 71 (especially after about 480 hours)
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It can be seen that this series represents a slightly improving system, since the ROCOF, which is
the number of events per unit time or the slope of an imaginary smooth curve traced roughly through
the data points, is gradually diminishing. This can be seen by lining up a straight edge with the graph.
As we show later, the non-homogeneous Poisson process is usually a good first-order model for this
kind of data.
Figure 2 shows the plot of N(t) vs. the cumulative down time. The trend here is also one of
improvement, since the down times are getting shorter and shorter. Note, that this is precisely the
opposite of the definition of improvement in case of the failure rates. Here, the ROCOR, which is the
slope of the graph, is growing, which means that more repairs are being performed per unit time. It is
also apparent, however, that the curve is nowhere near as smooth as the one for the times between
failures and it is not at all apparent what could be the random process corresponding to the repairs.
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Figure 2. Although dominated by a long down time during the
initial phases of the operation cycle the cumulative number of events
per unit down time shows dramatic improvement after about 120 hours
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Next, in Figure 3, the up time and down time processes are plotted together in planar co-ordinates
with cumulative up time as the horizontal axis and the cumulative down time as the vertical axis.
Each point in this graph corresponds to an (up time, down time) sequence and the history of system
failures and repairs is shown as a path in two dimensions.
Figure 3. The trajectory of the system in the cumulative up time vs. cumulative
down time plane shows the entire history of the system reliability and maintainability
on one convenient graph. Clearly, the lower octant is more desirable than the upper one.
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After the long down time event in the initial period of operation which has forced it far into the
upper octant for a while, the system’s trajectory tends towards the lower octant again indicating an
improving trend.
Finally, Figure 4 presents the (up time, down time) data points in a plane with up time as the
horizontal axis and down time as the vertical axis, illustrating that the correlation between the two
processes is minimal to none. It demonstrates that there is no causal relationship between the given
down time and the preceding up time.
Predicting reliability
The above concepts can be used to predict the reliability of a system whose operation has been
observed for some time so that enough data is accumulated to fit to it a model random process. Such
analyses could be used, for example, to support the user’s decision between maintaining or discarding
the system.
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Figure 4. Since each failure in the series is generally due to a different cause, the time between
failures is not related to the subsequent repair time. Correlation coefficient is near zero.
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Sometimes, this kind of analysis can even help determine the cause of the system’s unreliability.
Usher provided an example where a telephone switching system displayed failures of its switching
circuit “packs” with an increasing rate [16]. Since the analysis revealed an increasing system failure
rate despite the fact that the circuit packs were being replaced with new components, the source of the
increasing failure rate had to be present somewhere else in the system. Eventually, it was determined
that the failures were caused by an ageing cooling unit which was responsible for cooling the circuits.
As it was deteriorating, the heat build-up was increasingly higher and the life of the circuit packs was
getting shorter and shorter. Interestingly, Usher also showed that an analysis performed using the
traditional reliability methods based on a probability distribution approach which neglected the order
statistics rather than using the random process, led to an erroneous determination that the circuit packs
(components) were failing due to an infant mortality problem and that a longer burn-in process was the
right solution. The cost implications of using the wrong method of analysis are clear.
Using the equations given either by [17] or [11], we can fit a non-homogenous Poisson process to
the data in our sample (data from LANSCE Cycle 71). Thus, if ROCOF is assumed in the power form:
λ(t) = αβtβ
one obtains α = 0.5036, and β = 0.8339. The graph corresponding to these values is shown in Figure 5.
The model displays the ROCOF for the system varying from about one in three hours to about one in
ten hours over the 840 hours of the cycle. Using this model, one can now make a quantitative prediction
extending beyond the end of the recorded data and infer that the rate will further gradually reduce.
Figure 5. Estimated rate of occurrence of failures (ROCOF) is a diminishing
function of time indicating improving reliability of the system. Extrapolation
of this graph can be used to predict future performance of the system.
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Note that according to the definition, the ROCOF is the limit of a series of discrete functions
obtained by dividing the number of failures counted over a fixed delta interval when the length of the
interval tends to zero. However, calculating ROCOF as a limit of the sequence of such discrete
approximations is not practical and the above method is preferable.
Once a model of ROCOF is obtained, we can use it to predict various aspects of the system’s
behaviour, such as, for example, the expected number of failures over the next eight hours of its
operation (counting from any moment), which is simply equal to ROCOF times eight hours, or the
expected system reliability in the next eight hours of its operation which is shown in Figure 6.
Although the mission time is a fixed eight hours, the system reliability for a fixed mission time is a
function of time because ROCOF is a function of time.
Figure 6. Expected system reliability “over the next eight hours”
(from any time instant on the horizontal axis) is increasing. Extrapolating
this graph beyond the end of the cycle can also be used as a prediction.
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Similarly, assuming a power relationship for MTBF(t), one can estimate its parameters from the
sample (it is interesting to compare it with the original data as shown in Figure 7):
MTBF(t) = 0.1056 t0.2457
The series of random down times can be treated in complete analogy to the above. However, the
history of the down times in LANSCE Cycle 71 is dominated by a long 59 hour down time in the
beginning of the cycle (see Figure 2). This failure was caused by the magnet power controller.
Figure 7. The MTBF(t) generated from the non-homogeneous Poisson
process fitted to the data compares reasonably well with real data
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Although earlier we have expressed misgivings about the applicability of the non-homogeneous
Poisson process as the underlying model for the repairs process, just as a mathematical exercise, the
ROCOR can also be assumed in the form of the power law.
This function, shown in Figure 8, is a growing function of time, indicating that the rate of repairs
is increasing and the durations of the individual down times follow a diminishing trend:
µ(t) = 0.24114 t1.3063
As can be seen in Figure 9, a diminishing MDT(t) for the system can be fitted to the last part of
the data (i.e., beyond 96 hours of cumulative down-time):
MDT(t) = 5.7302 t-2.5186
Figure 8. Estimated rate of occurrence of repairs (ROCOR) is a
growing indicating of an improvement of maintainability with time
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Figure 9. A power law MDT(t) corresponding to the non-homogenous
Poisson process can be fitted to the down time data only for a portion of time
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The reader should be cautioned that the model and the predictions will change if, for example,
one extends the sample over Cycles 71 through 76. When the sample is enlarged, we will, naturally,
have more confidence in the prediction. In this particular case, the estimated ROCOF will be more
closely approximated with a constant indicating that the system operation is in some kind of a steady
state. We have chosen to limit this example to Cycle 71 because its varying rates make the illustration
more interesting. One should note in passing that the convergence of the hazard rate to a constant
could be a manifestation of Drenick’s theorem.
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Analysis and simulations
As we have seen, armed with the observational statistics and the methods presented in the
preceding section, one can actually venture a probabilistic prediction of system behaviour averages
which should be quite good, provided that we have been observing the system for long enough and we
are not trying to predict the future too far in advance.
Prediction of reliability characteristics for an existing accelerator already in operation is,
however, only one of the reliability engineer’s tasks as (s)he is also required to guide the design of
new accelerators in a rational manner. A number of methods have been developed for this purpose and
used by many researchers as well as this author. A very interesting methodology derived from the
Feynman diagram approach from quantum mechanics was proposed by Parry [18].
With the assumption that systems have no memory of prior history, the theory of Markov
processes is another approach usually used to solve a wide variety of reliability problems for all
possible configurations, types of redundancies, and repair policies [19].
A major impediment in applying the theory of Markov processes to engineering systems is the
large number of states which has to be considered even for a small number of components. When the
number of states is small, the theory results in a system of linear algebraic equations which can be
easily solved, but this is not the case, obviously, for large systems. Thus, a decompositional approach
where the problem is broken up into subproblems that can be solved independently is very attractive.
Such a method was presented in [20]. In this approach, the modelling first identifies the major
subsystems. Each one of the major subsystems is divided into a number of assemblies. Each assembly
is then broken up into subassemblies and finally, individual components. Once the system is broken up
in this manner, its availability and reliability is evaluated from the bottom up, beginning with
individual components.
In this bottoms-up computation, the availability and reliability of each assembly are calculated
from the individual availabilities and reliabilities of its components according to the topology.
Usually, the expressions used are specific for each particular case and are individually derived from
the system reliability theory. In the simplest case, if the components are in series, the availability
(resp. reliability) of the assembly is calculated as the product of the availabilities (resp. reliabilities) of
its components. More complicated expressions, for assemblies including various levels of redundancy
(k-out-of-m), types of redundancy (standby or operational), and repair policies (on-line and off-line),
are obtained from Markov theory. Any type of situation not covered with the currently available
models may be derived using the methods presented, for example, in [21].
Subsequently, an approximate value of the assembly’s MDT is calculated as a weighted average.
This expression is exact for an in-series assembly of elements with MDT << MTBF, and approximate
for parallel arrangements with redundancies. Then, the MTBF of the assembly is calculated from the
availability formula for single equipment. With the MTBF and MDT for the assembly calculated in this
manner, the process may be repeated at a higher level, i.e. the assembly itself may be considered from
now on to be a component of a higher order structure, i.e. a subsystem. Continuing the calculation in
this way, one ultimately obtains the top level reliability and availability values for the entire system.
The validity of this approach rests on the principle that the Markov chain representing the system
can be decomposed into independent subchains. Strictly speaking, such systems are rare. Intuitively
one can see, however, that many systems should be, at least approximately, decomposable in this
manner and hence the method proposed above should be applicable to a large number of engineering
systems. The precise definition of decomposability conditions and the approximations introduced with
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their assumption are non-trivial. Formal development of the theoretical methodologies for nearly
completely decomposable Markov chains in general setting is underway and is being discussed
by [22]. The decomposition method mentioned above reduces the computational effort even for a large
size system to the degree where it can be coded in an Excel spreadsheet and executed on a desktop
computer. It was also coded in FORTRAN as part of an accelerator design code [23].
Although closed form analytical formulations are ideal for fast, top level availability estimation,
their scope is limited. Reliability and availability performance of real world repairable systems is
highly sensitive to many details which make the mathematical models very complex: the already
touched upon ageing and infant mortality effects, degraded modes of operation (most systems are not
just on/off but operate within a range of deteriorated states), effects of the environment external to the
system, gradual improvement of the operator skills with time, and the memory of bad repairs beyond
just the immediately preceding state. Since repairs do not really bring the system back to its original
condition, required methodology has to go beyond the simple Markov system theory which assumes
that probability of state transition does not depend on past history beyond the immediately preceding
state. Issues such as these made many researchers express concern about the validity of extending the
traditional reliability approaches developed for non-repairable systems to systems that can be repaired.
The monograph by Ascher and Feingold [4] is highly recommended for information about these
issues.
Although prediction of reliability for a system which is just being designed is a lot riskier than the
prediction of reliability for an existing facility, it should be possible, at least in principle, to develop a
computer based simulation which generates the best possible prediction from a set of failure and repair
rates derived from the collective experience sampled from existing accelerator facilities. Use of a
simulation for this purpose is certainly not a new idea. In fact, a large number of RAMI simulation
approaches are discussed in the literature [24-30 and many others]. Simulations do not have to deal
with a very large number of system states resulting in a large system of linear equations because they
keep track of the system’s state via the states of its individual components. Typically, the simulations
transition the system from state to state based on outcomes generated with a random number generator
using Monte Carlo methods. The application of a typical simulation to system reliability analysis consists
of first generating a family of simulated time histories and then analysing them to derive the quantities
of interest (average availability, number of required spares, estimate of maintenance labour, etc.).
In this manner, the effects of design changes can be evaluated and the system design can be optimised
for any given set of objectives.
Monte Carlo simulations can be implemented in two ways: event driven and time domain.
The event driven approach evolves the system by jumping from event to event without an explicit
integration of the state transitions in the time domain (with the event being typically a failure or a
completion of repair of a particular component). Most RAMI simulations in existence follow this
approach. Event driven simulations are relatively simple and less computationally intensive than time
domain integration. Time domain simulation may, however, offer special advantages in properly
addressing the time dependent characteristics of the system such as ageing, operator skill
improvement, etc. This is a question that still needs to be examined.
Today, we can develop very sophisticated simulations for the analysis of accelerator facilities,
capable of representing the details of the system hardware configuration as well as the operational
doctrine and the repair and maintenance policies with a characterisation of the number of personnel
and skill levels in the operations and maintenance organisation. In fact, the preferred approach it to use
object oriented programming (see, for instance [31] and [32]). The preferred language is most likely
C++ which was, after all, developed in support of an event driven simulation [33]. We are suggesting
in addition, however, development of a World Wide Web based environment of reusable software
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component modules that could be used by anyone in any accelerator laboratory to generate their own
system model. At the same time, everyone could contribute to it as well. With the accumulated
contributions from all users, over time, this system could eventually become a trusted tool for RAMI
evaluations of accelerator facility designs. Since this is not a small effort, it would be burdensome for
any single institution. The proposed approach makes it more palatable by spreading the cost among all
the facilities.
Data
Whenever a reliability analysis is performed and presented, serious issues are raised concerning
its credibility. Quantification of the probabilities involved is a difficult challenge. While we can all
accept the probabilistic nature of reliability, our ability to actually evaluate statistical averages for a
one-of-a-kind large complex system, from very limited information usually available, raises concerns.
This problem is really not all that different from other fields. Historically, when the end objectives
justified the expense, the reliability issues have been solved. The aerospace industry was able to
eventually put the reliability of launch vehicles under control via diligent tracking of all manufacturing
information from raw material coupons to the finished product, systematic application of reliability
methods in design, and strict adherence to production, qualification tests and acceptance procedures.
The same approach would certainly improve reliability of accelerators by several orders of magnitude.
There is nothing inherently unreliable about these machines. In fact, small accelerators used in medical
applications have a very good reliability record. As far as the data is concerned, the issue is really that
of the cost associated with testing. A lot of money can be saved, however, by analysing the information
already available from a multitude of operating accelerator facilities. The development of an accelerator
reliability database has already been initiated in response to many reliability issues raised in several
accelerator projects. We now have in hand factual, not anecdotal, information about the frequencies
and duration of outages actually experienced in operation of real, existing accelerator facilities. We have
factual information about the failure modes which actually occurred. However, our knowledge is still
limited in the sense that we had so far performed only a partial analysis of this data. This analysis
needs to be expanded so that we can compare the data collected at various facilities and understand the
similarities and differences between them. The data needs to be dissected, categorised, analysed and
synthesised again to give us confidence in the quantities derived. We need to be able to understand
which data should be used under what circumstances and what are the limitations of their applicability.
And, we need to be able to separate the effects of design from operations.
As mentioned above, the LANSCE data set was analysed in early 1998 and the details of this
effort are described in [7,9,34]. First estimates of the mean time between failures (MTBF) and mean
down time (MDT) obtained for a number of typical accelerator systems and subsystems are shown in
Figure 10.
Figure 10. Preliminary estimates of failure and repair rates derived from LANSCE data
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The data has already been found useful in several large accelerator projects currently in
development. Notably, the reliability estimates for the accelerator production of tritium [35] have
employed this data. Also, as a result of these initial studies, a proposed format for recording failure
data has been presented at the Workshop for Accelerator Operators in Vancouver to an audience of
accelerator operators [36]. The recommended data collection format consists of records of failure or
outage events including the date and time of occurrence and associated downtime duration. If the data
is recorded in this format, it can always be converted into any other desired form.
Conclusions
The capability to predict the reliability characteristics of the accelerator in the future ADS system
is important for many reasons. However, since it is a repairable system, the reliability analysis of an
accelerator requires new ways of thinking. Also, because of the underlying complexity, predictions of
reliability and availability for such a system will require numerical simulations. In order to develop
credible accelerator reliability simulations, one has to gain a thorough understanding of the underlying
random processes. Such understanding can be gained via analysis of operations data from existing
accelerator facilities. It is not unlike the insight gained into the laws of nature by using the accelerators
themselves to investigate the rules of the microcosm. Although considerable progress has been made
in the field of system reliability, repairable systems are still a challenge. One way of addressing this
challenge is to develop World Wide Web based simulation tools accessible to the entire accelerator
community.

REFERENCES

[1]

J. von Neuman, “Probabilistic Logics and the Synthesis of Reliable Organisms from Unreliable
Components”, California Institute of Technology, 1952.

[2]

E.F. Moore and C.E. Shannon, “Reliable Circuits Using Less Reliable Relays”, Journal of
Franklin Institute, Vol. 262, Sept. and Oct. 1956.

[3]

E.J. Henley and H. Kumamoto, “Reliability Engineering and Risk Assessment”, Prentice Hall,
Englewood Cliffs, New Jersey, 1981.

[4]

H.E. Ascher and H. Feingold, “Repairable Systems Reliability”, Lecture Notes in Statistics,
Vol. 7, Marcel Dekker, Inc., New York 1984.

[5]

M. Martone, ed., “IFMIF International Fusion Materials Irradiation Facility Conceptual Design
Activity Final Report”, ENEA, 1997.

[6]

C.M. Piaszczyk and M. Rennich, “Reliability Analysis of the IFMIF”, AccApp ‘98, 2nd Topical
Meeting on Nuclear Applications of Accelerator Technology, 20-23 September 1998,
Gatlinburg, TN.

211

[7]

M. Eriksson, C.M. Piaszczyk, “Reliability Assessment of the LANSCE Accelerator System”,
AccApp ‘98, 2nd Topical Meeting on Nuclear Applications of Accelerator Technology,
20-23 September 1998, Gatlinburg, TN.

[8]

C.M. Piaszczyk, “Operational Experience at Existing Accelerator Facilities”, NEA Workshop
on Utilisation and Reliability of High Power Accelerators, Mito, Japan, October 1998.

[9]

C.M. Piaszczyk and M. Rennich, “Reliability Survey of Accelerator Facilities”, Maintenance
and Reliability Conference Proceedings, 12-14 May 1998, Knoxville, Tennessee.

[10] J.B. Bowles, “Constant Failure Rate Models May Be Hazardous to Your Design”, MARCON 99,
May 1999, Gatlinburg, Tennessee.
[11] Tobias, “Understanding Accelerator Reliability”, Linac 98, August, 1998, Chicago, Illinois.
[12] R.F. Drenick, “The Failure Law of Complex Equipment”, Journal of Society of Industrial and
Applied Mathematics, Vol. 8, 1960.
[13] J.D. Kalbfleisch and R.L. Prentice, “The Statistical Analysis of Failure Time Data”, John Wiley
and Sons, 1980.
[14] H.E. Ascher, “Evaluation of Repairable System Reliability Using the “Bad-as-old” Concept”,
IEEE Transactions on Reliability, Vol. R-17, No. 2, June 1968.
[15] D.J. Klinger, Y. Nakada, M.A. Menendez, ed., “AT&T Reliability Manual”, Van Nostrand
Reinhold, 1990.
[16] J.S. Usher, “Case Study: Reliability Models and Misconceptions”, Quality Engineering, 6(2),
261-271 (1993-94).
[17] L.H. Crow, “Confidence Intervals on the Reliability of Repairable Systems”, 1993 Proceedings
Annual Reliability and Maintainability Symposium.
[18] G.W. Parry, “Regeneration Diagrams”, in “Synthesis and Analysis Methods for Safety and
Reliability Studies”, NATO Advanced Study Institute on Synthesis and Analysis Methods for
Safety and Reliability Studied, Urbino, Italy, 1978.
[19] A. Blin, A. Carnino, J.P. Georgin, J.P. Signoret, “Use of Markov Processes for Reliability
Problems”, in “Synthesis and Analysis Methods for Safety and Reliability Studies”,
G. Apostolakis, et al., ed., Plenum Press, 1978.
[20] C.M. Piaszczyk, “Accelerator Reliability, Availability and Maintainability”, Maintenance and
Reliability Conference Proceedings, Knoxville, TN, 20-22 May 1997.
[21] G.H. Sandler, “System Reliability Engineering”, Prentice Hall, 1963.
[22] W.J. Stewart and W. Wu, “Numerical Experiments with Iteration and Aggregation for Markov
Chains”, Dept. of Computer Science, NC State University, 1996.
[23] C.M. Piaszczyk, et al., “Accelerator Systems Model (ASM) – A Powerful Tool for Parametric
Studies of Emerging High Power Accelerator Applications”, ANS Winter 1997 Conference.

212

[24] H. Kumamoto, K. Tanaka, and K. Inoue, “Efficient Evaluation of System Reliability by Monte
Carlo Method”, IEEE Transactions on Reliability, Vol. R-26, No. 5, December 1977.
[25] E.J. Henley and R.E. Polk, “A Risk/Cost Assessment of Administrative Time Restrictions on
Nuclear Power Plant Operations”, Int. Conference on Nuclear Systems Reliability Engineering
and Risk Assessment, Gatlinburg, Tenn. 1977.
[26] G.J. Cadwallader, F.P. Scaletta, J.N. Sharmahd and R.J. Stokely, “Nuclear Reliability/
Availability Monte Carlo Analyses”, Proceedings 1975 Annual Reliability and Maintainability
Symposium.
[27] P.W. Becker, “Finding the Better of Two Similar Designs by Monte Carlo Techniques”, IEEE
Transactions on Reliability, Vol. R-23, No. 4, October 1974.
[28] S.J. Kamat and M.W. Riley, “Determination of Reliability Using Event-based Monte Carlo
Simulation”, IEEE Transactions on Reliability, Vol. R-24, No. 1, April 1975.
[29] S.M. Ross, “A Course in Simulation”, Macmillan Publishing Company, 1990.
[30] Vesely and Narum, 1970.
[31] R.S. Wiener and L.J. Pinson, “An Introduction to Object-oriented Programming and C++”,
Addison-Wesley, 1988.
[32] L.J. Pinson and R.S. Wiener, “Applications of Object-oriented Programming”, Addison-Wesley,
1990.
[33] B. Stroustroup, “The C++ Programming Language”, Addison-Wesley, 1991.
[34] M. Eriksson and C.M. Piaszczyk, “Reliability Assessment of the LANSCE Accelerator
System”, NEA Workshop on Utilisation and Reliability of High Power Accelerators, Mito,
Japan, October 1998.
[35] K. Kern, A. Barsell, L. Parme, C.M. Piaszczyk, R. Youngblood, P. Carrara, S. Klein, and
L. Guillebaud, “Integrated RAM Analysis of the Accelerator Production of Tritium”, ANS
Winter 1999 Conference, Long Beach, CA.
[36] C.M. Piaszczyk, “Developing a Reliability Database Using Records from Existing Accelerator
Facilities”, Workshop for Accelerator Operations, Vancouver, CA, 18-22 May 1998.
Additional references
[37] L.H. Crow, “Reliability Analysis for Complex, Repairable Systems”, Technical Report No. 138,
December 1975, US Army Systems Analysis Activity, Aberdeen Proving Ground, Maryland.
[38] L.H. Crow, “Evaluating the Reliability of Repairable Systems”, 1990 Proceedings Annual
Reliability and Maintainability Symposium.
[39] S.J. Kamat and W.E. Franzheimer, “Determination of Reliability Using Event-based Monte
Carlo Simulation Part II”, IEEE Transactions on Reliability, October 1976.

213

[40] C.M. Piaszczyk, “Understanding Accelerator Reliability”, Linac 98, August, 1998, Chicago,
Illinois.
[41] W.H. Widawsky, “Reliability and Maintainability Parameters Evaluated with Simulation”,
IEEE Transactions on Reliability, Vol. R-20, No. 3, August 1971.
[42] K. Weir and B. Tiger, “Analysis of Maintenance Man Loading Via Simulation”, IEEE
Transactions on Reliability, Vol. R-20, No. 3, 1971.

214

IPHI RFQ RELIABILITY APPROACH

R. Ferdinand, R. Duperrier
CEA Saclay, DSM/DAPNIA/SEA
91191 Gif-sur-Yvette

Abstract
The front end accelerator IPHI developed by CEA Saclay and CNRS-IN2P3 is dedicated to high
power accelerator design studies. Applications such as accelerator-driven systems for nuclear waste
transmutation, production of radioactive ion beams or secondary particles, and energy production,
require high reliability. The IPHI RFQ is calculated to accelerate 100 mA of CW proton beam from
95 keV to 5 MeV. The working points of this delicate part of the accelerator have been chosen to
avoid beam trips as much as possible. Knowledge acquired from existing RFQs such as the CRITS
RFQ was taken into account. A global optimisation of the parameters leads to a maximum electric
field of 1.7 Kilpatrick (31.34 MV/m) and a theoretical transmission greater than 99.2%.
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Introduction
CEA and CNRS have undertaken an important R&D programme on very high beam power
(MW class) light-ion accelerators for several years. The two French research agencies are especially
interested in applications such as accelerator-driven transmutation of waste (ADTW), a new generation
of exotic ion facilities or neutrino and muon production for high-energy particle physics. The CEA is
also involved in projects such as the European Spallation Source (ESS) and the International Fusion
Material Irradiation Facility (IFMIF) [1-2]. The R&D programme is essential since the performances
requested for these projects are one to two orders of magnitude higher than those achieved by the most
powerful existing accelerators. Severe beam loss limitations to allow hands-on maintenance and the
necessity to achieve a very high availability with a reduced number of beam trips add new constraints
which make the R&D effort even more indispensable to obtain a realistic view of the new generation
of high-power accelerators.
The strategy employed by the CEA–CNRS collaboration is to restrict the R&D programme to a
limited number of essential subjects with a maximum overlap on the different projects. The R&D
effort is thus concentrated on three topics:
1. Injector of protons for high-intensity beams (IPHI), a prototype of linac front end up to
10 MeV with CW beam currents up to 100 mA.
2. Construction and test of low β superconducting cavities.
3. Improvement of the codes for accurate beam dynamics calculations. This R&D programme is
now in progress [1] with strong international collaboration and partnerships with industry.
The collaborations are especially fruitful, and include several laboratories in Europe (INFN in
Italy, Frankfort University in Germany), the USA (LANL), Japan (JAERI) and Russia (MRTI).
The construction of a source of light ions with high intensities (SILHI) was decided in July 1994.
The main objective was to produce 100 mA proton or 140 mA deuteron CW beam currents at 95 keV
with RMS normalised emittances lower than 0.2 π.mm.mrad. An ECR type source was chosen to
reach these performances with a high reliability/availability (no filament or antenna in the plasma) [3].
Thanks to a fruitful collaborations with the CEA Grenoble PSI team and the Los Alamos LEDA-APT
team, the first SILHI proton beam was produced in July 1996. SILHI is mainly devoted to be the
source of the IPHI prototype.
The 95 keV proton beam will be accelerated up to 5 MeV by a 8 m long RFQ and up to 10 MeV
by an Alvarez type DTL [4]. Tests with up to 100 mA CW proton beams are scheduled (1 MW beam
power at 10 MeV).
The RFQ is one of the most delicate parts of the IPHI project. The acceleration concept will work
for many years, but the performances requested for the projects discussed here are much higher than
those commonly achieved all around the world. The extracted current (100 mA) added to the duty
cycle (CW) pushes the whole accelerator close to the feasibility limits. This RFQ also has to be built
to operate under industrial conditions, with low maintenance, high availability and very long lifetime
(40 years).
Existing RFQ
For such a project we took into account knowledge acquired with existing RFQ. Until recently the
only high intensity CW RFQ was the CRITS RFQ, built and developed in Chalk River [5,6]. It was
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designed to accelerate a 75 mA proton beam from 50 keV up to 1.25 MeV. In 1998, this RFQ was
successfully used at Los Alamos to accelerate 100 mA of proton beam. It shows a high sensitivity to
sparks, but was the first RFQ to accelerate a 100 mA CW beam. Congratulations are due to the LANL
team who succeeded in that operation.
The most famous CW RFQ is certainly the LEDA RFQ. CEA Saclay has had a strong and fruitful
collaboration with LEDA-APT team. Many RFQ improvements were implemented by this team, and
led to many IPHI RFQ enhancements. It has recently shown the ability to accelerate a 100 mA CW
proton beam up to 6.7 MeV [7].
CEA Saclay has also collaborated with the JAERI team, who designed an RFQ able to accelerate
110 mA, 10% duty cycle, proton beam up to 2 MeV [8].
Our experience also includes the construction and tuning of the old RFQ from the SATURNE
laboratory (LNS).
RFQ design
Various starting points can be chosen to design the RFQ, and the criteria to do so can vary quite a
lot. The structure has to be optimised, and different stratagem can be allowed depending on the
confidence in the results.
Electric field limit
Kilpatrick
We decided to select the working points in order to avoid beam trips as much as possible.
The maximum field allowed inside the RFQ became the criteria. Usually, the RFQ community
describes the maximum field inside the cavity relatively to the Kilpatrick limit. At 352.2 MHz the
Kilpatrick field (kp) is 18.44 MV/m. The problem is to decide which value can be safely reached
without too many sparks in this long RFQ. At Los Alamos, the CRITS RFQ, designed at 1.75 kp,
shows many spark-downs and an even higher sensitivity with beam. LEDA RFQ was designed at
1.8 kp. The cavity is 8 m long and the realisation of a better quality. Their experience shows that the
cavity accepts this field for hours without beam. The problem is completely different with beam;
especially if the beam is not well matched, the beam losses induce sparks between the vanes.
In Japan, for the Basic Technology Accelerator, they have chosen to decrease from 1.8 kp to
1.5 kp for the Neutron Science Project.
The value is not completely free. Optimised designs with an higher electric field allow an higher
RFQ transmission for the same RFQ length, or an higher output energy for the same transmission.
At Saclay, we are very concerned by the lifetime and availability expected for such accelerator.
The stored energy in the cavity is about 5 J. Even if not excessive, one has to take care to avoid
repetitive sparks that could damage the structure. And in the same time, we cannot allow beam losses
inside the RFQ for a too long period. The slow damage resulting can be of two sorts:
•

Direct damages, like erosion.

•

Induced damages, like sparks induced by outgasing of the electrodes when a particle hits the
vane.
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Thus the maximum transmission seems to be the best criteria, and efforts have to be made to
improve it. This represents mostly computation time, and leads directly to RFQ lifetime improvement.
The spark-down limit is not an absolute value that can be easily compared between two
accelerators. It is a qualitative value that depends on the construction quality, obviously on the vane
surface and on the vane shape (see below). It will depend on every design, including the longitudinal
shape (modulation for a design cell length), and there is no table that can tell you when the RFQ will
reach its spark limit.
Transverse radius of curvature and inter-vane gap
The maximum electric field is highly dependent on the vane’s shape. It is a competition between
the ratio ρ/R0 and the inter-vane distance, R0 being the mean electrode aperture and ρ the transverse
curvature radius (see Figure 1). A more detailed simulation was performed for this RFQ in order to
verify the maximum field value and cleanly simulate the RFQ.
Figure 1. Description of the transverse vane shape
y

R0

ρ

x

The shape deviates from the ideal hyperbola form and induces multi-pole components. Those are
errors in the field which are now well handled in the different design codes that can be used.
An important effort has been made at CEA Saclay to verify the multi-pole coefficients that are
used in PARMTEQM [9] as well as to calculate the maximum electric field as a function of the cell
geometry [10]. The PARMTEQM approach (projection on a cylindrical harmonic base, which gives a
good accuracy for the field around the beam axis) is consistent with the other approximations in the
code. PARMTEQM is fast, reliable and internationally accepted. However, cylindrical harmonics
cannot perform accurate simulations for all beam regions.
The alternative is to simulate the fields numerically, and this has been done with the two other
codes that we use (LIDOS.RFQ and TOUTATIS).
Nevertheless, the more multi-pole components, the worse the beam dynamics, but the better the
capability to bear the inter-vane field. We have attempted a lot of designs to simulate the effect of the
relation on the beam dynamic and RFQ length. For a determined ρ/R0, the transmission decreases as
the RFQ lengthens. Again we can consider it in a reverse point of view. For a fixed RFQ transmission,
the decrease of ρ/R0 implies an increase in the length of the RFQ.
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CEA Saclay recommendations
According to the simulations, it appears to us that ρ/R0 = 0.85 is the best compromise between
multi-pole effects and field enhancement. The multi-pole has to be included in the RFQ simulations,
but they can also be “managed” in such a way that they definitely do not limit the beam dynamics.
The global optimisation of the parameters leads us to choose a maximum electric field of
1.7 Kilpatrick (31.3 V/m). Below this value, it is much more difficult to maintain a 100 mA beam
(in both the transverse and longitudinal planes) and above this value, one has to fear the sparks rate.
It is also a limit that shows reasonable improvement freedom in the RFQ transmission. Once it has
been chosen, this Kilpatrick limit becomes a criterion for the RFQ design. No single part of the
machine is allowed above this value, and there was no reason to limit any RFQ part below it.
Choice of the parameters – bottleneck
The goal, once the maximum field decided, is to design the RFQ for the maximum transmission.
It can be performed using the standard Los Alamos PARMTEQM tools (“CURLI-RFQUICK-PARIPARMTEQM”). This method defines the optimum parameters with an average aperture radius kept
constant. This design approach leads to a “bottleneck” of the minimum aperture profile (“a”) at the end
of the gentle buncher, where the minimum aperture has to decrease rapidly in order to accommodate the
increasing modulation (“m”). The main problems entailed by this reduction in “a” are the transmission
reduction, the localised looses and, less easy to perceive, the sensitivity towards defaults (beam and
cavity defaults). Different designs as well as methods can be evaluated in terms of beam dynamics,
mechanical aspect and RF tuning [11].
The one chosen in LANL and in CEA Saclay, allows the vane voltage and the mean aperture
opening R0 to change along the length of the RFQ. The R0 = constant design allows to keep the
transverse vane-tip profile identical throughout the length of the RFQ. Vane tip machining becomes
relatively straightforward with such geometry. This makes RF tuning of the cavity simpler. This also
makes the mechanical design of the cavity simpler. The disadvantage of the R0 = constant method is
that it does not offer any flexibility in terms of focusing in the RFQ. Variation of R0 provides a direct
key to tailor the focusing strength; one can open up the bore where it is needed and not exceed
the peak surface field. This additional flexibility makes such design more attractive and effective.
It becomes feasible to have nearly the same transmission with reduced peak surface electric field.
The other important consideration concerns losses. Keeping mean aperture constant invariably
leads to a “bottleneck” in the aperture, leading to localised beam losses in the RFQ. By varying R0,
one can distribute the losses along the length of the RFQ. This also shows a lower sensitivity towards
input beam misalignment and emittance variation as well as cavity tolerance in the machining.
The RF tuning of the cavity is more delicate, but experience shows that it is still manageable.
Safety margins
The goal for beam transmission through the RFQ was set at 97%, or higher. The high transmission
criteria stems from the concern that the effect of appreciable beam losses on the long term
performance of the vane tips for such an high power CW RFQ is not yet known. Moreover, it is
generally agreed that an RFQ designed for a high transmission would provide higher transmission in
reality compared to one that has poor theoretical transmission to begin with. A high transmission
should limit the erosion of the vane and the degassing (induced sparks).
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During a facility tuning, it is not easy to perfectly adapt the source beam into the RFQ. The lack
of operator formation or the necessity, for example, to decrease the input RF power to avoid klystrons
problems (or RFQ sparks or whatever reasons) leads to many mis-tunings of the accelerator. Figure 2
gives an example of the consequence of this RF input power decrease. The field inside the cavity
diminishes, inducing beam losses (line) and a higher level of transmitted but not accelerated particles
(the line with square dot). The RFQ was designed at 1.7 kp and one can see that it is not reasonable to
decrease this value below 1.65 kp. Other designs were made showing the same tendency.
Figure 2. Evolution of the total transmitted particles and the transmit
accelerated particles as a function of the inter-vane field (Kilpatrick)
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These running characteristics (or errors) can easily be extrapolated to other parameters like the
beam emittance. There is a big difference in the beam emittance between a real beam and a simulated
distribution. It is easy to simulate a 0.25 π.mm.mrad RMS emittance in a 4-D waterbag distribution.
The actual source can deliver such RMS emittance value, but not necessary in 1.5 π.mm.mrad total
emittance (six times the RMS value for a 4-D waterbag distribution). Unfortunately, the RFQ will be
sensitive to the beam tails.
The CEA Saclay recommendations for a high reliability approach were then to perform the design
optimisation with safety margins:
•

High current (up to 100 mA).

•

+25% on emittance.

•

Consider total instead of RMS emittance.

•

Reach calculated transmission well over 97%.
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RFQ codes
Tools
IPHI RFQ was designed using CEA Saclay tools, and then simulated using mostly PARMTEQM
for beam dynamics and error studies. To realise a good design, one has to rely on the tools used.
PARMTEQM is an excellent RFQ code, with a very good accuracy/time consuming ratio. However,
some inherent limitation still exists. One of them is the field approximation using the eight multi-pole
terms (cylindrical harmonics, see § entitled Transverse radius of curvature). It is a fast and a good
approximation that becomes difficult to accept with transmission above 97%. PARMTEQM declares a
particle as lost once it leaves a square defined by the minimum cell aperture (“a”). This approximation
becomes slightly wrong as the beam current increases. The other codes show that a high current beam
(100 mA and higher) “breathes” along a cell and follows the vane modulation.
We use also the code LIDOS.RFQ [12,13]. This code is a time based code, more precise than the
z-based code PARMTEQM. It maps the field correctly in the entire space between the vanes, by
completely simulating the vanes in order to calculate the real field. The iso-potentials follow the
electrodes exactly. Moreover, the graphical interface makes it very clear for the physics interpretations.
We rely on this code, but it is, unfortunately, very time consuming.
The third code is a CEA Saclay development. It is named TOUTATIS, and like LIDOS.RFQ, is a
time based code with real field calculations. It is a PIC code, with an adaptive mesh that allows a
better precision for less CPU time. It is also developed to run on UNIX machines as well as on PC
based machines (under LINUX or under Windows). The first preliminary results are promising.
The important point is not to criticise the PARMTEQM code, which provides excellent results,
but to know what are its inherent limitations. It was also necessary to cross-check the design with
other codes (LIDOS.RFQ and TOUTATIS).
Activation
The activation thresholds were criteria taken into account at the very design level. The following
(p,n) reactions exist below 5 MeV:
•

65

CU(p,n)65Zn, Eth = 2.16 MeV,T½ = 244 days.

•

63

CU(p,n)63Zn, Eth = 4.2 MeV, T½ = 38 min.

The short and long-term maintainability is directly dependent on how high these reactions are,
giving another important reason to keep the beam losses as low as possible, especially above 2 MeV.
So, in case of a project using a shopper (ESS, SNS, JHP…) we would suggest whenever possible to
limit the output energy of the first RFQ below the first threshold (2.16 MeV). In this way, the
maintenance of the low energy part of the machine will be much easier.
Results
The IPHI RFQ design was made in order to realise a slow adiabatic acceleration. It provides a
better capture and avoids peaks of beam losses. A theoretical transmission greater than 99% was
obtained using the three different codes.
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Complete errors studies were made, showing a good design tolerance for many different beam
and cavity mismatches (current, emittance, mismatching, misalignment, field tilts, vane voltage errors,
construction tolerances, segments displacements…).
Construction
Segmented RFQ
The 352.2 MHz IPHI RFQ accelerator is 8 meters long (9.42 λ) and fabricated in height one
meter segments. Stable operation of long RFQ structures at high duty cycle is a technical challenge.
The choice between a four-vane RFQ and a four-rod RFQ is mainly determined by the duty cycle.
The homogenous surface current density distribution is a great advantage of the four-vane type of
RFQ. The cooling is much easier, and the cavity has a greater stability. The use of four cooling channels
per quadrant inside the body of the RFQ allows the vane displacement to be zero while the outer part
of the cavity can fluctuate to keep constant the resonance frequency of the cavity. Because of local
imperfections, the capacitance and/or inductance of the cavity will present distortions. A separation of
the dipole modes is therefore needed and implemented. Every two meters, a coupling plate is inserted
(total structure presents three resonant couplers). This scheme damps the longitudinal distortions.
It also allows the support of the “fingers” used for the dipole modes separation. Los Alamos uses this
method with success for the LEDA RFQ [7]. Moreover, it is easy to build, to water-cool and fits with
the construction need of 1 m parts.
The vane break could be a concern in terms of transmission and RFQ reliability. The break length
is equal to 0.1 mm every meter and 2.2 mm every two meters. The focusing field distortion has been
carefully analysed with 3-D tools, and appears to be about -10%/-20% at the vane break. The effect on
the beam dynamic has been carefully analysed with the two real field RFQ codes, LIDOS.RFQ and
TOUTATIS. Without special care, the field distortions lead to a big beam mismatch each time the
beam crosses a major gap. The results are an emittance increase, a drop in the transmission with
localised losses and a sensitive structure to further beam or cavity mismatches. The loss in performance
is dramatic. The solution is to localise the breaks where the synchronous particle “sees” the zero field
in the cell (thanks to Lloyd Young for this suggestion). The resulting mismatch is then negligible, with
almost no transmission drop (less than 0.1%) and a very small emittance growth (less than
0.05 π.mm.mrad RMS emittance increase).
The second problem of the break concerns the localised field increase. The extremities had to be
smooth in an optimised ellipsoid form [14].
Mechanical tolerance
Beam dynamics push the limit of the mechanical tolerance and alignment. Simulations of some of
the mechanical tolerances have been computer-generated in real field:
•

Section displacement up to ±100 µm, with cavity axes rupture.

•

Cell tolerances up to ±10 µm or ±25 µm.

The question of the mechanical adjustment between two 2-m sections was raised. It was considered
that the vane alignment at the break between the two sections could be ±100 µm. The resulting error is
shown in Figure 3, and leads to a misalignment of the beam axe as the particles go through the section
break.
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Figure 3. Description of the mechanical displacement of the vane at a section break

The second study uses the same schematic (Figure 3) repeated every cell. The absolute error is
lower than for the first study (±10 or ±25µm). It should be pointed out that this schematic is only an
approach of the reality. The machining is expected to be smooth between two cells. The machining
tolerance is an error that appears between two adjacent vanes or between two well separated points
along a vane (for example).
Figure 4 and Figure 5 show part of the results. The x-axis represents the probability that an RFQ
construction works with the resulting y-axis parameter.
Figure 4. RFQ transmission versus probability of RFQ creation for different mechanical errors


VH 
OF
WLU 
SD
GH 
WD
HUO 
HF
FD 
I
RQ 
RL
VV 
L
P
VQ 
DU
7



LIDOS.RFQ ideal value : 98.32%

6HFWLRQGLVSORIP
&HOOWROHUDQFHRIP
&HOOWROHUDQFHRIP













3UREDELOLW\RIFRQVWUXFWLRQ 

Figure 5. Power deposited by the lost particles on the cavity vane
versus probability of RFQ creation for different mechanical errors
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The transmission is weakly affected by a misplacement of the end section (line with square dot in
Figure 4), and cell tolerance of ±10 µm (line with triangle dot). On the other hand, the above figures
clearly show that a cell tolerance of 25 µm is the limit for an acceptable beam dynamic. There is a 5%
probability that the RFQ transmission drops below 95% with a challenging deposited power (Figure 5)
and a 30% emittance increase.
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Vacuum
Our experience with the RFQ of the old SATURNE accelerator shows that great care should be
taken regarding the RFQ vacuum. It is generally agreed that a good RFQ vacuum will lead to a lower
spark rate, even if nobody is able to produce an abacus. But more important is the capacity of the
vacuum pumping system. Outgasing is expected with beam losses, but the observed results are
sometime surprising. The IPHI RFQ goals are a pressure of 10–7 torr (nitrogen equivalent) with beam
and a vacuum pumping capability of 14.8 m3/s. The pumping ports are optimised.
RFQ beam matching
Matching a beam into an RFQ is always a problem. The design Twiss parameters are difficult to
achieved in running conditions, and can hardly be measured online. In case of high power beam, like
IPHI project, the tuning is not easy. Mismatching lead to outgasing, transmission drop and structure
activation. The calculated low energy beam transport (LEBT) supposes a space charge compensation
(SCC) of about 98% for a 100 mA CW beam. In pulse mode, used during the tuning, this compensation
degree varies. Moreover, first results show a dependence of the SCC on the beam size [15]. It is
therefore necessary to carefully simulate and measure the beam parameters in RFQ entrance condition
(strongly focused beam).
Fortunately, the SILHI source is a perfect tool to acquire this knowledge. Presently, beam
position and size along the low energy test line are obtained from CCD video cameras. The emittance
is measured by means of an r-r′ emittance measurement unit (EMU) equipped with a sampling hole
and a wire profile monitor, both moving across the beam. Simultaneously, space charge compensation
factor is measured using a four-grid analyser unit, and a non-interceptive EMU is developed [16].
Recent LANL misfortune with LEDA RFQ matching confirms the need for strong beam analyses.
It fits also with the IPHI goal of code validation.
The same analyses will have to be made at the RFQ output. The beam characterisation in DTL
conditions is obviously important, as well as the control of the accelerator power rise.
Conclusion
The machine specifications are at the limits of existing computer code abilities. The specifications
reach the technology limits for their realisations. Moreover, users now expect an industrial type of
accelerator (in terms of reliability, availability, maintainability, tunability…).
This means that to obtain a high availability, it is necessary to optimise an injector with 10 to
100 times the nominal beam power. This leads to the present IPHI project. There is a need for a high
beam quality out of the RFQ. The CW mode pushes the design, in realisation, tolerances and control
of the structure activation. Great care was taken with IPHI RFQ to master those requirements.
The possible sources of breakdown were carefully checked. A global optimisation of the IPHI
parameters leads to a maximum electric field of 1.7 Kilpatrick and a calculated transmission greater
than 99.2%. The RFQ is currently under construction and the first beam will be delivered within three
years.
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PEAK FIELD STUDIES IN THE IPHI RFQ

Pascal Balleyguier
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Bruyères-le-Châtel, France

Abstract
The design of the Injecteur de Protons de Haute Intensité (IPHI) RFQ is now completed in Saclay.
Reliability of high intensity proton accelerator depends on the risk of beam trips, and such trips could
be caused by sparks occurring in the RFQ cavity. In the RFQ cross-section design process, the electric
field was kept below 1.7 Kilpatrick. This maximum value is constant along the RFQ despite the vane
voltage variation. As the 8 m RFQ is mechanically divided into eight sections, special care has been
taken to limit the electric field at the vane end corners. Simulations showed that sharp corners should
be eliminated and replaced by elliptical ones in order to maintain a reasonable field enhancement due
to peak effect. On the other hand, such corners slightly enforce the on-axis field perturbation due to the
inter-section gap. Finally, spark rate data acquired in Los Alamos during the CRITS experiment have
been used to quantitatively predict the increase of sparking probability due to vane end corners.
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Introduction
The quadrupole field strength is a critical parameter for an RFQ. It must be chosen as high as
possible in order to obtain the best performances (beam losses, total length, power dissipation). On the
other hand, there is a limitation imposed by the risk of sparks which has a direct influence on the
reliability of the device. The design of the IPHI [1] has been based on a maximum electrical field
equal to 31.3 MV/m (1.7 times the Kilpatrick limit). In the 2-D cross-section of the RFQ, this peak
field is attained in the gap between two adjacent vanes (Figure 1).
Figure 1. Position of maximum electric field in the RFQ cross-section
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To ensure field stability along the 8-meter RFQ, the cavity is divided into four sections, according
to the principle of compensated structures [2]. Two contiguous sections are coupled to each other
through a coupling gap. This gap causes a higher density of field line at the corner, leading to an
enhanced peak field by corona effect (Figure 2).
Figure 2. The vane gap between contiguous sections causes a field enhancement at corners
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As a sharp corner would theoretically lead to an infinite field, one has to consider the corner
radius in order to predict the actual peak field enhancement factor K. To solve the problem, we neglect
the vane curvature in the cross-section. Moreover, we consider that the region of interest is close
enough from the beam axis to use the quasi-static approximation.
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First of all, K can be roughly estimated by considering a dual-cylinder capacity. Theory shows
that in such a capacity, the field increase coefficient is: K ≈ 1 + d/3r, r being the cylinder radius and
d being half of the distance between the two cylinders. In fact, this formula is a good approximation in
the case d < 2r. In our vane corner geometry, only half of the cylinder is present there, so we can
expect only half of the field increase (Figure 3), and we expect:
K ≈ 1+

(1)

d
6r

Figure 3. Field increase approximation in a simple geometry capacity
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Let us consider the first coupling gap of the IPHI RFQ: the minimal half-distance between vanes
is then d = 1.73 mm. If we demand K < 1.1, we get: r > 17 mm, but such a corner would make an
unacceptable perturbation in the vane geometry (there, the vane is only about 8 mm wide). Thus, we
proposed to obtain this curvature by an arc of ellipse (Figure 4). Let a be half of the longitudinal axis
length, and b half of the radial axis length. If the peak field spot has not moved, the curvature radius is
2
there: r = a /b. Thus large r values can be obtained by reducing b. However, there is a minimum value:
when b gets too small, the ellipse gets too flat, and the peak field shifts toward the other extremity of
the ellipse arc. In consequence, such a geometry has to be simulated with MAFIA in order to check if
the maximum field is at the expected location. Moreover, simulations can take into account the
“mirror effect”; the field increase factor may not be as big as computed because the vane on the other
side of the gap is at the same potential.
Figure 4. Elliptical vane corner to obtain a large curvature radius
Arc of
ellipse

a

b

d
Maximum
field spot

b
Section
view
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Simulations
The simulations performed with MAFIA showed that the radial half-axis b should not be too
small. As an example, Figure 5 shows the electric field amplitude map for b = 0.5 mm. The maximum
field spot moves toward the gap at a place with a very small curvature radius, resulting in a larger K
value. So, the radial half-axis was fixed to b = 0.75 mm. If the longitudinal half-axis has the same
length, the corner is a simple quarter-circle. The corresponding MAFIA simulation [Figure 6(a)] gives
K ≈ 1.4, which is close to the value computed with Eq. (1): K = 1.38. Such a shape would lead to an
unacceptable peak field in the structure: 1.7 × 1.4 = 2.38 Kilpatrick.
The longitudinal half-axis has been finally fixed to a = 2 mm. This is a compromise between the
negative effect on beam dynamics caused by elliptical corners (see next section) and the electrical field
enhancement. With b = 0.75 mm, the curvature radius at the peak field location is then r = 5.3 mm,
and we expect from Eq. (1) a maximum field coefficient: K = 1.055. The MAFIA simulation [Figure
6(b)] gave K ≈ 1.08.
Figure 5. Electric field intensity with a too-flat ellipse corner; the
maximum field spot moves toward the gap where the curvature
is high, resulting in a higher maximum field (MAFIA simulation)
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Figure 6. Electrical field enhancement
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Expected effect on spark rate
To predict the effect on spark rate, one has to estimate the link between voltage enhancement and
spark rate. Experimental spark rate data concerning CW RFQ structures are not common, and the only
ones in our possession were collected during the CRITS experiment in Los Alamos [3]. A clear
correlation had been established then between spark rate and peak field (Figure 7). As a rule of thumb,
the spark probability appears to be tripled for each 0.1 Kilpatrick increase of the voltage.
Figure 7. Spark rate vs. peak field collected during the CRITS experiment
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By extrapolation, we estimated the spark rate increase due to the peak field enhancement
computed above. With a 0.75-mm radius corner (K = 1.4), the spark rate is expected to be multiplied
by 1 700. On the other hand, the elliptic corner (K = 1.08) only led to a quadrupled spark rate, which
can be accepted as it occurs on a very small area. Though the extrapolation is very daring, it is obviously
much less risky to design our RFQ with such an elliptical corner.
Effect on on-axis quadrupolar field
Even with sharp angles, the gap in the vanes causes a perturbation on the on-axis quadrupolar
field, and this effect is enhanced by the elliptical corners mentioned above. The quadrupolar gradient
drop has a negative effect on focalisation and we expect some particle loss. Therefore, we tried to
make the gap length as short as possible.
Theory shows [4] that the coupling gap capacity must have a particular value in order to build a
compensated structure. This value depends on section length and on lineic capacity of the RFQ. For a
given gap capacity, the necessary gap length is roughly proportional to the area of vane cross-section
facing each other in the coupling capacity. This remark is in favour of vane tip height (Figure 2) being
as small as possible. Thus, we reduced this dimension to 25 mm (from 30 mm in the original design),
and computed that the necessary gap length would be about 2.2 mm (instead of 3.5 mm).
Then, we computed the perturbation caused by the gap itself (with sharp corners) by a 3-D
electrostatic MAFIA simulation. In a second run, we introduced a round corner, and finally the
elliptical corner (Figure 8). The quadrupolar gradient was plotted against the z-abcisse (Figure 9), and
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Figure 8. Quadrupolar field at the coupling gap with elliptical corner vane ends
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the integrated perturbation was calculated. After division by a half-cell length (βλ/4 = 3.85 mm), the
integrated perturbation is 10.7% for the elliptical corner (Table 1). At the two other coupling gap
positions, the higher β value renders the integrated field drop negligible. The quadrupolar gradient was
computed from the MAFIA field with the following formula, ∆y being one grid step from beam axis:
Q(z ) =

∂E y (0 ,0 , z )
∂y

≈

E y (0 , ∆y , z )
∆y

The effect of the perturbation on beam dynamics has been roughly estimated with
PARMTEQM [5]. The field was dropped by -10.3% over a whole cell at the position of the first
coupling gap in order to represent (pessimistically) the effect of the coupling gap with elliptical
corners. The only noticeable effect was a slight enhancement of particle loss: the global transmission
dropped from 99.3% to 99.0%, which is still acceptable. Further studies are currently under
investigation with more adapted codes: LIDOS.RFQ [6] and TOUTATIS (a code under development
at Saclay by R. Duperrier). Preliminary results confirm the fact that our 2.2 mm coupling gaps with
elliptical corner should have no noticeable effect on the RFQ performance and beam quality. The gap
is positioned in such a way that the field vanishes when the bunch centre crosses the gap.
Table 1. Perturbations caused by the first coupling gap of IPHI
Quadrupolar Equivalent
RFQ global
gradient at perturbation
transmission
Long. Radial
gap centre
(on βλ/4)
Sharp
0
0
-10.6%
-5.5%
99.3%
Round
0.75
0.75
-14.4%
-7.8%
99.2%
Elliptical
2
0.75
-18.3%
-10.7%
99.0%
Corner
shape

Half-axis

Peak
field
Infinite
+40%
+8%

Estimated
local
spark rate
Infinite
× 1 700
×4

Conclusion
The perturbation caused in the IPHI RFQ by the first coupling gap is resumed in Table 1.
Perturbations at the two other gaps are negligible because of a higher particle speed. An elliptical end
vane corner seems necessary to keep the spark rate within a reasonable limit. The same shape will be
used for the three coupling gaps. Compared to a simple round corner (as a sharp corner is only
theoretical), the perturbation on quadrupolar gradient only increases from 7.8% to 10.7%, resulting in
a negligible effect on the global transmission (99.2% and 99.0% respectively).
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Abstract
SILHI is the acronym for the ECR source of light ions for high intensity beams constructed and tested
at CEA Saclay. The aim is to produce up to 100 mA CW proton beams at 95 keV with a RMS
normalised emittance lower than 0.2 π mm.mrad. This prototype is developed by a CEA collaboration
with CNRS-IN2P3 for applications such as accelerator-driven systems for nuclear waste transmutation,
production of radioactive ion beams or secondary particles. Proton beams of 80 mA CW are currently
produced at 95 keV with a high availability. The typical proton fraction is around 90%. As a first
attempt to measure the long-term reliability of the ion source, 96% availability was recorded during
103 hours of continuous operation with a 100 mA of total beam at 78 keV. A new 100 hour reliability
test has been performed with a 75 mA proton beam at 95 keV, 97.9% has been achieved. Compared to
the first reliability test performed in December 1997, the rate of spark-downs was really much lower
without the conditioning period observed before. A new run has been completed in October. Results of
these tests are presented.
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Introduction
CEA and CNRS have undertaken an important R&D programme on very high beam power
accelerators for several years. The two French research agencies are interested in applications such as
accelerator-driven transmutation of waste (ADTW), new generations of exotic ion facilities or neutrino
and muon production for high-energy particle physics. Severe beam loss limitations to allow hands-on
maintenance and the necessity to achieve a very high availability with a reduced number of beam trips
add new constraints which make the R&D effort even more indispensable.
The R&D effort is thus concentrated on three topics: (1) a proton injector for high-intensity
beams (IPHI), a prototype of linac front end up to 10 MeV with beam currents up to 100 mA CW,
(2) construction and testing of β < 1 superconducting cavities and (3) improvement of the codes for
accurate beam dynamics calculations. This R&D programme is currently in progress [1] with strong
international collaborations and partnerships with industry.
The construction of SILHI was decided in July 1994. The main objective was to produce a
100 mA proton or 140 mA deuteron CW beam at 95 keV with RMS normalised emittances lower than
0.2 π mm.mrad. An ECR source has been chosen to reach these performances with a high reliability
and availability (no filament or antenna in the plasma) [2]. SILHI is mainly developed to be the source
of the IPHI prototype. The 95 keV proton beam will be accelerated up to 5 MeV by a 8 m long
RFQ [3] and up to 10 MeV by an Alvarez-type DTL.
Experimental set-up and source performance
Ion source, LEBT and beam diagnostics
The ion source operates at 2.45 GHz with an ECR axial magnetic field of 875 Gauss. The source
and its ancillaries are installed on a 100 kV high voltage platform to produce 95 keV beams. Both ends
of the 100 mm long plasma chamber are lined with 2 mm thick boron nitride (BN) discs. The plasma
electrode is designed with a single 8 mm diameter aperture.
The five-electrode extraction system has been designed with an intermediate electrode located in
the accelerating gap to minimise the distortions in the phase-space distribution and to adjust the beam
focusing. An electron repeller is inserted between two water-cooled grounded electrodes.
The Low Energy Beam Transport (LEBT, Figure 1) has been designed to characterise the
extracted beam. Two iron shielded solenoids (0.22 T, 560 mm long, 250 mm inner diameter) are used
to focus the beam. The LEBT presently includes an iris diaphragm with an adjustable aperture and the
first of two magnetic steerers installed under-vacuum. Two toroids (DCCT and ACCT) and a collimator
will be added after the second solenoid.
To allow an accurate matching to the RFQ in the final injection beam line, a precise knowledge of
the beam characteristics is required at the cavity entrance. The beam position and size are presently
measured from CCD cameras. Faraday cup, beam stopper and toroids (DCCT and ACCT) are used to
measure the beam current and its high-frequency fluctuations. Insulated screens give information on
beam losses and beam axis. The EMU uses the classical “hole-profiler” technique. A 0.2 T-1 MV/m
Wien filter is placed behind the 0.2 mm diameter sampler to analyse the species (H+/H2+/H3+) and to
measure the beam emittance. The sampler designed for beam power densities up to 1 kW/cm2 cannot
be used to measure the emittance in the RFQ entrance conditions.
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Figure 1. LEBT configuration

Beam characteristics
The extracted beam parameters have been analysed for many configurations of RF power and
hydrogen mass flow and recently versus the tuning of the source magnetic field. The best performances
are clearly obtained when two ECR zones are located at both ends of the plasma chamber, on the BN
disk at the RF input and close to the plasma electrode.
Table 1 displays the requirements and the present performances of the source. More than 100 mA
CW can be routinely accelerated at the nominal energy. For an 80 mA CW proton beam, the nominal
r,r′ RMS normalised emittance is lower than 0.3 π mm.mrad and the proton fraction better than 85%.
The other species are contained within 12% for H2+ and 3% for H3+. Recent measurements have shown
strong improvements of the emittance (0.11 π mm.mrad) when a buffer gas (H2, N2, Ar or Kr) is
injected in the LEBT. Emittance reductions as important as a factor of 3 have been observed while the
proton fraction is unchanged and the beam losses induced by recombination are below 5% for the
heaviest gases. The space charge compensation (SCC) factor has been measured at several points
along the LEBT. A strong dependence on the number of free electrons in the LEBT line was found, as
well as a mirror effect of the LEBT solenoids on those electrons [4]. The SCC can be much lower than
expected without an electron induced by a pressure increase, for example. Low SSC leads to a strong
emittance increase in the LEBT.
Table 1. SILHI requirements and present status
Parameters
Energy [keV]
Intermediate electrode voltage [kV]
Proton extracted beam [mA]
Total extracted beam [mA]
Proton fraction [%]0
Extraction aperture [mm]
Extracted beam density [mA/cm²]
Forward RF power [W]
Duty cycle [%]
Hydrogen mass flow [sccm]
Beam noise [%]
r-r′ RMS norm. emittance (LEBT) [π mm.mrad]
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Requested
95
65
100
110
> 90
10
140
1200
100
< 10
±1
0.2

Status
95
48
111
126
88
8
243
850
100
~2.0
±2
0.11 (75 mA)

Reliability/availability
Summary of the firsts run tests
The source was continuously operated during five days (103 hours) with a 100 mA CW beam at
80 keV for the first time in December 1997. The global reliability reached 94.5% with 53 shutdowns
mainly induced by HV sparks. Most of the sparks occurred during the first 24 hours (conditioning
period). The mean time between failures (MTBF) for the last four days turned out to be 5.5 hours and
the mean time to repair (MTTR) was lower than 6 min. A second test was performed in May 1999
with 75 mA CW beam at 95 keV. The availability reached 98% for a continuous operation of 106 hours.
The beam was interrupted 13 times by HV spark-downs and 11 times by a problem of high voltage
transformer “outgassing”. The MTBF was 4 hours and the MTTR 5.22 minutes. A 27.5 hour
uninterrupted operation was completed. The beam reliability obtained during these two test runs is
plotted in Figure 2 as a function of the elapsed run time.
Figure 2. Beam reliability vs. elapsed run time (hours) for the two
long test runs: 100 mA-80 keV (squares), 75 mA-95 keV (diamonds)
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To enhance the source reliability, several modifications were recently made:
•

An efficient free gas output has been installed on the transformer safety block to eliminate
beam-off due to the HV transformer outgassing.

•

New connections have been manufactured for the intermediate electrode limitation resistor in
order to carefully avoid corona effects.

•

A thermal regulator has been installed on the main water cooling circuit to limit temperature
variations.

•

The negative point of the two LEBT solenoids has been grounded to avoid current transformer
effects and to limit electronic device damages due to sparks.

•

More powerful power supplies have been installed on the interlock PLC.
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October 1999 run test
A new five-day test run was performed to compare the source reliability/availability after these
recent works with a 75 mA extracted beam at 95 keV. For this new test, the source start-up was fixed
at 5:30 a.m. on Monday, 4 October. It was decided to spend 2 hrs 30 min for the source tuning in order
to reach the thermal equilibrium before starting the statistics at 8 a.m. The run end was planned at
4 p.m. on Friday, 8 October. The source parameters were recorded over a period of 104 hours.
Table 2 compares the SILHI requests and the source parameters during this third test. The proton
fraction was estimated from previous measurements. In these conditions, the proton beam r-r′ RMS
normalised emittance is routinely 0.3 π mm.mrad without heavy gas injection in the LEBT.
Table 2. SILHI requirements and experiment parameters
Parameters
Energy [keV]
Intermediate electrode voltage [kV]
Proton extracted beam [mA]
Total extracted beam [mA]
Proton fraction [%]
Extraction aperture [mm]
Extracted beam density [mA/cm²]
Forward RF power [W]
Duty cycle [%]
Hydrogen mass flow [sccm]
Beam noise (RMS) [%]

Requests
95
65
100
110
> 90
10
140
1200
100
< 10
1

Run status
95
53
61
76
80
8
151
490
100
2.4
1 < Bn < 2

Figure 3 shows the total extracted beam versus the elapsed time. The first 5 min beam-off
observed on Monday at 6 a.m. was due to the HV platform shutdown for source ancillaries check up
(especially HV transformer). The two red points indicate the beginning and end of the statistics.
Figure 3. Third reliability test, extracted beam vs. elapsed run time
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Only one beam trip occurred during the test. The beam stopped during 2 hrs 30 min just one hour
after the beginning of the statistics leading to an availability of 99.96%. A spark often occurs in the
first period of the source running time. Different investigations should be undertaken to understand
this phenomenon (see New developments). Figure 3 shows the beam current measured by the DCCT
with a 50 Hz ripple. An increased pressure in the plasma chamber at the end of the run led to a lower
noisy current.
A higher extracted beam can be observed on Wednesday. This was due to an unintentional action.
The forward RF power rose up to 1.2 kW leading to an extracted current of 103 mA. Fortunately, the
beam performance was recovered without any damage by reducing the RF power.
The improvements implemented between the two last runs have been really fruitful. A 103 hour
uninterrupted running time was achieved and the beam was stopped at the end of the run without any
sign heralding failure. A source and HV extraction system check-up is planned in the near future.
Tune-up and lifetime
The plasma is easily obtained when the RF power is larger than 350 W with the standard
magnetic field and operating gas pressure. The source is usually operated five days a week for 8 hour
daily runs. Less than 10 min are needed each morning to restart the source with a 100 mA CW beam at
95 keV. The tune up time is reduced to 2 min after a shutdown using an automatic procedure. This
computer aid is really helpful to save time for experiments, it also led to a MTTR as short as
2 hrs 30 min for the single beam-off observed during the last test run. Less than 6 hours are usually
needed to obtain the nominal beam parameters after modification on the source or the LEBT. This
recovery time for pumping, HV column conditioning and tune up is mainly induced by the BN disc
outgassing under plasma warming. A few days are needed after an extraction system modification.
The source and LEBT were moved into a new building last year; the results obtained before a full
dismantling/reassembling were recovered three weeks after pumping was restarting.
The source has been designed to reach a long lifetime. The RF quartz window was installed
behind a water-cooled bend to escape the beam of electrons produced and accelerated in the HV
extraction system. The RF window has worked well since the production of the first beam in
July 1996. Nevertheless, the BN disc located at the RF entrance is affected by the backstreaming
electrons and must be systematically replaced. Its lifetime is estimated to be higher than 1 000 hours
for ~ 100 mA CW beams, offering more than 40 days of continuous operation for such beams.
New developments
The accelerating column is made up of three 67 mm long Al2O3 insulators and stainless steel
flanges. As sparks could be due to an accumulation of charges on the ceramic surfaces, new tests will
be done after insulator “metallisation” (using a PVD process) to avoid this phenomenon. A gas flow
controller is presently under testing to replace the piezoelectric valve for hydrogen injection. It will be
installed on the HV platform in the near future.
A constant effort to improve the electromagnetic compatibility (EMC) of the hardware installed
on the HV platform has already allowed to avoid most of the beam interruptions induced by HV
spark-downs. Nevertheless the control computer or the PLC still require a reset after some sparks,
efforts on the EMC must go on. The Experimental Physics and Industrial Control System (EPICS) has
been selected for the IPHI project. This powerful system must allow a better and faster control of the
equipment.
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A precise knowledge of the beam characteristics at the RFQ entrance is now one of the first IPHI
project priorities. A new diagnostic box is installed at the RFQ front-end position 3.7 m away from the
plasma electrode. Beam power densities up to 50 kW/cm2 preclude the use of classical interceptive
diagnostics, and several types of diagnostics based on optical analysis will be tested [5]. A new way to
measure the beam profile using the absorption of a laser beam is also investigated. Preliminary studies
have been performed on a new x-x′ or y-y′ EMU based on the measurement of beam profiles using a
CCD camera [6]. New developments are required to improve the accuracy of this technique.
Investigations will be made on the RF generator to avoid the 50 Hz ripple and to remove the
19 kHz spurious modulation which are measured on the extracted beam current.
An accurate control of the beam intensity is also required for most of the applications, especially
for ADTW systems. This must obviously be done at the level of the ion source or in the LEBT.
Tests will be made to adjust the extracted current using a feedback loop on the source RF power.
The total aperture of the water-cooled iris recently installed in the LEBT can be continuously adjusted
from 0 to 100 mm. This slow tuning adds flexibility to the fast control of the RF power in order to
maintain a good stability under a wide range of extracted current.
To avoid aberrations and beam losses in the LEBT observed for beam intensities around or above
100 mA, the initial divergence must be reduced. New computations are in progress to optimise the
extraction system in this way.
Conclusion
SILHI performance is close to that requested. Nevertheless, improvements remain to be made for
higher intensities (100 mA range) to continue to enhance the source at lower currents. Work also has
to be done in order to optimise the beam stability.
The efforts made in the recent past have been truly fruitful. SILHI is presently able to run for
more than 100 hours without any shutdown. An availability of 99.96% was obtained during the last
five-day test run (in October) with only one beam trip (2 hrs 30 min). In order to have a real idea of
the reliability and to attain the ADTW system request, future tests should be performed for periods of
about one month of continuous operation.
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Abstract
The recently proposed high-intensity proton beam accelerators are attractive for hybrid reactor systems
and generators of high luminosity secondary beams for nuclear and particle physics. For those
particular applications, accelerators are of the linac type and are planned to produce and accelerate
proton beams with an energy in the range of 1 GeV and a maximum intensity of about 100 mA.
IPHI is a high intensity proton injector project (CEA/DSM and CNRS-IN2P3 collaboration) designed
to be a possible front end for this kind of facility. IPHI is based on a 100 keV, 100 mA ECR proton
source under operation at the present time. After travelling along the low-energy beam transport line
(LEBT) the protons will be accelerated through a RFQ up to 5 MeV before another acceleration by an
11 MeV DTL. Finally, a high-energy beam transport line (HEBT) will deliver the beam to a beam
stop. Beam diagnostics put in operation for the proton source and the LEBT are described. Indications
about those planned on the HEBT are given.
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Introduction
The recently proposed high intensity proton beam accelerators are attractive for hybrid reactor
systems and generators of high luminosity secondary beams for nuclear and particle physics. For those
particular applications, accelerators are of the linac type. They are planned to produce and accelerate
protons beams in the range of 1 GeV and a maximum intensity of about 100 mA.
IPHI is a high intensity proton injector project (CEA/DSM and CNRS/IN2P3 collaboration)
designed to be a possible front end for this kind of facility. IPHI is based on a 100 keV, 100 mA ECR
proton source SILHI. After travelling along the low-energy beam transport line (LEBT) the protons
will be accelerated through a RFQ up to 5 MeV before another acceleration by an 11 MeV DTL.
Finally, a high-energy beam transport line (HEBT) will deliver the beam to a beam stop. Therefore,
beams the power of which ranges from 10 kW at the exit of the proton source up to 1.1 MW on the
beam stop must be controlled and monitored.
SILHI has been operating for three years and the LEBT is under operation at the present time.
Beam diagnostics requirements
A first type of measurement takes place during the initial start of the beam facility. At this stage,
we want to diagnose as completely as possible the beam during normal or off-normal beam operation.
Beam diagnostics are then required for:
•

Machine commissioning.

•

Beam dynamics calculation confirmation.

•

Help in understanding the degradation of the beam quality.

•

Beam loss control and minimisation.

A second type of measurement concerns the full power beam current establishment and normal
daily operation of the accelerator.
To carry out these beam measurements, diagnostics must be designed to operate under various
conditions. The CW 100 mA current beam will be obtained in a stepwise fashion. Various configurations
are possible:
•

Low or high intensity CW current beam: 10–1 mA < Ibeam < 10–1 A.

•

Long pulsed beam operation: 10 ms < pulse width < 500 ms; 100 ms < repetition rate < 1 s.

•

Short pulsed beam operation: 500 µs < pulse width < 10 ms; 1 ms < repetition rate < 1 s.

Even if some intrusive sensors may be used for specific measurements, the large quantity of beam
energy deposited in any material, specially in the low-energy sections of the accelerator, forces us to
use non-interceptive or at least minimally interceptive beam sensors. In addition to destroying the
sensor, the interception of some fraction of the beam will lead to a high activation level in the structure
of the accelerator and its surroundings.
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Three main categories of diagnostic devices are needed to measure the following parameters:
•

Intensity and bunch.

•

Transverse position centroid and transverse profiles.

•

Energy and energy spread.

The source SILHI and the LEBT
The source SILHI is designed to produce a 100 mA proton or 140 mA deuteron CW beam.
Figure 1. The source SILHI and the LEBT layout

This ECR plasma chamber is fed by a 1.2 kW magnetron source operating at 2.45 GHz.
The electron cyclotron resonance is obtained with a 875 G magnetic field. The proton beam is
extracted by a five electrode system. The source components are grouped on a 100 kV platform
followed by the LEBT to transport the protons to a beam dump. Two solenoids ensure beam focusing
and two steerers help to its proper alignment in the LEBT. An iris with an adjustable aperture allows a
fine adjustment of the intensity of the beam. The LEBT is presently used to analyse the extracted
proton beam from the source. For this purpose, it is equipped with various diagnostics, a Wien filter
(0.2 T-1 MV/m) and an emittance unit measurement (using the hole-profiler technique), just before the
beam stop.
The HEBT design
The primary objective of this line is to safely transport the intense proton beam delivered by the
RFQ and the DTL to a high power beam dump and to allow measurements of its parameters as close
as possible to the accelerator. A two-stage scenario has been proposed. The idea is to build a rather
short and simple beam line downstream close to the RFQ without the DTL. Later we will rearrange the
line behind the DTL once this one is installed.
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This transport line includes two quadrupole triplets separated by a 3 m drift space, a 45° dipole
and one final quadrupole doublet. The first triplet is adjusted to obtain a double waist in the centre of
the drift in order to allow transverse emittance measurements by means of the three distance method.
The second triplet and the final doublet are needed to control beam dimensions in the bending magnet
and at the beam stop entry. Dipoles will be installed for correction of the central trajectory.
Intensity measurement
CW and long pulsed mode operation
It is the most basic measurement. In the LEBT the maximum power of the beam is 10 kW and
allows the use of a water-cooled Faraday cup located just after the iris. Because of the beam energy,
this Faraday cup insertable with a pneumatic actuator, acts as a beam stop. The Faraday cup can
measure the current from 1 mA to 100 mA. Lower currents are quite easy to measure if necessary.
Another way to sense the DC component of the beam current is achieved by a DCCT, the principle
of which is based on the magnetic amplifier. A parametric current transformer from Bergoz Company
has been placed close to the extraction region of the source. The accuracy is 100 µA and the
bandwidth (3 kHz) allows observation of the pulse current during slow pulsed mode operation.
Short pulsed mode operation
A fast beam current transformer (ACCT) has been designed for this purpose with the aim to
obtain a very high dynamic range. The noise is 10 µA RMS and the bandwidth ranges from 3 Hz to
6.5 MHz.
Figures 2(a) and 2(b) show a typical short pulse mode operation. Pulse widths of 500 µs are
obtainable for a beam current of 75 mA.
Noise current measurement
The ACCT is a very powerful tool to evaluate the contribution of each frequency component to
the fluctuations of the beam current in a CW mode as well as in a pulsed mode operation. It has been
pointed out that the major contribution to the noise of the beam current comes from:
•

The tuning of the source: gas pressure in the plasma chamber, RF power, magnetic field.

•

The ripple of the chopped high voltage supply of the magnetron (≅ 19 kHz).

•

The heating voltage supply of the magnetron (50 Hz).

The spectrum of the noise is concentrated below 1.5 MHz and is ±2% RMS of the nominal value
of the current during daily operation.
A general layout for the measurement of the transmission efficiency of the LEBT, RFQ and
HEBT needs at least four DCCT for an operation in the range 1 mA-100 mA under CW mode.
In the complete scheme of linear accelerators, DCCTs and ACCTs are well suited for intensity
measurements due to their non-interceptive nature.
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Figure 2(a). Short pulse mode operation (Ib ≅ 75 mA ; 500 µs/division)

Figure 2(b). Bottom to top: zoom of a pulse (50 µs/division),
modulation signal of the magnetron, average over 300 pulses

Energy measurement
The measurement of the absolute energy is usually required for linear accelerators tuning. At low
energy, where β is well below 1, the time of flight technique is widely used for bunched beams.
At least two capacitive pick-up or stripline monitors separated by a known distance provide the beam
velocity. The accuracy depends on the processing circuit of phase measurement: 1% is attainable
relative easily up to 10 Mev in the range 1 mA-100 mA.
Transverse beam centroid measurements
These measurements give the charge centroid of the beam in the vacuum pipe. Therefore, beam
position monitors (BPM) are necessary for beam alignment as the particles go through the accelerating
structure or the transport line. The choice of the technique of measurement depends on the beam
characteristics, mainly temporal structure and intensity.
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Bunched beams and high intensities (1 mA-100 mA)
A four-electrode structure sensor of the electrostatic type or directional coupler (also known as
“stripline” electrodes) detect the modulated beam current as soon as the beam is bunched, just after the
RFQ in our case. The usual arrangement of a BPM consists of a block of two pairs of electrodes, one
pair for the horizontal position and the other for the vertical position measurement. The beam position
is related to the ratio of the amplitudes of the induced signal at the accelerating frequency on each
electrode of one pair. This kind of beam sensor is totally non-destructive with respect to the beam.
The choice of the associated processing electronics is essential for the overall performances:
•

The difference over sum method:
The electronic circuit calculates ∆/Σ = (Vr - Vl)/(Vr + Vl) where Vr and Vl are the voltages
induced on the opposite electrodes of the horizontal pair for instance. There are several ways,
either digitally or analogically, to perform this calculation. However, this method has about
100:1 current range dynamic, an accuracy better than 0.2 mm for 3 cm to 4 cm of electrode
aperture.

•

The AM/PM method:
The amplitude discrepancy of the voltage induced on the two opposite electrodes is converted
to phase discrepancy. This method has a larger dynamic range in intensity than the previous
one.

•

The log ratio processing method:
In this method, the signals of the two opposite electrodes are put in a circuit that performs the
logarithm of the ratio of the two signals. This method is capable of providing a high resolution.

Another useful application of the BPM is to control the intensity of the beam along the accelerator
structure, using the sum of the electrode signal amplitudes which is performed electronically.
However, the accuracy is limited because the sum signal depends slightly on both the bunch length
and the beam position.
In the HEBT that we have planned, the electrostatic BPM must imperatively be used before the
second triplet due to the energy spread and the space charge force which lead progressively to a
coasting beam. In the last part of the HEBT, PU BPMs do not work as well as in the LEBT.
For unbunched or coasting beams, as well as bunched beam at low intensities one has to use other
techniques to monitor the transverse centroid of the beam. These techniques also provide the size of
the beam and in some case the transverse profile of the beam.
Transverse beam profile measurements
The transverse profile of a beam in one plane is the projection of the particle distribution on this
plane. Obviously, the transverse centroid can be deduced from this measurement but it is specially
dedicated to control the size of the beam, the mismatching of the beam as it passes through the
different parts of the accelerator structure, and at last is needed for transverse emittance calculation.
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Bunch, unbunched and coasting beam – low intensities
The wire scanner
The wire scanner is widely used for transverse beam profile acquisition for energies well above
100 MeV. In this method, a single wire is moved through the beam and the profile is obtained by
measuring the current due to the secondary electrons emitted from the wire as the beam crosses the
wire. Other techniques are also available such as “harps” from which the profile is acquired with
several wires. However, we are now dealing with intrusive devices, so we must wonder about the
heating of the sensor and the perturbation caused to the beam.
The heating of the wire is the major problem in the case of high average power beams. Carbon or
SiC wires with diameters in the range of 100 µm are often used because their heat capacities and
melting points are high.
•

Slow wire scanner:
The accelerator operates with short pulses under a very low duty factor cycle. The wire is
stepped through the beam in small increments to obtain the profile over many pulses. Even
for low duty cycle operation (pulse width: 0.15 ms, repetition: 4 Hz, current: 100 mA, current
density: 1.6 A/cm2, energy: 1.7 GeV), calculations made for APT show that the temperature
of the wire (SiC, diameter: 140 µm) exceeds 1 400 K which is considered as the safe limit for
such materials [2].

•

Fast wire scanner:
For CW operation at high energy, the wire goes through the beam at high speed. A SiC wire
moving at a speed greater than 5 m/s may withstand a 100 mA proton beam at 1.7 GeV.

At lower energy, the beam deposits much more energy in the wire, roughly 35 times more at
5 MeV than 1.7 GeV in carbon, for instance. The wire will be destroyed in a few ms. Another problem
at low energy is the multiple Coulomb scattering which increases drastically as the energy of the beam
decreases.
The wire scanner is only usable under very low duty factor operation when the average intensity
is low. In the case of our HEBT at 5 MeV, a safe operation of a wire scanner can be estimated at a few
tens of µA. The wire scanner cannot be an “on line” diagnostic for full power operation.
Bunch, unbunched and coasting beam – low and high intensities
Optical based profile measurement
Moderately relativistic protons lose energy in the residual gas present in the vacuum vessel of the
accelerator primarily by ionisation caused by inelastic collisions. The gas fluoresces and light is
emitted from excited atoms of this residual gas or added gas. The spectrum of this light lies in the
visible range. The intensity of the light depends on the nature of the gas, its pressure, the proton beam
energy and its intensity.
In the LEBT where the protons at 95 keV interact strongly with the residual gas which is mainly
H2 (pressure: 2 × 10–5 hPa ), the emitted blue light is visible to the human eye. The spectrum of the
light has been analysed by a scanning monochromator in the LEBT (Figure 3). The lines of the Balmer
series (Hα: 656.2 nm, Hβ: 486.1 nm, Hγ: 434 nm) were found.
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Figure 3. Spectrum of light emitted from hydrogen in the LEBT
at 1.6 × 10–5 hPa bombarded by 95 keV and 65 mA proton beam

The light emitted can also be sensed by a CCD camera placed transversally to the beam (Figure 4)
to obtain an image of the beam passing through the residual gas. This diagnostic of the beam profile
based on a CCD camera looks very attractive specially because of its non-destructive nature with
respect to the beam. It can work under low and high intensity with bunched or unbunched beams.
Figure 4. Image from a 2.5 mA proton beam interacting with hydrogen at 2.5 × 10–5 hPa
observed 15 cm after the iris with an intensified camera. The diameter of the beam is 9 mm.
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However, the intensity of the emitted light decreases as the energy of the beam increases.
For instance, the intensity will be 20 times lower at 5 MeV than at 100 keV. Then intensified cameras
using microchannel plates will be needed to keep a good signal to noise ratio and furthermore for
higher energy. These cameras are very costly and an emittance measurement based on the three
distance method obviously requires three cameras. To bypass this difficulty, a programme of
development is underway. We undertake to carry some experiments on the LEBT with the aim of:
•

A better understanding of the light production and absorption by the excited atoms. We also
plan to inject different other gases in the LEBT at various pressures in order to maximise the
intensity of the emitted light.

•

A much better collection of the light to maximise the signal to noise ratio.

•

A better algorithm of the profile measurement from the image obtained by CCD camera with
the comparison of the profile obtained by electrical processes.
Figure 5(a). Spectrum of Argon injected in the LEBT; pressure
7.5 × 10–5 hPa bombarded by protons at 95 keV and 60 mA

Figure 5(b). Spectrum of krypton injected in the LEBT; pressure
7.5 × 10–5 hPa bombarded by protons at 95 keV and 60 mA
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Conclusion
•

The measurement of the average intensity of high power proton beams is possible from the
source to the target using well established non-interceptive techniques.

•

Electromagnetic PU can be used to perform on-line transverse centroid measurements of
bunched beams. Nevertheless it would be fruitful to extend as low as possible the dynamic
range of the intensity to facilitate the tuning of the HEBT at low current operation during the
initial start of the accelerators.

•

The main problem is really the on-line measurement of transverse profile under full current
operation in the low energy part of the accelerator. First results obtained in our experiments
based on light emitted from excited atoms of the residual gas or intentionally injected gas
demonstrate that this is a very promising technique.
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Abstract
The main problems of CW proton linacs are formulated on the base of analysis of principal and
technical difficulties with regard to high-current proton linear accelerator development. Reliability,
efficiency and radiation purity are of principal interest. The decisions concerning these problems are
examined from the point of view of beam dynamic requirements and RF supply system design.
The new code package LIDOS.PIC makes it possible to simulate beam dynamics in real electric fields
(RFQ section gaps included) to determine channel parameters tolerances for reliable operation.
Possible RF system schemes for high efficiency and reliability of operation reaching are presented.
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Introduction
Proton linear accelerators are the base of safe electronuclear power installations (accelerator-driven
power system – ADS). Such ADS are dedicated to various purposes: weapons plutonium conversion,
“energy amplifier”, transmutation of radionuclear wastes, etc. [1-3,9]. A set of demands is placed on
an accelerator according to its functions. Solutions to the tasks of weapons plutonium conversion and
nuclear power require proton beams with energies of 1 GeV and average currents up to 30 mA. At the
moment there are no problems of fundamental nature with regard to the construction of such a linac.
That is why the main problems have economic and technical aspects [1,3]: it is necessary to have high
economic efficiency (total electric efficiency ∼ 50%), high reliability and radiation purity. In addition,
the linac design must permit modernisation in terms of flexibility of beam performances demanded,
optimisation of manufacturing costs and exploitation charges, and must apply perspective methods and
materials tested in actual practice.
The decisions of the CW linac problems will be demonstrated from the point of view of beam
dynamic requirements and RF supply system design. The new code package LIDOS.PIC makes it
possible to simulate beam dynamics in real electric fields (RFQ section gaps included) to determine
channel parameters tolerances for reliable operation. Possible RF system schemes for high efficiency
and reliability of operation reaching are presented.
New unique codes LIDOS.PIC for RFQ designing
New criteria arise when high-current CW linacs are considered. The main requirements for such
linacs are reduced inter-vane voltage and very low beam losses. In such cases the traditional algorithms
of RFQ designing can lead to undesired versions of the RFQ linac.
Minimisation of CW beam losses in the RFQ linac places more stringent requirements upon beam
perturbations. Instrumental errors in vane manufacturing, installation and adjustment are sources of
such perturbations. Even with very small tolerances on cell parameter deviations the potential of such
perturbations is high enough both for beam transmission reduction and beam quality degradation.
Evidence of such a statement is provided by the fact that even trajectories for “ideal” (without
perturbations) RFQ channels are spaced in the immediate vicinity of vane surfaces.
Gaps between RFQ sections are another source of perturbations. The gaps dividing the RFQ
channel into several sections are dictated by parasitic mode suppression. Focusing RF field reduction
inside the gap and in the adjacent area leads to beam mismatching, growths of beam size and
emittance. Accelerating field change leads to local reduction of accelerating efficiency and the
appearance of beam coherent phase oscillations. In order to avoid additional gap-induced phase shift it
is necessary to “insert” a gap not as an additional channel segment but as a substitution of the regular
channel segment. In other words a regular RFQ cell is substituted by a “cell” with gap. In this case the
phase length of the cell is distinguished from its nominal value only by small amount (caused by the
difference in RF field amplitudes).
New concepts for parameter choices based on optimisation methods and taking into account real
RF fields are incorporated in the new multi-level codes [4,5]. The new RFQ code package gives users
the possibility to proceed successfully from input data up to acceleration – focusing channel design
and space charge dominated (SCD) beam simulation. There are two main features: a maximum of
scientific visualisation for each calculation step and the possibility to cut off undesired linac versions
long before the time-consuming calculations start. The package contains codes with three levels of
mathematical model complexity.
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The first level codes make only a preliminary choice of the main parameter arrays on the basis of
a simplified physical model. These codes are richly supplied with visual information that helps to find
the best linac version quickly.
The second level codes are used for channel data calculations with the real shape of the RFQ
vanes and real RF fields. Information from the first level codes is used here as input data.
The third level codes are based on information from the first and second level codes and on
complex PIC models that are needed for a correct beam simulation in the chosen channel version.
The package gives users additional possibilities in comparison with existing codes (PARMTEQ
and so on). In the frame of new codes it is possible to:
•

Calculate RF field mesh values taking into account vane real shape and gap insertion.

•

Simulate beam motion in calculated RF fields taking into account field perturbations caused
by instrumental errors in vane manufacturing, installation and adjustment (including cases
with symmetry violation).

•

Make statistical analysis of output parameter degradation.

Calculations in favour of IPHI RFQ as demonstration of code power
The code tools described above were used for RFQ design in favour of the IPHI project (CEA,
France) [6]. Below the main results are presented to demonstrate new code power. The pre-set
parameters are indicated, as are various restrictions and requirements.
Pre-set parameters
Accelerating particles
Protons
Input energy
0.095 MeV
Output energy
5 MeV
Beam current
100 mA
Beam emittance
0.15 π cm·mrad
Operating frequency
352 MHz
Restrictions and requirements
Kilpatrick factor
No more than 1.6
Maximum RF field intensity Less than 29.5-30 MV/m
Length
About 8 m
Beam transmission
No less then 90%
Power of lost particles
No more than 1.5 kW
Minimum of lost particles
More then 3 MeV
with energy
At the first stage of calculations the codes were used to create an optimal RFQ channel satisfying
the conditions set above. This stage was successfully performed with high beam transmission (see
Table 5 below).
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The Monte Carlo simulations were performed with the aim to estimate how possible deviations of
accelerating and focusing fields can be differentiated from the output beam parameters. Change in
averaged radius position for each cell was considered as perturbation factor. It was assumed that the
averaged inner cell radius varies linearly. The random value distributed uniformly inside [-δr, δr] was
added to the top value of cell averaged radius. Random values for different cells were chosen
independently. Beam simulations were performed for δr =10 µm and δr =25 µm. The code package
described above was used for statistical data processing. Beam energy losses, phase width, momentum
spread, transverse size, beam centre displacement, beam RMS and total emittances were calculated as
integral characteristics. These values were integrated over all particles inside one RF period.
The phase space area occupied by all macroparticles was nominated as total emittance.
Random displacements of RFQ section ends were studied separately. In this case RFQ axis was
presented as four straight-line segments with displacement amplitude δr = 100 µm.
The number of random realisations is 50 for each type of errors. In the following tables more
interesting results for three types of random errors are presented.
Table 1. Lost particle total energy
In ideal channel lost particle total energy equals 0.134 kW or 0.75%

Probability
0.70
0.80
0.90
0.95

10 µm
as cell tolerance
kW
%
0.33
0.99
0.36
1.01
0.39
1.08
0.44
1.13

25 µm
as cell tolerance
kW
%
1.77
2.64
2.56
3.31
2.60
4.20
4.57
4.45

100 µm
as section end displacement
kW
%
0.26
0.86
0.27
0.87
0.31
0.90
0.33
0.92

Table 2. Unaccelerated particles (in %)
Ideal value equals 1.68%

Probability
0.70
0.80
0.90
0.95

Cells 10 µm
1.95
1.99
2.04
2.09

Cells 25 µm
3.65
4.24
5.07
5.35

Sections 100 µm
1.83
1.85
1.88
1.89

Table 3. Beam transverse sizes R/R0 (on per-unit basis)
Ideal value equals 1.00

Probability

Cells 10 µm

Cells 25 µm

Sections 100 µm

0.70
0.80
0.90
0.95

1.05
1.06
1.14
1.22

1.17
1.22
1.28
1.30

1.05
1.08
1.12
1.23
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Table 4. RMS emittance (mm⋅mrad) (the same value for XX′ and YY′)
Ideal value equals 0.25 mm⋅mrad

Probability
0.70
0.80
0.90
0.95

Cells 10 µm
0.25
0.25
0.25
0.25

Cells 25 µm
0.27
0.27
0.27
0.28

Sections 100 µm
0.25
0.25
0.25
0.25

In general it can be stated that δr = 10 µm is acceptable whereas δr = 25µm is dangerous.
In order to suppress parasitic oscillations eight meter long IPHI RFQ cavity must be divided into
eight one meter long sections with gaps between each section. Each even gap is small and its length
equals 0.1 mm. Each odd gap is major and its length equals 2.2 mm. The ends of gaps have a curvature
of elliptic form.
The effects caused by RF field distortions in intersection gaps have revealed by consideration
different RFQ versions that differ by gap number and gap centre position. For comparison two types
were considered: one with the gap centre placed at cell end (E-versions) and one with gap centre
placed at the point where all field components acting on equilibrium particle are equal to zero
(F-versions). It is expected that in the last case beam output parameters will be nearer to nominal ones
(without gaps) then in the first case.
The main parameters of output beam that were calculated for real RF fields and gaps are shown in
Table 5.
Table 5. Main parameters of output beam calculated for real RF fields and gaps
Channel
model

Beam
Acc.
Lost Non-acc.
RMS
RMS
Total
Total
trans- particle particle particle emittance emittance emittance emittance
mission trans- power power
Erx,
Ery,
Etx,
Ety,
mission
No, %
Po, kW P1, kW mm⋅mrad mm⋅mrad mm⋅mrad mm⋅mrad
Nac, %
No gaps
98.2
95.3
0.27
0.83
0.25
0.25
2.51
2.53
7E
96.5
92.7
2.82
1.04
0.31
0.31
4.07
3.99
7F
97.7
94.1
0.32
1.08
0.27
0.27
3.08
3.04
The number of gaps and their position (E or F) are used for model version notation.

In Table 6 are listed: RF field maximal surface intensity inside gap, Eg, RF field maximal surface
intensity in the same cell without gap, En, ratio of the above values and RF field maximal surface
intensity in Kilpatrick units (Ek = 18.43 MV/m).
Table 6
Major gap
1 (2 m)
2 (4 m)
3 (6 m)

Eg
33.9
35.0
36.8

En
30.95
31.9
32.6
257

Eg/En
1.1
1.1
1.13

Eg/Ek
1.84
1.9
2.0

The main conclusion that can be made on the basis of obtained results is the following: the
presence of gaps with lengths of no more than 2.2 mm and curvature by ellipsoid with semi-axis
az = 2 mm and ar = 0.75 mm does not lead to degradation of output beam parameters if the gap centre
is placed at the point where all field components acting on equilibrium particle are equal to zero
(F-versions). In this case RMS emittance growth equals 4%. In the case when field components acting
on equilibrium particle are relatively high (gap centre is placed at cell end, F-versions) RMS emittance
growth equals 12%. In all cases the first gap influence is mainly responsible.
Problem of reliability and efficiency of RF power supply system
MRTI currently develops two types of proton and H– linear accelerators with output energies of
about 1-1.5 GeV in CW mode. The first type is superconducting linac with proton (ion) current up to
30 mA. It is dedicated to weapons plutonium conversion installations and also serves as an “energy
amplifier”. The second type is linac with a current of 250-300 mA which is applied toward
superconducting focusing solenoids and new high-power RF regotron-type amplifiers. It is dedicated
for transmutation of long-living radioactive wastes of nuclear stations.
At the installation of proton linear accelerator for accelerator-driven power system (ADS), the
main problems are maintenance of a high reliability and efficiency it of systems. It is supposed [9] that
for the factor of idle time of the linear accelerator it should not be more than 3% of the operating time
of the ADS installation. Accordingly, the factor of idle time of the RF system linac high-energy part,
one of the complicated systems of the accelerator, should not exceed 0.5-0.8%. To maintain these rigid
reliability requirements and to attain effective operation of the RF system it is necessary to reduce the
number of channels, applying in them super-power RF generating devices with high efficiency.
To determine the conditions under which the requirements for a reliability RF system can be
achieved, we employ the equation for calculation of system idle time coefficient “κ”. Thus we
recognise that a system consists of “n” identical devices (channels) and the failure results anywhere
from the channels to interruption of beam acceleration.
κ=

100
%
T0 1
1+ ⋅
Tb n

where T0 is the mean time between failure of amplification channel and Tb is time of recovery of
accelerator operation.
Time of recovery accelerator operation Tb is a result of three components: time of repair of
amplification channel, time of obtaining of a nominal field in a resonator of the accelerator (after
actuation of the repaired channel) and time necessary for recovery of a nominal mode of beam
acceleration.
Results of an evaluation of idle time factor “κ” of RF system depending on the number of
channels for four values of T0/Tb (2 500, 5 000, 7 500 and 10 000) are presented at Figure 1.
From this evaluation it follows that for “κ” = 0.5-0.8 the channels numbers should be within the
limits of 30-50, and T0/Tb more than 5 000. We shall assume that the mean time between failure of the
channel is equal to klystron service life-time (30 000 h estimated). Then with n = 40 and κ = 0.5% the
time of recovery of accelerator operation Tb is about four hours. This time can appear unacceptable
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Figure 1. RF system idle time coefficient κ vs. channel number n for four values of T0/Tb
1 – 2 500, 2 – 5 000, 3 – 7 500, 4 – 10 000
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from the point of view of exploitation of the ADS installation. Reducing the non-operating time of the
accelerator due to failure of the RF system is possible using several methods. One method consists of
installation of an RF channels reservation, which has been implemented on the linear accelerator of the
Moscow Meson Factory. The reservation eliminates repair time of a channel. The additional reduction
of time losses can be achieved through application of the scheme ensuring stability of a thermal mode
of accelerator resonators (it is ensured for SC resonators). The reduction of the number of RF system
failures is promoted by application of the functional control behind a klystron condition and channel
apparatuses which allow to replace the klystron before an emergency occurs.
The high efficiency of the RF system is determined through the use of amplifying devices with an
efficiency of over 65%. Klystrons provide such efficiency at nominal power. As the power load
consumed decreases, efficiency is decreased as well (Figure 2).
Figure 2. Efficiency η for a klystron vs. % of maximum output power
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It is necessary to keep this in mind when several resonators are grouped together for excitation by
one RF channel. The problem becomes complicated when RF power consumption for beam
acceleration, with preservation of accelerating rate, increases in accordance with an increase of beam
energy.
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RF supply system of a main part of superconducting accelerator
The RF supply system of a main part of the accelerator provides excitation of 84 SC resonators at
a frequency of 1 056 MHz [7]. RF power required for excitation of one resonator varies in accordance
with the increase of beam energy from 159 kW (first resonator) up to 435.6 kW (last resonator). Thus the
difference in RF power between adjacent resonators at the beginning of a main part is 5-6%, and at the
end -0.2%. Total RF power required for excitation of all resonators is equal to 28.5 MW. As RF
amplifiers in channels are supposed to be used klystrons with parameters of PNC klystron at operating
frequency of 1 050 MHz. Thus at the beginning of a high-energy (main) part of the accelerator from
one klystron five resonators are exciting having regard to reserve on RF power on compensation of
losses in elements of waveguide and reserve of RF power on automatic control of RF field amplitude
in resonators. Further number of resonators in group decreases and at the end of the accelerator from
one klystron two resonators are excited.
A block diagram of the RF power supply of SC resonator group from one klystron is shown in
Figure 3. The schemes automatic control of frequency (ACF), automatic control of amplitude (ACA)
and phase (ACP), which are conventional for proton linear accelerators, are shown. RF power on
resonators inputs from output of klystron amplifying channel feeds through the waveguide distribution
system. The RF power distribution system is derived by an excitation line (EL-M) with directional
coupler (DC) and bridge device (BS). In each output branch of a system the circulators (C) and phase
shifter (ϕ) are placed. If two resonators are excited from one amplification channel, the distribution of
RF power is accomplished through one bridge device. In the case of an amplification channel failure
instead of it to a distribution system with the help of switches (S) the reserve channel can be
connected. The reserve amplification channel can also be connected instead of an amplification
channel of the consequent group of SC resonators. It is assumed that all 35 active channels will be
operating. The number of reserve channels of the RF system of a main accelerator part is determined
at final development of the project.
Figure 3. Block diagram of RF supply system of resonator group of main part of SC accelerator
EL-A – exiting line of accelerator, EL-M – exiting line of cavities, DC – directional coupler, BD – bridge device,
S – switcher, ϕ – phase shifter, C – circulator, R – load, AFC – automatic system of frequency control,
AAC – automatic system of amplitude control, APC – automatic system of phase control, KA – klystron amplifier
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RF power supply scheme of long “warm” resonators of the accelerator
In the main part of the proton linear accelerator with a focussing by superconducting solenoids
“long” (up to 15 m) accelerating resonators are used having a disk and washers (D&W structure)
without division into separate sections [8]. The D&W structure has a high coupling coefficient
(40-50%) and low sensitivity to deviations of the sizes at manufacturing. As a result the main part of
“warm” accelerator can be partitioned on identical RF power consumed accelerating modules. In the
case of regotrons use with output power of 5.5 MW the number of accelerating modules will be 65.
In Figure 4 the block diagram of an accelerating module is shown. The scheme of RF excitation
resonators is accomplished through eight power inputs, which are located from each other at a distance
of 1/8 lengths of a resonator and at a distance of 1/16 from face walls. To avoid instability in regotron
operation on an accelerating resonator, before each power input in RF feeder ferrite circulator (C) is
placed. With the help of phase shifter (ϕ) the RF signals phasing at regotron outputs is implemented.
The regulation of a level of regotron RF power output is ensured by control of injector (I) current.
Figure 4. Block diagram of RF supply system of “warm”
accelerator main part (accelerating module) from regotron
R – regotron, EL-A – exiting line of accelerator, C – circulator, ϕ – phase shifter, APC – automatic system of
phase control, AFC – automatic system of frequency control, AAC – automatic system of amplitude control,
I – injector, B – buncher, E – exciter

A block diagram of an accelerating module with excitation of a resonator by a group of eight
regotrons is presented in Figure 5. It is supposed that amplitude and phase of every klystron amplifier
are stabilised with the help of internal systems of automatic control. In Figure 5 RF voltage from a
accelerator reference line (EL-A) amplifies by the preliminary amplifier (CA-D) and feeds to reference
line of an accelerating module (EL-K). RF power from amplifiers outputs KA through switches (S)
and ferrite circulators (C) feeds to RF power resonator input. In case of emergency in anyone from
amplifiers, last one with the help of switches (S) can be switched to an load equivalent (R). For
preservation of a RF field level in a resonator the total RF power of the remaining amplifiers should be
increased by the value of ∆P. The value ∆P takes into account the RF power of disconnected klystron
and shunting of a resonator by output impedance of a circulator. Thus, the given scheme of resonator
excitation has the increased reliability, as the time of accelerator operation recovery here can be
reduced to about several minutes. For an accelerating module with a resonator consuming 5.5 MW six
klystrons with output power of 1.2 MW will be sufficient.
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Figure 5. Block scheme of RF power supply system
of “warm” accelerator main part from klystron group
EL-A – exiting line of accelerator, EL-K – exiting line of klystron, C – circulator, R1, R2 – loads, AFC –
automatic system of frequency control, AAC – automatic system of amplitude control, APC – automatic system of
phase control, S – switcher, KA – klystron amplifier, CA-D – exciter

The two types of RF system design for CW proton linear accelerators have been considered: the
linear accelerator with superconducting resonators and linear accelerator with long “warm” resonators
with a focussing by superconducting solenoids. It is possible to come to a conclusion concerning
suitability of the offered schemes from the point of view of maintenance of demanded efficiency and
safety of operation in conditions of linear accelerators use in ADS installations.
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ESTIMATES OF THERMAL FATIGUE DUE TO
BEAM INTERRUPTIONS FOR AN ALMR-TYPE ATW

Floyd E. Dunn and David C. Wade
Argonne National Laboratory, USA

Abstract
Thermal fatigue due to beam interruptions has been investigated in a sodium-cooled ATW using the
Advanced Liquid Metal mod B design as a basis for the subcritical source driven reactor. A keff of
0.975 was used for the reactor. Temperature response in the primary coolant system was calculated,
using the SASSYS-1 code, for a drop in beam current from full power to zero in 1 microsecond.
Temperature differences were used to calculate thermal stresses. Fatigue curves from the American
Society of Mechanical Engineers Boiler and Pressure Vessel Code were used to determine the number
of cycles various components should be designed for, based on these thermal stresses.
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Introduction
The SASSYS-1 code [1] was used to calculate transient coolant and structure temperatures in an
accelerator transmutation of waste (ATW) device using a sodium-cooled configuration modelled on
the Advanced Liquid Metal Reactor (ALMR) mod B design [2] for the reactor. The transient was a
beam interruption which drops the power from full power to zero in 1 microsecond at the start of the
transient. Cases were run both with and without a trip of the pumps when the beam interruption
occurred. The reactor keff was 0.975 for these calculations. A 12 channel thermal hydraulics model was
used for the reactor core, and a detailed treatment was used for the primary and intermediate heat
transfer loops. Figure 1 shows an approximate two-dimensional representation of the three-dimensional
arrangement of the components and piping in the ALMR mod B primary and intermediate heat
transfer loops. The nominal core temperature rise was 139 K, and the temperature rise in Channel 1,
the hottest channel, was 164 K. The coolant transit time through the core at full forced flow is
0.2 second. The transit time through the upper part of the subassembly above the core is 0.3 second,
and the transit time through the outlet plenum to the intermediate heat exchanger (IHX) inlet is
51 seconds.
To evaluate the significance of the temperature transient results, low cycle fatigue caused by
thermal stresses was estimated for three structural elements: the above-core load pads on the fuel
assembly duct walls, the wall of the core barrel at the above-core elevation in the outlet plenum and
the IHX shell wall at its primary coolant entrance. The thicknesses of these structural elements are
approximately 0.0057, 0.05 and 0.025 meters respectively. To compute transient thermal stresses, it
was assumed that the structure surface temperature was approximately the same as the coolant
temperature. Then the difference between the average structure temperature and the coolant
temperature was multiplied by the thermal expansion coefficient of the structure to obtain the surface
thermal strain. This strain was multiplied by the Young’s modulus of elasticity to obtain a stress.
The American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code [3] fatigue
curves were used to evaluate the fatigue effects of the stress. These curves give the design limits for
the number of cycles that a given stress can be applied. Thermal fatigue calculations were made for the
above-core load pads on the subassembly duct walls in Channel 1, for the outlet plenum walls and for
the IHX shell at the primary inlet end to determine the number of allowed cycles. These were
compared to the failure rates per annum reported by Gudowsky [4] for LANCE to determine the
allowable years of service.
Results
The first calculation was for a beam loss with no pump trip. Figure 1 shows the power and flow
for this case. The external source dropped from nominal to zero in .05 second. The power dropped
rapidly and approached the decay heat curve, while the coolant flow remained at its nominal value.
Figure 2 shows the coolant temperature and the structure bulk temperature at the axial node above the
top of the fuel. The structure thickness is equal to the load pad thickness. These results are for the
above-core load pad. The coolant temperature initially drops faster than the structure temperature.
The difference between the structure temperature and the coolant temperature is given in Figure 3.
This difference peaks 2.2 seconds into the transient at a value of 88.6 K. Thus, any beam interruption
longer than 2 seconds is going to give a thermal stress corresponding to almost 90 K at the above-core
load pads. Figure 4 shows the outlet plenum coolant and wall temperatures, and Figure 5 shows the
difference between the wall temperature and the coolant temperature. The temperatures in the outlet
plenum respond to the transient much more slowly than those in the core at the top of the fuel.
The temperature difference in the outlet plenum peaks 146 seconds into the transient at a value of
99.4 K. Figure 6 shows the primary side coolant temperature, the shell temperature and the tube
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temperature at the top of the IHX. The shell starts out somewhat cooler than the coolant because the
calculation accounted for some heat transfer from the shell to the RVACS system in normal operation.
The shell temperature represents the average of the temperature around the complete circumference.
If the part of the shell on the side away from the RVACS system had been modelled, then the initial
shell temperature would have been close to the coolant temperature. Figure 7 shows the difference
between the shell temperature and the coolant temperature. The tube temperature does not differ from
the coolant temperature by very much in this transient.
A second transient was made for a beam loss with a trip of both the primary and the intermediate
pumps. The pumps tripped at .25 seconds. Figure 8 shows the power and flow for this case. The normal
coastdown of the primary pumps is slower than the drop in power. Figure 9 shows the coolant and
structure temperatures in Channel 1 above the active fuel, and Figure 10 shows the difference between
these temperatures. Tripping the pumps reduces the maximum temperature difference in the
subassembly, but the difference between the structure temperature and the coolant temperature still
peaks at 64.8 K at 3 seconds into the transient. Figure 11 shows the outlet plenum coolant and wall
temperatures. The IHX coolant, shell and tube temperatures are shown in Figure 12. The pump trip
greatly reduces the severity of the temperature transients in the outlet plenum and in the IHX.
Steel properties used in evaluating thermal stresses are listed in Table 1. The cladding and
subassembly duct walls in the ALMR are made of HT-9, which is a ferritic steel. For the outlet plenum
walls and the IHX shell both ferritic and austenitic steel were evaluated using the same temperature
differences. Fatigue curves from the ASME Boiler and Pressure Vessel Code were used to convert
thermal stresses into the number of design cycles for a component. The results of these calculations
are summarised in Table 2. Note that the failure frequency used for the results in Table 2 is based on
the number of beam interruptions longer than three seconds for the impact on above core load pads.
A lower failure frequency is used for the impact on the outlet plenum wall and the IHX shell, since a
short beam interruption of less than a minute would result in lower temperature differences and
thermal stresses in these components. The beam interruption data in Ref. [4] is broken down by the
duration of the interruptions, making it possible to estimate the number of interruptions per year longer
than 3 seconds or longer than 1 minute.
Table 1. Steel properties used in evaluating thermal stresses

Thermal expansion coefficient (m/m/K)
Young’s modulus (psi)

Ferritic steel
1.4 × 10–5
30 × 106

Austenitic steel
2.0 × 10–5
28.3 × 106

Discussion
The results in Table 2 indicate that tripping the pumps when beam interruptions occur can greatly
reduce the thermal fatigue consequences in the outlet plenum and the IHX. Tripping the pumps has
less benefit for the subassembly above-core load pads, but it helps. Also, the use of austenitic steel
instead of ferritic steel reduces the fatigue consequences. Austenitic steel is not used for cladding and
subassembly duct walls because of irradiation swelling problems, but it might be used in the outlet
plenum and the IHX. Without tripping the pumps when a beam interruption occurs, the design would
be very limited. The 1.7 year design life for the subassembly above-core load pads would be a real
limitation, since fast reactor subassemblies are usually left in the core for three years or more. Also,
the 1.3 or 6.6 year design life for the outlet plenum wall would be significantly less than desired.
The IHX shell might be less of a problem, especially since an IHX is often designed with a shroud
near the shell to protect the shell from thermal shocks. On the other hand, the difference between IHX
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Table 2. Results of beam interruption calculations

Pump
Component
trip
Above core
load pads
Outlet
plenum wall

IHX shell

No
Yes
No
No
Yes
Yes
No
No
Yes
Yes

Time of
Max. temp.
max. temp.
difference
difference
(K)
(sec)
88.6
2.2
64.8
3.0
99.4
145.6
99.4
145.6
17.0
182
17.0
182
63.7
91.3
63.7
91.3
10.7
99.5
10.7
99.5

Steel

Stress
ksi

Ferritic
Ferritic
Ferritic
Austenitic
Ferritic
Austenitic
Ferritic
Austenitic
Ferritic
Austenitic

37.2
27.2
41.7
56.3
7.1
9.6
26.8
36.1
4.5
6.1

Years of
Number of
operation
cycles
(see note)
15 000
40 000
4 600
23 000
106 +
106 +
42 000
250 000
106 +
106 +

1.7
4.5
1.3
6.6
287 +
287 +
12.1
71.8
287 +
287 +

Note: The years of operation are based on 8 844 interruptions per year longer than 3 seconds for the above core load pads,
3 480 interruptions per year longer than 1 minute for the outlet plenum wall and the IHX shell. These frequencies are from
W. Gudowski for the LANSCE accelerator in 1997.

tube temperature and shell temperature leads to thermal stress in the tube sheet. Protecting the shell
with a shroud will increase the transient difference between the tube and shell temperatures and
increase the thermal stress in the tube sheet.
For these calculations it was assumed that the feedwater pump control system held the steam
generator sodium outlet temperature at a constant value. Thus, there was little change in the core inlet
temperature during the transient and there was little thermal strain on the inlet grid structure.
One large uncertainty in this analysis is the frequency of beam interruptions. The ATW accelerator
has not been designed or built, so the actual reliability of the beam is unknown. The frequency of
beam interruptions used for the results in Table 2 leaves little margin for error in the design life of the
above-core load pads, even if the pumps trip when an interruption occurs. Worse beam performance
would not be acceptable.
Tripping the pumps tens of thousands of times during the life of the device may cause safety
problems. A beam interruption followed by a pump trip followed by an immediate return to power
with no restart of the pumps would induce an accident equivalent to a traditional loss of flow accident.
In an ATW loss of flow case, the negative reactivity feedbacks of the ALMR design would have little
impact on power; so the consequences of an unprotected loss of flow case in the ATW could be much
worse than in a critical reactor.
This study was a quick study using sodium coolant. The work will be extended to lead-bismuth
and lead coolant. Also, the impact of beam interruptions on the fuel will be considered.
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Figure 1. Schematic representation of coolant flow in the ALMR reactor
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Figure 2. Normalised power and flow, ALMR with source, beam loss, no pump trip
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Figure 3. Top of core coolant and structure temperature, no pump trip
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Figure 4. Top of core structure temperature minus coolant temperature, no pump trip
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Figure 5. Outlet plenum coolant and wall temperature, no pump trip
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Figure 6. Outlet plenum wall temperature – coolant temperature, no pump trip
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Figure 7. IHX primary side coolant inlet temperature, shell and tube temperatures no pump trip
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Figure 8. IHX top of shell temperature – primary coolant temperature, no pump trip
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Figure 9. Normalised power and flow, pump trip
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Figure 10. Top of core coolant and structure temperature, pump trip
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Figure 11. Top of core structure temperature minus coolant temperature, pump trip
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Figure 12. Outlet plenum coolant and wall temperatures, pump trip
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Figure 13. IHX primary side coolant inlet temperature, shell and tube temperature, pump trip
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PRELIMINARY ENGINEERING REQUIREMENTS ON ACCELERATORS FOR ADS
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Abstract
This paper describes the methodology adopted for the definition of accelerator reliability requirements
and the preliminary results obtained by the European Industrial partnership involved in the development
of an accelerator-driven subcritical system (ADS) demonstrator.
The current feedback from the operation of high power accelerators exhibits a tendency toward a
significant number of beam trips of varying duration. Thus, the number of shutdown transients is
potentially significantly higher than for critical reactors. In order to specify reliability targets for
accelerator development, the influence of a large number of beam trips on the structural integrity of
ADS reactor subsystems (window/target, fuel, structures, components) has to be assessed. As far as
the reactor structures are concerned, the analysis can be based on the large experience gained on
structural mechanics for sodium-cooled critical fast breeder reactors (FBR) and extrapolated to both
gas-cooled and liquid metal [sodium or lead-bismuth eutectic (LBE)] cooled ADS.
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Introduction
Compared to critical fast reactors, the implementation of the accelerator in the subcritical ADS
reactor has both safety and design implications. The safety aspects are related to:
•

Power and reactivity control. From this point of view, ADS has a significant advantage due to
the core subcriticality. The required subcriticality value and the need for an absorber system
should be assessed by safety and plant performance analysis. As a result of preliminary
studies, a multiplication factor of 0.95 and the implementation of an absorber system for
increasing the margins during shutdown are recommended. During power operation, the
subcriticality has to be monitored and a protection system should initiate an automatic and
reliable beam trip when an abnormal variation of the core parameters is detected.

•

Decay heat removal. The requirements for the decay heat removal function are very similar to
those for critical reactors, both from a reliability and a performance point of view.

•

Containment. Compared to critical reactors, the ADS has a potential weak point for the
containment function due to the implementation of the spallation target in the reactor.
Concerning the containment of the fission products, the same level of containment can be
achieved by the separation of the spallation target from the primary circuit. For the spallation
products, the containment function is achieved by the window, which is severely loaded. As a
consequence, the failure of the window has to be taken into account in the design basis.

•

Radiological protection. Compared to a critical reactor, ADS needs specific radiological
protection measures, which have to be accounted for in the conceptual design phase. These
concern the accelerator, which requires substantial biological protection, and the reactor
structures, which are activated by the neutrons from the spallation and fission reactions.

This paper focuses on the design concerns. Current feedback from the operation of high power
accelerators exhibits a tendency for a significant number of beam trips of varying duration. In order to
specify reliability targets for accelerator development, the influence of a large number of beam trips on
the structural integrity of ADS subsystems (window/target, core, structures, components) has to be
assessed.
As far as the reactor structures are concerned, the analysis can be based on the experience gained
on structural mechanics for sodium-cooled FBRs and extrapolated to both gas-cooled and liquid metal
(sodium or LBE) cooled ADS for the following reasons:
•

In a typical FBR cooled by liquid sodium, the high power density of the core and economical
optimisation lead to a relatively high temperature difference between core inlet and outlet
(∆Tcore of about 150°C) which will also be the case for the ADS.

•

Coolant temperature fields are expected to be similar for reasons of plant cycle efficiency
and/or margins with respect to coolant solidification.

•

For the reactor structures, a beam trip transient can be compared to a fast shutdown transient
(scram) in a critical reactor where the core outlet temperature falls to the core inlet value
within a few seconds.
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Feedback from sodium-cooled FBR structural mechanics
FBR description and specific features
A basic principle of the EFR reactor unit (Figure 1) is that the whole reactor primary cooling system
is enclosed within a single vessel which is closed at the top by the reactor roof and rotating plugs.
Figure 1. EFR 1 500 MWe

The core is supported by a diagrid, which sits on a strongback to transfer the weight to the main
vessel. The main vessel is hung from the top of reactor vault. Primary sodium is drawn from a cold
plenum and fed by the pumps to the diagrid where the flow is distributed to subassemblies. Within the
main vessel, hot sodium (545°C) is separated from cold sodium (395°C) by a single shell called the
redan. Hot sodium from the core leaves the hot pool via the intermediate heat exchangers. The upper
cylindrical part of the main vessel is cooled by a small sodium flow taken from the cold plenum below
the diagrid so that the wall temperature is maintained at cold sodium temperature.
Compared to other reactor styles, specific features for the design of FBR structures are:
•

Operating conditions
–

High structure temperatures under normal operating conditions (545°C) and accidental
operating conditions (650 to 700°C).

–

High temperature differences in different reactor parts.

–

High ratio between pool volumes (about 1 000 m3) and sodium flow rate (about 20 m3/s)
generating almost stagnant areas and thermal stratification.

–

In transient conditions, almost the entire amplitude of sodium thermal shocks is transferred
to the structures due to excellent heat exchange coefficient of the sodium coolant.

–

The primary system does not require a high pressure.
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•

Geometrical features
–

The operating conditions (low pressure, high thermal shocks) and the requirement for an
economic, high power reactor (integrated reactor) result in large diameter, relatively thin
structures, which are sensitive to buckling phenomena and/or to seismic loads.

RCC-MR code rules
Why a specific code for the design of FBR mechanical components?
Structural analysis is not simply a straightforward application of scientific knowledge but must be
ruled by codes and standards to account for uncertainties in the industrial environment. Structural
analysis is based on three basic assumptions:
•

Isotropic material.

•

Mechanical equilibrium equations.

•

Constitutive equations for materials linking stress and strain components (approximation of
the actual material behaviour).

Finite element calculation methods have been developed for reactor structural analysis. When using
these methods, assumptions have to be made on the required extent, detail and boundary conditions
applied to the modelling of any particular situation. In order to gain a more reliable appreciation of the
behaviour of the structures, the modelling and the analysis of the results from the calculations have to
be performed using consistent and validated methodology and criteria.
In summary, structural analysis includes a large number of parameters and to account for these
and the specific features and R&D results applicable to FBR, French design and construction rules for
mechanical components of FBR Nuclear Islands were published in code form by the AFCEN in 1985.
Since then, the RCC-MR code has undergone modifications and updates to account for the feedback
from R&D programmes, in particular through the European Design and Construction Rules Committee
during the EFR programme, and it has become the European reference code for the design of FBR.
In addition, the design of any nuclear plant based on well-qualified standards and codes is a crucial
aspect for the licensing process. This gives the best guarantee of the quality of the conceptual design,
the manufacture and the operation of the components.
Identification of failure modes
A list of the types of damage to be analysed is set down below:
1. Damage under gradually increasing loads [immediate excessive deformation and plastic
instability and buckling (elastic or elastoplastic)],
2. Damage under cyclic loads [progressive deformation and progressive cracking (fatigue)].
3. Fast fracture.
4. Damage at high temperature (creep and creep/fatigue interaction).
5. Corrosion.
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In the RCC-MR code, owing to the specific features of FBR (thin-walled structures), particular
emphasis is placed on damage under cyclic loading, at high temperature and under buckling.
The structural materials, mainly low carbon austenitic stainless steels, are not particularly susceptible
to damages 3 and 5 above. Their properties are listed in an appendix to the code and are applicable up
to a level of irradiation that covers the most irradiated reactor structures (diagrid and ACS).
In order to account for uncertainties, margins with respect to failure modes are included in the
code. These are a function of the required operational criteria (operability, leak-tightness and structural
integrity), the expected frequency of the design operating condition and the capabilities for inspection
and repair. The general policy is to reduce this margin when the event probability is lower.
Moreover, during a structural analysis, the designer has to specifically consider the behaviour of
any welds through coefficients provided in the code, that account for the type of welded joint, the level
of non-destructive testing and examination during fabrication and the mechanical properties of the
weld material.
Description of failure modes
Since we are concerned in this paper with transient behaviour, only damage under cyclic loads
and creep due to creep/fatigue interaction are discussed:
•

Progressive deformation. When a structure is submitted to cyclic loading, for instance a
cylinder with an axially moving temperature gradient, if the global plastic deformation
increases after each cycle, there is progressive deformation. For design, the prevention of this
phenomenon is mandatory. Also, strain limit verification for functional behaviour, and overall
operation is required in order to avoid detrimental interaction with other types of damage.
Within the code, the knowledge of thermal stress range and maximum level of primary
stresses enables this type of damage to be the avoided.

•

Fatigue. Even if the residual global deformation does not continue to increase after each
cycle, a high strain amplitude within a cycle may induce cracking. This is the fatigue failure
mode, which leads to the initiation of macroscopic cracks after a given number of cycles of
sufficiently high amplitude. These cracks may then propagate. When the temperature is
sufficiently high, creep deformation can occur during each cycle thus accelerating the
appearance of cracking. The allowable number of strain cycles is determined according to
fatigue curves provided in RCC-MR. The equivalent strain range is calculated from the elastic
strain range amplified by a plasticity effect, if necessary, and corrected in the case of a high
cycle temperature by a creep term.

•

Creep and creep fatigue interaction. Creep is a phenomenon occurring at high temperature:
under the effect of a constant mechanical load, deformation increases with time. Accumulation
of the effect of creep and fatigue is limited through an interaction diagram.

Evaluation of thermal and mechanical loading
Generalities
The structural analysis of components requires the evaluation of both mechanical (static and
dynamic) and thermal loading. The evaluation of static mechanical loading is relatively straightforward,
requiring consideration of effects such as weight and pressure, whereas prediction of thermal-hydraulic
and dynamic loading is more complex.
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Thermal-hydraulic studies
The evaluation of the temperature distributions within structures or components in nominal and
transient conditions requires the determination of the time dependent temperature fields within the
surrounding fluids (liquid metal, gas) together with the determination of heat transfer coefficients
between the surrounding fluids and the components. Studies are based on coupled experimental results
on mock-ups and 2-D and 3-D calculations using qualified computational fluid mechanics codes.
Transient studies
Transient operating conditions may induce thermal shocks in the different reactor block areas
generating thermal gradients within the structures. These are classified into two families:
•

Cold shocks (scrams,…).

•

Hot shocks (loss of heat sinks,…).

In addition, the specifications for a power plant require the accommodation of a large number of
load changes during the lifetime of the plant. The resulting hot pool level and temperature changes
result in damage to the structures.
The main parameters relevant for structural analysis are listed in Table 1.
Table 1. Main parameters relevant for structural analysis and their effect on the structures
Identification

Parameter

Tmax

Maximum temperature (structure)
Temperature range
Sodium flow rate
Temperature evolution slope
Vertical thermal gradient &
Azimuthal thermal gradient

∆T
Q
dT/dt
dT/dz
dT/dθ

Effect on the structures
Mechanical strength and plant lifetime through creep.
Through thickness thermal gradient.
If low Q and high ∆T Å stratifications
Shape and magnitude of through thickness thermal gradient
If elevated gradients radial bending stresses and azimuthal
membrane stresses.

Effect of scram transients
For the most loaded areas of the reactor, part of the stress range comes from the scram transient.
The main effects of the scram transient are:
•

Cold shock in the hot pool (-100°C in 20 seconds in core outlet region for the EFR design).

•

Hot shock and cold shock at the IHX outlet depending on the operation of the primary and
secondary flows.

Thermo-mechanical behaviour of the structures and analysis of areas sensitive to scram transients
Transients induce stress ranges in the structures generating in particular fatigue damage in critical
areas such as those illustrated in Figure 2.
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Figure 2. Sensitive areas in the EFR primary circuit
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Some of the main results from EFR fatigue analysis, including the contribution of the scram
transient to the total fatigue usage fraction, are summarised in Table 2.
Table 2. EFR fatigue analysis

Area

∆σTOT
(MPa)

1
2
3
4
5
6

236
084
236
246
185
240

EFR fatigue analysis
Nscram number
Vscram
Vtot
of transients
fatigue damage criteria v = 1
incl. scram
669
6.7 E-4
0.36
669
6.7 E-8
0.0036
669
6.7 E-4
0.23
881
9.7 E-3
0.25
5 481
1.1 E-3
0.83
775
6.8 E-2
0.86

Conclusion
The EFR reactor design provides for a large number of allowable scrams in all reactor areas.
In fact, the most sensitive parts for EFR fatigue analysis are at the sodium free level (areas 5 and 6)
where the damage is not due to scram transients but to fast load variation transients. These transients,
particularly fast and significant load changes (30 ↔ 100%Pn) lead to high stress ranges (typically
300 to 340 MPa).
For such stress ranges, the number of allowable cycles would be about 8 000. As the ADS trip
sequence can also be compared to a fast and large amplitude load variation transient, it is advisable to
limit the number of allowable cycles to a value of about 5 000. Moreover, this means that one must be
very careful with the post-trip sequence concerning free levels. If the trip duration is sufficient to lead
to a significant free level variation, it will be necessary to restart the reactor slowly through a normal
reactor start-up.
The EFR analyses are particularly useful for the study of lead-bismuth eutectic cooled ADS
owing to the common aspects of liquid metal cooled reactors (structure design, free levels, high heat
transfer coefficients, stratification risks,…).
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Application to ADS reactor structures
Beam trip transient features
The ideal proton beam supplied by an accelerator coupled with a subcritical reactor in an ADS, is
reliable and stable in time as required by efficient operation and investment protection. Existent
accelerators have been designed for purposes other than for use in ADS and it is apparent that they
would not be suitable for operation in an ADS:
•

The PSI cyclotron (Switzerland), following completion of an upgrading programme
(Sept. ’95), is capable of delivering a 1.5 mA, 590 MeV beam to a neutron spallation source.
The experienced unscheduled interruptions of the high-current beam, owing e.g. to arcing of
high RF voltage, have been recognised, however, to be a key issue to be addressed in the
further development of the PSI machine [1].

•

The LANSCE linac (Los Alamos) is capable of delivering a 1.25 mA, 800 MeV (proton)
beam to a neutron scattering centre. Operational statistics show, on average, 60 beam trips per
day (downtime for maintenance is 70% of the year). Approximately 75% of all trips last up to
1 minute, with a typical downtime per trip of 15 to 20 seconds. The injector is responsible for
most of the short trips and the RF system for the longer downtimes (> 5 min) [2].

The analysis based on FBR feedback led to a recommendation for a maximum number of scram
transients of about 100/reactor year. A compromise therefore appears necessary between the respective
designers, i.e. new accelerator-driven reactors should be designed to tolerate more transients and
accelerators should be substantially improved to become more stable and reliable.
Case of a lead-bismuth eutectic cooled ADS
Primary cooling system description
The configuration of the primary system is pool-type, similar to the configuration adopted for
most sodium-cooled reactors, Figure 3.
Figure 3. ADS demonstrator assembly (not to scale) with eutectic flow paths
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Lead-bismuth eutectic has been chosen instead of lead for the demonstration facility (DF),
because, while behaving neutronically like lead, it has a lower melting point and allows operation at a
temperature below the creep limit of the chosen structural steels. Core inlet and outlet temperatures are
respectively 300°C and 400°C, and the selected reactor power is 80 MWth. The core outlet
temperature is significantly lower than that for EFR, which will have a large impact on the number of
allowable transients for the reactor structures.
The coupling of the accelerator system to the subcritical core is realised by a retrievable target
unit. The core is made of hexagonal fuel subassemblies arranged in an annular array of four rows
surrounding the target unit. The low core power density parameter is a design feature that favours the
capability of the core to tolerate a larger number of transients, in order to eventually include those
transients originated by the coupled accelerator. There are no mechanical pumps, but a gas lifting
system is provided for circulating the primary coolant.
The coolant flow route in the downcomer is substantially determined by the natural convection
taking place within the IHX, which induces the coolant to flow inside the IHX, while keeping the it
quasi stagnant outside.
This engineering choice brings about an important simplification of equipment immersed in the
lead-bismuth eutectic (suppression of the redan), in order to minimise the risks of their failure and the
requirements for in-service inspection, which is difficult in liquid metals.
Description of the scram transient
The interruption of the proton beam, with reference to its effect on the subcritical system, is
extremely fast and equivalent, with respect to the thermal-hydraulic transient, to an almost instantaneous
reduction of the core power to the decay heat, such as occurs in critical reactors in case of scram.
The effect of the scram transient on the temperatures of the fuel, the fuel clad and the primary
coolant passing the active zone of the fuel subassemblies, is shown hereafter.
If the electric station service power remains available, the primary coolant flow rate is substantially
maintained, because the gas lifting system remains in operation. The first effects of the cold transient
following the scram are experienced by the bottom of the above-core structure, the riser pipes and the
upper part of the downcomer structures. The IHX inlet temperature, which is initially at about 400°C,
levels out asymptotically to 300°C. The eutectic temperature in the lower part of the downcomer and
at the core inlet remains almost constant, at about 300°C, because the secondary coolant temperature is
controlled to maintain the temperature of the primary coolant at a constant 300°C at reactor shutdown.
Selection of structure critical areas
The fuel, the reactor vessel and the target unit are the components that are most affected during
scram transients. Results of a preliminary thermal-hydraulic analysis (Figure 4), show that short
transients (less than about one second) have little effect on the fuel, whereas transients lasting 5 to
10 seconds are practically equivalent to long-lasting ones.
As for the reactor vessel, transients lasting 5 to 10 seconds may be neglected, whereas long-lasting
transients are significant for the mechanical design.
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Figure 4. ADS demonstrator, post-scram temperature evolutions
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The thin metallic barrier (the window) between the vacuum pipe and the target eutectic in the hot
window target unit is affected by scram transients lasting less than one second, whereas the structures
of the optional windowless target unit are less affected. Particularly, scram transients lasting about one
second are filtered out by the thermal inertia of the eutectic contained in the unit.
It should be noted that the possibility of fast recovery of the proton beam to reduce the
thermal-mechanical impact on the reactor structures remains an issue to be dealt with considering
technical aspects.
Results gained from preliminary structural analysis
Preliminary stress analyses are being performed in order to establish the capability of the structures
to tolerate scram transients.
Scram transients have been found to induce important stresses at the connection of the reactor
vessel to the fixed reactor roof, owing to the thermal gradient about near the eutectic free surface.
Designers are considering an increase to the distance between the free level and the roof in order to
improve the mechanical behaviour of the connection and its capability to tolerate a significant number
of scram transients.
As for the metallic window of the target unit, no concluding findings on its capability to tolerate
transients are possible at present, owing to a lack of information on its damage from the simultaneous
proton and neutron irradiation*.
Case of a gas-cooled ADS
Primary cooling system description
A preliminary design of a 100 MWth helium cooled ADS demonstration facility (DF) has been
prepared by FRAMATOME. The reactor primary coolant system is very similar to the modular
thermal GT-MHR reactor. Fuel technology is similar to that of existing sodium-cooled FBR with steel
clad pins. The core shape is annular so that the target unit can be set at core centre.
* Structural response of the target windows to proton beam interruptions from thermalmechanical computations,
G. Fotia, paper presented at this workshop.
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The target unit and lead bismuth eutectic (LBE) cooling system are enclosed in a long, helium
pressure resistant reactor thimble embedded on the top of the reactor vessel closure. The arrangement
of the internal structures results from the choice of upward core flow, selected to enhance natural
circulation. This design is clearly preliminary and several alternative options such as a solid target
and/or accelerator beam entering at the bottom of the reactor vessel will be considered for further
optimisation. However, this concept is the conceptual drawing for the evaluation of the influence of
scram transients.
The helium core inlet and outlet temperatures (200°C/450°C) are fixed in order to avoid freezing
of the LBE spallation target and thermal creep of the hot structures.
In compliance with this range of temperatures, modified 9%Cr ferritic steel (T91) is selected for
pressure containing boundary vessels and type 316 LN austenitic stainless steel for reactor internals.
Thermal loads under normal operating conditions (nominal power)
Structural temperatures are influenced by the helium flow features, the design and the materials.
The areas submitted to significant gradients are highlighted on the temperature map given in Figure 5:
•

Area A: ∆T/∆x = 110°C.

•

Area B: ∆T/∆x ∼ 0°C.

•

Area C: ∆T/∆x ∼ 0°C, ∆T/∆z = 250°C/1 500 mm.

•

Area D: ∆T/∆x = 75°C.

•

Area E: ∆T/∆x = 22°C, ∆T/∆z = 65°C/500 mm†.
Figure 5. Gas-cooled ADS demo reactor vessel
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The design has been further optimised (insulated reactor closure) so that this gradient can be significantly
reduced.
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Description of the scram transient
In the case of a scram, it is assumed that the reactor power falls instantaneously to zero (in fact to
the residual heat). The core outlet temperature is then governed by the thermal inertia of the core
structures. Using pessimistic assumptions, the core flow, heat exchange and inlet temperature are kept
constant. The core outlet temperature is obtained from a thermal balance through the core. Using
conservative assumptions, it is evaluated that the gas core outlet temperature falls to the inlet value
within about 10 seconds.
Selection of critical areas of the structures
This preliminary study is focused on the reactor structures (pressure vessel and internals), which
are not designed to be replaced during the lifetime of the plant. For the gas-cooled ADS, the cold
shock will reduce the amplitude of through thickness gradients (see Figure 5) which will tend to zero
if the scram duration is of the same order of magnitude as the thermal inertia of the structures.
For simplification purposes, it is assumed that the gradients remain linear.
•

Area A: time constants τ = 110 s.

•

Area B: time constants τ = 44 s.

•

Area D & E: τ = 4 500 s.

Accounting for potential local effects, it can be considered that thermal shocks will be significant
respectively 10, 5 and 450 s following a scram.
Results gained from preliminary structural analysis
On the basis of analytical calculations, stress ranges have been calculated in the areas A, B, D and
E and analysed according to RCC-MR design rules.
Creep is either negligible or insignificant for both the reactor internals and the pressure vessel.
Margins with respect to progressive deformation are at least 30%.
Results from fatigue analysis are summarised in Table 3.
Table 3. Fatigue analysis
Criteria on fatigue usage fraction
V < 0.1 for 40 years lifetime and 80% load factor
Reactor area
A
D
E
236
160
117
∆σTOT = ∆(P + Q + F) * f, f = 1 (RB 3361.12)
∆εTOT′ = K.Jf.∆σTOT/E, Jf = 1.25 (weld fatigue
0.177
0.112
0.068
characteristics coefficient)
5
8
Number of allowable cycles at 425°C
3.10
> 10
> 109
Frequency of allowable cycles for 280 000 h of operation 1 shock/hour
1 shock/10s
1 shock/1s
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For the purposes of assessing the sensitivity to scram duration, transient parametric studies have
been performed. These show that scrams with a time duration of less than 10 s and 200 s are
insignificant for areas A and D respectively. In addition, it was confirmed that owing to the relatively
low heat transfer coefficients (less than 1 300 W.m-2.°K-1), peak gradients (non-linear part) were not
significant.
For the purposes of assessing the sensitivity to design, the influence of a stress concentration
factor or a fatigue strength reduction factor of 2 was assessed. In this case, the number of allowable
cycles is drastically reduced, for instance to 100 scrams/year in area D.
In conclusion, for gas-cooled ADS reactor structures, it is possible to allow a large number of
scram transients (typically 1/hour for 280 000 hours plant life) provided that manufacturing quality is
of the highest standard.
It must also be noted that in the case of singularities, for instance the need to include a lower
graded weld, the designer has the possibility to restore margins through the use of in gas thermal
insulation as used in gas-cooled critical reactors.
No requirements on post trip sequences are identified. Nevertheless, the study must be continued
in order to model in more detail the thermal response of the primary components and structures to a
scram transient. In addition, the structural analysis will be extended to core subassemblies, target
components and power conversion system components.
Conclusions
At this stage of the study of ADS subcritical reactors, it not possible to fix firm limitations on the
number of allowable beam trips applicable to both ADS concepts. However, preliminary trends can be
provided.
For the lead-bismuth eutectic cooled ADS, limitations are likely to be imposed by the structures
exposed to the fluctuating free level, such as the main vessel, which require detailed thermal-hydraulic
and structural analyses.
For the gas-cooled ADS, according to simplified calculations, a high number of beam trips
(typically 1/hour) is compatible with the fatigue design limit.
Beam trips with a time duration of less than about 10 s would have no effect on the reactor
structures. A number of allowable beam trips of significant duration for the reactor structures of 5 000 is
a reasonable target value for accelerator designers.
A comprehensive programme of activities intended to resolve the issues relevant to the interactions
between accelerator and subcritical system is included in the proposal “Preliminary design studies of
an ADS Demonstrator” submitted for shared-cost action to the EC, in the 5th Framework Programme,
by the European industrial partners.
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Abstract
In the framework of the study of a hybrid demonstrator system dedicated to waste transmutation, close
attention has been paid to the mechanical design of the beam window plunging in the liquid metal
target, since it ensures a critical function of confinement. First, the risk of fatigue induced by thermal
cycling due to frequent beam trips of the accelerator has been assessed for an unirradiated T91
martensitic steel. This study has shown that the risk of fatigue will not be a limiting factor for the lifetime
of the component even under severe operating conditions. A similar study has also been performed,
with the help of adapted design rules, considering a T91 steel irradiated at 3.5 DPA. A similar
conclusion has been found, which should, however, be confirmed by further studies at dose and
temperature levels closer to the expected irradiation conditions of the window.
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Introduction
Conceptual design studies for a hybrid demonstrator dedicated to waste incineration have been
engaged at CEA [1]. In this framework, one of the most innovating tasks is the design of the spallation
target which produces the neutrons required to maintain the fission reaction in the surrounding
subcritical core. This target has been designed as a compact and independent module. This so-called
“spallation module” consists of a liquid Pb-Bi target set in a containment vessel (cf. Figure 1); a beam
window plunges vertically in the liquid metal and leads the proton beam within the liquid target.
The bottom end of the beam window is directly impacted by the proton beam and will thus be
submitted to more severe thermal loading and irradiation conditions than any other part of the module.
Figure 1. Schematic view of the spallation module
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Close attention should be paid to the mechanical design of the window as it fills critical functions
such as maintaining a high vacuum in the accelerator during operation and protecting the external
environment by confining the spallation products inside the target during accidental situations. Most of
the mechanical risks of failure of the window have been studied in [2], with the exception of the risk
of fatigue related to frequent beam trips of the accelerator. The goal of the present study is to assess
whether the risk of fatigue of the beam window submitted to frequent thermal cycles could lead to a
significant reduction in lifetime of the component.
Design of the spallation module
The spallation module is constituted by a PbBi liquid metal target circulating inside a cylindrical
shell a few meters high (Figure 1). A cylindrical thimble capped by a 1.5 mm thick hemispherical
beam window plunges vertically in the liquid metal and leads the protons beam within the liquid
target. A liquid concept has been envisaged here because of the high power density deposited by the
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proton beam in the spallation material, which can locally overreach 1 000 W/cm3. PbBi has been
chosen as spallation material due to its neutronic performances, its low fusion temperature
(Tf = 125°C) and its compatibility with air and martensitic steel for temperatures lower than 550°C.
The liquid PbBi is also used for cooling the window plunging inside the target. Previous
studies [3] have shown that the natural convection of PbBi is insufficient for the cooling of the
window since the velocity of the liquid metal along the window remains at a level (v < 0.6 m/s) which
is insufficient for properly evacuating the power deposited in the window. A forced convection is then
envisaged at velocity ranging between 1-3 m/s depending on the beam current density [2]. The sense of
circulation indicated in Figure 1 is indicative and has not yet been fixed. Preliminary thermo-hydraulic
studies aimed at defining the best sense of circulation and optimising the window profile have been
engaged and should soon be completed [4]. The present study is based on a hemispherical design of
the window, but optimised profiles should be taken into account later.
Structural components of the spallation module, especially the beam window, are made of 9Cr
martensitic T91 steel [5]. This type of steel was selected because of its compatibility with liquid
metals up to 550°C, its good resistance to swelling and irradiation-induced embrittlement and its
superior creep resistance with respect to other grades of 9Cr martensitic steel. The mechanical
properties of the un-irradiated T91 have been taken from [6].
The present mechanical study will concentrate on the beam window as it corresponds to the
component which encounters the most severe thermal loading and irradiation conditions. The lifetime
of the module will essentially be limited by the performance of the window.
Cycling thermal loading of the spallation module
The core of a hybrid demonstrator dedicated to waste transmutation will have to operate at a
subcriticity level (keff ~ 0.95) which offers sufficient margin with regard to foreseen kinetic effects of
minor actinides [7]. The spallation module which is supposed to produce the neutrons needed to
maintain the fission reaction in the core will then be required to deliver a sufficiently high neutron flux
to the core, which could only be obtained with a significant incident proton current – up to a few tens
of mA – delivered by a high power proton accelerator (HPPA). But HPPAs, in their present state, are
characterised by frequent beam trips and the components of an hybrid demonstrator will then be
submitted to frequent thermal cycles. The related risk of fatigue should be evaluated at an early stage
of the project.
An order of magnitude of the number and duration of beam trips observed in a proton accelerator
has been found in [8], where Eriksson, et al. report the beam failure statistics of LANSCE and
especially those of the H+ beam which delivers ~ 1.25 mA at 800 MeV. The H+ beam current was
analysed during scheduled operations in 1997. The beam was considered to be interrupted (beam trip)
when the beam current went below half of the scheduled current. About 60 trips per day
(2.4 trips/hour) were registered during 1997, the large majority of them being short interruptions
(15-20 s) due to injector failure.
The required HPPA for a hybrid demonstrator dedicated to incineration will probably need to
operate at a higher proton current than 1.25 mA. The number of beam trips due to injector failure
could then be higher, but a preliminary order of magnitude of 60 trips per day has been considered
here for a first comparison to the maximum acceptable number of cycles for the window.
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In the present study, thermal cycles corresponding to typical beam trips have been imposed on the
window. A cycle duration greater than 20 s has been imposed so as to be representative of typical
foreseen cycles and simulate the maximum amplitude in thermal loading – the duration between two
cycles being long enough for the component to reach its new thermal equilibrium.
Evaluation procedure for the risk of fatigue
Fatigue damage observed in materials is induced by a loading which varies in intensity with time.
Under cyclic loading, cracks could appear after a certain number of cycles and could propagate and
even lead to the rupture of the component. In order to assess the possible damages, design rules for
lifetime prediction have to be used with regard to the imposed loading conditions. In comparison to
classical nuclear components, however, the spallation module presents some specificities:
•

The structural material is impacted by high-energy (~1 GeV) protons which will induce
specific damages and He/DPA ratio.

•

The neutron spectrum issued from the spallation reaction is harder than a typical FBR
spectrum [9].

•

Internal structural components like the beam window are cooled by liquid metal (Figure 2).

At this time, no specific mechanical design rules have been edited for hybrid systems. But rules
for thermonuclear fusion or fast breeder reactors have been considered here, as they appear to be
closest to the technological domain of the spallation module (material, temperature level, irradiation
spectrum,...). In particular, the specific design rules for the ITER reactor – the ITER Interim Structural
Design Criteria, IISDC [10] – have been used here. They appear to be similar to those edited in the
classical French standard design code RCC-MR [11] for an un-irradiated material, but they also offer
modified rules for taking irradiation into account.
In order to cover a wide range of operating conditions, a parametric approach has been chosen.
The proton current density (µA/cm2) has been previously demonstrated to be a representative parameter
for the design limitation of the module [2]. In the framework of the demonstrator studies, a current
density of 50 µA/cm2 has been fixed, but a wider range of values have been explored here – from 10 to
100 µA/cm2 – in order to assess the sensitivity of the phenomenon to operating conditions. As the
beam energy has not yet been fully fixed for the demonstrator studies, a parametric approach has been
adopted here as well, considering values ranging from 400 MeV to 1.2 GeV.
Fatigue analysis of the beam window
Transient thermo-mechanical analysis
A transient elastic thermo-mechanical study of the beam window was first performed using the
finite elements code CASTEM 2000 [12] in order to evaluate the temperature and stress level
evolution in the component during a beam interruption.
The thermo-mechanical analysis presented here was performed for an intermediate nominal current
density of 56.5 µA/cm2 corresponding to the indicative value adopted in the framework of the hybrid
demonstrator project (see previous section). This current density was obtained with beam radius
Rb = 13 cm and a beam intensity of I = 30 mA. A window of radius Rw = 15 cm (Rb = 13 cm + 2 cm
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margin to the structure) was modelled with 2-D axi-symmetrical shell elements. The proton energy
was taken to Ep = 1.2 GeV. A larger spectrum of current densities – from 10 to 100 µA/cm2 – will be
explored later in the following section for analysis of the sensitivity to fatigue phenomena.
The power transient imposed on the window corresponds to a full beam trip. Starting from a full
power steady state (i = 56.5 µA/cm2), the beam is instantaneously switched off (i = 0 µA/cm2) during
50 s, which appears to be quite long enough to reach a new thermal and mechanical steady state
(see Figures 2 and 4). After 50 s, the beam is instantaneously switched on to its nominal level
(i = 56.5 µA/cm2). The maximum deposited volumetric power in the window under 56.5 µA/cm2 is
1 448 W/cm3 directly under the beam impact [2].
Cooling parameters of the window (temperature and convective heat transfer coefficient) were
taken to TPbBi = 300°C and h = 2.104 W/m2K, which are representative of typical values required to
ensure mechanical integrity [2]. During the beam interruption sequence, the cooling parameters are
supposed to remain constant. This assumption is valid only if the cooling flow comes from the top and
is not heated before reaching the window. In the opposite case (flow coming from the bottom and
heated before reaching the window) the beam cut-off will also induce an instantaneous decrease of the
cooling liquid metal temperature. In any case, the sensitivity of the analysis to this assumption should
be limited since no thermal stress occurs at uniform temperature.
Figure 2 shows the temperature of the window directly under beam impact during the beam
transient. Under full power loading, the head of the window impacted by the beam reaches a maximum
of 465°C for 56.5 µA/cm2 of incident current density. Due to thermal expansion of this region, a stress
concentration will appear at the edge of the area impacted by the beam (Figure 3).
Figure 2. Temperature (°C) evolution of the window in the region
directly impacted by the beam during a beam cut-off sequence
Nominal at Ep = 1.2 GeV, I = 30 mA, i = 56.5 µA/cm . Cooling parameters on the window: TPbBi = 300°C, h = 2.10 W/m K.
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Figure 3. 3-D visualisation of the deformation of the window under
full power beam impact (i = 56.5 µA/cm2). Magnification factor = 300.
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The stress intensity in the material is evaluated by the von Mises equivalent stress [11]:
1
2
2
2
σ vm =  ( σ 1 − σ 2 ) + ( σ 2 − σ 3 ) + ( σ 3 − σ 1 ) 

2

1/ 2

where (σi)i=1,2,3 are the principal components of the stress tensor. The maximum thermal stress
intensity during the beam cut-off sequence is reported in Figure 4. Table 1 reports the characteristic
values of this sequence.
Figure 4. Evolution of the maximum von Mises thermal
stress level (MPa) in the beam window during a beam cut-off
Nominal at Ep = 1.2 GeV, I = 30 mA, i = 56.5 µA/cm . Cooling parameters on window: TPbBi = 300°C, h = 2.10 W/m K.
2

4
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Table 1. Thermo-mechanical results on the window under full power beam
Ep = 1.2 GeV, I = 30 mA, i = 56.5 µmA/cm . Cooling parameters: TPbBi = 300°C, h = 2.10 W/m K.
2

4

Temperature under beam impact
Max. gradient in the shell thickness
Min. window temperature
Von Mises thermal stress intensity

2

465°C (max.)
451°C (aver.)
409°C (min.)
56°C
300°C
126 MPa (max.)

A maximum stress concentration of 126 MPa appears under thermal loading at the limit of the
area impacted by the beam. Temperatures and stress levels reported in this analysis have been
analysed with regard to classical mechanical design criteria in [2] which cover most of the mechanical
failure risks such as excessive deformation, plastic instability, progressive deformation, creep,...
except the risk of fatigue which has been specifically studied in the following section.
Fatigue analysis with regard to RCC-MR design criteria
The area of the window located at the edge of the beam print will then be submitted to wide cyclic
stress variation and the risk of failure by fatigue must be precisely evaluated. The method exposed in the
RCC-MR [11] is aimed at evaluating the number of cycles Na before the appearance of small
microscopic cracks which could further grow and propagate, leading to the failure of the component.
This evaluation is based first on the calculation of the strain range ∆ε obtained in the material
during a typical loading cycle. In the case of an elastic analysis, the computed strain range does not
take into account plastic strain which could occur if the real behaviour of the material were to be
modelled. So, a “real” strain range ∆εeq is evaluated on the basis of the results of the elastic analysis
following a procedure described in [11] which takes into account several plastic increases in strain.
The calculation of ∆εeq is performed with the help of the cyclic curve of the material [6] taken at a
temperature equal to the maximum temperature Tmax reached anywhere in the material and also on the
basis of the maximum range of the total stress ∆σtot observed during a cycle.
In the present case, ∆σtot was taken equal to the maximal thermal stress intensity under full power
(126 MPa under 56 µA/cm2) because the thermal stress level is equal to zero after beam shut down
(Figure 4).
The maximum real strain range in the T91 window has been calculated for several beam current
densities ranging between [10-100] µA/cm2 and are reported in Table 2.
Table 2. Maximum real strain range in the T91 window for a beam shutdown cycle

i (µA/cm2)
010
020
030
050
100

Ep = 400 MeV
8.40 10–5
1.69 10–4
2.55 10–4
4.30 10–4
8.90 10–4

∆εeq
Ep = 800 MeV
9.04 10–5
1.82 10–4
2.75 10–4
4.65 10–4
9.51 10–4
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Ep = 1 200 MeV
1.03 10–4
2.08 10–4
3.41 10–4
5.33 10–4
1.07 10–3

It appears that, even under severe conditions at 1 200 MeV and 100 µA/cm2, the maximum strain
range reaches only 0.11%. The determination of the corresponding acceptable number of cycles Na is
then given with the help of the fatigue curve [6] of the material shown in Figure 5 for the un-irradiated
material.

∆εeq (%)

Figure 5. Fatigue curve of the un-irradiated T91 steel [6]
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Na = Maximum allowable number of cycles
When considering the fatigue curve of the un-irradiated T91 (Figure 5), it can be seen that, at
∆εeq = 0.11%, no crack initiation will occur on the window before ~ 109 beam interruptions, which
widely covers the lifetime of the window.
Irradiation effects
Irradiation effects on the fatigue phenomenon are not taken into account in the RCC-MR rules
used previously [11], but they are included in the IISDC [10]. The only modification to take into account
of irradiation effects in the evaluation process is in the modification of the fatigue curve. For the
un-irradiated material, the fatigue curve had the following analytic expression: ∆εeq = A(Na)–c + B,
with A ≈ 6.2052, B ≈ 0.1233 and c ≈ 0.3844 for the T91 steel [6]. After irradiation, the IISDC
proposes to modify the expression as follow: ∆εeq = Fp.A(Na)–c + Fe.B, with:
 ( ε tr ) u 

Fp = 
 ( ε tr ) i 

−c

and Fe =

(Su ) u
( Su ) i

where (εtr)u is the minimum ductility for the un-irradiated material, (εtr)i is the minimum ductility after
irradiation, (Su)u is the ultimate tensile strength of the un-irradiated material and (Su)i is the ultimate
tensile strength after irradiation. As Fp and Fe are smaller than 1, the fatigue curve of the irradiated
material will be located under the un-irradiated one. Figure 6 shows the fatigue curve evaluated for a
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∆εeq (%)

Figure 6. Fatigue curve of T91 steel irradiated at 3.4 DPA, T = 325°C [13]
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T91 steel irradiated at 3.5 DPA, a value that is smaller than the expected dose on the window which
should be about 32 DPA for 100 EFPD at 50 µA/cm2 [2]. This provides, however, a preliminary
indication of the evolution of the maximum allowable number of cycles under irradiation. Fatigue
properties at representative dose, temperature and spectrum will have to be considered at a later stage.
The determination of the number of cycles before crack initiation in the irradiated material is
performed on the basis of the new fatigue curve, but using the strain values ∆εeq obtained previously
with an elastic analysis on the un-irradiated material. Previous studies [2] have shown indeed that
thermal and stress levels results are very similar for the irradiated and un-irradiated T91 steel
(no significant modification of the Young Modulus and thermal conductivity due to very low swelling
under irradiation). On the basis of the fatigue curve in Figure 6, the maximum allowable number of
cycles decreases from ~ 109 for the un-irradiated material to ~ 106 for the T91 irradiated at 3.5 DPA,
T = 325°C, which covers again very well the target lifetime of the window (200 EFPD). The study
should however be further performed at representative dose and irradiation temperature.
Conclusion
In conclusion to this study, it could be said that fatigue does not appear to be a limiting
phenomenon for the lifetime of the window when considering properties of un-irradiated T91 steel or
steel irradiated at ~ 3.5 DPA. This has been verified under severe loading conditions up to a current
density level – 100 µA/cm2 – where other mechanical risks appear to be critical for the integrity of the
module [2]. However, the irradiation effect on the fatigue curve of the T91 steel has been evaluated
only at limited dose and at a relatively low temperature. The present conclusion has to be carefully
checked for dose, temperature and spectrum representative of the real irradiation conditions
encountered by the spallation module [2]. Other phenomena like creep-fatigue interaction should also
be carefully assessed since the temperature level of the window cooled by the liquid metal could reach
relatively high values (T > 450°C).
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PRELIMINARY ANALYSIS OF BEAM TRIP AND
BEAM JUMP EVENTS IN AN ADS PROTOTYPE

Antonio D’Angelo, Giancarlo Bianchini and Mario Carta
ENEA/CR Casaccia, Italy

Abstract
A core dynamics analysis relevant to some typical current transient events has been carried out on an
80 MW energy amplifier prototype (EAP) fuelled by mixed oxides and cooled by lead-bismuth. Fuel
and coolant temperature trends relevant to recovered beam trip and beam jump events have been
preliminarily investigated. Beam trip results show that the drop in temperature of the core outlet
coolant would be reduced a fair amount if the beam intensity could be recovered within few seconds.
Due to the low power density in the EAP fuel, the beam jump from 50% of the nominal power
transient evolves benignly. The worst thinkable current transient, beam jump with cold reactor, mainly
depends on the coolant flow conditions. In the EAP design, the primary loop coolant flow is assured
by natural convection and is enhanced by a particular system of cover gas injection into the bottom
part of the riser. If this system of coolant flow enhancement is assumed in function, even the beam
jump with cold reactor event evolves without severe consequences.
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Introduction
This paper summarises some core dynamics preliminary analysis carried out at the ENEA on
typical current transient events in an energy amplifier prototype (EAP) [1]. In particular, beam trip and
beam jump events have been considered in an 80 MW EAP fuelled by mixed oxides and cooled by
lead-bismuth.
The recent interest in reducing the frequency of beam trip events and mitigating their thermal
effects in accelerator-driven systems (ADS) is related to the risk that the above reactor core structures
and the intermediate heat exchangers suffer cyclic temperature shocks [2,3]. Obviously, beam trip
events induce sudden reductions of the core power and, as a consequence, reduce the outlet coolant
temperature. The aim of the present work is to preliminarily investigate possibilities to mitigate beam
trip temperature transients. To this aim, the mitigation induced either by a hypothetical flow reduction
system or by recovering the accelerator beam trip in a few seconds has been analysed.
In the present paper, a second kind of ADS current transient has also been considered. To induce
this transient, the full power proton beam is assumed to be suddenly dumped into the reactor [4,5,6].
This transient will be called proton beam jump (some authors call this same transient proton beam
dump). Another aim of the present work is to preliminarily analyse this second type of beam current
transient in a particular system, the EAP, characterised by a particularly low power density in the fuel.
In fact, this characteristic should assure more benign evolution even to such a severe kind of transient.
The preliminary results summarised in the present paper were obtained using a core dynamics
code for solid fuelled ADS recently developed at ENEA by coupling single channel thermal-hydraulics
and point kinetics [7]. During transient calculations the constant flow rate was assumed as a
conservative hypothesis. A simplified model of natural convection is being developed at ENEA to
improve the present core dynamics results by considering the mitigation effect relevant to the coolant
natural convection dynamics. A co-operative effort between ENEA and Politecnico di Torino is in
progress to take into account the spatial effects of neutron kinetics.
Beam trip
It was recently underlined that a frequent occurrence of beam trip events in ADS might induce
dangerous cyclic thermal stresses to the above reactor core structures and to the intermediate heat
exchangers [2,3]. In order to investigate design options to mitigate the drop in temperature of the
outlet coolant, this event has been preliminarily analysed in the EAP system.
Figure 1 shows the results relevant to the trends of temperature after a beam trip event. The beam
trip was considered instantaneous at one millisecond. The EAP coolant temperatures at the initially
steady conditions of nominal power are Tinlet ≅ 573 K and Toutlet ≅ 673 K. The fuel and clad
temperature results of the present paper are relevant to the top level of the active fuel region (total
height ≅ 0.87 m). The reason for this choice is related to the low value of the axial power pick factor in
the EAP fuel (Maximum power/Minimum power ≅ 1.4). As an effect of this power axial distribution,
during transients the hot point generally moves close to the fuel pin top.
In Figure 1, it can be easily seen that the outlet coolant temperature after a beam trip event
(the thickest and continuous line) drops next to the inlet temperature in about 5 seconds.
The residual difference between inlet and outlet coolant temperatures is only due to the decay
heat. In order to investigate its maximum effect, the decay heat level was assumed to be very high
(about 7%) at the beam trip time. It must be also considered that, about 30 seconds after the trip,
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Figure 1. First drop in temperature due to a beam trip
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a further drop in coolant temperature of about 50 K will start. This second drop in temperature, which
is not analysed in the present work, will result from the transit of primary coolant at lower temperature
through the heat exchanger and from the consequent lowering of the inlet coolant temperature.
Of course, the total drop in temperature at times following those of Figure 1 will result to be the sum
of the two drops in temperature.
To look into design options to reduce the drop in temperature of the outlet coolant after a beam
trip (other than driving the system by several independent beams), a possible flow reduction has been
investigated. Figure 2 shows the temperature trends obtained by assuming a primary loop flow
reduction of 75% (i.e. to 25%) in the first 10 seconds following the trip.
Figure 2. Beam trip transient mitigation by reducing the flow rate by 75% in 10 seconds
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This kind of partial mitigation could be in principle provided by an additional primary flow
reduction system to be activated at the beam trip instant. However, the results of Figure 2 show that,
even supposing a very strong and fast flow reduction, the drop in temperature mitigation would be
only partial and its maximum impact would be partially delayed. Moreover, any possible coolant flow
reduction system would necessitate a specific detection and control system and would increase the
probability of a loss-of-flow accident [3].
Figure 3 shows the effects of the completely different trip transient mitigation relevant to the
recovery of the initial (and nominal) beam intensity. In particular, Figure 3 shows the coolant
temperature results of a simple parametric study that has been carried out to investigate this transient
mitigation in function of the delay time between beam trip and beam recovery. It can easily be seen
that EAP beam trips that could be recovered within two seconds would induce a drop in temperature
lower than 50 K. Moreover, all the Figure 3 trends show that the outlet coolant nominal temperature
would be restored in only 10 seconds. Due to this fast reset of the outlet coolant temperature, the
previously mentioned second drop in temperature (that occurs about 30 second later) would not
superpose itself to the first one.
Figure 3. Coolant temperature transients during recovered beam trips
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Finally, quickly recovered beam trip events would lead to fairly reduced values of the drops in
coolant temperature. In particular, a beam trip in the EAP that could be mitigated by recovering the
nominal beam intensity within two seconds would cause a drop in temperature of about 50°, instead of
the about 150° foreseen as the total (first plus second drop) effect of a beam run-off.
In any case, it is worthwhile to also mention a difficulty related to possible recovery strategies:
every neutron and gamma counter signal would have very fast variations during both the beam trip and
its recovery. In order to master the problem, this negative consequence of recovered beam trips should
also be taken into account and managed.
Beam jump
The full power proton beam is assumed to be suddenly dumped into the reactor [4,5,6] during
proton beam jump events. In this paper, the beam jump event in an EAP has been preliminarily
analysed for two initial power conditions: 1) the beam jump occurs at 40 MW (50% of the nominal
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power) with an assumed doubling of the beam power; 2) beam jump occurs at zero power with an
assumed full power jump. This last beam jump event, considered the worst current transient in an
ADS, has been preliminarily analysed under different coolant flow assumptions.
Beam jump from 40 MW (50% of the nominal power)
Figure 4 shows the preliminary analysis results relevant to the assumption of beam power
doubling at 40 MW (50% of nominal power). About 80% of the nominal coolant flow has been
assumed as conservative hypothesis of the EAP flow at 40 MW and has been left unchanged during
the transient.
Figure 4. Temperature trends after a beam jump in the EAP at 40 MW (50% of nominal power)
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Figure 4 clearly shows that the EAP temperature transient relevant to a beam jump from the 50%
of the nominal power evolves in a benign manner, even under the conservative hypothesis of constant
flow rate (natural convection dynamics are not considered in the present analyses). The main reason
for this particularly benign EAP answer to the beam jump event is the low power density in the EAP
fuel (about 220 W/cm3OX). As is well known, low power density means large margin for power
transients. In fact, a relatively low value of the power density means that the heat produced in a given
fuel pin height, with given integral characteristic of heat capacity and thermal conductivity, will be
relatively low. Two other reasons for the particularly benign EAP answer are the low heat flux through
the EAP fuel pin surface (about 35 W/cm2) and the low coolant temperature.
Beam jump from zero power
Figure 5 shows the results relevant to the event of a full power beam jump from zero fission
power. This most severe beam jump can also be considered as a start-up accident. The preliminary
analysis of this severe transient has been carried out by a simple parametric study, under different
assumptions concerning the coolant flow rate.
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Figure 5. Temperature trends after a beam jump
from zero power (under different flow assumptions)
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In particular, three different coolant flow rates have been considered: 38%, 18% and 8% of the
nominal flow. The value 38% of the nominal flow rate is a largely conservative value relevant to the
flow that can be assured by an active system of natural convection enhancement planned in the EAP
design. This active system is based on the injection of cover gas bubbles just above the reactor top
level and should allow an enhanced coolant circulation even under conditions of very low natural
convection flow.
The values 18% and 8% of the nominal flow are just two examples of lower flow conditions.
As expected, the results of Figure 5 show that a beam jump transient evolves more benignly under
the assumption of higher coolant flow. In particular, assuming 38% of the nominal flow condition, the
results show temperature trends that remain below the values corresponding to severe consequences.
On the contrary, assuming 8% of the nominal flow condition the results show that the (AISI 316L)
clad melting temperature (1 643 K) would be reached in about 70 seconds.
Finally, in order to assure the fuel integrity even during this worst current transient in an ADS,
Figure 5 preliminary results indicate that EAP start-up procedures should begin only when the system
of coolant flow enhancement is in function (and under monitoring of the flow conditions). To prevent
accidental beam jumps in low flow conditions, redundant protection systems (beam-stoppers with high
level of reliability) have to be foreseen.
A second temperature rising in the reactor core (not considered here) would occur if:
•

The accelerator current was not switched off within ≈40 seconds from the beam jump
(unprotected accident), even in presence of intrinsic (and independent) systems to stop the
neutron source when the coolant temperature at the riser top increases abnormally [1].

•

The flow of the heat exchanger secondary loop was not increased to evacuate the higher
power produced in the system after the beam jump.
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This improbable second phase of temperature rising will be analysed as soon as a natural
convection simplified model (under development at ENEA to improve the core dynamics calculations)
will be ready.
Conclusions
The core dynamics consequences of beam trip and beam jump events in an EAP have been
preliminarily analysed in the present work. Unmitigated beam trip events lead to a drop in core outlet
coolant temperature of about 150 K that might induce dangerous cyclic thermal stresses to the above
reactor core structures and to the intermediate heat exchangers. In the aim of investigating the
possibilities of temperature transient mitigation (other than by driving the system with several
independent beams), the impact of a primary flow reduction system has been analysed. Even supposing
a strong and fast flow reduction, in an EAP this kind of mitigation seems to reduce the drop in
temperature only partially and partially late. On the contrary, a drop in temperature mitigation
obtained by recovering the beam trip events would lead to fairly reduced transients of the EAP coolant
temperature. In particular, by recovering the nominal beam intensity within two seconds, the event
would produce a drop in temperature of only 50 K.
The low power density in the EAP fuel is a characteristic that leads to more benign beam jump
transients. A beam jump event with an assumed doubling of the beam power should not lead to severe
consequences in the EAP. Even in the worst thinkable scenario, with a sudden full power beam jump
from zero fission power in cold reactor conditions, severe consequences can be avoided if the natural
convection enhancement system foreseen for the EAP design is in function.
A simplified natural convection transient model is being developed at ENEA to improve the
present core dynamics results by considering the mitigation effects relevant to the coolant natural
convection dynamics. A co-operation between ENEA and Politecnico di Torino is in progress to improve
the present core dynamics results by taking into account the spatial effects of neutron kinetics.
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INTERRUPTIONS: TRANSIENT THERMO-MECHANICAL COMPUTATIONS
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Abstract
The operability of a high power proton beam target in an accelerator-driven system (ADS) is
inextricably linked to the structural integrity of the beam window. The beam window is undoubtedly
the most delicate component in such devices, being exposed to the combined effects of high intensity
proton and neutron irradiation, liquid metal corrosion and high thermal stresses induced by the
interaction with the beam. It has also recently been highlighted that beam trips may frequently occur in
current high power accelerators [1]. Clearly, the definition of the requirements of future accelerators
depends on the behaviour of the window under such conditions. For this purpose a numerical study of
typical transients has been carried out on the 600 MeV proton beam target that drives the 80 MW
demonstration facility of the energy amplifier proposed by C. Rubbia [2], presently being developed in
Italy by Ansaldo, CRS4, ENEA and INFN [3].
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EADF beam target description
The Energy Amplifier Demonstration Facility (EADF) is a nuclear system in which an external
source of neutrons drives a subcritical core. Neutrons emerge from the interaction of a high power
proton beam with a high Z material contained in the accelerator target. Such interaction, called
spallation, has the undesirable effects of producing a large quantity of heat (typically some MW
concentrated in a small volume) and inducing an intense radiation damage in the structural materials.
Liquid metals are currently considered the best choice in terms of target materials since they satisfy
the important criteria of being the spallation medium and the cooling fluid at the same time, and
because their structural and thermal properties are not degraded by the radiation damage induced by
protons interactions. We selected the lead-bismuth eutectic (LBE) as a spallation target material since
it combines good neutronic properties with a relatively low melting point (125°C), simplifying the
operability of the target.
The EADF target [4] scheme is illustrated in Figure 1. It consists of a 20 cm external diameter
vertical beam pipe enclosed in a coaxial container. The beam pipe is closed at the bottom by a beam
window. The beam window has a hemispherical external surface and an ellipsoidal internal surface so
that the thickness varies from a minimum of 1.5 mm in the beam axis to a maximum of 3 mm in the
junction with the beam pipe. The tapering reduces the heat deposit in the centre of the window, where
the proton flux is higher. The beam window material is a martensitic 9Cr 1Mo V Nb steel which has
been selected by ENEA [5] because of its relatively high thermal conductivity, low thermal expansion
coefficient, high resistance to neutron induced swelling and high temperature stresses and good
corrosion compatibility with LBE. The container is a vertical cylinder of 27 cm radius and 7 m height
with a hemispherical bottom.
Figure 1. Scheme of the EADF target
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The region between the beam pipe and the container is filled with LBE and vacuum is made
inside the beam pipe. The heat produced in the window and in the coolant is removed by a natural
convection flow. The flow guide separates the hot rising liquid from the cool liquid flowing out of the
heat exchanger positioned on the top. In the spallation region the flow guide assumes a funnel shape
which accelerates the flow and enhances the cooling of the window. The proton beam is injected
through the top of the beam pipe. The proton energy is 600 MeV and the beam size is assumed to be a
circular spot of 7.5 cm radius. Beam defocusing prevents localised high power densities in the target
structures. The beam current distribution follows a parabolic profile. The maximum nominal beam
current is 6 mA corresponding to a beam power of 3.6 MW.
Structural integrity assessment of the beam window
High power proton accelerators are being utilised in many ADS projects. In these applications the
accelerator reliability, especially for beam trips and power fluctuations, is extremely important and can
be determinant for the possible utilisation of these machines in the future [1]. Accelerators beam
stability failures lead to beam interruptions inducing large and rapid thermal transients in all
components that are directly exposed to the beam and particularly in the window. As a typical
example, the maximum temperature of the EADF window after a beam interruption decreases from
490°C to about 210°C in a time of about 6 s. The evaluation of the structural integrity of the beam
window during its operating life is therefore an important step toward the assessment of the design of
the EADF target. In particular, thermal fatigue and possibly creep-fatigue failure life should be
properly assessed, either by thermal transient strength tests or by computational models.
Transient thermal-mechanical modelling of the beam window response
In the following sections, we will illustrate a computational model of the beam window under
thermal transients. We will first present the assumptions that have been adopted and then the effective
computational strategy for solving the time dependent heat transfer and stress analysis coupled
problem of interest. Finally, the numerical model of the EADF target is presented with some detail.
Modelling assumptions
The non-stationary coupled problem of the interacting coolant flow and the beam window
structure is governed by the (time dependent) Navier-Stokes equations and by the energy conservation
equations. In the solid, the displacement fields are derived by imposing equilibrium and compatibility
conditions.
In the model the following assumptions have been considered:
•

Structural displacements do not influence the thermal-hydraulic field.

•

Displacement characteristic times are much smaller than temperature variation times, so that
the structural problem can be considered quasi-static.
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The displacement field of the structure can be computed once the thermal field in the solid is
known from the solution of the thermal-hydraulic problem. The following strategy is therefore applied:
•

Calculate the heat source distribution.

•

Calculate the transient for the velocity field in the fluid and for the thermal fields in both the
fluid and the solid.

•

Given the computed temperature maps in the solid at discrete points along the time sequence
of interest, solve for the displacement and stress field in the solid.

In the following, a linear elastic small-deformation model is assumed for the structure. Temperature
dependent material properties have been considered.
Numerical model of the EADF target
Neutronics
The FLUKA Monte Carlo code [6] is employed to determine the heat source distribution to be
used as input for the CFD computations. According to the results of the FLUKA simulations, the
proton beam releases in the window about 22 kW (i.e. 0.6% of the total beam power). The heat
production in the coolant and in the flow guide accounts for about 72% and 1% of the total, the
remaining part of the beam energy being contained in the particles escaping the system or in the
binding energy of the target nucleus. Figure 2 shows the distribution of the heat source in the target.
Figure 2. Map of the power generated in the EADF target by the 600 MeV proton beam
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Fluid dynamic and heat transfer modelling
The turbulent natural convection flow of the coolant and the thermal field in the beam window
are simulated using STAR-CD v3050A. A mixed structured/unstructured mesh of about 24 000 cells is
employed, with a very accurate discretisation in the funnel zone, especially in the vicinity of the
window stagnation point, where the most severe gradients of the fields’ variables are expected.
The numerical model is based on an axisymmetric finite-volume formulation and employs a third
order QUICK scheme for the spatial discretisation of the convective terms. The Chen k-ε model with a
two-layer algorithm in the near wall region accounts for turbulence effects. A PISO implicit algorithm
is used for the time accurate simulation of the transient processes. Figure 3 shows the steady state
computed velocity and temperature fields at the maximum beam current (6 mA).
Figure 3. Velocity and temperature fields in the funnel region

Beam window structural model
A detailed MSC/NASTRAN v70.5 linear elastic finite element model of the window/pipe system
has been used to predict for each discrete time the stress field induced by the (computed) thermal
strain distribution and by the coolant hydrostatic pressure applied onto the external surface of the
window. The model, due to geometrical and applied load axial symmetry, consists of a 5° portion of
the complete beam pipe/window system. The 9Cr 1Mo V Nb martensitic steel has been used as the
reference material for both the beam window and the pipe. Its main properties are summarised in
Table 1.
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Table 1. Mechanical properties of the 9Cr 1Mo V Nb martensitic steel

Young modulus
Thermal expansion coefficient
Poisson ratio
Density
Thermal conductivity
Yield strength

[MPa]
[10–6/K]
[Kg/m3]
[W/mK]
[MPa]

20°C
218
10.4
0.29
7 730
26
539

200°C
207
11.3
0.29
7 680
28
500

300°C
199
11.7
0.29
7 650
28
495

400°C
190
12.0
0.29
7 610
29
480

500°C
181
12.3
0.29
7 580
30
400

600°C
168
12.6
0.29
7 540
30
310

Computational results
Selection of the test cases
We have chosen the test cases with the objective of analysing the most critical situations from the
point of view of window stresses. Simulating a beam interruption, we observed that the maximum
stress occurs after 0.3 s [7]. We decided to investigate the effect of a beam interruption in the
immediate vicinity of this typical time, namely 0.1, 0.3 and 1 s.
Another effect that can be observed during the shutdown transient is the decreasing of the coolant
mass flow rate, due to the reduced natural circulation pumping force. This phenomenon, which
becomes significant after several seconds, reduces the window heat removal in case of beam restart
after a long interruption. In order to verify the magnitude of this problem two more transients were
considered:
1. A restart after 21 seconds of beam interruption, where the velocity near the window is about
60% of its nominal value.
2. A normal start-up, where the nominal velocity in the system is imposed by an external
pumping device (for example the insertion of argon bubbles in the riser), to avoid thermal
transients beyond nominal conditions.
The computational effort for a typical run is about 30 CPU hours per second of simulation on a
HP 780J2 workstation. A summary of the computations that have been carried out in the present study
is presented in Table 2.
Table 2. Test cases and results summary
The location of stresses in the window is expressed with the angle α with the beam axis.

Test case

Maximum
temperature
[°C]

0.1 s beam interruption
0.3 s beam interruption
1 s beam interruption
21 s beam interruption
Normal start-up

490
492
494
601
498
316

Maximum
∆ maximum
Tresca stress
Tresca stress
α
α
[MPa]
[MPa]
[degree]
[degree]
143
073
26°
40°
194
140
30°
41°
194
140
30°
41°
217
138
48°
41°
167
145
48°
45°

Discussion of the results
The first objective in the target transient behaviour analysis is to identify the time scale where the
more interesting phenomena occur. Figure 4(a) shows the inertia of the whole target system during a
beam shutdown followed by a restart after 21 s. Velocities decrease to about 60% of their nominal
value since the pumping effect due to natural convection decreases with the temperature difference
between the riser and the downcomer.
At the beam restart the initial lower mass flow rate causes higher temperatures in the hot riser
column. The result is that velocities increase beyond their nominal value after about 40 s and start a
damped oscillation around the steady state value until they reach a new equilibrium. This mechanism
influences the cooling of the window and increases its temperature beyond its nominal value as can be
seen in Figure 4(b).
Figure 4. Maximum mean velocity in the funnel and
temperature in the window during the 21 s beam interruption
(a)

(b)

A possible mechanism to avoid the rise of the window temperature beyond its nominal value is to
introduce at start-up an external pumping device (for example the insertion of argon bubbles in the
riser) to enhance natural circulation. The comparison between a normal start-up procedure (where
velocities are already at steady state values) and a beam restart after 21 s is shown in Figure 5. A normal
start-up procedure avoids the oscillation of window temperatures around the steady state value and
reduces the peak in the hoop stress transient of the beam window, as can be seen in Figure 5(b).
Figure 6(a) shows the maximum temperatures generated in the window during the short
transients. Because of the small thermal capacity of the beam window, temperature transients are very
short. As far as stresses are concerned, the radial component of the stress tensor is one order of
magnitude smaller than the other two, while the values of the meridional and hoop components are
quite similar, so only the latter is reported [Figure 6(b)]. In this figure the hoop stress variation is
reported in the point where this component reaches its maximum, which is located on the external
surface of the window. A beam interruption has the effect of increasing the state of the stress and
deformation of the window with respect to its nominal value, depending on the interruption time. For a
beam stop the maximum value of the stresses is reached after 0.3 s [7]. For shorter interruptions this
value is never reached whereas for interruptions longer than 0.3 s this maximum value is not
overcome, but the behaviour after the peak is significantly different. In the case of the 1 s interruption
there is a local sign inversion of the hoop stress showing that traction stresses are followed by
compression. After beam restarts, the window quickly comes back to steady state stress conditions.
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Figure 5. Comparison of maximum temperatures and hoop stresses in the
window between a normal start-up and a beam restart after a trip of 21 s
(a)

(b)

Figure 6. Maximum temperatures and hoop stresses in the window during
beam interruptions (positive values of the stresses indicate tensile stresses)
(a)

(b)

A summary of the results is also presented in Table 2. One can observe that the maximum Tresca
stresses occur at different locations in the beam window. The angle α is measured from the beam axis.
At steady state conditions α ~ 0. The local maximum stress differences (∆ maximum Tresca) that are
representative of the thermal fatigue damage are reasonably low and occur at different locations with
respect to the maximum values. According to [8] we could in fact estimate the allowed number of
cycles for non-irradiated material in excess of 105, but this number can dramatically decrease in real
operating conditions. We can finally observe that beam interruptions of the order of tens of seconds
should probably be avoided in favour of a normal start-up operation, although this kind of considerations
can be more precise only after a detailed experimental campaign.
Concluding remarks
A numerical study has been carried out to evaluate the thermo-mechanical response of the EADF
beam window to beam interruptions. An effective computational procedure for the resolution of the
time dependent thermo-mechanical coupled problem of the interacting coolant flow and the beam
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window structure that allows a one-way coupling of the field variables has been adopted. Results have
been presented for a significant number of cases. In particular, time histories of the response quantities
(temperature and stresses in the window) are presented and discussed.
On the basis of our numerical studies the thermal transient stresses in the window are below the
allowable strength limit of the material. Furthermore, the time varying stresses are below the fatigue
limit of the non-irradiated steel but severe uncertainties arise from the unknown influence of neutron
and proton damage, corrosion embrittlement and high concentrations of helium, hydrogen and other
spallation impurities. Reliable lifetime estimates, which must include the above effects, are thus not
possible at present. Material fatigue tests under proton irradiation are required for the design of future
high power proton targets.
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Abstract
A preliminary analysis of beam trip transient was performed for a lead-bismuth cooled 800 MWt
accelerator-driven transmutation plant operated on a saturated steam turbine cycle. Transients of the
primary coolant temperature, the water/steam temperature, the water/steam pressure, the turbine flow
rate and the electric output were calculated using a simple network model. The electric power defect
due to the beam trip was evaluated using the equivalent generator shutdown time. The maximum
temperature swing is 185°C in lead-bismuth, and 82°C in water/steam when beam recovers about 10 s
before the turbine/plant trip. The equivalent generator shutdown time is equal to the beam-off time.
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Introduction
One technical issue that has recently attracted attention in the ADS area is the negative impact of
very frequent beam trips as experienced in existing intense accelerator facilities. Frequent beam trips
cause thermal fatigue problems for ADS component materials, leading to degradation of their
structural integrity and reduction of their lifetime. They can also badly erode the availability or the
capacity factor of ADS, resulting in poor economics.
In the development of accelerators for ADS, it is vitally important to establish the technologies to
achieve a very high degree of reliability. On the other hand, it is also important in the development of
ADS to design structural components to withstand possible thermal fatigues and a power conversion
system less sensitive to beam trips.
An important step in the ADS design study is to determine the magnitude of the effects of beam
trips on susceptible components to severe thermal fatigue problems and on electric power generation.
The investigation will provide a database for formulating ADS design considerations and R&D needs,
as well as requirements for accelerator reliability.
A preliminary analysis [1] was made on thermal and structural responses of a fuel pin and a beam
window for a 30-60 MWt experimental ADS to investigate the effect of beam trips on their structural
integrity. It was found that such small-scale structural components could be designed to survive
infinite thermal cycling, although they suffer from substantial temperature gradients both in time and
in space. In contrast, it is believed that larger-scale structural components are possibly subjected to
much severer thermal stresses, even if their thermal transient is more benign than that of the fuel pin
and the beam window.
To evaluate the effect of beam trips on larger-scale structural components and on power
generation, it is necessary to analyse the transient of the primary system and the power conversion
system of the plant. This paper presents a preliminary analysis of beam trip transient for a
lead-bismuth cooled 800 MWt accelerator-driven transmutation plant operated on a saturated steam
turbine cycle.
Description of ADS plant
Conceptual design studies have been carried out on accelerator-driven systems dedicated for
transmutation of minor actinides (MA) and long-lived fission products [2,3]. The current design aims
at supporting about 10 units of large-scale light water reactor with an electric power of 1 000 MW.
This corresponds to around 800 MW thermal power of an MA-fuelled subcritical core.
Lead-bismuth is used for both coolant and spallation target material. Lead-bismuth eutectic
coolant allows to operate the system at about the same temperature level as sodium coolant, much
lower than lead coolant. It also offers the possibilities to achieve a harder neutron energy spectrum, to
avoid a positive void reactivity coefficient, and to eliminate secondary heat transport loops and
associated intermediate heat exchangers. Actinide mononitride is adopted as the fuel material. Nitride
is potentially the most favourable fuel for dedicated transmutation systems because of its excellent
thermal properties and capability of pyrochemical reprocessing.
A conceptual drawing of the lead-bismuth cooled accelerator-driven transmutation system is
presented in Figure 1. An accelerator injects 1.5 GeV proton beam through a beam window into the
spallation target region located at the centre of the subcritical core.
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Figure 1. Concept of Pb-Bi cooled accelerator-driven transmutation system
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The core is contained within a primary vessel made of steel. All other components of the primary
system, including steam generators, main pumps and auxiliary heat exchangers, are accommodated
within the vessel. This tank-type configuration eliminates the need for heavy primary piping. The heat
generated in the target and the core is removed by forced convection of primary lead-bismuth, and
transferred through the steam generators to water/steam for power conversion. The steam generators
are of a separate type. Separate steam generators allow the reduction in the depth of the beam window
immersed in the lead-bismuth pool compared to integral type steam generators, and thus the reduced
pressure load of the beam window. Dimensions shown in Figure 1 are based on a four-loop design.
The auxiliary cooling system with lead-bismuth loops is provided as an independent means for decay
heat removal, and is used to preheat lead-bismuth coolant.
The operating temperature range of the primary lead-bismuth is from 330-430°C, which is about
100°C lower than those for commercial LMFBR designs. Consequently, the power conversion system
operates in a saturated steam turbine cycle for conventional LWRs with efficiencies around 35%
rather than a super-heated steam turbine cycle for commercial LMFBRs with efficiencies above 43%.
The lower operating temperature is expected to mitigate the material corrosion/erosion problem in
lead-bismuth.
Corrosion/erosion is one of the major technical issues in lead-bismuth cooling. Cr-Mo steel
(2.25Cr-1Mo steel, 9Cr-1Mo steel, etc.) is a candidate material for structural components in the
primary system, as it is expected to have acceptable corrosion resistance, mechanical strength and
ductility.
With a 1.5 GeV, 14 mA (1.0 GeV, 22 mA) proton beam, the subcritical core having an effective
neutron multiplication factor of 0.95 produces about 800 MW core thermal power. Assuming a load
factor of 80%, the net MA transmutation rate is approximately 250 kg/y. An electric output of 280 MW
is obtained at a plant thermal efficiency of 35%. The power required to operate the accelerator is
115 MWe, assuming a 40% accelerator efficiency. This means that the system is more than
self-sufficient in terms of its own energy balance.
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Table 1 summarises the major system parameters. Plant parameters used for the present transient
analysis are listed in Tables 2 and 3.
Table 1. Major system parameters of the Pb-Bi cooled ADS
Core thermal power
Core height
Core radius
keff (initial/max./min.)
Linear power rating (max./ave.)
Power density (max./ave.)
MA/Pu inventory
Fuel
Pin pitch-to-diameter ratio
Coolant temperature (in/out)
Coolant velocity (max.)
Coolant flow rate
MA transmutation rate

800 MW
1 000 mm
1 200 mm
0.95/0.95/0.93
520/300 W/cm
310/180 MW/m3
2 500/1 660 kg
(MA, Pu)N, ZrN
Initial Pu fraction: 40%, ZrN: inert matrix
15
N enriched
1.5
330/430°C
2 m/s
1.98 × 108 kg/h
500 kg/cycle (20%/cycle)

Table 2. Major design parameters of the ADS plant
Lead-bismuth coolant mass
Core section
Upper plenum section
Lower plenum section
Steam generator inlet plenum section
Core structural material mass
Steam generator heat transfer area
Steam generator heat transfer tube
Cross-section/length
Re-circulation water piping
Cross-section/length
Steam piping
Cross-section/length
Volume of steam drum

8.34 × 104 kg
7.90 × 106 kg
3.79 × 106 kg
7.90 × 104 kg
4.65 × 104 kg
640 m2 (per loop)
0.1246 m2/26.6 m
0.060 m2/38 m
0.104 m2/37 m
35.23 m3 (per loop)

Table 3. Nominal operating parameters of the ADS plant
Steam generator outlet steam pressure
Steam generator outlet steam temperature
Steam generator pressure drop
Re-circulation water piping pressure drop
Steam piping pressure drop
Re-circulation water flow rate
Turbine inlet steam pressure
Turbine inlet steam temperature
Turbine inlet steam flow rate
Turbine back pressure
Electric power
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7.0 MPa
285°C
1.6 MPa
0.05 MPa
0.05 MPa
7.88 × 105 kg/h (per loop)
6.0 MPa
275°C
1.58 × 106 kg/h
0.005 MPa
280 MW

Model and assumptions for transient analysis
Figure 2 is a simplified flow diagram of the ADS. Primary lead-bismuth coolant flows upward
through the core and exits into an upper plenum. Then, the coolant flow divides equally among four
steam generators. The flow through steam generator heat transfer sections enters a lower plenum.
The lead-bismuth coolant is then returned back into the core by primary main pumps.
Figure 2. Simplified flow diagram of ADS plant
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The water/steam system has four steam drums, four re-circulation water pumps, a turbine
generator unit, and a feedwater pump. Steam raised in the steam generators is directed to the steam
drums. The steam from all the four steam drums combines 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 re-circulation water pump delivers the water from the steam drum to the steam generator.
The analysis dealt with one single loop, under the assumption of the equal operating condition
among all the four symmetric loops. The lead-bismuth primary system and the water/steam power
conversion system were modelled with a simple one-dimensional flow network, as shown in Figure 3.
Figure 3. Network model for ADS transient analysis
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The primary system was subdivided into three plenum sections (a core upper plenum, a steam
generator inlet plenum and a core lower plenum) and two components (a core and a steam generator).
The primary lead-bismuth coolant was assumed to be fully mixed in the plenums, and the thermal
power was given as a boundary condition in the core. In the steam generator, heat transfer was
calculated using five empirical equations of heat transfer coefficient: one for the lead-bismuth side and
four for the water/steam side (pre-heater region, nucleate boiling region, film boiling region and
super-heater region).
In the power conversion loop, the re-circulation water pump head, the feedwater pump flow rate
and the turbine back pressure were given as boundary conditions. The steam drum was modelled as a
lumped system of saturated water/steam including phase changes. The water in the drum was assumed
to be controlled at a constant level. The turbine was modelled using a simple formula:
2
G = φ ( pin2 − pou
t)

12

θ1iin2

(1)

where G is the inlet steam mass flow rate, φ a constant, pin the inlet pressure, pout the back pressure and
θin the inlet absolute temperature. The turbine power was assumed proportional to the inlet steam flow
rate and the enthalpy difference from the turbine inlet to outlet. The conversion efficiency from
thermal to electric power was assumed 35% (constant). The feedwater heating was not explicitly
simulated in the analysis, but the temperature of the feedwater was given as a function of the turbine
inlet steam flow rate, neglecting the delay due to steam-to-water heat transfer.
With this flow network model, transient pressures, flow rates and enthalpies were solved from
simultaneous equations of energy conservation, mass conservation, momentum conservation and state.
The density, the thermal conductivity, the kinetic viscosity and the Prandtl number of lead-bismuth
were given as functions of temperature [4]. Property of water/steam was based on Ref. [5].
The sequence and the operating procedure assumed for the beam trip transient analysis are as
follows. The plant is operated steadily under the normal condition at the rated core power of 800 MWt
before the beam trip (t < 0). The accelerator beam trip occurs at t = 0, and the core thermal power
immediately falls down to 0 MWt at the same time, decay heat being neglected for simplicity.
The lead-bismuth pumps in the primary loop and the re-circulation pump in the secondary water/steam
loop are not controlled during the beam trip transient, and the flow rates remain unchanged from the
initial value (100%) until the turbine/plant trips. The control of the main steam pressure is also not
considered in the analysis.
The beam trip causes cooling down of the primary and secondary systems. The turbine and the
plant are tripped to avoid overcooling when the main steam pressure or the primary coolant
temperature falls down below pre-set trip points. Overcooling could cause damages of primary system
components by freezing of lead-bismuth and erosion of the turbine blades from by wetting of steam.
If the steam generator primary outlet temperature is reduced below 200°C, the plant is tripped.
If the steam drum pressure is reduced below 1.55 MPa, the turbine is tripped. An operating procedure
for the turbine/plant trip is shown in Figure 4.
When the turbine trip occurs first, it triggers the plant trip, and vice versa. The turbine trip initiates
to reduce the primary flow rate from 100% to 10% and to start-up the auxiliary cooling system.
In case the beam is still on, it trips the accelerator. The plant trip shutdowns the steam turbine, the
feedwater pump and the re-circulation water pumps. This precludes both the primary system and the
power conversion system from overcooling and keeps them ready for restarting on the beam recovery.
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Figure 4. Operating procedure for turbine/plant trip
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The accelerator beam power is recovered after a beam off period, and at the instant, the core
thermal power returns up to the initial value of 800 MWt. If the beam recovers after the turbine/plant
trip, the primary flow rate is brought to 100% and the steam turbine, the feedwater pump and
re-circulation pumps are restarted.
Results of transient analysis
A preliminary calculation was made to determine the time when the turbine or the plant needs to
trip. The result shows that the steam drum pressure is reduced to 1.55 MPa at 380 s after a beam trip
while the steam generator primary outlet temperature remains still around 240°C, well above the trip
point. This indicates that the turbine trip occurs at t = 380, and initiates the plant trip.
Calculations were made for three cases with the beam-off periods tR of 180 s, 300 s, and 370 s.
In all cases, the beam recovers before the turbine/plant trip. As a typical result, transient response of
the case for tR = 370 s is presented in this section.
The temperature response of lead-bismuth primary coolant is shown in Figure 5.1. On beam trip
at t = 0, the core outlet temperature starts to drop rapidly and asymptotically approaches to the core
inlet temperature within about 10 s. The coolant temperature at the steam generator inlet responds
more slowly because of coolant mixing in the upper plenum. It takes about 120 s for the steam
generator inlet temperature to drop down to the initial core inlet temperature. The coolant temperature
at the steam generator outlet decreases almost proportionally to that at the steam generator inlet.
The temperature change at the core inlet further delays because of coolant mixing in the lower plenum.
At t = 370 s when the beam turns on, the core outlet temperature shows a rapid rise from its
minimum at 250°C by about 100°C, and then a slight temperature decrease due to the time lag of the
core inlet temperature response. The minimums of the steam generator inlet and outlet temperatures
occur at about 380 s (10 s after the beam-on).
The core inlet temperature reaches its minimum at about 410 s. The coolant temperatures at the
steam generator inlet, the steam generator outlet and the core inlet increase monotonically from their
minimums, and approach their initial values. It takes around 1 000 s after the beam-on before the
initial condition is restored. Temperature swings of the primary coolant during the beam trip transient
range from 88-185°C.
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Figure 5.1. Pb-Bi temperatures
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The water/steam temperature in the power conversion system is shown in Figure 5.2. The water/
steam temperatures show similar responses to the lead-bismuth temperatures at the steam generator
inlet and outlet. The difference between the steam generator inlet temperature and the feedwater
temperature is kept almost constant at about 80°C. The temperature rise through the steam generator
increases as the temperature decreases. This indicates worsening of the steam quality at lower
temperatures. Compared to the primary lead-bismuth, the water/steam shows damped temperature
swings within 82°C.
Figure 5.2. Water/steam temperatures
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The pressure response in the power conversion system is shown in Figure 5.3. The pressure at the
steam drum corresponds to the saturated steam pressure at the steam drum temperature. The pressure
rise from the steam drum to the re-circulation system is a given constant at 1.7 MPa for the
re-circulation water pump head.
Figure 5.4 shows the turbine flow rate. The response of the turbine flow rate is roughly similar to
that of the steam drum pressure. Assuming the temperature change in the turbine inlet steam
temperature is small and the turbine outlet steam pressure is kept low, Eq. (1) gives an approximate
linear relation between the turbine flow rate and the turbine inlet steam pressure. The minimum flow
rate is about 23% at about 380 s.
328

Figure 5.3. Pressures
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Figure 5.4. Turbine flow rate
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The electric power generated is shown in Figure 5.5. The electric power is nearly proportional to
the turbine inlet flow rate, because the enthalpy change of the steam drum outlet steam is not so large
and the enthalpy of the turbine outlet steam is kept constant. The minimum of the electric power is
27% (76 MWe) at about 380 s.
Figure 5.5. Electric power output
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Discussions
Temperature swings in primary coolant system and power conversion system
The amplitude and frequency of temperature swings due to beam trips have a major effect on
thermal fatigue of structural component material. Figure 6 shows the maximum and minimum
temperature swings in the lead-bismuth system and the maximum temperature swing in the
water/steam system during the beam trip transients as functions of the beam-off time.
Figure 6. Temperature swings
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The maximum change in the lead-bismuth temperature occurs at the core outlet, where the
temperature falls rapidly by 100°C within a very short period after the beam trip. The magnitude of
the temperature drop corresponds to the nominal temperature rise of lead-bismuth through the core.
On the other hand, the minimum change in the lead-bismuth temperature occurs at the core inlet.
The difference between the maximum and minimum temperature swings is 90-100°C. The temperature
swing monotonically increases with the beam-off time. For prolonged beam-off time cases, the
maximum and minimum temperature swings of the lead-bismuth level off at 230°C and 130°C,
respectively, since the plant trip occurs to keep the lead-bismuth temperature at 200°C.
The maximum temperature change in the water/steam system occurs at the steam generator inlet
and is much smaller than that in the lead-bismuth system. However, it should be noted that temperature
changes in the water/steam system accompany corresponding pressure changes.
Effect of beam trip on plant capacity factor
Frequent beam trips can badly erode the capacity factor of ADS plant unless the mean beam-off
time is sufficiently short. The time required to bring the plant back from the standby condition to the
full-power operating condition can also be influential to capacity factor.
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Figure 7 compares the beam-off time tR and the equivalent generator shutdown time tG.
The equivalent generator shutdown time is a measure of the amount of unavailable electric energy due
to the beam trip and is defined as:
tG =

∞

∫ (1 − E E
0

N

)dt

(2)

for a single beam trip event, where E is the electric power and EN the nominal electric power.
Figure 7. Equivalent generator shutdown time
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For the three cases analysed here, tG is strictly to agree with tR, since the model has a constant
thermal efficiency and assumes neither parasitic heat losses nor intentional heat releases at least until
the turbine/plant trips. The discrepancy of about 2% as seen in the figure arises from calculation error.
The agreement between tG and tR means that the beam trip does not have a further adverse effect than
the 100% power loss for the beam-off time.
In the present analysis, no operational restrictions are set on the rates of power and temperature
rise. It is expected that the turbine can withstand transients such as those shown here. If structural
considerations would impose much severe limits on the rate of temperature rise, the plant should
discharge excess thermal energy as waste or operate the accelerator at a partial power, either of which
result in a longer tG.
Concluding remarks
Preliminary analysis was performed for transients of an 800 MWt accelerator-driven transmutation
plant caused by accelerator beam trips. The plant was assumed to have a primary lead-bismuth cooling
system and a water/steam system for power conversion through a saturated steam turbine cycle. Beam
trip induced transients of the lead-bismuth temperature, the water/steam temperature, the water/steam
pressure, the turbine flow rate and the electric output were calculated using a simple network model
for three cases with beam-off times of 180, 300 and 370 s. The electric power defect due to the beam
trip was evaluated using the equivalent generator shutdown time.
331

The turbine and the plant trip at 380 s after the beam trip unless the beam is restored before that
time. For the case when the beam recovers at 370 s, the maximum temperature swing is 185°C for the
lead-bismuth in the primary system and 82°C for the water/steam in the power conversion system.
The electric power produced drops down to 27% of the initial one.
The equivalent generator shutdown time is equal to the beam-off time, since the analysis assumes
no losses of thermal energy and no operational restrictions imposed during power recovery. As far as
these assumptions are valid, the beam trip does not have a further adverse effect than the 100% power
loss for the beam-off time.
It should be noted that the results pertain to the case of a moderate-efficiency plant operated on a
saturated steam turbine cycle. ADS plants for commercial power generation would be designed
to operate on a higher-efficiency super-heated steam turbine cycle, requiring higher temperatures.
This could result in severer beam trip transients.
The present analysis did not address the structural issues. These remain for future study. More
detailed designs and further analyses are needed to evaluate the structural integrity and the lifetime of
components and to formulate design considerations, R&D needs and the requirements of accelerator
reliability.
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Abstract
Recent developments extending the capabilities of the SIMMER-III code for dealing with transients
and accidents in an ADS are presented. The impact of weighting functions on the point kinetics
parameters at steady state is investigated. Some preliminary results of using a space-time kinetics
model for beam-trip related transients are highlighted. Means for verification of ADS-related neutron
kinetics models of the SIMMER-III code are discussed.
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Introduction
In providing tools for the analysis of transients and postulated accidents in accelerator-driven
systems (ADS), the SIMMER-III code [1] is currently being extended [2].
Though it is claimed that an ADS has an extraordinary safety potential [3], this has to be proven
in detail. Some preliminary analyses especially for severe accident scenarios have shown that for an
ADS in its mode as energy amplifier some safety advantages might exist compared to critical
sodium-cooled fast reactors. They are related to lead as coolant, to the subcriticality and to the low
enrichment of an ADS core in the amplifier mode [4,5]. These investigations must be further refined
and extended to an ADS system in a nuclear waste burning/transmutation mode. In this mode the core
might e.g. consist of pure minor actinides (“dedicated fuel”). In critical reactors, the massive insertion
of minor actinides (MAs) drastically deteriorates the safety coefficients [6]. In an ADS with its
inherent subcriticality and stability against reactivity perturbations there seems to be more margin to
handle such a core (see however [7]). For the “dedicated fuel”, it can be further deduced from [6] that
the burn-up behaviour of this minor actinide fuel has consequences concerning the initial subcriticality
level and the required source variation.
In Ref. [2], the basic approach for extending the SIMMER-III code was presented. A potential
advantage of using α-adjoint fluxes as weighting functions for computing the kinetics parameters in
the frame of the improved quasistatic scheme was shown. A comparison of transients caused by
inserting a strong perturbation – into the same small sodium-cooled system with MOX fuel – under
critical and subcritical conditions (sustained by a time-independent source) was given.
Recently the procedure of iterative α-search in SIMMER-III has been significantly improved.
That allows us to analyse in more depth the impact of α-weighting at different subcriticality levels.
Some related results are presented in this paper.
Based on the ADS design proposals – made by Forschungszentrum Karlsruhe in co-operation
with the European partners – several models, which represent lead-cooled systems with solid Th/U and
Th/TRU fuel, are currently under investigation at Karlsruhe. In the present paper we draw some
preliminary conclusions on the results of transient simulations related to beam trips in these systems
and related spatial kinetics effects.
The “subcritical” neutronics models as currently implemented in SIMMER requires further
verification. In the paper we will discuss several possible options.
SIMMER-III accident code
To analyse severe transients and hypothetical core disruptive accidents in liquid metal reactors
(LMRs) the SIMMER-III code [1] is under development at the Japan Nuclear Cycle Development
Institute (JNC), O-arai Engineering Centre with the co-operation of Forschungszentrum Karlsruhe and
the Comissariat á l’Énergie Atomique (CEA), CE Grenoble and CE Cadarache. SIMMER-III is a
two-dimensional, three-velocity field, multi-phase, multi-component, Eulerian, fluid-dynamics code
coupled with a fuel-pin model and a space-, time- and energy-dependent neutron dynamics model.
The neutronics part provides nuclear heat sources based on the mass, energy and temperature
distributions calculated by other code modules. The transient neutron flux distribution is calculated
based on the improved quasi-static method [8]. For the space dependent part, a TWODANT-based
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flux shape calculation scheme has recently been implemented [9]. The decay heat is separately taken
into account. The basic geometric structure of SIMMER-III is a two-dimensional R-Z system,
although optionally an X-Y or a one-dimensional system can also be used.
As the code has been designed to describe all relevant phenomena of severe transients and core
disruptive accidents in liquid metal cooled MA burner reactors, it was natural to extend the code
application to accelerator-driven systems with lead cooling. Some necessary changes were performed,
as e.g. installing an equation of state for lead. Additional work is under way in improving models,
e.g. a refined fuel pin model (established by CEA) has recently been installed. Currently, work is
under way to extend the SIMMER-III code to three space dimensions.
Source implementation into SIMMER-III
The time-dependent multi-group neutron transport equation is solved by employing the
quasi-static scheme [10] (in the following, only one group of delayed neutrons is considered for
simplicity, x denotes a space-angular position, Φ, Q, v, χp, χd are “multi-group” vectors, at steady state
χ = (1 - β)χp + βχd); M and F are operators):
1 ∂Φ
+ M (t )Φ ( x ,t ) = (1 − β)χ p F (t )Φ (x ,t ) + χ d λC ( x ,t ) + Q( x ,t )
v ∂t

(1)

∂C
= βF (t )Φ( x ,t ) − λC ( x ,t )
∂t

(2)

Space-time factorisation:
Φ ( x ,t ) = N (t )ψ( x ,t )

(3)

is employed for each shape step assuming that (the time-independent weighting vector-function W is
defined later):
1
< W ( x ), ψ ( x ,t ) >= γ = const
v

(4)

N(t = 0) = 1.0

(5)

The shape equations (time-dependence is omitted hereafter for N, M, F and all point kinetics
parameters):
1 ∂ψ (x ,t ) 1 dN
1
1
+
ψ (x ,t ) + Mψ ( x ,t )= (1 − β)χ p Fψ1 − β(x ,t ) + χ d λC ( x ,t ) + Q( x ,t )
v ∂t
vN dt
N
N
∂C
= NβF (t )ψ ( x ,t ) − λC ( x ,t )
∂t
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(6)

(7)

are solved relatively seldom (shape steps) compared to the more frequently solved amplitude (point
kinetics) equations:
dN  ρ β eff 
 N + λc + q
= −
dt  Λ Λ 

(8)

∂c β eff
=
− λC ( x ,t )
∂t
Λ

(9)

where the point kinetics parameter ratios (the definitions of the point kinetics parameters may be found
for example in Ref. [10]), effective precursor concentration and source values are:
ρ 1
= < W ( x ),(χF − M )ψ ( x ,t ) >
Λ γ
β eff
Λ

1
< W ( x ), χ d Fψ ( x ,t ) >
γ

(11)

1
< W ( x ), χ d C ( x ,t ) >
γ

(12)

1
< W ( x ),Q (x ,t ) >
γ

(13)

=

c=

(10)

q=

It was shown in Ref. [2] that for a subcritical reactor (with source) the ρ/Λ ratio is “first order”
accurate with respect to shape variations if W is a solution of the α-adjoint equation (where α is an
eigenvalue):
α
*
W (x ) = (χF − M ) W ( x )
v

(14)

A physical reason for choosing such a weighting function is the fact that W [defined by Eq. (14)]
is the space-energy shape of the fundamental α-mode of the neutron importance [11]. For a sufficiently
close-to-criticality level, the weighting function, defined by Eq. (12), will not be too much different
from the “quasi-critical” (or keff) adjoint that is the “standard” SIMMER weighting function for a
“critical” reactor.
Impact of weighting procedures on the point kinetics parameters at steady state
The results of transient simulations presented in Ref. [2] were not considerably influenced by
different weighting procedures. This finding was certainly related to the fact that the subcriticality
levels were not too low; thus the existing standard (keff) and recently proposed (α-) adjoint fluxes were
fairly similar. However, we observed an extreme sensitivity of the existing standard α-search
procedure to the user-provided α-guess and correlated search parameters at low subcriticality levels
(confirming Ref. [12], pp. 7-37, “If EV (the eigenvalue α) is negative, then there is a possibility that
the corrected removal cross-section will become negative. If this happens, the automatic search
procedure may fail dramatically.”).
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Recently the procedure of α-iteration has been made more robust and its application has been
facilitated remarkably. This improvement allows us to analyse in more depth the impact of α-weighting
on the computed kinetics parameters. Some results of these analyses are presented in the following.
In this section we consider the same small sodium-cooled reactor model (with reactor height/
diameter of 158.0/234.4 cm) as was investigated earlier [2] (see Figure 1) with three subcriticality
levels corresponding to the following keff values: 0.992, 0.975 and 0.959. In Table 1, the reactivity
(ρ), mean generation time (Λ), and the ρ/Λ ratio computed with two different weighting functions
(α-adjoint and k-adjoint) are given. In the last column the α-eigenvalues for the corresponding reactor
states are presented (all times are given in seconds). The effective delayed neutron fractions do not
depend
(in this case) upon the weighting scheme; therefore, they are not shown.
Figure 1. Geometry of the Standard Test problem for Neutronics (STN)

Table 1. Kinetics parameters computed with
different weighting functions for the STN problem
keff
0.992
0.975
0.959

ρα (10–3)
-7.72
-24.4
-39.8

ρk·(10–3)
-7.73
-24.5
-41.3

Λα·(10–7)
3.08
3.22
4.58

Λk·(10–7)
3.04
3.09
3.14

ρα/Λα·(104)
-2.51
-7.58
-8.69

ρk/Λk·(104)
-2.54
-7.93
-13.15

α·(104)
-2.60
-7.88
-9.12

The presented data indicate that with decreasing keff, α-weighting influences most significantly
the neutron generation time and the ρ/Λ ratio. This fact is related to the sharp increase of the lower
energy α-adjoint flux (see Figures 2 and 3), especially in the reflector region surrounding the reactor
core while (following the decrease of keff value from 0.992 to 0.959) the fission-to-absorption rate ratio
in the core decreases.
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Figure 2. α-adjoint flux distribution in the STN system mid-plane: keff = 0.992
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Figure 3. α-adjoint flux distribution in the STN system mid-plane, keff = 0.959
500,00
G roup 1 (10 M eV - 3.7 M ev)
G roup 4 (86 keV - 9.1 keV )
100,00

G roup 7 (100 eV - 1e-5 eV )

adjoint flux [-]

50,00

CORE
10,00
5,00

R E FLE C TO R

1,00
0,50

0

20

40

60

80

100

120

radius [cm ]

From the mathematical point of view, this effect is due to significant reduction (or even
approaching a slightly negative value) at subcritical conditions of the “effective” absorption (the sum
of the “real” absorption and negative α/v ratio):
Σ effective _ absorption ,group = Σ absorption ,group −

|α|
v group

(15)

This reduction is particularly pronounced if the cross-sections are small (in the reflectors) and the
neutron velocity is low (i.e. at low energies).
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This phenomenon has also a physical interpretation; in a subcritical system the slow reflector
neutrons may contribute more (compared to a similar critical reactor) to the flux level at a fixed time
point in the future. With decreasing the fission-to-absorption rate ratio within the core, a neutron
(taking into account its progeny if the neutron is observed in the fissile region) may have more chances
“to survive” outside the core (and moving slowly at the same time). Thus, such a neutron may play a
more important role in contributing to “average neutron generation time” and to transient flux
behaviour in the decay mode after switching-off the source.
Let us consider, for example, a sudden interruption of the proton beam leading to an almost
instantaneous vanishing of the source. If one may neglect the delayed neutrons, the asymptotic
“prompt decay” constant α (that is eigenvalue related to the fundamental “spatial” α-mode) should not
be (in the general case) too much different from the ρ/Λ ratio which gives the “point kinetics” decay
constant, see Eq. (8). As one can see in Table 1, the ρ/Λ ratio provided by α-weighting at the lowest
subcriticality level (keff = 0.959) is much closer to the α-eigenvalue. This result confirms our
expectation of the superiority (in this case) of α-weighting; it should, however, be confirmed by
investigating other reactor configurations and by comparing it with the results of other codes and
neutronics models.
The results of Table 1 show that the choice of the weighting procedure may significantly affect
the accuracy of point kinetics models for short (in terms of mean neutron generation time) events by
changing the “fine” time scale (the natural “small” time unit for a transient is mean neutron generation
time). The “coarse” time scale is rather determined by the precursor decay constants. The effect of
different weighting techniques for analysing the transients within these both scales will be investigated
in more detail in the future.
Some preliminary results of beam trip-related transient simulations
Recent implementations of data and models for thorium and lead into the thermal-hydraulics
part of SIMMER made possible transient analyses of the corresponding ADS design proposals.
The important type of transients in an ADS – which is novel compared to conventional reactors – is
related to the possible time-dependent variation of the beam power. Interesting results on this type of
transient have already been found [4,13] usually corresponding to conventional point kinetics models.
We have performed analyses of beam trips for some ADS models with SIMMER. One of the
models – which we use currently – is a relatively small Th/U system (with reactor height/diameter of
186.0/288.4 cm). The keff value is about 0.975. An example of the power vs. time dependence for a
particular kind of beam trip is given in Figure 4; the neutron source strength is constant initially, then
it is rapidly (within 0.1 ms) doubled, then almost shut off (to 1% of the original level) and then
returned (within 0.1 ms) to its initial value. The initial very small deviation of the reactor power just
after the start of the transient is related to a slight imbalance at steady state conditions. The standard
(with keff adjoint flux computed at t = 0) weighting procedure was employed.
Running a space-time kinetics code, we had observed two reactivity jumps (the reactivity
changed by a few per cent) of the same magnitude but different sign at the points of source shut-off
and switching-on to the initial strength. The jumps disappear if shape recalculations during the
transient are omitted (that is effectively the point kinetics scheme). Thus one can assign the observed
effect to prompt shape variations. The full analysis of the case is not yet finished. The preliminary
conclusion is that the inaccuracy in total reactor power variation during change of the beam power – due
to neglecting shape variation-induced reactivity jumps in the point kinetics scheme – is of the order of
a few per cent (in this case). The impact of flux shape variations on the spatial power distribution
remains to be investigated.
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Figure 4. Power trace for a beam trip in a small ADS model
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Verification of neutron kinetics models
The “subcritical” neutronics model implemented in SIMMER requires further verification. Thus,
a comparison with other models and codes on the basis of a jointly established benchmark is intended.
As an option, we are also considering an opportunity to make comparisons for a zero power
reactor model employing SIMMER and the three-dimensional time-dependent nodal transport/diffusion
capability [14,15] of the ERANOS [16] code system. For obvious reasons it would be desirable that
such inter-comparisons be based on the same transient cross-sections. An additional outcome might be
the employment of the recently established interface [17] between ERANOS and the SAS4A code [18]
for preparing the reactivity/power curves for an ADS on a similar (with respect to SIMMER) or
compatible cross-section basis.
Additional efforts have recently been devoted to validate the time-dependent capability of
ERANOS in co-operation with CE Cadarache. As an example of ERANOS results, one can see in
Figure 5 the source switch-off/switch-on (at t = 0.00/0.20) transient in a reactor system with thermal
spectrum (the time-dependent model is based on the static benchmark [19], configuration 1). The results
presented were obtained with the direct option [15] in the diffusion approximation (the quasi-static
option provided similar results).
Expecting that in the near future a 3-D option will become available in an upgraded version of
SIMMER, tests with multiple sources (azimuthal mode excitation) might be foreseen and necessary in
the future.
Conclusions
The current version of the SIMMER-III code includes new source-related neutronics capabilities
and additional thermal-hydraulics options. With the amended neutronics features coupled to an
elaborate accident code, SIMMER-III represents a new and versatile tool for assessing safety issues of
an ADS.
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Figure 5. Relative power trace for a beam trip in a thermal zero power system
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The α-weighting option was made significantly more reliable and user-friendly. The results of
using this option show that it may remarkably improve the accuracy of the point kinetics parameters.
The preliminary analyses of beam transients show that space-time kinetics effects are visible but
have (for the investigated model) no pronounced effect on the total power excursion. These analyses
will be continued. Having available sophisticated spatial kinetics options, the code may be used for
analysing the influence of simpler kinetics models (e.g. point kinetics) on simulating different types of
transients in an ADS.
The calculation results obtained up to now are reasonable and internally consistent. That may not
be sufficient, however, for fully validating the reported new options. Thus, we intend to verify the new
SIMMER neutronics model by comparing it with other models and codes.
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DIMENSIONING PARAMETERS OF OPERATION FOR AN UNDER-CRITICAL CORE:
CONSTRAINTS RELATED TO THE ACCELERATOR

Bruno Bernardin
Commissariat à l’Énergie Atomique, France

Abstract
Like any industry, nuclear industry creates waste that should be managed. Part of this waste presents,
due to its radiological toxicity and long life spans, high potential risks and must be the subject of a
special processing. These are, in particular, minor actinides and certain fission products with long life.
To eliminate these products, incinerating them in a fast neutron flux can be advantageous. This process
could be carried out in a critical fast reactor or with accelerator-driven systems (ADS). The latter,
contrary to the critical reactors, can accept great quantities of waste and are thus the object of renewed
interest. However, the coupling of an accelerator of protons to a reactor produces specific constraints
for the accelerator. In this paper different options for the operation of an accelerator-driven system is
examined, and the specifications to which the accelerator will have to answer are established.
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Introduction
The ADS studied for the transmutation of waste consist of an under critical core, a target of
spallation and an accelerator of protons. Protons accelerated on a high-energy level (> 600 MeV)
produce, through spallation reactions on the nucleus of the target, the neutrons being used to feed the
core. The bodies usable for the spallation target – lead, mercury or tungsten – determine the nature,
solid or liquid, of the target.
In the field of transmutation, the ADS compete with the dedicated critical reactors. The ADS have
a better capacity of incineration but this advantage will have to be compared, eventually, with the
additional cost presented by the accelerator and the target. The use of a level of under criticality,
the lowest possible, generally goes in the direction of a reduction of this additional cost, but it cannot
be fixed a priori. It will result from several iterations between basic options concerning piloting, the
safety and the complete re-assembly of a project.
Intensity of the current of protons
In an ADS, the level of power is controlled by the neutron source and the traditional operations of
control such as starting, plant shutdown, the compensation of the burn-up and, possibly, the load
follow, rest in fact on the adjustment of the intensity of the beam of the accelerator.
The power of the system and the level of under criticality determine the intensity of the current of
protons necessary. The total energy released in the system is the sum of the energy brought by the
beam and the energy produced by fission in the under critical core.
PTot =PBeam + PFiss
I
PBeam = .E P
Q
I
1 k
PFiss = .Z.ϕ* . .
.E F
ν 1− k
Q

with: P
I
Q
Z
ϕ*
ν
k
EF
EP

Thermal power (W)
Current of protons
Load of the proton (1.6.10-19 C)
Number of protons produced by one spallation (# 20 for Pb)
Importance of the source (# 1)
Numbers average neutrons produced by fission (# 2.9)
Effective multiplication factor
Energy released by fission (3.2.10–11 J)
Energy of the protons (J)

The power of the beam is given by the following relation:
PTot
PBeam =
1 k EF
1 + Z.ϕ* . .
.
υ 1 − k EP
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After simplifications and for 1 GeV accelerated protons, the intensity of the beam can be written:
P (MW )
I(mA)= Tot
k
1 + 1.38
1− k

These relations highlight the dependence between the power of the beam and thus, its intensity,
and the physical parameters of the hybrid system which are the level of under criticality through k, and
the total thermal power. The efficiency of spallation Z and the importance of the source, however, are
affected by strong uncertainties, which justify the interest of experimental programmes.
Level of under criticality
The level of under criticality results from a compromise between the need for maintaining the
accelerator in an accessible range of power and the need to have a margin with connection to normal
insertions of reactivity (thermal feedback during cooling of the plant) or accidental (draining or
compacting of the core). For example, between the full power state and cold shutdown, thermal
feedback introduces approximately 1 600 pcm. This means that it will be impossible to consider an
operation at full power with a level of under criticality lower than 1 600 pcm, because the system
would become critical during its shutdown.
The level of under criticality also depends on the choice of the fuel which determines, according
to its enrichment, the potentialities of transmutation but also the loss of reactivity during the cycle.
A preliminary calculation with a mixed oxide fuel, enriched to 40% in transuranium elements,
indicates a loss of reactivity of 20 pcm per day. A loss of reactivity of 2 000 pcm, retained as
acceptable, would authorise one duration of cycle of 100 EFPD, similar to that of PHENIX.
The level of under criticality also influences the distribution of flux and power. To limit the radial
shape factor to an acceptable value of about 1.5, the level of under criticality will not have to exceed
6 000 pcm.
These elements will have to be confirmed for each project but it already appears that the range of
exploitable criticality will be between -2 000 pcm and -6 000 pcm.
Requirements for the intensity of the beam
The assumption of a gas-cooled core is retained. The power increase is carried out in two phases:
•

The isothermal temperature increase which makes it possible to pass from the temperature of
cold shutdown (20°C) to the nominal inlet temperature of coolant (200°C). This phase is
carried out with low power (1-3% PN). Thermal feedback which appears at the time of this
rise in temperature introduces a negative reactivity of about -600 pcm.

•

The power increase to PN during which thermal feedbacks introduce about -1 000 pcm.
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The following tables indicate the currents necessary for powers of 100 MW and 3 000 MW:
•

For the isothermal temperature increase:

keff at nominal P
0.98
0.97
0.96
0.95
0.94
•

P = 100 MW
2.9 µA
7.2 µA
10.2 µA
14.6 µA
17.5 µA
21.9 µA
24.9 µA
29.3 µA
32.3 µA
36.7 µA

keff at zero P
0.996 at 20°C
0.99 at 200°C
0.986 at 20°C
0.98 at 200°C
0.976 at 20°C
0.97 at 200°C
0.966 at 20°C
0.96 at 200°C
0.956 at 20°C
0.95 at 200°C

P = 3 000 MW
87 µA
216 µA
306 µA
438 µA
525 µA
657 µA
747 µA
879 µA
969 µA
1 101 µA

For nominal power operation:
keff at PN
0.98
0.97
0.96
0.95
0.94

P = 100 MW
1.46 mA
2.19 mA
2.93 mA
3.67 mA
4.42 mA

P = 3 000 MW
43.8 mA
65.7 mA
87.9 mA
110.1 mA
132.6 mA

Comments
•

To obtain a keff of 0.98 at nominal power, it is necessary to begin the rise in temperature
starting from a keff of 0.994. Thus a keff of 0.98 constitutes the maximal value possible.

•

The current necessary for the isothermal temperature increase is weak, lower than 1% of the
value at nominal power at the beginning of cycle. Though it varies according to the keff during
the temperature increase and during the cycle, it should nevertheless be possible to retain only
one median value. This level corresponds to the minimal value of current which will have to
deliver the accelerator.

Adjustment of the intensity of the current of protons
For under critical reactors, any modification of the intensity of the neutron source is reflected
instantaneously on the power. In order to limit the thermal shocks that result from this, the maximum
amplitude of the variations of intensity of the source will be limited to 5% of the nominal intensity.
The sequence of these jumps of source to pass from a level of power to another will be then specified
by instructions so as to respect the limiting gradients on the large components (for example 10°C/hour
for the tank). The requirements for adjustment of the beam during the power increase or during the
cycle are identical. However the frequency of the adjustments and the amplitudes considered are
different and could lead to procedures and specific systems of back-up in order to limit the risks of
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inopportune insertion of current. Typically, the power increase will claim a rise of the intensity of the
beam from zero the nominal value in ten hours. The scheduled shutdown proceeds conversely but its
duration can, in general, be reduced to a few hours.
The burn-up will lead to a slow fall of the keff and thus of the power which will have to be brought
back periodically (a few days) to its initial value by an increase in the current of the beam (a few
per cent).
In fact, the mode of adjustment will depend on the aptitude of the accelerator to function in a
wide range of intensity. For an accelerator linac, two operating modes are possible:
•

A continuous mode in which the intensity is regulated at the wanted level, probably requiring,
for coupling with a reactor, the predetermination of a number of points of operation at least
making it possible to cover in a discrete way the range of desired power.

•

A pulsated mode, in which the accelerator delivers a train of pulses of weak duration and
constant amplitude corresponding to the maximum intensity of the beam. The frequency of
pulses must be sufficiently high compared to the thermal time-constants of fuel and the
components (typically 50 to 1 000 Hz). The adjustment of the useful cyclic ratio makes it
possible in theory to adjust the average intensity of the beam between zero and the maximum
value. Another possibility would consist of producing pulses of fixed duration but of variable
periodicity.

The pulsated mode appears more adapted to the continuously variable adjustment of the power
which presents a significant attraction for control. If that appears advantageous concerning realisation,
piloting or safety, a combination of the two modes could be possibly proposed.

Constant frequency
Width modulation

Constant width
Frequency modulation

Continuous current
Amplitude modulation

Currently, none of the two operating modes has a decisive advantage. The difficulty in conceiving
a continuous, adjustable beam by stage in a broad range of intensity and with an acceptable output, is
opposed to the penalising consequences related to the use of a beam pulsated, in particular the
problems of mechanical and thermal stress on materials and fuel.
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Stability of the beam and precision
Adjusted in a continuous way with a beam pulsated or by levels of 5% with a continuous beam,
the precision on the level reached must be at least equal to 1%. This includes the slow drifts and the
fluctuations. There are no constraints on the spectral characteristics of the fluctuations as long as their
amplitude is limited to this value.
Measurement of reactivity
Although the parameter of piloting is the intensity of the beam, the principal parameter of control
of piloting will be the neutron power and a constant knowledge of the level of under criticality will be
necessary.
In the traditional reactors, the measurement of the reactivity always refers to the critical state
directly or indirectly. Indeed:
•

Either the measurement is carried out in the vicinity of the critical state and the fact is used
that the inherent source, badly known, can be neglected in this situation during the inversions
of the equations of the kinetics.

•

Or the measurement is carried out in an under critical state and one uses methods based on the
source multiplication. One eliminates the source term, difficult to reach, by comparing the
configuration to be evaluated with a configuration of reference which, generally, is related to
the knowledge of a critical state.

In an under critical system, the methods based on source multiplication cannot be used, because
the experimental determination of a standard of reactivity is not possible. The method suggested to
evaluate the reactivity uses the measurement of the time constants of the evolution of the neutron
population during transients of source. The transients of sources can be inherent in the operation of a
pulsated accelerator, or be added to the request during measurement, in the case of a continuous beam.
A good approximation of the equation giving the evolution of the neutron population at the time
of a transient of source is the following:
λρ

ρ −β
.t
.t
ρ
β
n ( t )= n 0 .
.e β−ρ − n 0 .
.e Λ
β−ρ
β−ρ

with: n(t) Number of neutrons in the core
n0 Number of neutrons before the transient
β Delayed neutron fraction
ρ Level of under criticality (to be measured)
λ Decay constant of precursors
Λ Prompt neutron lifetime
The second term represents the evolution of the prompt neutrons and diminishes in a very short
time. The first term corresponds to the evolution of the precursors of delayed neutrons and remains
almost constant between two pulses because of the frequencies considered (50 to 1 000 Hz).
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The measurement of the neutron population between two pulses thus gives the number of
neutrons due to the precursors and allows to evaluate the reactivity. To obtain a sufficient precision
this evaluation will result from an average carried out on a great number of measurements.
n0

n0 .

β
β−ρ

Conclusion
Coupling of a reactor and an accelerator lead to a new system whose operation and piloting have
specificities. A significant point relates to the role of thermal feedbacks which prohibit an operation on
a low level of under criticality. In this configuration, the control of the power by the reactivity is not
possible and must be carried out by the source. This implies increased or new requirements in terms of
beam reliability, level of stability and capacity of adjustment over a broad range.
Determining choices like, for example, the operating mode of the accelerator, pulsated or
continuous, do not depend only on the technological degree of maturity reached in these fields but also
on the constraints related to other elements such as fuel, the nature of the target or the measuring
equipment of the reactivity. These choices can be made only at the end of work of R&D related to the
entire system. While waiting for the elements allowing the realisation of these choices, the various
options which appear reasonable today will have to be studied.
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ADS PERFORMANCE FROM THE SAFETY AND RELIABILITY PERSPECTIVE

Augusto Gandini
Commissariat à l’Énergie Atomique
DRN/CE Cadarache

Abstract
In the past ADS systems have been extensively studied for their presumed ability to drastically reduce,
if not eliminate, the possibility of serious accidents, as compared to critical ones. Their incineration
capabilities are also claimed superior with respect to MA and LLFP. In this paper an attempt is made
to summarise and comment various aspects regarding the performance of these systems from the safety
and reliability points of view. Attention is focused on three main ADS concepts: 1) that corresponding
to a solid fuel, lead-bismuth cooled fast reactor, with a keff in the range 0.94-0.98; we may view it as
the ADS version of a lead-bismuth (rather than NA) cooled IFR system; b) the molten salt reactor;
c) the high temperature gas-cooled reactor.
General evaluations of ADS vs. critical counterparts and of accelerator performance are made first,
followed by a discussion on the extension to ADS of the Wade’s reactivity balance approach.
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Introduction
In the past ADS systems have been extensively studied for their presumed ability to drastically
reduce, if not eliminate, the possibility of serious accidents, as compared to critical ones. Their
incineration capabilities are also claimed superior with respect to MA and LLFP.
In this paper an attempt is made to summarise and comment various aspects regarding the
performance of these systems from the safety and reliability points of view. The attention is focused
on three main ADS concepts:
•

That corresponding to a solid fuel, lead-bismuth cooled fast reactor, with a keff range 0.94-0.98.
We may view it as the ADS version of a lead-bismuth (rather than NA) cooled IFR system.

•

The molten salt reactor.

•

The high temperature gas-cooled reactor.

General evaluations of ADS vs. critical counterparts and of accelerator performance are made
first, followed by a discussion on the extension to ADS of the Wade’s reactivity balance approach.
ADS vs. critical systems
Let us first consider a critical reactor (energy producer and/or incinerator) with a given fuel
mixture of Pu and MA. The fuel of an ADS counterpart, at a given subcriticality level, would then
consist of a similar mixture, in which the Pu fraction could be:
•

Maintained the same as in the critical system, so that some absorbing material might be added
(e.g. long-lived FP such as 99Te and 129I), consistently with the assigned subcriticality.

•

Just reduced, so to achieve the assigned subcriticality. Since, for achieving the same power,
the neutron flux level would have to be enhanced to compensate the reduced fissile material
content, a higher burning rate of MA would follow.

An intermediate option could also be chosen. In all cases, there would be extra neutrons available
for incinerating MA or/and long-lived FP. The corresponding critical system would not then have, as
an incinerator, the same efficiency.
The use of ADS in place of critical reactors introduces of course additional costs, connected, in
particular, with the accelerator-related capital, operation and maintenance, in addition to the plant
efficiency penalty. The main advantage of ADS with respect to critical systems appears to be related
to safety considerations. In this respect two main arguments are advanced:
•

ADS systems would allow, in principle, to avoid using control elements for reactor operation
and reactivity compensation during burn-up, leading to the exclusion of the reactivity accident
following an inadvertent control rod extraction (there are ADS proposals, however, in which
control elements are introduced to allow an accelerator operation at constant beam power).

•

The distance from criticality conditions plays the role of an extra amount of delayed neutrons.
This property, in particular, allows to consider them the best candidates as incinerators of
minor actinides, in consideration of the relatively small delayed neutron fraction associated
with these elements.
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To the first argument we may object that for an ADS we would have to take into account the
specific accident of an inadvertent insertion of all the reserve current, relatively large at BOL, cold
condition, and the problem of a LOF, or a LOHS accident without current interruption.
The second argument seems the stronger one. An adequate subcriticality level would assure, in
fact, a “safe” distance of the fundamental mode multiplication coefficient from prompt criticality
condition.
With regard to the possible introduction of control rods for the reactivity follow-up, we should
consider that this would imply, to assure a comparable level of safety, increasing the degree of
subcriticality so as to ensure that an accidental control rod extraction would not bring the system
multiplication coefficient beyond a prescribed level. This in turn would require a more intense proton
current and then a further cost penalisation.
In conclusion, for the same level of safety, it appears more efficient to use the sole current control
mode to ensure the necessary reactivity adjustments during reactor operation and burn-up.
Accelerators
The accelerators considered for driving ADS systems belong to two broad categories: linacs and
cyclotrons. Cyclotrons are limited to beam power intensities of the order of 10 MW (for proton energy
of 1 GeV, corresponding to currents of the order of 10 mA), whereas linacs may achieve beam power
intensities higher by one order of magnitude.
High power accelerator technology has been improving continuously over the past decades, and
has been developed into relatively efficient research, industrial and military-oriented tools.
Linacs
Superconducting cavity (SCC) linacs are generally considered as ADS neutron source drivers for
beam powers up to values of the order of 100 MW.
A vast experience with these systems exists in Europe and the United States. At LANL [1], in an
accelerator ADS burner cluster configuration design, two high-gradient (resulting in more compact
devices ~200 m full length) SC linacs are considered, each of 45 MW beam power, to feed a total of
eight 840 MWt ADS (PRISM like) subdivided into two clusters. Each cluster of four units is fed
by one linac, the power of which is distributed equally to them using radio frequency (RF) splitters.
This configuration was suggested for overcoming (at least partially) the event of a serious current
interruption (determining the shut down of four ADS units) in one of the two linacs. If such an event
should occur, in fact, the four (split) beam lines of the operating linac would be further split so to
equally supply a (halved) beam to all eight units.
Such a configuration evidently inhibits the possibility of controlling each of the eight units
(for operation and burn-up compensation) through the regulation of the accelerator current. Instead, it
implies the full use of control rods, thus excluding one of the main advantages claimed for ADS
systems.
The use of SC linacs seems to pose some challenging problems [2]. The highly sophisticated
superconducting RF technology would require, in fact, heavy infrastructure and highly skilled personnel
for production and maintenance. Even minor repairs can become quite time consuming. Fast repair,
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especially of activated material, is certainly difficult with techniques presently available; the decay
time of activated Nb (the metallic element used as a superconductor) is of the order of one month, as
compared to 13 hours for Cu in NC linacs.
Cyclotrons
Detailed studies indicate that the construction of a 1 GeV isochronous cyclotron with an intensity
of up to 10 mA is entirely feasible. Studies at the Paul Scherrer Institute (PSI), where a considerable
experience has been built on their 590 MeV SINQ accelerator, have led to its routine operation at a
current level of around 1.5 mA. This is quite adequate for a class of ADS fast systems up to powers of
the order of 800 MWt (assuming a multiplication coefficient of 0.96 and a PbBi target). The choice of
a cyclotron for ADS systems up to these powers seems optimal, considering that the cost of cyclotrons,
due to their compactness, is significantly lower than that of linacs.
If ADS plants with powers of the order of 1 GWt or larger are considered, or if one single
accelerator is assumed feeding a cluster of relatively small ADS modules, as in the recent proposal by
LANL, linac accelerators should be adopted.
With respect to linacs, cyclotrons have a much more compact structure with a much smaller
number of components. They thus offer an attractive possibility for beam powers up to 10 MW.
The same arguments mentioned for the linacs as far as operability and maintenance relevant to the
superconductivity RF would apply here.
Maintenance and reliability problems
Both linacs and cyclotrons pose maintenance and reliability problems. On one hand those related
to the superconductivity, as mentioned earlier, and on the other those related to current interruptions, a
phenomenon neglected when the use of these machines did not demand for continuous, reliable
operation.
Since it is very probable that this issue, even if reduced, would persist, a controversy remains
regarding the definition of the different limits above which an interruption interval is to be considered
negligible, tolerable or serious. In the LANL design mentioned earlier (that with a linac/ADS
interconnected cluster configuration), it has been determined that:
•

Interruptions of a few seconds are tolerable but produce thermal shocks.

•

Interruptions of few minutes require beam ramp-up over similar times, and cause degradation
of ADS cooling equipment.

•

Beam interruptions longer than 10 minutes require a re-start time of larger than one hour.

Since their linac/ADS cluster configuration has been devised to alleviate this major problem, we
infer that interruptions of the order of up to 10 seconds are considered likely even in their future
accelerator designs.
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Beam interruptions represent then a persisting serious problem for designs not foreseeing
clustered ADS configurations. Intense research efforts in this field are underway, considering that
beam trips causing ADS restart should occur, according to present regulations, less than once per year.
Recently, an approach has been suggested [3], coupling the pulsed and multi-accelerator
approach, in which a number (n) of accelerators feed a number (m) of subcritical assemblies. Merging
beams into a common injection line can be achieved by fast pulse kickers. The pulses from each
accelerator would be split equally among all driven facilities. If the pulse repetition rate of each
accelerator is up to a few hundred per second, a trip in any one accelerator would affect all ADS, but
at a level of only 1/n relative to the effect a trip would have if only a single accelerator were used.
In this way the amplitudes of the thermal cycles could be reduced to a level below the endurance limit
of the structures.
It seems that the above solution would allow a suitable pulse management which would permit
individual beam current regulation of each single ADS module.
Reactivity feedbacks
Reactivity feedbacks play a major role in safety. A simple, efficient approach for estimating the
role which these coefficients may play in various types of accidents in critical systems was proposed
by Wade [4] in relation to the IFR analysis and based on the reactivity (ρ) balance (at asymptotic,
equilibrium conditions):
P 
ρ = (P − 1)A +  − 1B + δTin C + δρ ext = 0
F 

(1)

where P and F are the power and coolant flow (normalised to unity at operating conditions), δTin is the
change from normal coolant inlet temperature Tin, C is the inlet temperature reactivity coefficient,
(A + B) is the reactivity coefficient experienced in going to full power and flow from zero power
isothermal at coolant inlet temperature, B is the power/flow reactivity coefficient and δρext is an
external reactivity insertion.
For ADS systems, the following balance equation should be, instead, considered [5]:
P[ρ − (P − 1)A − (P / F − 1)B − δTin C − δρ ext ] − ρ (1 +

δi
)=0
i

(2)

δi
, i.e. the fractional
i
δs
change of the accelerator current, in place of the fractional change of the neutron source density n .
sn

where ρ (= 1-keff) represents the subcriticality level and where we have set

It is interesting to define a similar reactivity balance equation for an ADS in which the accelerator
current is fed by the same electricity generated by the plant [6]. In this case the neutron source may be
defined by sn = ξnoηPo, where Po is the power at nominal conditions (equal to unity following the
above normalisation, and corresponding to neutron density no), η is the fraction of this power needed
to feed the accelerator proton current i, while ξ is the amount of source neutrons (in no units) produced
per feed energy unit.
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To help minimise deviations from nominal power level, a self-regulating mechanism, playing the
role of a negative feedback, is also considered. The neutron source is then given by the expression:
s n (t) = n o ξη [1 − γ o (P(t − t SP ) − Po )] P(t − t SP )

(3)

where γo is an assigned positive coefficient, while tSP is the time delay needed for the transformation of
fission energy into proton current.
At steady state, nominal conditions, a homogeneous, “critical equation” (in a simplified point
representation) may be written as:
−

ρ
Po + ξηf b Po = 0
l

(4)

The term ξηfbPo here plays the role of a delayed neutron fraction, 1/tSP playing that of the
corresponding time constant.
After a power transient produced by an accidental event, implying generally changes
(ρext + δρfeedbacks) of the reactivity, and/or δη of the coupling parameter η (in case of malfunctioning of
the coupling mechanism), an equilibrium condition is generally reached at which the new power level
P is governed by the equation:

{

}

− ρ + ρ feedbacks + ρ ext
P + ξ(η + δη) [1 − γ o (P − 1)] P = 0
l

(5)

The expression corresponding to Eq. (1), in this case, can be written as:
P 
(P − 1)A +  − 1 B + δTin C + δρ ext + lξδη − γ o (ρ + lξδη)(P − 1) = 0
F 

(6)

In transients in which δη = 0, as is the case of loss of flow (LOF-WS), loss of heat sink
(LOHS-WS), and reactivity-insertion (TOP-WS) events without shut-off of the proton current, the
behaviour of an ACS system will be similar to that of a critical one in analogous circumstances (in this
case without control rod intervention), with an added (negative) feedback, if γ ≠ 0.
An important quantity to be analysed is the coolant output temperature Tout. If by ∆Tc we denote
the coolant temperature rise at nominal full power/flow ratio, the coolant outlet temperature change
δTout is defined by the expression:
P
δTout = δTin + ( − 1)∆Tc
F

(7)

Loss of heat sink without current shut-off (LOHS)
In this case the inlet temperature Tin increases while the coolant flow remains constant. A dynamic
study should be done to analyse the heat balance evolution. However, some qualitative considerations
can be made. For an ADS it can be shown that in this case the power is sustained down to a lower
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limit proportional to ρ . The integrated energy, if not adequately absorbed by the system heat capacity,
may lead to unacceptable temperature levels [5]. On the contrary, for an ACS the expressions for δTin
and δTout are given by:
A+B 
δTout = δTin − ∆Tc = 
− 1∆Tc
∆
C
T
c



(8)

This indicates a clear advantage of an ACS with respect to a corresponding ADS system.
Transient of over-power by current insertion (TOC)
For an ADS a TOC-WS event (analogous to the TOP-WS event of a critical system) may be
defined as a current increase (∆iTOC for an ADS and ∆ηTOC for an ACS). This change may correspond,
for instance, to the current reserve for compensating reactivity loss with burn-up. The coolant flow F
remains unchanged.
Short term (Tin unchanged)
For an ADS, assuming that ∆i TOC / i is a small quantity with respect to unity, we obtain [5]:
δTout = −

∆ρ TOC
∆Tc
(A + B) − ρ

(9)

Given a reactivity margin (∆ρTOC) to be accommodated as a current reserve, a large value
(in absolute terms) of the sum (A + B) would be desirable. In this respect, the subcriticality condition
also significantly helps.
For an ACS, we obtain, replacing lξ∆ηTOC with ∆ρTOC:
δTout = −

∆ρ TOC
∆Tc
A + B − γoρ

(10)

i.e. as in a corresponding critical reactor, with the added (negative) term − γ ρ as the denominator at
the right-hand side. Since we may well assume that γ o ρ < ρ , there is some advantage for the ADS in
this respect.
Long term (P → 1)
δTin gradually rises until an adequate subcriticality is reached. It is, as for ADS [5]:
δTout (≡ δTin ) = −
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∆ρ TOC
C

(11)

Loss of flow without current shut-off (LOFWS)
With this event the inlet temperature Tin is assumed to remain unchanged while the coolant flow
will coast down to natural circulation. A dynamic study should also be done here to analyse the heat
balance evolution. However, some qualitative considerations can be made. In this case in an ADS the
power is sustained down to a lower limit. As with the LOHS-WS case, the integrated energy, if not
adequately absorbed via natural circulation, may lead to unacceptable temperature levels. At short
range, the problem associated with the pump coast-down time (τ) is aggravated for an ADS with
respect to an IFR by the presence of the persistent external source which may be viewed as an
amplification of the delayed neutron holdback problem [5]. For an ACS, it results:
Tout =

B(FNC − 1)
∆Tc
B + FNC (A − γ o ρ )

(11)

This also indicates a clear advantage of an ACS with respect to a corresponding ADS system.
Application
As an example of application of the power balance approach described above, we give in the
following the results of a previous study [6] relevant to ADS systems corresponding to the Russian
lead-cooled fast reactor BREST [7]. The reactivity effects and other relevant characteristics are the
same as those used in Ref. [5]. The results are shown in Tables 1 and 2. Transient of current (TOC)
events in which the accelerator produces the maximum (reserve) proton current instantly are
considered in terms equivalent to TOP events. From the results and expressions given above, we may
conclude that:
1) In ACS systems a large negative power coefficient (A + B − γ o ρ ) would be required for
reducing the consequences of TOC (transients of current), whereas, inversely, a small one
(A + B) would be needed for limiting the consequences of LOHS-WS events. Besides, a large
negative value (A − γ o ρ ) is useful to limit the consequences of LOF-WS events. A trade-off
between these contradictory requirements needs to be found. The availability of an extra
negative feedback − γ o ρ might be quite useful under this respect.
2) In case of LOHS-WS and LOF-WS events, the outlet temperature in ADS may reach
unacceptable values, whereas in an ACS systems, as in a critical ones, it can be maintained
within safe limits.
3) A small current reserve is desirable (so that δηTOC is small), to reduce the consequences of TOC
accidents (at short and long term) in an ACS, as well as in ADS systems. This may be achieved
(in a system assumed without reactor life control elements) by compensating the burn-up
criticality swing by an adequate internal conversion ratio and burnable neutron poisoning.
4) For all events considered, the ACS seem to performs like or better than a corresponding
critical system (in particular retaining its property of reaching acceptable outlet coolant
temperatures values in case of TOP-WS and LOHS-WS events), at the same time maintaining
all the advantages of a subcritical system, from the point of view of safety (essentially due to
a significantly large distance of keff from prompt criticality) and of incineration performance
(due to the additional neutrons available for this purpose).

360

Table 1
TOP or TOC-WS equiv.
TOP or TOC-WS equiv.
(asym.)
(∆ρTOC, ∆ρ = 2β eff) at short/interm.
ADS
ACS
Critical reactor ADS and ACS
Critical reactor
As
the
critical
P
=
3.2
P≈1
P≈1
ρ = 10βeff
reactor, if γo = 0 Tout = 800°C
Tout = 945°C
Tout = 945°C
P = 1.18
Tout = 560°C
Table 2
LOHS-WS asymptotic parameters
LOF-WS (FNC = 0.15F0, P0/F0 = 1)
Critical
Critical
ADS
ACS
ADS
ACS
reactor
reactor
P
=
0.48
Like
critical
ρ
:
All
values
P
→
=
0
P → Pres
ρ = 10βeff:
Tout = 800°C
Tout = 610°C P = 0.93
No equilibrium Tout reactor, if
like critical
γo = 0
Tout > 1 000°C
=
0
reactor,
if
γ
o
Tout = 1 165°C

Different ADS concepts
In principle, any reactor design, reconfigured for source-driven subcritical operation, is a viable
option for consideration as the sub-critical blanket/burner for an ADS system. Below, we briefly
describe three different possible candidates.
IFR-like ADS
The majority of ADS designs studied so far may be viewed as IFR-like systems. The coolant
generally considered is Pb-Bi eutectic (LBE). Nuclear reactor systems cooled by LBE are subject to a
number of serious problems, namely:
•

Corrosion, erosion and mass transfer.

•

Radioactive safety problem, particularly due to the α-active Po produced with the reaction:
Bi209(n,γ)Bi210 → Po210 (its half-life of 138 days poses an operational, rather than a waste
concern).

•

Freezing/de-freezing problems.

•

Thermohydrodynamic problems.

•

Environmental concerns, since lead and bismuth are heavy metals requiring adequate
separation from the environment. When irradiated, they represent a “mixed” waste which
further complicates disposal.
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On the other hand, LBE as coolant has a number of advantages, among which, relative to Na:
•

The impossibility of explosion and fire at interaction with air, water and vapour, due to the
low chemical lead and bismuth activity.

•

The impossibility of the coolant boiling out, due to the high boiling point of Pb-Bi (1 670°C).

•

Its enhanced ability (with respect to sodium) of transmuting long-lived fission products, such
as 99Tc, in case this is a strategy to be adopted.

•

Superior properties for natural convection cooling.

•

The possibility of increased efficiency, due to the ability of liquid Pb-Bi to support higher
thermal efficiencies due to the high boiling temperature (temperature limits associated with
the corrosion issue may however limit its operating value).

•

Transport cross-section of Pb ~2-3 times larger than that for Na, (although its capture
cross-section is ~5-10 times larger than that, relatively small, of Na). Besides, the Pb atom
density is 40% higher than for Na. As a consequence, the economics in presence of the Pb
coolant is better: lower fissile loading which in turn entails higher breeding and,
consequently, smaller reactivity swing.

•

Retention of most actinides and fission products if released into the coolant.

Molten salt systems
In the molten salt option, fuel and coolant are obviously the same medium. A reactor using a
molten salt mixture of uranium, thorium, beryllium and lithium fluorides has worked with success for
several years in Oak Ridge.
The major advantage of molten salts is the great flexibility for the insertion of MA and LLFP,
together with the capability of accommodating very high burn-ups. As molten salts, one can envisage
chlorides or fluorides. In the first case, operating temperatures are reasonably low (600-700°C), but
chlorides have some adverse properties, such as corrosion (particularly with respect to steel). In the
second case, operating temperatures would be higher, but fluorides seem more stable. In any case, use
of molten salts would require a very lengthy R&D effort, due to larger unknowns associated with
material selection, operation and general engineering approach to design, construction and licensing.
In a recent study a new molten salt reactor concept, TASSE [8], Th-U and/or U-Pu fuelled, is
proposed. With this concept, during a foreseeable expanding phase of nuclear plants, a once-through
feed and bleed process is considered, so that, within a doubling time of a few decades, an equilibrium
mass, inclusive of fuel and (degraded) FP, would be obtained, sufficient do start a new plant.
One main advantage of this concept is that of removing the need of fuel reprocessing during a
first, presumably nuclear energy expansion phase. Finally, when the conditions for reducing the
nuclear plant expansion would be reached, advanced reprocessing techniques (likely to be developed
at that time, and very probably based on pyrometallurgy) would be adopted.
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Other important features of a TASSE concept are the operation at a quasi-maximum reactivity
configuration, the possibility of reactivity accidents being then deterministically excluded and the
relative insensitivity with respect to beam current interruptions.
High temperature gas-cooled systems
High temperature gas-cooled systems use helium as coolant, whereas the fuel elements contain
coated particles embedded in a graphite matrix. In the German HTGR (modular) design [9], fuel
spheres, each six centimetres in diameter, form a “pebble bed”, whereas prismatic blocks are favoured
in the USA (General Atomics [10]). Reactivity control can be enhanced by adding burnable poisons or
fertile material to the fuel element. The addition of these materials will reduce the anticipated rapid
drop in reactivity, and lengthen the cycle time.
The particle form would offer a high-integrity final disposal option requiring no additional
processing. In this case, the particles would be encapsulated in a graphite matrix in a container which
can then be placed in a suitable repository.
The particle nature of the fuel offers the potential for on-line refuelling, similar to that employed
in the German PBR, which provides additional flexibility for reactivity control. The significant
improvement of large gas turbine generators developed over the last decade is now reviving a great
amount of interest in these systems.
Since this fuel is assumed to be practically un-processable, with the design concepts so far
proposed the problem remains of an important fraction of MA (and LLFP) requiring to be transported
and buried in remote, deep repositories. A way out of this difficulty could be that of considering a
pebble bed ADS system in which a TASSE-like once-through feed and bleed concept is applied.
The fuel pebbles should be sorted out randomly (i.e. with a random burn-up level), so that in the long
run, during a likely expanding phase, an equilibrium condition would be reached. After a few decades
doubling time, a sufficient mass of pebble fuel would be accumulated to start a new reactor.
As mentioned before, the PBR as well as the MSR systems have the desirable property of
maintaining the multiplication factor constant during their life. Small operation changes could be
obtained by proper power adjustments of the accelerator current or/and of the coolant pump,
exploiting the large (negative) temperature coefficients which characterise such systems. An important
feature of the PBR design is its operation at very high temperatures (about 850°), which allows on the
one hand to reach very high thermal efficiencies (of the order of 50%), and on the other hand to also
consider this system for the production of process heat.
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IMPACT OF THE LANSCE ACCELERATOR BEAM TRIPS
ON PILOT MOLTEN LEAD-BISMUTH TARGET DESIGN

E. Yefimov, M. Leonchuk, E. Pylchenkov,
Z. Sivak, S. Grishakov, A. Lamkov
State Scientific Centre of Russian Federation
Institute of Physics and Power Engineering
249020 Obninsk, Russia

Abstract
Time behaviour of temperature and stresses in the window caused by the beam impulse structure and
beam trips on the LANSCE accelerator was calculated. Changes of the coolant temperatures in the
target circuit and thermocyclic loads on the circuit components were estimated under the beam trips.
To mitigate thermocyclic loads on the walls of the target outlet pipe a special screen was placed inside
the pipe.
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Introduction
Over the course of a pilot molten lead-bismuth target design for the LANSCE accelerator
conditions being carried out in Russia in the framework of ISTC Project #559 a number of issues were
studied that relate to the fine impulse structure of proton beam and beam trips (spontaneous decrease
of beam power up to zero with its consequent restoration).
Using comparatively simple models, non-stationary temperature and stress fields were calculated
in the window after beam switching on and off taking beam impulse structure into consideration.
In addition to temperature change of the coolant and thermocyclic loads on the target circuit,
components under beam trips were considered. The most strained elements are the window, outlet
branch pipe of the target and inlet branch pipe of the heat exchanger.
Some characteristics of the LANSCE accelerator beam
The beam on rated power of 1 MW is a series of trapezoidal impulses of approximately the
following form:
τ1

τ2

I
τ
τ0

τ = 0.650 mS

τ0 = 10 ms (frequency 100 Hz)

τ1 = τ2 = 0.025 ms

I = 20 mA

I = I0⋅τ0/(τ-(τ1 + τ2)/2) mA

I0 = 1.25 mA

In order to estimate some characteristics of beam trips (frequency, amplitude, length of power
interruption) statistical data on the LANCE accelerator operation in March-July 1997 were analysed.
These data are representing the beam current in steps of 69 s. Some conclusions from this analysis:
•

Mean frequency of power interruption on all power levels – 1.3 h–1.

•

Frequency of interruptions with beam current changes (amplitudes):
800 mA and more
700-500 mA
500-300 mA
300 and less

•

-0.24 h–1 (18.7%)
-0.34 h–1 (26.3%)
-0.33 h–1 (24.8%)
-0.39 h–1 (30.2%)

The share of interruptions with length:
69 sec and less
69 sec-10 min
10 min and more

-74%
-19%
-7%
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On the basis of this analysis the following model of the target circuit operation under the
LANSCE accelerator beam was proposed for design substantiation:
Beam current
(mA)
1.25
1.0
0.75
0.50
0.25

The time of operation
(month)
0.1
7.0
0.25
0.25
0.25

The number of beam trips (interruption)
with length 1 min and more
100
6 510
230
230
230

Thus 90% of the operation time beam current is 1 mA (80% of rated power). The total irradiation
is 7.5 mA months. It is assumed that in any interruption beam current decreases to zero (conservative
approach).
Temperature and stresses in the window
Dynamic effect in the window caused by beam impulse structure and beam trips were calculated
in a 1-D model where the window was considered as a sphere with a diameter of 80 mm and a wall
thickness of 1.5 mm surrounded by the coolant [1].
Non-stationary temperature fields T(r,τ) are determined by solution of 1-D energy equation.

1 ∂
∂T
∂T
+ q v (r , τ)
(1)
λr 2
= 2
∂r
∂τ r ∂r
∂T
= 0 on inner surface r = R1 and boundary conditions of
with boundary conditions of heat isolation
∂r
∂T
heat exchange λ
= α(T − Θ ) with liquid of temperature Θ on external surface r = R2, where qv(r,τ)
∂r
is the energy deposition density, λ is the heat conductivity of the window and α is the convective heat
transfer coefficient.
ρCp

Stress components σr, σθ = σϕ, deformation components εr, εθ, εϕ and displacement u are
described by moment equation:
∂σ r 2
∂ 2u
+ (σ r − σ θ ) = ρ 2
∂r
∂τ
r

continuity equations:
ε=

u
∂u
; εθ = εϕ =
r
∂r
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(2)

and state equation in assumption of ideal elasticity of the window:
εr =

1
(σ r − 2νσ θ )
E

εθ = εϕ =

1
[σ θ (1 − ν ) + νσ r ]
E

(3)

where ρ is the density and E, ν are elasticity characteristics.
Eqs. (1-3) were solved numerically using the finite difference method. Some results of the
calculations are presented in Figures 1-4.
After beam switching on rated power a quasi-stationary level of temperature in the window is
reached in 3-4 sec (Figure 1). In quasi-stationary conditions oscillation of the temperature is observed
with an amplitude of approximately 1% nominal value. After passing one impulse temperature of the
window increases by 4°C.
Temperature and stress changes after beam interruption for 0.1 and 1.0 sec are presented in
Figure 2.
In Figures 3 and 4 behaviour of temperature and stresses is presented after beam switching on in
the model that used results of DUPT calculation for heat exchange on external surface instead of
∂T
= α(T − θ) with constant θ. Results obtained differ to some extent from the
boundary condition λ
∂r
corresponding results of Figure 1.
In particular, stress oscillation takes place, though the general picture is the same. The fine
structure of temperature and stresses behaviour just after beam insertion is shown in Figure 3.
On the whole these investigations demonstrated that dynamic impact of impulse structure of the
LANSCE accelerator beam on the window is weak and accelerator operation at a constant level of
power can be considered as quasi-stationary operation with continuous current.
Calculation of stresses in the window in more complicated models with descriptions of real
geometry and temperature changes in the coolant revealed that beam trips are a rather essential factor
that influence the window reliability, aggravated also by degradation of its elastic properties because
of radiation damage.
Temperature change in the target circuit under beam trips
Investigations of temperature changes of the coolant in the target circuit and the water in the heat
exchanger were carried out for transient and emergency processes, including beam trips. A special
dynamic code was developed.
In Figure 5, time behaviour of temperature in some points of the target circuit is presented for a
beam interruption of 10 s-length. (Tin heatex, Tout heatex – inlet and outlet temperature of the coolant in the
heat exchanger, Tin target, Tout target – inlet and outlet temperature of the coolant in the target, Tw in heatex,
Tw out heatex – inlet and outlet temperature of the water in the heat exchanger, respectively).
One can see that outlet temperature of the coolant in the target decreases about 100°C in 3 sec
after beam switching off.
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This means that thermal inertia of the circuit is low and in order to avoid the coolant solidification
in the circuit under beam trips the inlet temperature of cooling water in the secondary circuit should be
higher than coolant melting point (125°C for lead-bismuth). For the case considered this temperature
is 150°C.
Thermocyclic loads on outlet branch pipe of the target
Fast changes of temperature in the outlet branch pipe of the target under beam trips cause
thermocyclic loads (heat blows) on the circuit components. The most strained places are near welding
sows joining outlet branch pipe to the target body. We have “hot tongue” with temperatures of the
coolant ∼400°C near centreline of the target that can touch outlet pipe walls and thus result in
temperature pulsation during coolant mixing and additional loads.
To mitigate consequences of heat blows and temperature pulsation under beam trips a special
screen was arranged in the outlet branch pipe of the target. These screens decrease temperature
gradients and pulsation amplitude and thermocycle loads on strained elements in the area of outlet
branch pipe.
Conclusion
Analysis performed of impact of the LANSCE accelerator beam trips on pilot molten
lead-bismuth target design with consideration of beam impulse structure allows to make the following
conclusions:
•

Dynamic effects of impulse structure of the beam in the window estimated in the frame of
comparatively simple model are weak and accelerator operation on constant power level can
be considered as quasi-stationary operation with continuous current.

•

Beam trips are rather essential factors that influence the window reliability because of
thermocyclic loads under radiation damage effects.

•

Under beam trips the temperature of cooling water in the secondary circuit should be higher
than the coolant melting point to exclude coolant solidification.

•

To mitigate thermocyclic loads caused by beam trips on the walls of the target, a special
screen was designed and placed inside of the outlet branch pipe.
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Figure 1. Time behaviour of temperature and stress on the window
surface after switching on the accelerator: a) initial period, b) up to 3.2 sec
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Figure 2. Temperature and stress time behaviour under beam disappearance: a) single and
three-multiple beam disappearance (∆τ = 0.1 sec), b) single beam disappearance (∆τ = 1 sec)
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Figure 3. Time behaviour of temperature and stress at the surface
of the target window at the beginning of the process of accelerator start
(the temperature of the flow near the window surface is calculated by DUPT code)
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Figure 4. Time behaviour of temperature and stress at the surface of the target window
(the temperature of the flow near the window surface is calculated by the DUPT code)
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Figure 5. Time behaviour of temperature in some points of target circuit
under the nominal operation in the event of the beam interruption for 10 seconds
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AVAILABILITY AND RELIABILITY OF THE TRISPAL PROJECT
ACCELERATOR AND THEIR INCIDENCE ON TARGET OPERATION

Serge Joly, Alain Joubert and Michel Promé
Commissariat à l’Énergie Atomique
Bruyères-le-Châtel, France

Abstract
The TRISPAL project was designed as a production facility. The neutrons transmuting lithium are
generated by means of the spallation reaction induced by a 600 MeV, 40 mA CW proton beam
impinging on a lead target. Efforts have been devoted to availability, reliability and maintainability
studies in order to reduce the capital as well as the operational costs of the facility.
The final beam parameters result from this optimisation. Apart from fatigue damages the windows
interfacing the accelerator and the target as well as the lead rod claddings could sustain, beam trips are
found to have no significant effects for such a passive target compared to subcritical assemblies for
accelerator-driven systems.
The results of availability and reliability studies of the TRISPAL system, especially those related to
the accelerator, are listed here along with a summary of their incidence on target operation.

375

Introduction
In an accelerator-driven system (ADS), reliability and availability are important issues, especially
for new applications of high power proton accelerators (HPPA) such as production of tritium or
destruction of nuclear wastes. To improve the availability and reliability of these new accelerators, we
need to rely on databases from existing accelerators from large facilities such as ISIS, LEP, ESRF,
LANSCE and HERA, which record failure rates, repair times and other important data for availability
estimates. The results are important for accelerator reliability modelling leading then to development
issues to be solved for high power accelerators.
To realise a highly reliable HPPA, each accelerator component must be designed with some
margin compared to the maximum performances. In this respect, lower electric fields should be
preferred in the accelerating cavities as they are responsible for arcing and then beam trips. Of course,
more cavities will be necessary to achieve the beam energy resulting in a larger capital cost, whereas
maintenance impacts operational cost; an optimisation is thus necessary.
Future ADS require highly reliable HPPA, almost free of beam trips or beam fluctuations. This
means that a great amount of effort should be devoted to the reduction of beam trips observed for most
of the large accelerators. Frequent beam trips impact the availability of an entire facility, but if they are
of negligible importance for physics experiments, they are of some importance for a production
facility like the TRISPAL project presented in this paper. However, beam trips have to be avoided for
an ADS; they will induce power variations of the subcritical reactor and then cause material fatigue of
the reactor components.
The TRISPAL project accelerator
The TRISPAL project accelerator has been described previously [1,2], but some of the parameters
have been changed.
The final design results from estimates of reliability, availability and maintainability of the
accelerator components in order to minimise capital and operational costs. The design is conservative,
employing proven technology, available RF generators and fairly low electric fields in accelerating
structures to reduce breakdown and arcing phenomena.
The general TRISPAL layout is presented in Figure 1. The accelerator parameters and
components are the following:
•

Proton beam of 600 MeV and 40 mA.

•

CW mode operation.

•

Single RF frequency of 352 MHz.

•

Electron cyclotron resonance (ECR) proton source of the SILHI type [3].

•

Radio frequency quadrupole (RFQ) with a maximum electric field limited to 1.5 Kilpatrick.

•

Drift tube linac (DTL) between 5-29 MeV to reduce the number of focusing quadrupoles
inside drift tubes, the cooling of which is difficult for CW operation as well as the positioning
tolerances.
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•

Separated drift tube linac (SDTL) between 29 and 85 MeV; the shunt-impedances are larger
and the quadrupoles are outside the RF structures, making their maintenance easier.

•

Coupled cavity linac (CCL) made of slot coupled structures operating at the π mode like LEP,
ESRF or ELSA cavities.

•

For the conceptual design phase (as of 1998), the DTL, SDTL and CCL structures were
assumed to be at room temperature. However, given the recent progress made in
superconducting (SC) cavity design and RF couplers [4], the CCL part of the accelerator
would probably better use SC structures if the project were back under study.

•

A maximum of 125 kW RF power was considered for feeding one accelerating cavity. This is
a low-risk option as the RF transmitter reliability is a very important issue for the linac
availability. The RF power distribution relies on 1.3 MW klystrons with only 1.0 MW used to
power one module of eight tanks or cavities.

•

Hands-on maintenance is necessary for such a production facility so only low enough beam
losses can be tolerated impacting several aspects of the accelerator design: 1) beam dynamics
should be as adiabatic as possible in both radial and longitudinal spaces and the focusing
lattice should induce very smooth transitions especially between structures of different types,
2) RF fields in accelerating structures should be controlled within 1% for the amplitudes and
within 1° for the phases and, 3) the iris-hole diameter of the cavities has been increased from
30 mm at 85 MeV up to 60 mm at 600 MeV to minimise nuclear reactions induced by beam
halo protons on surrounding materials.

•

For the subdivision of SDTL and CCL linacs, apart from the above-mentioned constraints
(125 kW/cavity, variable iris-hole diameter) another one was added. To reduce maintenance
costs, as we cannot have a second linac as spares, it was decided to minimise the number of
different geometrical structures. Finally, we ended up with seven different cavities for the
SDTL instead of 40 and 12 different cavities for the CCL instead of 344.

•

The accelerator is then powered by a total of 52 klystrons; two for the RFQ, two for the DTL,
five for the SDTL and 43 for the CCL. To minimise costs, it was decided that a high voltage
DC power supply (HVPS) unit would be used by two klystrons.
Figure 1. TRISPAL layout
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The RAMI estimate method
The reliability, availability, maintainability and inspectability (RAMI) estimates are necessary for
an optimum design of the different subsystems, assemblies, subassemblies and components the whole
TRISPAL facility is divided into [5].
For the TRISPAL project, the system has been divided into seven subsystems:
•

Accelerator.

•

Tritium production (target).

•

Controls.

•

Cooling.

•

Power.

•

Buildings.

•

Tritium extraction.

There are two techniques for estimating the availability of the entire system: 1) the top-down
approach starting from the given availability goal for the facility during the production period with an
allocation to subsystems and to lower levels and 2) the bottom-up approach in which the availability
estimates for individual components are combined to higher levels. In fact, both approaches are used
to optimise the different allocations.
The availability of basic components, or failure rates, are based on existing facilities; for the
TRISPAL RAMI estimates, we used data from the European Synchrotron Radiation Facility, from the
Large Electron Positron Collider and mainly from the SATURNE facility at Saclay which was closed
by the end of 1997 after two decades of operation, the availability of which is given in Figure 2 for the
last eight years. The SATURNE accelerator was given to be very reliable and the availability ranges
from 90.5% to 94.5% with an average of 92.6%; Figure 3 presents the beam failure statistics for 1996.
Starting from the failure rate λ of a component, the mean time between failure (MTBF) is defined
by: MTBF = 1/λ. Similarly, a mean time to repair (or restore) MTTR is defined. The component
availability A is then defined by: A = MTBF/(MTBF + MTTR).
System RAMI requirements
The scheduled maintenance of the facility was estimated to require four months including,
mainly, the target maintenance but also a monthly preventive maintenance of 30 hours; the maximum
scheduled operation time is then of eight months or 5 880 hours.
A first top-level availability goal of 85% was assigned to the system but the top-down approach
resulted in 94.5% for the availability of the accelerator; given the SATURNE experience, this was
considered too high a goal. A more realistic availability goal of 75% was then assigned to the entire
system corresponding to a production time of 4 400 hours with 1 480 hours for corrective
maintenance.
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Figure 2. SATURNE availability between 1990 and 1997
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Figure 3. Beam failure statistics of the SATURNE facility for 1996
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The TRISPAL availability allocations between the subsystems are given in Table 1 for the two
goals of 85% and 75%; the tritium extraction subsystem was assigned an availability of 100% as
realised out of the site.
Table 1. TRISPAL subsystem allocations
Subsystem
Accelerator
Tritium prod.
Controls
Cooling
Electric power
Buildings
Tritium extr.

λ
(hour–1)
5.65 (-3)
1.51 (-4)
8.83 (-3)
8.39 (-3)
4.97 (-3)
5.46 (-4)
–

MTBF
(hours)
177
6 617
113
119
201
1 831
–

MTTR
(hours)
17.7
414
1.5
6
7.5
6
–

A (75%)

A (85%)

.909
.941
.987
.952
.964
.997
1.0

.945
.965
.992
.971
.978
.998
1.0

As far as the accelerator subsystem is concerned, it has been divided into the following
13 assemblies:
•

ECR ion source.

•

352 MHz generator and low-level RF (LLRF).

•

Low-energy beam transport (LEBT).

•

RFQ.

•

RFQ/DTL interface.

•

DTL.

•

DTL/SDTL interface.

•

SDTL.

•

SDTL/CCL interface.

•

CCL.

•

High-energy beam transport (HEBT).

•

Beam expander.

•

Test target.

The availability of each of these subsystems is given in Table 2; availability is deduced from
failure rates of basic components as described before and from MTTR data assuming the access to the
linac tunnel is possible at a maximum of one hour after the beam has been stopped. This assumption
relies mainly on the LAMPF/LANSCE experience; the higher beam current of the TRISPAL
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Table 2. Accelerator assembly availability estimates
Assembly
ECR ion source
352 MHz gen + LLRF
LEBT
RFQ
RFQ-DTL
DTL
DTL-SDTL
SDTL
SDTL-CCL
CCL
HEBT
Beam expander
Test target
Accelerator

λ (hour–1)
7.45 (-5)
3.55 (-6)
1.42 (-5)
1.77 (-4)
1.06 (-5)

MTBF (hours)
13 423
281 873
70 468
5 637
93 958

MTTR (hours)
5.5
3.2
3.8
17.2
4.3

A
1.0
1.0
1.0
0.997
1.0

1.24 (-3)

805

16.7

0.980

2.48 (-5)
3.55 (-3)
4.97 (-5)
4.97 (-4)
8.87 (-6)
5.65 (-3)

40 268
282
20 134
2 013
112 749
177

6.5
19.5
7.5
12.4
2.6
17.7

1.0
0.934
1.0
0.994
1.0
0.909

accelerator (40 mA) is expected to be compensated by the new design capabilities. However, if the
activation is more important than expected [6], then MTTR values would be increased significantly
and, consequently, the availability of the accelerator would be lower. The activation produced by beam
losses is an important issue to be addressed as it impacts hands-on maintenance and system
availability.
Given the subdivision we adopted for the accelerator assemblies, a further down-level
subassembly consists of one HVPS, two klystrons followed by circulators, wave-guides, hybrid
couplers, transmitters, powering 16 cavities equipped with ionic pumps, beam diagnostics, etc.
Table 2 shows that such a group of components should have an availability of 99.7% which is a
large value. The entire system availability is only 90.9% as a result of the large number of assemblies.
The allocation for the ECR source is assumed to be 100% for these estimates. On the other hand, as
observed previously, the RF transmitters are the less reliable components of the RF chain whereas the
klystron MTBF is very large (≈80 000 hours) and the corresponding MTTR could still be reduced by
means of diagnostics for the anticipation of failures.
For the present analysis, SDTL had been considered on the same footing as DTL just for
simplicity. Strictly speaking, they should have been separated as the SDTL was chosen to improve
reliability of the accelerator.
The test target in located just straight ahead of the linac; it is made of a simple cylinder containing
water, about 3 m long and 2 m in diameter. It will be used first for commissioning the accelerator and
then for controls after accelerator shutdown. As this target cannot withstand full beam power it has to
be used with a maximum duty cycle of 10–4.
Beam expander and target
Leaving the linac, the 600 MeV, 40 mA proton beam is deflected to the target through two
45° bending dipole magnets.
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In a first design, the beam was expanded on the 40 × 80 cm2 window in front of the target by
means of non-linear optics components [7]. However, the beam density uniformity on the window was
found to be very sensitive to beam position and energy fluctuations at the accelerator exit; beam
intensity could increase significantly on the window edges. Instead, a raster scanning technique was
preferred; it uses two rastering magnets located just in front of the second dipole and operating at
275 and 575 Hz. The beam spot diameter is about 6.25 cm on the window at about 20 m downwards.
A general view of the beam expander and the target vessels is given in Figure 4. The TRISPAL
target is based on nuclear reactor concepts; it is made of rod assemblies placed in two concentric
vessels. Lead was preferred as the spallation material for generating neutrons under the impact of
600 MeV protons. These lead rods are cladded with an aluminium alloy.
Figure 4. General view of the beam expander and target vessels
External assemblies
Central assemblies
Inner vessel
Outer vessel
Cold window
Hot window

Beam expander

Two windows are necessary for safety regulation rules; they are associated with the inner and
outer vessels constituting the third barrier (with the rod claddings) between the spallation material and
the environment. The first window the proton beam goes through is called the cold window; it isolates
the accelerator, under vacuum, from the target area. The second window, called the hot window,
isolates the inner vessel from the poor vacuum zone between the two windows. The cold window is
thin enough to minimise beam losses and cooled by inner channels; the hot window is cooled with the
cooling water of the target and could suffer from important mechanical stresses.
The thermal fatigue behaviour of the hot window as well as of lead rods of the target has been
studied in case of beam trips; this study has been presented at the Mito Workshop by J. Bergeron and
co-workers [8] and only the conclusions are given here.
The thermo-mechanical behaviour of the lead rod cladding has been investigated for two
(extreme) regimes:
•

Beam trips with a frequency higher than 10 Hz where no significant stress variation in the
rods, and consequently no fatigue damage, was obtained.

•

Beam shutdown of 20 minutes where the stress increases when the beam is back on target but
this should not induce fatigue damage.

Similar conclusions have been obtained concerning the hot window behaviour under beam trips.
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Abstract
A beam loss occurring in a future high power linear accelerator (linacs), typically several tens of mA,
generates structural activation and subsequent dose rate, energy deposition and requires shielding
against secondary neutrons. These values have been tentatively estimated using Monte Carlo
simulations, discrete ordinates and depletion codes. The research mainly focused on the coupled cavity
linac (CCL) sections of the accelerator, assuming a beam loss of 0.48 nA/m and a proton energy of
700 MeV. Different operating conditions, among them the variation of proton energy or a beam loss,
the use of a proton collimator, and a transient case where the entire beam is deflected into structures
were also studied.
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Introduction
In recent years, there has been a growing interest in the design of new accelerator-driven
technologies using spallation neutrons, such as tritium production from spallation (TRISPAL) [1] or
the transmutation of radioactive waste. Both make use of spallation neutrons produced in (p,xn) and
(n,xn) nuclear reactions on high Z-targets and necessitate a high power proton accelerator (HPPA).
The required characteristics of such accelerators, typically 1 GeV proton energy and several tens of
mA current, have focused the choice on linear accelerators (linac).
All accelerators for these programmes are still in the design stage, but it is already known that
beam loss is one of the limiting factors for the beam current. Beam loss in high power accelerators
raises a radiation shielding problem, but also activates the accelerator structures and its surrounding
containment. This activation is a direct result of beam loss occurring during normal operation: lost
incident particles interact with the structure and produce secondary neutrons and a variety of
radioactive species. Those could create large dose rates and make hands-on maintenance impossible.
This would require remote maintenance technology, thus increasing the complexity and cost of
accelerator maintenance. Secondary neutrons are deeply penetrating particles and this radiation must
be shielded by a reasonable amount of concrete or by soil. In the latter case, radioisotope production
and movement must be carefully studied in order to avoid contamination. Energy deposited in
structures can damage sensitive materials such as insulators or resins located in quadrupoles.
Activation, energy deposition or secondary neutron radiation have not yet been measured since
high power accelerators are only in the design stage. Therefore, efforts have been made to develop
computational methods that can predict these results, which could save a significant amount of time
and money.
We focused the study on the accelerating components, containing normal conducting cavities
which consist mostly of copper. These coupled cavity linacs (CCLs) represent the largest accelerating
part, from approximately 100 MeV up to final proton energy. The choice of CCL section to be studied
–8
was made considering that, assuming a homogeneous beam loss of 0.48 nA/m [2] (1.2 10 proton per
proton per meter and I = 40 mA), activation is expected to reach a maximum for the top proton energy.
Surrounding structures such as wave-guides, accelerator supports and concrete walls were also
modelled. The accelerator design is mostly based on the TRISPAL accelerator design [3], for which
significant efforts had been made.
The goal of this work was to develop a model to predict structural activation of accelerator
structures and resulting dose rate, to calculate energy deposition, and to estimate shield requirements
around the tunnel accelerator. Since characteristics of the proton beam loss are not yet defined, a
constant and uniform beam loss of 0.48 nA/m, with a proton energy of 700 MeV, was considered as
the reference case. A second case, assuming a proton beam loss concentrated only in the quadrupole,
and a third case where a proton collimator is placed in the beam pipe, were also studied. Irradiation
time was supposed to be one full year, and several decay times were considered. We also present a
transient case, where the beam (I = 40 mA) is completely deflected into accelerator structures during
50 microseconds [4].
Calculational methodology
The methodology was based on the use of several computer codes. The SPARTE code system [5],
which merges the HETC code [6] and the TRIPOLI-4 code [7], was used to compute transport of both
neutral and charged particles, and to predict spallation products. The HETC Monte Carlo code
transport incident high-energy protons, computes the nuclear interaction between protons and target,
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and follows the resulting particles until their energy decreases to 20 MeV. Intranuclear cascade
according to the Bertini [8] model and evaporation according to the Dresner model [9] were used
because of their availability to reasonably predict spallation products and secondary particle
production [10]. Transport for neutrons with energy below 20 MeV was then performed by the
Monte Carlo code TRIPOLI-4 using point-wise cross-sections from ENDFB-6 libraries. Both HETC
and TRIPOLI-4 use the combinatorial geometry or boundary representation of volumes available in
TRIPOLI-4. The SPARTE code system also provides the distribution of neutrons escaping from the
tunnel of the accelerator. These neutrons are used as angle-energy dependent surface sources in the
discrete ordinates transport code SN1D [11]. Thus, strong attenuation in the shield can be computed
and enables the shielding assessment of the accelerator. The SN1D code was used in association with
the HILO library [12], which contains multi-group transport cross-sections for neutron energies from
thermal to 400 MeV, and for photon energies from 0 to 20 MeV. A P5 Legendre expansion is used at
energies above 14.9 MeV and a P3 Legendre expansion is used at energies below 14.9 MeV. Since a
discrete ordinates code models only neutral particles, it was verified that proton leakage from the
accelerator tunnel was insignificant compared to neutron leakage. However, protons generated by
medium energy neutron reactions (n,p) in the shield and neutrons produced by these secondary protons
are not included in the HILO library.
Once the total spallation products yield and the neutron flux distribution below 20 MeV were
known, the DARWIN/PEPIN code system [13] was used in association with the JEF2 and EAF97
libraries [14] to determine isotope inventories and their subsequent decay. Gamma-ray spectra and
activity can be calculated at any desired decay time.
Finally, gamma-ray spectra were introduced as input data in the MERCURE-5 code [15] to
calculate dose rates. MERCURE-5 is based on a point-kernel method which requires total
cross-section library and build-up factors. The Monte Carlo code TRIPOLI-3 [16] was used for
reference calculations and to solve special problems that will be discussed later. Figure 1 sums up the
methodology.
Figure 1. Flow chart for calculational methodology
Neutron and gamma dose rates
HILO (0-400 M eV)
cross-sections

Gamma-ray spectrum
EAF97, JEF2
libraries

SN1D
Shielding calculation

Neutron angular
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Energy
deposited

DARWIN
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Spallation
products

Neutron fluxes
below 20 M eV

SPARTE
(HETC + TRIPOLI-4)

Dose calculations, heating

MERCURE/TRIPOLI-3
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Model development
High power proton accelerator applications are under investigation in France for several
applications. Among them, the TRISPAL project is devoted to the production of tritium. The CCL
section designed for TRISPAL project was selected for this work. These CCL sections should be used
to accelerate protons from ~100 MeV to ~700 MeV, with current intensity about tens of mA. Figure 2
provides a detailed view of the CCL components and layout.
Figure 2(a). Side view of 100 MeV section
500 cm

Cavit ies

Figure 2(b). Cross-section of 100 MeV section

The accelerator contains hundreds of CCL sections to accelerate protons up to 700 MeV, so it is
not possible to describe the entire accelerator. Furthermore, simplified but realistic three-dimensional
computer models were created. Figure 2(a) shows that a 250 cm part of the accelerator can be
considered as a basic cell in an infinite tunnel. Accelerator components described in the model are
cavities, beam pipe, quadrupoles, structure supports, wave-guides and concrete. Because hydrogen
moderates neutrons and increases thermal capture, it is important to detail each material containing
this element. Cooling pipes of the accelerator contain 15.7 kg of water per meter. External cooling of
cavities requires 1 kg of water per meter, which is uniformly distributed around the cavity. Hydrogen
in concrete walls of the tunnel is also taken into account. Magnet and cooled magnet coil with
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insulators are detailed. The composition of insulator is Zetex, mainly made of Si, Ca, Al and O.
Copper is the main element of cavities (>99.99%). Beam pipes are composed of stainless steel 304L.
Materials for wave-guides and structure supports are respectively aluminium alloy 6061 and aluminium
alloy A-S7G.
The quasi-infinite length of the accelerator along the beam axis can be reproduced using
appropriate boundary conditions, such as translation along beam axis. In that way, a particle leaving
the frontier surface is automatically replaced at the opposite frontier surface.
Figure 3 shows a side view and cross-sections of the computer models.
Figure 3(a). Side view of section computer model
Frontier
Water e = 0.7 cm

Quadrupole

65.6 cm
Beam pipe
Structure support
Cavity

Cavity
88.75 cm

72.5 cm

88.75 cm

Figure 3(b). Cross-section of quadrupole computer model
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Iron
Beam
pipe
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Figure 3(c). Cross-section of accelerator tunnel
500 cm
concrete

Wave-guide
Cavity
Gallery
Structure
support

Cooling
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275 cm

Concrete layers of 10 cm thickness were described in order to estimate concrete activity versus
distance to accelerator.
Steady state beam loss is not well known and efforts are in progress to characterise this
phenomenon. Therefore, some assumptions were made to model beam loss and different studies were
carried out:
•

A beam loss with a value of 1.2 10–8 proton/proton/m was used for a reference design, which
corresponds to 0.5 nA/m for a current of 40 mA. Loss per unit length was assumed constant
and uniform. Angle of impact with the accelerator structure ranged between 0.25-0.5°.
For computer simulations, protons were initiated randomly over beam axis.

•

In a second case, the entire loss occurs in a proton collimator (length of 53.5 cm, radius of
4.5 cm, material: stainless steel 304L) inserted between the cavities. This proton collimator
must be remotely handled. Incident protons were initiated at the front edge of this collimator.

•

All losses occurring in the 250 cm modelled section are concentrated in the quadrupole
length. This choice was based on experiments showing that beam loss mainly occurs in the
quadrupole [17].

•

A transient case, with the complete proton beam deflected into accelerator structures was also
examined. Protons impacted the middle of the beam pipe with an angle of 5°. This transient
lasts 50 microseconds, with total intensity of 40 mA.

Shielding calculations were performed with the one-dimensional discrete ordinates code SN1D
associated with the HILO library. A Monte Carlo calculation with a cylindrical description of the
tunnel was also performed to obtain the best geometric compatibility with SN1D. The HILO library
contains cross-sections for neutron energies up to 400 MeV, so neutrons with energies above 400 MeV
were replaced in the first group (375-400 MeV) with an additional weight in order to respect the
energy conservation. Interface between SPARTE and SN1D was performed after 20 cm of concrete
thickness, so that proton effects can be considered negligible.
Except for the transient case, irradiation time was one full year and results were obtained for
several decay times. Neutron fluxes with energies below 20 MeV were distributed into 100 groups
(GAM-II). Because the upper limit of GAM-II structure energy is 17 MeV, neutrons with energies
between 17 and 20 MeV were replaced in the first group. Such an approximation should not
significantly change the results. Gamma-ray spectra obtained with DARWIN calculations were used
for MERCURE-5 dose rate computations, with the same geometry description as used in SPARTE.
The point-kernel method used in MERCURE-5 allows fast calculations but is not able to take into
account other sections surrounding the modelled section, thus the total dose rate is underestimated.
Furthermore, the TRIPOLI-3 code with boundary conditions, such as translation, was used as a
reference scheme to estimate an appropriate coefficient to apply to the results obtained with
MERCURE-5. Build-up factors are available in a CEA library, in the energy range 150 keV-8 MeV.
Photon flux with an energy of more than 8 MeV is so weak that it can be neglected. TRIPOLI-3
calculations showed that there is no significant increase of dose rate if photons with energies below
150 keV are considered.
Neutron fluxes were converted to dose rates using the ICRP21 [18] conversion factors. Gamma
fluxes were converted to dose rates using the 1977 ANS conversion factors [19].
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Shielding assessment
Estimation of the neutron dose attenuation in thick shields is of importance for accelerator
shielding. The estimation of neutron dose is usually made by simplified empirical formulae, like the
Moyer model, which is well established for high energies. For intermediate energy ranges, the discrete
ordinates method with double differential cross-sections library was assumed to be more accurate,
although the upper limit of neutron energy is 400 MeV. A new transport cross-section library with a
higher energy limit will soon be tested. Although several shielding materials can be envisaged, only an
ordinary concrete shield of density 2.35 and 0.083 wt.% hydrogen was considered. A comparison of
the neutron flux per unit energy given by SPARTE and SN1D is shown in Figure 4 at depths of 50 cm,
100 cm and 150 cm.
Figure 4. Neutron flux vs. energy at different concrete depths
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There are some discrepancies in neutron fluxes below 100 keV, probably due to the fact that
cross-sections used in SN1D, averaged over large groups, are not the same as those used in SPARTE.
Above 100 keV, agreement between both codes is good. At a depth of 150 cm, the dose rate above
85 keV represents ~83% of the total dose rate, and this ratio increases with depth, as the spectrum is
hardening. Furthermore, a discrete ordinates code can be used with confidence for shielding design.
Similar shielding calculations were performed for proton energies of 500 MeV, 300 MeV and
100 MeV. However, for a proton energy of 100 MeV, results may show large uncertainties because
physical models for nuclear reactions and neutron production in this energy range contain rough
approximations. Concrete thickness was determined in order to keep the dose beyond the shield below
1 mrem/h according to ICRP60 recommendations [20]. Results are given in Table 1.
Table 1. Concrete thickness vs. proton energy for beam loss of 0.48 nA/m
Proton energy
Concrete (ρ = 2.35) thickness

700 MeV
410 cm

500 MeV
370 cm
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300 MeV
290 cm

100 MeV
120 cm

Coupled neutron-gamma calculations in the shield showed that dose due to photons contributes
less than 2% to the total dose. The dose rate due to thermal neutrons represents only 7% of the total
dose, and this contribution can easily be reduced using borated concrete.
Energy deposition in insulators
When ionising radiation penetrates matter, displacement and rearrangement of charges in the
atoms and molecules may affect both the chemical and physical properties of the material, and change
the electrical conductivity, the dielectrical constant, the magnetic permeability, etc. It is difficult to
give fixed dose values for such changes or to list dose rates or doses which must be considered as
4
6
limits for sensitive materials. Thus, the limiting range for insulation materials 10 -10 Gray given here
must be taken as indicative. Table 2 gives the energy deposition calculated for the normal steady state
regime.
Table 2. Energy deposition and exposure time for
insulation materials in magnet (beam loss 0.48 nA/m)
Energy deposited
4.4 10–4 Gray/s

Exposure time to reach 104 Gray
270 days

Exposure time to reach 106 Gray
27 000 days

Ionisation by protons represents 85% of the total energy deposition, out of which primary protons
represent 17% and secondary protons 68%. If beam loss occurs in quadrupole (Case C), the energy
deposition increases by a factor 3 and reduces exposure time to approximately 100 days in the worst
case. It should be noted that results may be largely affected when spallation occurs in insulation
materials. More accurate calculations with a very detailed geometric description of magnet should be
performed to conclude. The characteristics of beam loss also require further investigations.
Structural activation and dose rate
The knowledge of dose rate as a function of time is of prime interest, because an initially high
dose rate might not be so troublesome if it decays fairly quickly. Results were obtained after one year
irradiation (decay time 0) and five distinct decay times: 6 hours, 24 hours, 7 days, 30 days and one
year. Activation due to spallation process is largely dominant for components which undergo primary
proton interactions (beam pipe, drift tube). On the other hand, activation induced by secondary
neutrons with energies below 20 MeV is dominant in wave-guides or concrete walls.
Figure 5 shows simple schematic views of the accelerator with the detector locations for which
dose rates were calculated with MERCURE-5.
For each accelerator component, the contact dose rate (1 cm) was also calculated. Since boundary
conditions over beam axis are not available in MERCURE-5, TRIPOLI-3 Monte Carlo dose
calculations with translation at frontiers were carried out to estimate correction factors for doses
calculated with MERCURE-5. In fact, these factors depend on source volume, decay time and position
of detectors and represent a large number of different cases. For the sake of simplicity, calculations
were computed for only one decay time (t = 0) and for only two different sources, cavity or
wave-guide. The maximum correction factor for dose at contact was stored as Fd and the maximum
value between P45, P100 and P195 was stored as Fo. Results are given in Table 3.
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Figure 5. Point detector locations for dose rate calculations
P 195 195 cm

P 100

100 cm

P 45
45 cm

P 45 P 100 P 195
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Table 3. Correction factors for MERCURE-5 results
Geometry correction factor at contact
Fd = 1.1

Geometry correction factor for detectors
Fo = 2.3

Figure 6 shows results obtained with the MERCURE-5 code for different decay times. Gamma
dose rates lower than 1 mrem/h are not plotted. Figure 6(a) shows that the dose rate significantly
decreases during the first 24 hours after beam stop, especially during the first 6 hours. After 24 hours,
cavities and beam pipe are the main contributors to the total dose. Quadrupole contribution is more or
less 10% of the total dose, while the remaining components’ contribution is almost two orders of
magnitude lower. Between 24 hours and 30 days, this trend does not change significantly because
of the half-life of the main contributing isotopes, as shown in Table 4. Some isotopes that contribute
significantly to total dose rate after beam stop are not shown because they have completely
28
24
16
15
disappeared after a few minutes or a few hours, among them Al, Na, N and O, produced in waveguides, supports or concrete.
Figure 6. Gamma dose rate in tunnel with beam halo of 0.48 nA/m and Ep = 700 MeV
a) Total dose rate vs. decay time
b) Dose rate per component at different decay time at P100 detector
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Table 4. Main contributors (>1%) to the dose at three decay times for P100 detector
Beam halo = 0,48 nA/m - Ep = 700 MeV
Correction factor for dose rate is not applied

0 seconds
Isotope
(half-life)

Decay power density
3
W/cm
Beam
Cavities
pipe

64

Cu (12.7 h) 9.87E-10
Cu (9.7 mn) 1.17E-09
66
Cu (5.1 mn) 7.68E-11
56
Co (77.7 d) 6.34E-10
62

61
60
58
52
48

0
3.68E-11
0
2.62E-08

24 hours
Isotope
56

Co
Mn
48
V

Decay power density
3
W/cm
Beam
Cavities
pipe
6.28E-10
3.23E-10

2.60E-08
6.45E-08

Co (5.27 y)
Mn (312 d)

4.09E-11

2.12E-10

3.36E-11

1.07E-08
5.61E-09

Co

0

60

2.49E-10

1.10E-10

54

Co (70.9 d)

1.98E-10

3.82E-09

57

Ni (1.5 d)

4.99E-11

7.29E-08

55

Co (17.5 h)

3.80E-11

2.67E-09

7.37E-08

46

Sc (83.8 d)

2.24E-11

9.07E-09

64

Cu

2.66E-10

0

V (16.0 d)

2.05E-10

44

Sc (2.4 d)

7.96E-11

3.67E-08

38

K (7.6 mn)

1.54E-11

1.37E-08

54

1.97E-10
1.96E-10

58

3.07E-10

3.65E-10

Isotope

Mn
Co
7.07E-08 60Co
3.79E-09 58Co

52

Cu (3.4 h)
Cu (23 mn)
Mn (5.6 d)

1 year

56

46

Sc

Decay power density
3
W/cm
Beam
Cavities
pipe
1.50E-11
2.55E-11

4.81E-09
1.06E-09

3.59E-11
5.55E-12

1.86E-10
1.07E-10

1.11E-12

4.47E-10

At stoppage time, a lot of isotopes are positron emitters and have short half-life, giving rise to two
511 keV photons. Self-shielding in copper for 511 keV photons is significant and, consequently, the
external part of component contributes more than the internal part especially if the component is thick,
such as a cavity. After a few hours, most gamma emitters have disappeared and the dose rate is mainly
due to high-energy photons. Thus, self-shielding effects become less important.
28
24
22
Interactions in structure supports made of aluminium alloy produce Al, Na and Na, with
28
16
respective half-lives of 2.24 min, 14.7 h and 2.6 y. In concrete, Al and N are the worst contributors
but they all have a short half-lives (respectively 2.24 min and 7.1 s).

Better specifications for a proton beam loss would yield more accurate information about primary
proton interaction, which could change results, or at least displace activity from one component to
another. Calculations with different beam loss characteristics, as described earlier, were realised to
compare to the reference case, as shown in Figure 7. A transient case is assumed to occur after 1 year
of irradiation, so the dashed curve corresponds to the sum of the dose rate resulting from normal
operation and the dose rate induced by the deflected beam during 50 µs.
After approximately 15 minutes, the additional dose rate due to transient situation has
disappeared and only the dose from normal regime remains. In Case b), the proton collimator has been
removed before maintenance, where 88% of primary nuclear interactions took place. Since the main
contributing isotopes produced by secondary neutrons have shorter half-lives than isotopes produced
by spallation, the difference between Case a) and b) increases with decay time.
Contact dose rates
High contact dose rates are reached by each component, especially for beam pipe and proton
collimator in Case b). Table 5 shows the main results.
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Figure 7. Comparison of dose rate according to different operating regimes for P100 detector
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7889
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Gamma dose rate (mrem/h)

1000

6h
100

24h

7d

83

b) Proton collimator
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32

c) Loss in quadrupole
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38
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15
8

8

Beam stop

2

1

d) Transient case

5

4

1

Table 5. Contact dose rates (mrem/h) for different components
Loss of 0.48 nA/m, Ep = 700 MeV

Decay time
Beam pipe
Cavity
Proton collimator

0
1 050
48
15 950

24 hours
582
17
10 212

7 days
394
10
7 109

The dose rate can strongly decrease with distance from the component due to geometric
attenuation. In case of the beam pipe, the dose rate decreases from 1 050 mrem/h down to 14 mrem/h
at 100 cm from the beam axis. Besides, this geometric attenuation depends on the shape and the
surface of the component. More accurate calculations must be done but it seems very clear that special
maintenance conditions will be necessary. These high contact dose rates might not be unacceptable
according to the maintenance operations, for instance if the maintenance staff is far from the most
irradiated structures.
Conclusions
Consequences of proton beam loss occurring in future high power linear accelerator (linacs) were
studied. A calculation method incorporating coupled transport and depletion codes was used to
quantify structural activation and dose rates, energy deposition in sensitive materials and shielding
assessment around the coupled cavity linac (CCL) sections of the accelerator.
During normal steady state operation, beam loss is assumed to be constant and has a uniform
value of 0.48 nA/m. Therefore, the thickness of ordinary concrete required to obtain a 1 mrem/h dose
rate behind the shield is estimated to be 1 meter for 100 MeV protons and about 4 meters for 700 MeV
protons. The energy absorbed in sensitive materials, such as insulators or resins in quadrupoles,
reduces the maximum exposure time down to 270 days, corresponding to the lowest limit of
(1.0E+4) Gy. Materials with high radiation resistance may be needed if this dose limit is confirmed.
Assuming one year of irradiation and 24 hours decay, the gamma dose rate was found to be
approximately 15 mrem/h at 100 cm radius, but the peak dose rate reaches 600 mrem/h at the beam
pipe surface. Contact dose rates might be acceptable under special maintenance conditions but cause a
real problem. More sophisticated calculations, taking into account detailed maintenance procedures,
have to be performed. Dose rates resulting from accelerator structures are mostly due to spallation
products, whereas activation by neutrons is dominating in concrete or wave-guides.
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Several variations were also studied. Assuming a proton beam loss into the quadrupole, exposure
time for sensitive materials is reduced by a factor 3, but activation does not change drastically.
A possible use of a proton collimator, located between accelerating cavities, and remotely handled,
could reduce the dose rate by a factor 8. A transient situation, with complete loss of the beam
(I = 40 mA) into the structures during 50 microseconds, was also studied. A peak of activation is
observed but this peak decreases quickly and disappears after approximately 15 minutes.
Besides, cavities made of superconducting materials are presently studied around the world.
Radiation effects on such materials need to be studied in order to determine if superconducting
properties could be damaged with radiation.
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Abstract
Accelerator-driven core (ADC) is often referred to as a promising candidate for the future nuclear
energy system. Amongst other advantageous characteristics attributed to ADC is appreciable neutron
excess, which could be used for transmutation of radiowastes accompanying the energy production by
fission process. The origin of this neutron excess lies in the area of nuclear reactions with energies
expanding far beyond the “reactor” energy. It brings about an accumulation of radioactive residual
nuclides whose radiological burden estimate has received little attention so far. An attempt to perform
a comparative analysis of this burden is the main purpose of the present paper.
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Introduction
Environmental harmonisation of nuclear energy technology is considered an absolutely necessary
condition for its successful development in the future. An essential point in approaching this goal is a
neutronically self-consistent nuclear energy system with respect to fuel breeding and incineration of
radioactive by-products of energy generation. Fuel breeding needed to secure fuel resources for stable
nuclear energy production in long-term perspective has been already demonstrated in fast reactors.
Public concern thus shifted to design safety issues and accumulation of fission products (FP) and
minor actinides (MA) traditionally treated as radiowastes. MA fissioning and neutron-induced
incineration of FP might solve the problem of nuclear waste but it inevitably envisages additional
neutron consumption. It was pointed out in several milestone studies addressing future nuclear energy
development [1-4], that fast fission reaction provides an appreciable neutron excess to cover both
transmutation and breeding requirements. Either advanced fast reactors [1,2] or subcritical cores driven
by accelerators [3,4] were proposed as candidates for a harmonised self-consistent nuclear energy
system.
Another important application of neutron excess available in ADC is a subcritical operation mode
that helps to avoid specific nuclear safety problems arising with fissioning the transuranics (TRU).
Subcriticality outweighs the deterioration of the Doppler coefficient and reduction of the effective
fraction of delayed neutrons caused by TRU in a core. Being dedicated to transmutation of MA,
accelerator-driven transmutors might contribute to the harmonisation of the current nuclear energy
system based on ordinary fission reactors. This seems to be the main idea behind some approaches
within the Accelerator-driven Transmutation Technology Project [5] (ADTT) in Los Alamos and the
Omega Project [6] in JAERI.
Either as the dominant energy producer or a dedicated transmutor, ADC receives growing interest
relevant to the processes of excess neutron generation for transmutation of dangerous radionuclides
mostly associated with fission energy generation. However ADC performance brings the accumulation
of their own radioactive nuclides. Of special interest are so-called spallation products (SP) which take
the origin from high-energy reactions initiated by primary protons in the neutron producing target.
Although the generation rate and mass distribution of the SP were reported in some studies [4,7,8],
there is no definitive concern in analysis of SP radiological burden compared to other radioactive
nuclides. It is partly explained by the fact that in some sense spallation and fission products are similar
in being non-fissionable by-products while the most of the ADC projects are focused on fissioning the
TRU otherwise destined to deep geological storage. Transmutation of FP is not considered as of the
same significance with TRU because for the most of the important FP after some treatment there is a
possibility to apply near surface waste storage [5].
The lack of information on the long-term consequences of SP accumulation stimulated the
authors of the present paper to make an endeavour in this direction. The paper starts with a general
discourse on the radiological burden of long-lived nuclides, moves to the peculiarities of excess neutron
generation in ADC in comparison with some other neutron sources, highlights SP accumulation in
ADC and finishes by demonstrating the domain in which the significance of SP could not be neglected.
Long-term radiological burden
It is a matter of fact that in fission fuel cycle studies, the potential biological hazard posed by
radioactive material is evaluated either in terms of toxicity or radiological risk depending on the
post-reactor material management strategy. Toxicity is predominantly used by the partitioning and
transmutation community in evaluating the radioactive hazard for human beings while risk is mainly
stresses on the barriers for radioactive species to reach the biosphere from deep geologic storage [9].
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Figure 1 shows the toxicity of heavy metals at the moment of fuel discharge from UOX PWR
(burn-up is 33 GWd/THM) expressed in annual limit on intake (ALI) [10] obtained with the help of
the ORIGEN code [11]. A cursory glance shows that Pu toxicity is dominant, to such an extent that
worries about Np and Am seem negligent. While Cm exhibits a certain toxicity near Pu, by
comparison it is unlikely to be the main problem, since its inventory is about three orders of magnitude
less than that of Pu. Pu recycling in fission reactors is a mature technology. As Pu is increasingly
incorporated into nuclear energy generation, a substantial increase in MA accumulation and their shift
toward isotopes with larger mass number are reasonably expected. There would be a fairly dramatic
growth in accumulation of Cm isotopes among which the short-lived 244Cm (T1/2 = 18 yr) is the most
troublesome. However large toxicity of MA might be, there is always a possibility to arrange their
affective transmutation in dedicated transmutors (likely operated in a subcritical mode) including ones
designed specially for 244Cm transmutation [12]. In any case, MA might be treated as fissionable
materials and their burden could be lifted with no drastic improvement in current fission technology.
Estimated in terms of risk, the radiological hazard of the discharged fuel appears to be governed
by long-lived FP. Figure 2 comprises the relative risk of the key nuclides from geologic storage with
an assumed 105 yr time interval for ground water to reach biosphere (data is drawn from Ref. [9]).
Of course, it is difficult to predict the integrity of spent fuel packaging as well as the behaviour of
radionuclides for such a long perspective. Additionally, risk is determined largely by the selected
repository site and the dominant contributors might be different. An illustrative example is the
significance of the 126Sn isotope for arctic biosphere [13] that might compete with that of 99Tc and 129I
essential for unsaturated tuff [9]. Despite all the uncertainties inherent in risk analysis the result is
qualitatively clear. Long-lived FP provides the main radiological burden from the nuclear energy.
There is one more characteristic useful for demonstrating the importance of long-lived nuclides.
This is equilibrium mass derived from a simple differential equation roughly simulating the time
behaviour of a given i-type nuclide:
Y
dM i
= Yi − λ i M i = 0 ⇒ M ieq = i ,
dt
λi

(1)

where Yi is the yield of a given nuclide per unit amount of energy (kg/GW*yr), λi is the decay constant
and Mi is the mass of i-type nuclide accompanying generation of 1 GW of nuclear power. This
characteristic qualitatively shows how manageable i-type nuclide is. It is especially important if one
assumes nuclear technology as a dominant and stable source for future generations. Table 1 provides
yields of certain nuclides normalised to one GW of electricity produced by standard PWR. These
nuclides were selected from the whole set of nuclides given in the output of the ORIGEN code [11]
according the following criteria:
•

Half-life T1/2 ≥ 1 yr.

•

Inventory accumulated per 1 GWe*yr more than 1 g.

Despite the yield being distinguished for these reactors (different direct yield per fission reaction,
different effect of incineration of parent nuclides and thermal spectra and thermodynamic efficiency),
for illustrative purpose it seems to be enough to demonstrate the equilibrium mass inherent in PWR
performance. Equilibrium mass of relatively short-lived isotopes (106Ru through 151Sm) is quite
manageable (maximum is for 137Cs – 1.3 t/GWe). For the long-lived isotopes (79Se through 129I),
equilibrium mass is so large that either geological isolation for a long time period or transmutation is
required. Without their effective transmutation, the advantage of transmutation of any other groups of
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radionuclides against their geologic storage will continue to be an issue of contention. Nevertheless, it
is unlikely that public support of future nuclear development will be engendered by the designation of
geologic storage as a viable final choice. Thus, FP transmutation is of crucial importance with regard
to “clean” use of nuclear energy.
Over the course of the foregoing discussion the burden of fusion technology is worth considering.
The classic view that fusion energy is profoundly cleaner than fission has been upheld by the
advantage of small amount of radioactive fuel on site. However, in a view of fusion technology being
advocated as a reliable source of energy for an infinitely long perspective, it is interesting to estimate
equilibrium inventories of associated long-lived nuclides. While discoursing upon fusion and fission, it
must be kept in mind that a comparison can only be properly made if they pursue the same goal of
energy production. In other words, a comparison of the radiological burden should be made for the
same amount of energy produced. As a meaningful example, accumulation of long-lived activation
products (T1/2 > 100 yr) in the ITER first wall at the end of extended performance state [14] is
considered (neutron fluence is 1MW*yr/m2). Taking into account the total torus surface of 900 m2
(major and minor radii are 8.14 and 3 m respectively) and assuming the fluence is related only to
fusion neutrons, corresponding thermal energy production appears to be about 1.6 GWth yr. The first
wall made of SS316 LN type steel is 14 mm thick with a 5 mm Be layer. For torus configuration the
total volume of the first wall is about 14 m3. These numbers provide enough information to evaluate
the Yi yields (normalised to 1 GW of thermal energy to avoid uncertainties in thermodynamic
efficiency) and corresponding equilibrium mass, both included in Table 2. It is interesting to note that
both fission and fusion technology reveals almost the same yield for the most troublesome isotope 99Tc
per one GW of thermal power. It is 6.6e+5 and 2.1e+6 kg/GWt for ITER-like fusion reactor and
standard PWR correspondingly. Technetium is produced in the first wall from molybdenum (2-3 at.%
in stainless steel SS316 LN) through the following two reactions: 98Mo(n,γ)99Mo(β,65.64 h)99Tc and
100
Mo(n,2n)99Mo(β,65.64 h)99Tc. Of course there is a possibility to apply isotope tailoring to the first
wall structure to reduce the origin of long-lived nuclides. The argument of the fusion community is
that dealing with stable isotope separation for tailoring of structural material is not as dangerous as
would be the isotope separation of radioactive FP to be transmuted. However, the engineering feasibility
of a fusion facility as an energy producer is still under question. While being oriented to neutron
production, fusion technology might supply a substantial neutron excess to transmute FP without
isotope separation [15].
Unlike TRU, non-fissionable long-lived nuclides are pure neutron consumers. Additional neutron
production associated with their transmutation will provide a much clearer estimation of their burden.
Accumulation of spallation products
Note first that the term “spallation product” must be clarified. Traditionally a spallation reaction
is treated as one in which the incident high-energy particle collides with individual nucleons of the
target nucleus rather than dissipating its energy over all the nucleons forming the new compound
nucleus. The boundary energy is about 100 MeV, at which the deBroglie wavelength is comparable
with the average distance between nucleons in the target nucleus. At this step the nucleus emits
nucleons, heavier fragments and pions. De-excitation of the residual nucleus generally goes through
evaporation of nucleons and fission reaction, this being especially the case for heavy nuclei. In addition,
particles originated in the processes above will lose their energy, finally approaching the energy
interval in which the dominant mechanism is the formation of a compound nucleus. On the other hand,
it is almost established terminology to refer to the element of ADC that converts a beam of protons
from accelerator into neutrons as a spallation target. Following this line of thought, all the radionuclides
accumulated in spallation target are often covered by the term “spallation products”.
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Two types of spallation target are under consideration in the present paper: those made of lead
and tungsten. Though neutron generation efficiency one may infer the number of neutrons escaping
the surface of the target per one incident proton. For the bulk cylinder targets 100 cm long irradiated
by 1.6 GeV protons, this is shown in Figure 3 as a function of target radius. Calculations were
performed using the CASCADE code [16] with 50 000 of proton histories. It is interesting to note that
the liquid metal lead target, demonstrates an increase in neutron generation due to low neutron capture,
while the tungsten target demonstrates a rapid decreases due to resonance capture. However, it seems
to be possible to avoid parasitic neutron capture with the help of careful designing, as is the case for
the multi-layer tungsten target [6] being developed in JAERI. As a conservative comparative analysis
of these two targets we assume maximum neutron generation efficiency: 50 and 40 neutrons per one
proton for lead and tungsten, correspondingly.
Table 3 includes the list of nuclides with half-lives longer than 100 yr accumulated in the targets
irradiated with 1.6 GeV protons. As clearly inferred from the Table 3, among them are the products of
spallation reactions with mass numbers close to isotopes of initial composition (dominant contribution)
and fission products with widely distributed numbers.
Long-term burden of spallation products
As discussed in the previous section, seven FP isotopes 79Se, 126Sn, 99Tc, 93Zr, 135Cs, 107Pd, 129I
(T1/2 ≥ 100 yr) govern the long-term radiological burden associated with fission energy generation.
The same isotopes as well as some others with T1/2 ≥ 100 yr are presented in the list of SP. In general,
accumulation of radionuclides in ADC is reflected by the following equation:
dM i
= αI ( Yi FP Pbl + Yi SP ) − λ i M i
dt

(2)

where I is the beam current (mA), and Yi SP and Yi FP are the yields of the i-type nuclide in the spallation
target and surrounding blanket correspondingly. Note, that for convenience in using data of Tables 1
and 3 these yields have different normalisation: Yi SP is normalised to one proton striking the spallation
target, while Yi FP is normalised to a unit of fission energy generated in the blanket. Blanket power Pbl
generated by one proton is given by the well-known formula:
Pbl = nsp

K eff
( 1 − K eff )ν f

ef

(3)

where ef is the fission energy, νf is the neutron release per one fission reaction, Keff is the effective
neutron multiplication factor in the blanket and nsp is the number of so-called spallation neutrons
escaping the target (50 and 40 assumed for 1.6 GeV proton striking the lead and tungsten targets,
respectively).
For the purpose of comparison, we distinguish the contribution of FP and SP into long-term
burden associated with ADC performance. Quantitatively it might be given in terms of burden factor
(BF) related to equilibrium inventory associated with one mA of the proton beam current as follows:
BF FP = αPbl

∑ (Y

FP

i

i
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ALI i )

(4)

BF SP = α

∑ (Y

SP

i

ALI i )

(5)

i

where α = 6.25e+15 protons per second corresponding to 1 mA and ALI is the annual limit on intake
derived from Ref. [10]. Note that yields Yi SP and Yi FP as they are given in Tables 1 and 3 are expressed
in different units.
The literal meaning of BF is the sum of all equilibrium toxicities associated with accumulated
radioactivity. Since toxicity is a characteristic of biological effect it might be treated as an additive
value with summation index determined by the number of isotopes taken into consideration. The stress
here is on the long-term burden of those isotopes which have T1/2 > 100 yr. In the previous section
seven isotopes (79Se, 126Sn, 99Tc, 93Zr, 135Cs, 107Pd, 129I) were identified as the most troublesome among
FP. Their BF defined through Eq. (4) is very much influenced by the Keff value assumed. In contrast,
BF of spallation products is unaffected by blanket configuration.
It is worth mentioning that there are no long-lived tungsten isotopes produced in tungsten target
opposite to lead where 202Pb and 205Pb manifest significant yields; this is a point in favour of lead
targets. It is important to note that the spallation yield of such radioactive rare earths as 150Gd and
154
Dy is rather appreciable, this being especially the case for tungsten target (see Table 3). In Ref. [10]
there is no data on their ALI values. Nevertheless, in a view of their being α-emitters, the typical ALI
value of 102 Bq was assumed in toxicity estimation. It appears that these rare earths make dominant
contributions to the total spallation BF of both targets, as it is included in the Figure 4. Long-lived lead
isotopes do not affect the total BF. As a result, because of a higher yield of the above rare earths, the
BF of the tungsten target is larger than that of the lead target.
A comparison of the blanket burden factor – BFFP governed by spallation products and that of
spallation target – BFSP normalised to spallation BF for Pb target without taking into account rare
earths is presented in Figure 5. Because of the difference in the optimum neutron yields, blanket power
driven by 1 mA beam of 1.6 GeV protons is distinguished for Pb and W targets. Associated fission
product BF is presented by two curves in Figure 5.
A crucial point for comparison is the blanket configuration corresponding to energy self-sustaining
in ADC when the blanket power produced is sufficient to provide necessary beam power:
Pbl =

Pbeam
η a ηth

(6)

where ηa and ηth are the electricity-to-beam conversion efficiency and thermodynamic efficiency,
respectively. Both are usually taken as 0.4. Eqs. (3) and (6) reveal the critical value of multiplication
factor Keff about 0.75 for 1.6 GeV proton and hard spectrum blanket (νf = 2.9). Up to this level of
subcriticality, the BFSP in the lead target dominates over associated BIFP taking into account rare earths
(Figure 5). In the case of tungsten target, its spallation BF exceeds that of FP in the entire range of
subcriticality. This fact should be noted.
Burden of tritium accumulation
An important characteristic for comparison of nuclear facilities is tritium production. Tritium is a
rather movable material that requires additional protection measures even at present-day nuclear
plants. Needless to say about DT fusion technology, where tritium plays the role of fusion fuel.
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Tritium manifests one of the highest yields among SP as well (0.172 and 0.185 at T/p, correspondingly
for lead and tungsten). Being a relatively short-lived isotope (12.4 yr) it is mostly linked to operational
safety issues. Since tritium relatively quickly approaches its equilibrium, the equilibrium inventory
might be used as a meaningful parameter for evaluating the operational burden.
Included in Table 4 are characteristics of tritium accumulation in the Fusion Neutron Source
(FNS) with ITER-like parameters, ADC with lead target and proton energy of 1.6 GeV and typical
PWR with fuel burn-up of 33 GWd/THM. Tritium production rate corresponds to 1 GW of fusion
power in the case of FNS, 1 GW of thermal power in the case of PWR and to 1 MW of proton beam in
ADC. It is quite instructive to note that the tritium burden associated with 1 MW of beam power is of
the same order of magnitude as one inherent in PWR. In PWR most of the tritium FP is absorbed in
zircaloy cladding. FP tritium reaching the coolant is less than 1% [17]. In ADC projects, tritium
protection barriers have not yet been stressed. However, at the beam current from 10 to 100 mA, the
tritium burden associated with target performance will by 1-2 orders of magnitude exceed that of the
ADC blanket and should be counted on.
Compared to FNS, the tritium burden seems to be negligible at reasonable beam current values.
Nevertheless, the data on FNS tritium burden in Table 4 were calculated assuming continuous operation
of FNS with duty factor close to unit. It is worthwhile to mention that for the basic performance phase
of ITER operation (duty factor from 2-5%) the limit for the whole tritium processing system is 1 kg.
This value is quite comparable with tritium accumulation in the ADC target irradiated with a beam
current of 100 mA. The tritium burden in ADC appears to be at least similar to the ITER project.
Conclusion
Accumulation of spallation products (SP) in the target of accelerator-driven core (ADC) reveals
the problem, which requires careful analysis. The present paper makes an attempt to reveal the domain
in ADC performance parameters in which the effect of SP accumulation is profoundly clear. The main
attention was given to accumulation of long-lived non-fissionable radionuclides. By review of the
presently used evaluation criteria it was shown that the main radiological burden is associated with
long-lived fission products (FP). SP are similar to FP in that they are non-fissionable isotopes. Their
contribution as a long-term burden compared to FP was explored. As a basic criteria their equilibrium
toxicity was assumed. It has been quantitatively demonstrated that the main contribution toward a
long-term burden might be provided by α-emitting rare earths (150Gd and 154Dy). Contribution of all
the other long-lived isotopes is not essential. A special emphasis in the present paper was placed on
tritium accumulation. Tritium equilibrium inventory associated with target performance exceeds that
of the ADC blanket and is comparable to the tritium inventory in the tritium processing system
inherent in the ITER project.
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Figure 1. Toxicity of heavy metals at the moment of
fuel discharge from PWR (burn-up 33 GWd/THM)
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Figure 2. Relative risk of some isotopes in spent fuel (derived from the data available in Ref. [9])
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Figure 3. Neutron yield per one incident proton
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Figure 4. Equilibrium long-term toxicity associated with Pb and W spallation targets
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Figure 5. Relative burden factor of spallation and fission products

Relative Burden Factor (BF)

1E+3
BF

1E+2

SP

(W total)

%)63 3EWRWDO
%))3 3EWDUJHW

1E+1

1E+0

%))3 :WDUJHW

%)63 3E5(

1E-1

0.1

0.2
0.6 0.8 1.0
0.4
Neutron Multiplication Factor, K eff

408

Table 1. Characteristics of fission products

Isotope
106

Ru
Cs
147
Pm
125
Sb
155
Eu
154
Eu
85
Kr
3
H
113m
Cd
90
Sr
137
Cs
151
Sm
79
Se
126
Sn
99
Tc
93
Zr
135
Cs
107
Pd
129
I
134

T1/2 (yr)
1.0
2.04
2.6
2.74
4.93
8.6
10.6
12.3
14.38
28.9
29.8
90
0.6e+5
1.0e+5
2.1e+5
1.5e+6
2.3e+6
6.4e+6
1.6e+7

Yield
(kg/GWe yr)
PWR
4.64
3.21
3.75
0.38
0.37
1.04
0.64
1.53e-3
6.96e-3
14.3
31.9
0.36
0.16
0.73
20.4
19.1
7.98
5.82
4.72

Meq
for PWR
(kg/GWe)
6.71
9.46
14.2
1.53
2.67
12.9
9.84
27.3e-3
0.14
598.3
1375
65.6
1.49e+4
1.05e+5
6.25e+6
4.18e+7
2.64e+7
5.43e+7
1.06e+8

Table 2 Long-lived activation products in ITER-like fusion reactor
Isotope
91

Nb
Nb
99
Tc

94

T1/2
(yr)
6.8e+2
2.0e+4
2.1e+5

Activity*
(GBq/m3)
1.2e+4
5.6e+1
1.7e+2

* Data taken from Ref. [14].
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Meq
(kg/GWt)
482
2.1e+3
6.6e+5

Table 3. Spallation product yield per proton
Isotope
C
32
Si
36
Cl
39
Ar
41
Ca
53
Mn
60
Fe
59
Ni
63
Ni
79
Se
81
Kr
93
Zr
91
Nb
92
Nb
94
Nb
93
Mo
97
Tc
98
Tc
99
Tc
107
Pd
108
Ag
129
I
135
Cs
137
La
146
Sm
150
Gd
154
Dy
163
Ho
177
Lu
182
Hf
192
Ir
194
Hg
202
Pb
205
Pb
14

T1/2, year
5 730
172
3.01E+05
269
1.03E+05
3.74E+06
1.50E+06
76 000
100.1
65 000
2.29E+05
1.53E+06
680
3.47E+07
20 300
4 000
2.60E+06
4.20E+06
2.11E+05
6.51E+06
418
1.57E+07
2.30E+06
60 000
1.03E+08
1.79E+06
3.00E+06
4 570
160
9.00E+06
241
520
52 500
1.53E+07

Yield, Pb
2.00E-05
4.00E-05
6.00E-05
2.80E-04
6.00E-05
5.20E-04
7.80E-04
9.00E-04
3.22E-03
4.08E-03
7.60E-03
6.08E-03
4.66E-03
3.94E-03
4.32E-03
3.36E-03
4.20E-03
2.04E-03
2.86E-03
2.48E-03
6.20E-04
1.80E-04
2.00E-04
7.80E-04
1.90E-03
3.26E-03
4.58E-03
5.42E-03

Yield, W
2.00E-04
2.00E-04
1.33E-04
4.00E-04
6.67E-05
3.33E-04
2.00E-04
4.67E-04
1.14E-03
1.53E-03
3.87E-03
2.00E-04
4.67E-04
1.33E-04
6.67E-05
5.34E-04
6.01E-04
6.67E-05
6.67E-05
6.67E-05
3.34E-05

6.73E-03
1.75E-02
1.64E-02
2.39E-02
2.76E-02
1.20E-03
5.67E-03

6.67E-06
8.10E-02
2.96E-01
1.37E+00

Table 4. Burden of tritium accumulation
Facility
Normalisation basis
Equilibrium inventory (g)

FNS
1 GW
8.0e+4
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ADC
1 MW
≈2

PWR
1 GW
≈9
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Abstract
Formulations of the tasks with clear initial and boundary conditions (tasks of benchmark type) are
briefly described for independent calculations. The tasks were formulated on the basis of development
of a molten lead-bismuth target design of 1 MW power being carried out in the frames of ISTC
Project #559 and include calculations of neutrons and energy deposition fields, thermal, hydraulic and
stress calculations. Some results of calculations obtained at present time are demonstrated.
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Introduction
On 28-29 January 1999 during the meeting of the Consultancy Expert Group, agreement was
achieved that IPPE specialists will formulate and submit to partners a number of benchmark-type tasks
(with clear initial and boundary conditions) for independent calculations. The tasks will be formulated
on the basis of experience of molten lead-bismuth target design of 1 MW power being carried out at
present in the framework of ISTC Project #559. This activity has the following purposes:
•

To obtain independent results useful for the target circuit design substantiation.

•

To verify and compare possibilities of different codes by means of solution of the same tasks.

These tasks were formulated and submitted to institutions – official collaborators of Project #559
(CEA, France; LANL, USA; KTH, Sweden; FZK, Germany). Formulations of the tasks are briefly
described and some results of its solution (in comparison with each other, where it is possible)
obtained up to now are presented below.
Energy deposition and neutron leakage spectra in the simplified cylindrical model of the target
(Benchmark C1)
To calculate 2-D field of energy deposition, secondary neutron field and
neutron leakage spectra in the simplified mock-up of the target.
Geometry (Figure 1) nuclear concentrations, beam characteristics,
temperature of the system.
2-D distribution of energy deposition in the mock-up, neutron number and
spectra leaking front, lateral and back surfaces of the target.
Calculations were made in IPPE using code system LAHET+MCNP
(E. Zemskov, D. Rachkova) and in CEA using code SPARTE (J.C. Klein).
200 000 histories were considered in IPPE calculations and 400 000 in CEA
calculations.

The goal
Input data
Output data

Result of calculation

Neutron leakages are shown in Table 1. Total leakage in the CEA calculation (18.70) is 5.5%
higher than in the IPPE calculation (17.72). In neutron leakage spectra through front and lateral
surface there are essential discrepancies in low-energy parts (Figures 3 and 4).
Table 1. Neutron number leaking the target per incident proton
Upper number – CEA, SPARTE, J.C. Klein
Lower number – IPPE, LAHET+MCNP, E. Zemskov & D. Rachkova

Surface
Front
Lateral
Back
Total

≤20 Mev
2.601
2.554
14.98
14.11
0.1282
0.06749
17.71
16.73

Neutron number
≥20 Mev
0.05796
0.06236
0.9054
0.9091
0.02745
0.01729
0.9908
0.9888
414

Sum
2.659
2.616
15.89
15.02
0.1557
0.08478
18.70
17.72

Total energy deposition in the target mock-up calculated on SPARTE (669 kW) is 2.5% higher
than that calculated on LCS (653 kW). Total energy deposition in the window with a thickness of
1.5 mm calculated on SPARTE (4 635 W) is 17% higher than that calculated on LCS (3 969 W).
Two-dimensional distribution calculated on the LAHET and SPARTE codes is demonstrated in
Table 2.
Maximum discrepancies in window meshes is observed in zone 1 (Z = 0-1 cm) and reaches 19%
(1 460 W/cm3 – SPARTE, 1 288 W/cm3 – LAHET). Maximum discrepancies (up to 4 times) are
observed in the “thin” zones (r = 6.5-6.8 cm and r = 6.8-7.0 mm).
Energy depositions and neutron leakage spectra in the target mock-up with real geometry of the
window (Benchmark C1-1)

The goal
Input data
Output data
Results of calculation

To calculate 2-D field of energy deposition, secondary neutron yield and
neutron leakage spectra in the target mock-up with real geometry of the
window.
Geometry (Figure 6), nuclear concentration, proton beam characteristics,
meshes distribution in the mock-up (Figure 7).
The same as in Benchmark C1.
Calculations were made in IPPE using LCS 2-D distribution of volumetric
energy deposition density is presented in Table 3.

Table 2. Two-dimensional distribution of volumetric energy deposition, W/cm3
Upper figures – IPPE calculations
Lower figures – CEA calculations
Zcm
0.150-0.15
Rcm
0.65
0-1
1 228.4 1 408.9
1 460 1 540
1-2
873.29 993.29
1 010 1 060
2-3
418.61 471.82
492
519
3-4
138.77 162.66
167
179
4-5
34.688 42.804
38.5
40.6
5-6
7.4129 9.6396
6.96
5.76
6-6.5
1.8995 3.0044
1.48
1.16
6.5-6.8 1.6217 2.6252
0.646 0.835
6.8-7.0 1.2269 2.0622
0.679 0.567
7-8
1.0466 1.5262
0.617 0.576
8-9
0.8383 0.9342
0.531 0.330
9-9.25 0.5632 0.7664
0.491 0.373
9.250.5183 0.7780
9.75
0.296 0.306

0.651.15
1 433.8
1 620
1 004.7
1 130
477.39
543
167.77
187
43.446
47.7
10.204
7.45
3.2833
1.75
2.9652
1.46
3.8800
0.950
2.1944
0.727
1.1896
0.408
0.9464
0.412
0.7521
0.280

1.15-5

5-10

1 408.6
1 500
993.04
1 040
486.98
518
178.72
187
52.837
51.3
15.070
11.1
6.6703
3.81
4.7284
3.41
4.3858
2.31
3.0264
1.56
1.8494
0.895
1.4346
0.679
1.2756
0.619

1 133.6
1 210
812.83
856.
414.27
439.
161.16
169
55.603
54.3
20.679
17.0
11.300
8.49
8.8509
8.11
7.9829
5.73
5.5268
4.15
3.4323
2.43
2.6034
1.78
2.3438
1.48

10-15

15-20

20-25

25-30

30-35

35-40

40-45

45-50

837.31
891.
615.21
644.
328.32
347.
138.20
142
51.694
51.0
21.647
19.6
12.885
10.9
11.021
10.1
9.7361
7.61
7.0349
5.87
4.5202
3.67
3.6586
2.70
3.3106
2.43

591.94
614.
444.11
459.
252.39
263.
114.75
120
46.953
47.3
20.872
19.6
13.272
11.5
11.170
10.8
9.6712
8.28
7.3697
6.35
4.8337
4.14
4.0068
3.30
3.6589
2.84

382.17
400.
305.14
311.
190.42
196.
97.435
101
43.461
44.8
20.037
19.6
12.467
11.4
10.703
10.3
9.3523
8.08
6.8058
6.05
4.5519
4.04
3.6058
3.28
3.4181
2.80

237.38
248.
202.45
206.
139.93
143.
80.558
82.7
41.296
42.2
20.159
20.5
12.199
12.2
10.173
10.6
8.2668
8.21
6.1084
6.09
4.0505
3.88
3.3015
3.03
3.0789
2.59

153.70
154.
133.40
133.
100.75
100.
66.505
66.3
38.839
39.2
21.103
21.8
13.216
13.4
10.657
11.4
8.824
9.00
6.4379
6.42
3.7728
3.81
2.9624
2.76
2.6880
2.45

99.907
98.4
90.265
87.5
74.104
71.6
54.128
52.8
36.049
35.4
21.861
22.4
14.497
15.0
12.312
13.3
10.296
10.6
7.1810
7.35
3.8384
4.12
2.6922
3.00
2.4519
2.44

75.094
79.4
74.240
71.3
62.887
60.7
50.125
48.3
35.856
35.4
23.553
24.3
16.645
17.1
14.520
15.8
12.114
12.8
8.356
8.98
4.561
5.13
2.0156
3.45
2.4332
2.73

1.8479
1.87
1.4043
1.77
1.2827
1.49
1.2432
1.26
0.7928
0.971
0.7070
0.762
0.6148
0.753
0.5548
0.825
0.5828
0.620
0.4834
0.525
0.4534
0.462
0.4544
0.417
0.4499
0.386
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50-55
0.7149
0.896
0.50400
.488
0.5596
0.477
0.4433
0.484
0.3797
0.453
0.3139
0.414
0.4002
0.395
0.3780
0.554
0.3534
0.451
0.3053
0.328
0.2458
0.295
0.2283
0.242
0.2593
0.240

Table 3. Two-dimensional distribution of volumetric energy deposition
density (W/cm3) in the target mock-up with real geometry of the window
IPPE, LAHET+MCNP, E. Zemskov & D. Rachkova
Cell
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

Energy
deposition
1.35536E+03
1.07233E+03
6.20140E+02
2.42453E+02
7.01800E+01
1.42805E+01
2.69935E+00
1.04187E+00
1.10928E+00
9.88379E-01
1.03801E+00
2.00301E+01
2.86595E+00
1.23158E+00
9.16574E-01
6.66817E-01
6.29953E-01
9.46342E+01
1.71746E+01
3.49796E+00
1.93769E+00
1.45337E+00
1.07482E+00
9.34139E-01
7.23367E-01
7.19257E+02
2.79450E+02
8.56405E+01
1.81783E+01
4.22778E+00
2.78615E+00
1.63712E+00
1.52737E+00
9.51785E-01
7.88405E-01
1.57679E+03
1.23974E+03
7.26510E+02
2.89307E+02
9.01065E+01
2.01550E+01
5.35665E+00
2.49657E+00
1.94160E+00
1.49995E+00
9.79019E-01
1.61904E+03
1.25692E+03
7.34300E+02

Cell
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

Energy
deposition
2.96471E+02
9.11536E+01
2.10699E+01
5.86057E+00
5.31523E+00
3.32839E+00
2.71112E+00
1.88458E+00
1.43576E+00
8.67032E-01
1.59272E+03
1.31435E+03
7.54463E+02
3.08355E+02
9.70976E+01
2.56493E+01
7.88426E+00
3.87895E+00
2.66511E+00
1.76373E+00
1.41635E+00
9.51692E-01
1.59498E+03
1.27759E+03
7.45118E+02
3.05231E+02
9.51808E+01
2.47148E+01
8.15380E+00
4.54249E+00
3.67608E+00
2.17553E+00
1.44284E+00
1.08382E+00
1.49968E+03
1.23039E+03
7.25154E+02
3.01108E+02
9.55861E+01
2.70350E+01
9.12311E+00
5.13596E+00
4.34297E+00
2.68492E+00
1.69097E+00
1.31677E+00
1.42099E+03
1.14894E+03
6.75316E+02

Cell
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
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Energy
deposition
2.88415E+02
9.61033E+01
2.85926E+01
1.09303E+01
6.43143E+00
5.44190E+00
3.24925E+00
2.16340E+00
1.56648E+00
1.24652E+03
1.03892E+03
6.16274E+02
2.69478E+02
9.39911E+01
3.09290E+01
1.26061E+01
8.10664E+00
6.56539E+00
4.33471E+00
2.82329E+00
1.93267E+00
1.12552E+03
9.36576E+02
5.58680E+02
2.53322E+02
9.22489E+01
3.17322E+01
1.44203E+01
9.35123E+00
7.23571E+00
4.60611E+00
3.26313E+00
2.37920E+00
9.99509E+02
8.39172E+02
5.03095E+02
2.31660E+02
8.65626E+01
3.18258E+01
1.52651E+01
9.80836E+00
8.53324E+00
5.38981E+00
3.69159E+00
2.75926E+00
8.74405E+02
7.37292E+02
4.49463E+02
2.12035E+02

Cell
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

Energy
deposition
8.16422E+01
3.11084E+01
1.52013E+01
1.04244E+01
8.50449E+00
5.61785E+00
4.25474E+00
3.01963E+00
7.41138E+02
6.40973E+02
4.04991E+02
1.95020E+02
7.82737E+01
3.09090E+01
1.51615E+01
1.00237E+01
8.33869E+00
5.99307E+00
4.28845E+00
3.28184E+00
6.31128E+02
5.47811E+02
3.58417E+02
1.78899E+02
7.46392E+01
3.00395E+01
1.47334E+01
9.61140E+00
8.50388E+00
5.94988E+00
4.38584E+00
3.32785E+00
5.57728E+02
4.75454E+02
3.15866E+02
1.62856E+02
7.29143E+01
2.95719E+01
1.41751E+01
9.63842E+00
8.56686E+00
5.84915E+00
4.09300E+00
3.34425E+00
4.62460E+02
4.07700E+02
2.75923E+02
1.51095E+02
6.77612E+01

Table 3. Two-dimensional distribution of volumetric energy deposition
density (W/cm3) in the target mock-up with real geometry of the window (cont.)
IPPE, LAHET+MCNP, E. Zemskov & D. Rachkova
Cell
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252

Energy
deposition
2.88461E+01
1.40428E+01
9.62470E+00
7.94275E+00
5.77508E+00
4.20404E+00
3.41963E+00
3.93408E+02
3.40191E+02
2.41643E+02
1.35515E+02
6.55282E+01
2.85824E+01
1.41212E+01
9.91548E+00
7.88760E+00
5.17013E+00
3.78878E+00
3.24760E+00
3.20496E+02
2.84173E+02
2.05997E+02
1.22974E+02
6.26301E+01
2.87425E+01
1.40479E+01
9.00374E+00
7.67310E+00
5.09707E+00
3.73881E+00
2.94641E+00
2.59118E+02
2.39347E+02
1.80058E+02
1.12256E+02
5.99577E+01
2.83989E+01
1.43812E+01
9.32572E+00
7.50096E+00
5.28372E+00
3.63672E+00
2.61619E+00
2.18451E+02
1.97293E+02
1.53388E+02
1.00204E+02
5.67393E+01
2.88527E+01
1.48520E+01
9.25484E+00
7.47549E+00
5.05131E+00
3.41279E+00
2.70370E+00
1.81189E+02

Cell
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

Energy
deposition
1.66945E+02
1.31732E+02
9.03868E+01
5.38143E+01
2.88064E+01
1.52558E+01
1.00993E+01
7.81803E+00
5.17053E+00
3.44003E+00
2.70001E+00
1.47131E+02
1.39617E+02
1.13177E+02
8.00784E+01
5.05855E+01
2.78974E+01
1.58532E+01
1.00387E+01
7.96375E+00
4.90166E+00
3.17932E+00
2.56986E+00
1.18504E+02
1.17725E+02
9.61146E+01
7.25578E+01
4.73774E+01
2.84712E+01
1.58741E+01
1.09194E+01
8.42373E+00
5.04346E+00
3.04023E+00
2.41092E+00
1.03449E+02
9.91584E+01
8.56140E+01
6.54153E+01
4.47240E+01
2.76916E+01
1.64994E+01
1.14472E+01
9.03600E+00
5.46563E+00
3.12698E+00
2.32564E+00
9.35525E+01
8.67407E+01
7.53861E+01
5.84881E+01
4.32073E+01
2.76815E+01
1.70925E+01
1.15022E+01
9.81778E+00

Cell
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
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Energy
deposition
6.00074E+00
3.42193E+00
2.24992E+00
8.54126E+01
8.05182E+01
6.94633E+01
5.57737E+01
4.22284E+01
2.85544E+01
1.90388E+01
1.32214E+01
1.06284E+01
6.97340E+00
4.14816E+00
2.76648E+00
8.63836E+01
8.52478E+01
7.72371E+01
6.43319E+01
4.85695E+01
3.53447E+01
2.34427E+01
1.73100E+01
1.41362E+01
8.46708E+00
5.12953E+00
3.23167E+00
3.73101E+01
3.57950E+01
3.16816E+01
2.42263E+01
1.64860E+01
1.08466E+01
5.87334E+00
4.13993E+00
3.12020E+00
1.75665E+00
9.94062E-01
7.09304E-01
1.20826E+00
1.00554E+00
8.66495E-01
8.49770E-01
7.55616E-01
6.43419E-01
6.52897E-01
7.03079E-01
5.02917E-01
4.89314E-01
4.18753E-01
4.46941E-01
6.29982E-01
8.00333E-01
9.67936E-01
7.56086E-01
7.36604E-01

Cell
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
Total

Energy
deposition
5.42182E-01
5.04742E-01
5.02851E-01
4.92918E-01
4.54847E-01
3.88482E-01
2.86121E-01
6.39642E-01
5.66928E-01
5.95086E-01
6.58807E-01
4.81269E-01
4.76670E-01
3.94339E-01
3.92545E-01
3.33112E-01
2.65463E-01
3.06090E-01
3.38202E-01
6.96584E-02
3.33887E-01
3.82554E-01
4.67453E-01
3.96425E-01
3.70485E-01
3.39223E-01
4.12031E-01
3.05865E-01
2.63894E-01
2.68003E-01
2.76690E-01
6.53054E+05

Thermohydraulic calculations of the target mock-up (Benchmark C)
The goal

Input data

Output data

Results of calculation

To calculate velocity and temperature fields in the target mock-up with real
geometry using energy deposition distribution calculated in Benchmark C1-1.
2-D distribution of energy deposition density, geometry (Figure 6), geometry
of diffuser plate (Figure 8), thermophysical properties of the coolant and
structural steels in dependence of temperature, inlet temperature and flow rate
of the coolant.
Velocity and temperature fields in free form, temperature distribution on inner
and external surfaces of the window and in the coolant near the window, radial
temperature distribution in diffuser plate. These calculation should be made
for proton current I = 1.25 mA (rated power) and I = 1 mA.
Calculations were made in IPPE (2-D code DUPT and 3-D code TUPT
L. Leonchuk, Z. Sivak & S. Grishakov), in FZK (code FIDAR, Xu Cheng), in
LANL (code FIDAR, X. He & N. Li). In the DUPT and TUPT codes there is
no direct turbulence model and some effective coefficients of turbulence
viscosity ν and turbulence heat conductivity λ are used. Calculations were
carried out using 1) molecular values of ν and λ, 2) ν and λ derived from
homogenous isotropic turbulent model 3) ν and λ according to Y. Levchenko
recommendation on the basis of experimental data obtained in IPPE by
blowing with air the target mock-up.

In FZK calculations energy depositions fields calculated in IPPE (Benchmark C1-1) were used
(as well in calculations of M. Leonchuk, et al.). In LANL calculations some other data calculated
earlier in IPPE on the MARS-10 code were used.
Temperature distribution calculated on the DUPT code along the centreline of the target is
presented in Figure 9 for different option of heat conductivity in comparison with LANL and FZK
calculations.
Temperature distribution calculated on the TUPT code along the centreline of the target is shown
in Figure 10. In TUPT calculation turbulence viscosity ν = 3.5⋅10–5 m2/s was used before and behind
diffuser plate (Curve 4) as well experimental recommendation of Y. Levchenko behind diffuser plate
(Curve 3). In all cases molecular heat conductivity λ =1 2.2 W/m grad was used.
Temperature distributions on the inner (vacuum sides) and the external (coolant side) surfaces of
the window are presented in Figures 11 and 12.
Radial temperature distributions on the surfaces of diffuser plate are demonstrated in Figure 13.
Curves 1-5 have been obtained in some homogenous models (porous body for Curves 1 and 2).
For Curves 6 and 7 a special approach was realised with consideration of temperature gradients in the
plate material.
Stresses in the window (Benchmark D)
The goal
Input data

Comparison of the stresses in the window calculated by different codes in quasistationary operation.
The window geometry (Figure 14), volumetric density of energy deposition and
temperature of the inner surface versus radius, thermal and elastic characteristics of
structural steels.
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Output data

Results

Radial distribution of stresses components, the points with maximum radial stresses,
2-D distribution of stresses in the window in a free form.
Calculations were performed in IPPE (code FEMINA, M. Khmelevsky) and CEA
(code CASTEM, Y. Poitevin & I. Slessarev). Unfortunately, so far we have not
succeeded in performing compressive comparison. In Table 4 there are maximum
radial stresses.
Table 4. Maximum radial stresses in the window
Co-ordinate
R, mm
0
57.5

Stresses, MPa
Inner surface
External surface
IPPE
CEA
IPPE
CEA
328
228
-324
-257
199
276
-296
-461

There are essential discrepancies in maximum stress values. The reasons for these discrepancies
should be analysed. One of these reasons could be the graphical form of inputting the window geometry
and some thermal and elastic properties of material that allows their ambiguous interpretation.
Dynamic picture of temperature and stresses in the window under beam trips (Benchmark E)

The goal

To calculate time behaviour of temperatures and stresses in the window and
other parts of the target after beam switching on rated power and under beam
trips with consideration impulse structure of the beam.

It was proposed to solve two model tasks and the task in general formulation.
Model task E1
Input data
Output data
Model task E2
Input data
Output data

Task E4 in general
formulation
Input data
Output data

In 1-D model to calculate time behaviour of temperatures and stresses after
beam switching on rated power.
Impulse structure of beam, boundary conditions, material and coolant
properties, energy deposition.
Temperature and stresses components versus time.
To calculate time behaviour of temperature and stresses in the window in the
events of the beam interruptions for 0.1, 0.5, 1 and 2 sec.
Same as for model task E1.
Same as for model task E1.
To calculate time behaviour of temperatures and stresses components in the
window and other part of the target after beam switching on rated power with
consideration of thermal and mechanical interaction between walls and
coolant.
The window geometry and conditions of its fastening, properties of materials
and the coolant, thermal and hydraulic data.
Time behaviour of temperatures, stress components and displacements.
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Results of calculation

Tasks E1 and E2 were solved in IPPE (E. Pylchenkov, et al.) in the frames of
comparatively simple 1-D model. Results obtained are demonstrated in
Figures 15 and 16.

Code verification for target hydraulic calculations (Benchmark B)
The goal
Input data
Output data

Results of calculations

Codes verification by means of calculations of air flow in the target
mock-up and results comparison with relevant experimental data.
Geometry of experimental mock-up Reynolds numbers for air flow, sensors
arrangement.
Flow resistance coefficients along the parts of the flow path, axial velocity
distribution, azimuthal distribution of axial velocity, radial distribution of
axial velocity, velocity pulsations along axis and radius.
At present calculations were made in IPPE to verify the DUPT and TUPT
codes. As a result of experiments some recommendations were developed
on values of turbulent viscosity in the target geometry. In Figures 17 and 18
results of calculations of axial velocity profiles calculated on DUPT and
TUPT codes are presented. One can see that the use of experimental
recommendation on turbulent viscosity gave opportunity to obtain results
that agreed well with experimental data.

Neutron streaming along proton guide and transport through shielding in a blanket target
system and doses of gamma-radiation (Benchmark A)
This task is not related to substantiation of the pilot target substantiation design.

The goal
Input data

Output data

Results of calculations

To estimate radiation conditions on the blanket lid after system shut down,
which can be important as regards equipment maintenance and fuel
reloading.
Geometry (Figure 18), nuclear concentrations, beam characteristics, blanket
power, time of operation.
2-D distribution in the blanket lid: a) neutron flux densities with energy less
and higher than 20 MeV; b) volumetric density of neutron radiation
capture; c) volumetric density of neutron activation interval for 59Fe, 51Cr,
58
Co and 60Co; activation gamma-dose above the blanket lid after cooling
time 1 and 30 days.
Calculations were made at CEA (codes SPARTE, TWODANT, J.C. Klein),
Deign Bureau “Gidropress” (code DOT III, V. Kalchenko), and IPPE (code
LCS, V. Romanov).

Some results of calculations are summarised in Table 5.
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Table 5. Neutron flux densities with energy less 20 MeV in the blanket lid
Upper figures – RDB “Gidropress”, DOT III, V. Kalchenko
Lower figures – CEA, SPARTE+TWODANT, J.C. Klein
Parentheses – ratio lower figure to upper one

Line A r = 250
2.06E+09
4.64E+09
(2.55)
3.88E+09
1.46E+10
(3.76)
7.76E+09
2.12E+10
(2.72)
9.7E+09
2.47E+10
(2.55)
9.3E+09
2.47E+10
(2.66)
7.7E+09
2.08E+10
(2.70)
5.04E+09
1.38E+10
(2.74)

Line 1
Zo = 0
Line 2
Zo = 50
Line 3
Zo = 100
Line 4
Zo = 150
Line 5
Zo = 200
Line 6
Zo = 250
Line 7
Zo = 300

Line B r = 400
4.66E+08
9.11E+08
(1.95)
7.76E+08
2.93E+09
(3.78)
1.55E+09
4.36E+09
(2.81)
1.75E+09
5.05E+09
(2.89)
1.40E+09
4.88E+09
(3.49)
1.36E+09
3.78E+09
(2.78)
7.76E+08
2.19E+09
(2.82)

Line C r = 500
1.78E+08
3.30E+08
(1.85)
3.10E+08
9.94E+08
(3.01)
4.66E+08
1.46E+09
(3.13)
5.04E+08
1.68E+09
(3.11)
4.66E+08
1.60E+09
(3.43)
4.07E+08
1.21E+09
(2.97)
1.94E+08
6.71E+08
(3.46)

Line D r = 600
6.6E+07
1.21E+08
(1.83)
9.7E+07
3.02E+08
(3.11)
1.36E+08
4.28E+08
(3.14)
1.56E+08
4.86E+08
(3.11)
1.36E+08
4.58E+08
(3.37)
1.16E+08
3.43E+08
(2.96)
7.37E+07
1.88E+08
(2.55)

Table 6. Neutron flux density with energy higher than 20 MeV in the blanket lid
CEA/Cadarache, SPARTE+TWODANT, J.C. Klein

Line 1, Zo = 0
Line 2, Zo = 50
Line 3, Zo = 100
Line 4, Zo = 150
Line 5, Zo = 200
Line 6, Zo = 250
Line 7, Zo = 300

Line A, r = 250
1.48E+06
2.06E+06
2.63E+06
3.34E+06
4.25E+06
5.49E+06
6.82E+06

Line B, r = 400
3.79E+05
5.29E+05
6.91E+05
8.99E+05
1.17E+06
1.54E+06
1.99E+06

Line C, r = 500
1.96E+05
2.72E+05
3.58E+05
4.66E+05
6.13E+05
8.16E+05
1.07E+06

Line D, r = 600
1.09E+05
1.51E+05
1.99E+05
2.62E+05
3.45E+05
4.64E+05
6.13E+05

Table 7. Dose rate of gamma-ray after system shutdown, r cm/h

Code, author
RDB “Gidropress”,
DOT III, V. Kalchenko
IPPE, MCNP,
V. Romanov
Ratio MCNP/DOT III

Cooling time
1 day
30 days
Point E
Point F
Point E
Point F
624

252

202

112

1 030

327

322

150

1.65

1.30

1.59

1.34
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Figure 1. Geometry of the target mock-up
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Figure 2. Radial distribution of energy deposition in the window
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Figure 3. Neutron leakage group spectra through the front surface
IPPE, LAHET+MCNP,
E.Zemskov &
D.Rachkova
CEA, SPARTE,
J.C.Klein
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Figure 4. Neutron leakage group spectra through the lateral surface
IPPE, LAHET+MCNP,
E.Zemskov & D.Rachkova
CEA, SPARTE,
J.C.Klein
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Figure 5. Neutron leakage group spectra through the back surface
IPPE, LAHET+MCNP,
E.Zemskov & D.Rachkova
CEA, SPARTE,
J.C.Klein
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Figure 6. Geometry of the target mock up
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Figure 7. Mesh distribution
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Figure 8. Diffuser plate

Figure 9. Temperature distribution along centreline
1 – IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov, molecular heat conductivity λ eff=12.2 Wt/m Ê*.
2 – IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov, isotropic turbulent heat conductivity λ eff =73.0 Wt/m Ê*.
3 – IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov, λeff is used according to Y. Levchenko recommendation*.
4 – LANL, FIDAP (X. He & N Li).
5 – FZK, FIDAP (Xu Cheng).
* Y. Levchenko recommendation for turbulent viscosity is used.
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Figure 10. Temperature distribution along centreline of the target
1 – LANL, FIDAP, X. HE & N. Li.
2 – FZK, FIDAP, Xu Cheng.
3 – IPPE, TUPT, M. Leonchuk, Z. Sivak & S. Grishakov, Y. Levchenco experimental data for turbulent viscosity are used.
4 – IPPE, TUPT, M. Leonchuk, Z. Sivak & S. Grishakov, the homogeneous isotropic turbulence model are used.
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Figure 11. Temperature distributions along the vacuum
side of the target window (80% of the nominal power)
1 – IPPE, TUPT calculation, M. Leonchuk, Z. Sivak & S. Grishakov.
2 – LANL, FIDAP, X. HE & N. Li.
3 – FZK, FIDAP, Xu Cheng.
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Figure 12. Temperature distributions along the coolant
side of the target window (80% of the nominal power)
1 – IPPE, TUPT calculation, M. Leonchuk, Z. Sivak & S. Grishakov.
2 – LANL, FIDAP, X. HE & N. Li.
3 – FZK, FIDAP, Xu Cheng.
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Figure 13. Temperature distribution along the front
and rear sides of the diffuser plate and in plate material
1, 2 – IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov.
3, 4 – LANL, FIDAP, X.He & N. Li.
5 – FZK, FIDAP (Xu Cheng).
6 – IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov. Temperature distribution on the lateral edges of the plate holes.
7 – IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov. Temperature distribution in plate material.
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Figure 14. The window geometry with its fixing scheme
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Figure 15. Time behaviour of temperature and stress on the window surface
after switching on the accelerator: a) initial period; b) up to 3.2 sec
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b)

Figure 16. Temperature and stress time behaviour under beam disappearance: a) single and
three-multiple beam disappearance (∆τ = 0.1 sec); b) single beam disappearance (∆τ = 1 sec)
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Figure 17. Axial velocity profile along centreline of the target model
IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov
1 – Molecular viscosity ν = 2.1 E-7 m /s
2
2 – Turbulent viscosity ν = 3.2E-5 m /s
3 – Turbulent viscosity according Y. Levchenko recommendation
4 – Y. Levchenko experiment, IPPE
2
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Figure 18. Axial velocity profile across the inner tube of the
target model for several distances Z from the diffuser plate
IPPE, DUPT, M. Leonchuk, Z. Sivak & S. Grishakov
Solid line – DUPT results
Dashed line – experiment
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Figure 19. R-Z geometry (dimensions in mm)
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Abstract
In the framework of the NEA Nuclear Science Committee, an international benchmark exercise for an
accelerator-driven system is being undertaken. A model of a lead-bismuth cooled subcritical system
driven by a beam of 1 GeV protons was chosen for the exercise.
Except for the subassembly geometry, the design of the subcritical core is based on the ALMR
reference design of a sodium-cooled actinide burner. To reduce the high pumping power for the
lead-bismuth coolant, the reference subassembly was replaced by a subassembly with a smaller
number of pins, and the fission power of the system was proportionally reduced. Lead-bismuth was
chosen as target material to reflect the generally increased interest in this material for high-power
spallation target applications.
An interesting role of accelerator-driven systems is to burn actinide waste from reactors with
conventional fuel cycles. The benchmark reactor is assumed to operate as a minor actinide burner in a
“double strata” fuel cycle scheme, featuring a fully closed fuel cycle with a top-up of pure minor
actinides. Two fuel compositions for a start-up and an equilibrium core are considered, both differing
considerably from normal U-Pu mixed-oxide fuel compositions.
Six organisations (ANL, CIEMAT, JAERI, KAERI, PSI/CEA and RIT) have contributed preliminary
results for inclusion in this paper. The results are based on deterministic transport as well as Monte Carlo
calculations using data from ENDF/B-VI, JENDL3.2 and JEF2.2. Significant differences in important
neutronic parameters are observed.
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Introduction
Many countries are interested in accelerator-driven systems because, in the future, these systems
may play a role as energy producers with an enhanced safety potential and/or as efficient minor
actinide (MA) and fission product burners.
Recognising a need for code and data validation in this area, the NEA Nuclear Science
Committee, through its Task Force on Transmutation, initiated a first benchmark exercise in 1994.
The exercise was based on a transmutation strategy involving light water reactors, fast reactors and an
accelerator-driven system (ADS). The latter, a sodium-cooled system with a tungsten target and
MA-Pu nitride fuel, was analysed by groups from JAERI, PSI and IPPE [1]. Considerable differences
in calculated initial keff values and burn-up reactivity swings indicated a need for refining the
benchmark specification and continuing the exercise with a wider participation [2,3].
The present benchmark model is designed to resolve the discrepancies observed in the benchmark
exercise of the Task Force on Transmutation and, in general, to check the performance of reactor
codes and nuclear data for accelerator-driven systems with unconventional fuels. With regard to the
first objective, the model is similar to that used before, except for the target and the coolant.
The choices of a liquid metal target and lead-bismuth coolant reflect the generally increased interest in
this technology. Since emphasis is on code and data validation in the below 20 MeV energy region, a
standard spallation neutron source spectrum and distribution is prescribed.
As in the previous exercise, the ADS is assumed to be a component of a uranium-based advanced
nuclear energy system with integrated partitioning and transmutation (P&T). In this context, an
obvious role of the ADS is to burn minor actinides in the (fully closed) P&T cycle of a “double strata”
fuel cycle scheme [4]. Fuel compositions for a start-up and an equilibrium core are specified in
accordance with this strategy.
Benchmark model
For the P&T cycle, the appropriate concept is a modular plant which allows the MA burning
capacity to be adjusted flexibly to the requirements of the nuclear park. Considering that a MA burner
supports some 15 to 20 energy producers of the same thermal power and burner, economy thus not
being a primary issue, the (relatively small) module of the 471 MWth ALMR reference system has an
optimum size. Adopting this system as the basis for the benchmark calculations has the advantage that
a detailed plant concept is available and the performance of the plant with normal cores has already
been analysed in great detail, including transient and beyond design basis behaviour [5].
For the accelerator-driven ALMR core, a simplified R-Z model was prepared as shown in
Figure 1. The model comprises a central lead-bismuth target zone, a void zone in the beam duct
region, a multiplying region consisting of homogenised fuel and lead-bismuth coolant, and an outer
steel reflector zone. The core dimensions are those of the ALMR burner reference core. Reflector and
radial shield materials consist of an average homogeneous mixture of HT-9 steel (70% by volume) and
coolant (remainder). The target top position is a compromise: an optimisation with regard to the
neutron source importance and the axial power distribution would give zT ≅ 120 cm; in the benchmark
model, the target top was set to coincide with the top of the core to reduce possible calculational
uncertainties due to the presence of a void in the beam duct region.
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Figure 1. R-Z model of accelerator-driven minor actinide burner system
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To reduce the high pumping power for the lead-bismuth coolant, the coolant volume fraction of
the subassembly was increased compared with that of the sodium-cooled subassembly. An adequate
pitch-to-diameter ratio of 1.6 was achieved by replacing the reference 271 pin subassembly by a
217 pin subassembly. If the pin diameter is preserved, the thermal power reduces proportionally from
the 471 MWth of the reference system to 377 MWth for the benchmark reactor.
For the fuel, dense and non-moderating metals and nitrides are preferable because they improve
the neutron economy and the toxicity reduction potential of the system. Reprocessed by the “dry”
technique, they are particularly suited for the P&T cycle of the double strata concept. With a view
to Japanese and French project preferences, nitride fuel was chosen for the benchmark reactor.
The nitrogen is assumed to be pure 15N.
Fuel compositions (and hence neutronic characteristics) of MA burner cores differ considerably
from those of normal U-Pu mixed-oxide (MOX) cores and also between start-up and equilibrium
cores. For determining the composition of the minor actinides transferred to the P&T cycle, the
nuclear park was assumed to consist of a mix of uranium-fuelled LWRs (71%), MOX-fuelled LWRs
(11%) and CAPRA-type fast reactors (18%) which burn the plutonium in a closed cycle after two
recycles in the LWRs [6,7]. From this MA composition, start-up and equilibrium core compositions
were determined as follows:
•

For the start-up core, the minor actinides are mixed with plutonium from the uranium-fuelled
LWRs using a fixed mixing ratio which gives a keff of about 0.95 at the beginning of life
(BOL).

•

For the equilibrium core (fully closed cycle with MA top-up or “feed”), the cycle averaged
equilibrium composition was calculated directly using the algorithm described in Ref. [8], and
a BOL correction based on an evolution calculation was applied.
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Because an equilibrium core with undiluted fuel is too reactive, an actinide-zirconium mixture in
the form of mono-nitrides is used. The actinide-to-zirconium ratio was set to give a keff of about
0.95 at BOL. This (fixed) actinide-to-zirconium ratio is also used for the start-up core. Diluting the
actinides in an inert matrix has the additional benefit of reducing the activity of the irradiated fuel.
The operating temperature of the fuel is 980 K. The target and reflector temperature is 650 K.
The fuel is assumed to be irradiated during five years at an average thermal power of 320 MW,
corresponding to a load factor of 0.85; at the end of life (EOL), it reaches a burn-up of approximately
200 GWd/tHM.
The spallation neutron source was produced with the PSI version of HETC assuming a proton
energy of 1 GeV and a beam radius of 10 cm. To ensure consistence between different calculations,
the participants were provided with a fine group source with lethargy width 0.1 and a collapsing
program, developed by JAERI, which enables the user to produce broad group sources for different
group structures.
The requested results comprise initial keff and its variation with burn-up, axial and radial neutron
flux distributions, neutron energy spectrum, reaction rate balance, coolant void reactivity, fuel Doppler
reactivity, βeff, etc.
Results and discussion
Six organisations have contributed preliminary results for inclusion in this paper. Table 1
summarises the nuclear data libraries and computer codes used in the calculations.
Table 1. Participating organisations, data libraries and codes
Organisation
(Country)
ANL
(USA)
CIEMAT
(Spain)
KAERI
(Korea)
PSI/CEA
(Switzerland/France)
JAERI
(Japan)
RIT
(Sweden)

Basic data libraries

Codes/code systems

ENDF/B-VI
MC2-2
ENDF/B-V (lumped fission products) TWODANT
REBUS-3
JENDL3.2
EVOLCODE system
EAF3.1 (burn-up)
(NJOY, MCNP-4B, ORIGEN2.1)
ENDF/B-VI (fission yields)
JEF2.2
TRANSX2.22
JENDL3.2 (natPb, 242mAm)
TWODANT and DIF3D-7.0
REBUS-3
JEF2.2
ERANOS with ERALIB1 library
ORIHET (activity and decay heat)
JENDL3.2
ATRAS
(SCALE, TWODANT, BURNER,
ORIGEN-2)
JEF2.2
NJOY, MCNP-4B, MCB (burn-up)
ORIGEN2

Tables 2 and 3 summarise the main neutronic characteristics of the start-up and the equilibrium
core. For the initial keff, a maximum discrepancy of 3% is observed. Except for ENDF/B-VI, the keff
values are not correlated in a systematic way with the total production-to-absorption ratios as one
438

Table 2. Main neutronic characteristics of start-up core
Parameters

ANL
CIEMAT
ENDF/B-VI JENDL3.2
0.98039
0.957

Organisation
KAERI
PSI/CEA
JEF2.2
JEF2.2
0.95979
0.94795

JAERI
JENDL3.2
0.9650

Library used
keff at BOL
Production to
1.316
1.228
1.228
1.253
absorption ratio
Coolant void reactivity
at BOL/EOL (pcm)
ref
k voided
− k eff
3 130/2 297 3 905/3 214 3 298/2 553 2 870/1 655 3 813/2 889
eff
voided
ref
ref
( k eff − k eff ) k eff 3 191/2 572 4 078/3 389 3 436/2 708 3 127/1 868 3 952/3 221
Fuel Doppler effect
BOL/EOL (pcm)
K
K
0/14
38.2/323.7 20.6/16.8
6.2/12.4
20.2/36.8
k 980
− k 1580
eff
eff
K
K
k 980
⋅ k 1580
eff
eff
155
269.4
–
184.0
173.5
βeff at BOL (pcm)
Median energy of
210
212
267
214
162
neutron spectrum (keV)

RIT
JEF2.2
0.9590

2 904/–
3 025/–

48/–
–
–

Table 3. Main neutronic characteristics of equilibrium core
Parameters

ANL
CIEMAT
ENDF/B-VI JENDL3.2
0.96335
0.937

Organisation
KAERI
PSI/CEA
JEF2.2
JEF2.2
0.95776
0.94374

JAERI
JENDL3.2
0.9494

Library used
keff at BOL
Production to
1.318
1.242
1.26
1.258
absorption ratio
Coolant void reactivity
at BOL/EOL (pcm)
ref
k voided
− k eff
3 286/2 030 4 511/2 582 3 379/2 363 2 732/1 925 4 138/2 566
eff
voided
ref
ref
( k eff − k eff ) k eff 3 411/2 236 4 816/2 744 3 528/2 455 2 955/2 276 4 359/2 784
Fuel Doppler effect
BOL/EOL (pcm)
K
K
20/11
17.1/277.6 27.2/33.4
4.2/5.8
30.4/50.4
k 980
− k 1580
eff
eff
K
K
k 980
⋅ k 1580
eff
eff
116
244.8
–
155.9
145.2
βeff at BOL (pcm)
Median energy of
188
–
226
179
152
neutron spectrum (keV)

RIT
JEF2.2
0.957

3 045/–
3 183/–

45/–
–
–

could expect. The JEF2.2-based multiplication factors calculated by KAERI and RIT are found to be
in good agreement. However, this does not apply to the PSI/CEA multiplication factors; probably
influenced by data adjustments in the ERALIB1 library, these are consistently lower than the other
JEF2.2-based multiplication factors. Relatively large keff differences of about 1% arise in the two
JENDL3.2 calculations, indicating that the sensitivity of the results to the data processing route and/or
the neutron transport approximation also has to be investigated.
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Interestingly, the multiplication factors for the start-up and the equilibrium core do not exhibit
consistent biases. This may be due to the fact that the reaction rate balances of the two cores are not
dominated by the same producers and absorbers. From the submitted reaction rate balance
components, it can be derived that, in the start-up and the equilibrium core, the neutron production
is dominated respectively by 239Pu (≈40% of the production) and 238Pu (≈25% of the production).
The most important absorber is 241Am, followed by 239Pu and 243Am in the start-up core, and by 243Am
and 238Pu in the equilibrium core. This also means that the neutronic characteristics of minor actinide
burner cores are sensitive to nuclear data which do not play an important role in normal MOX-fuelled
cores.
For the coolant void reactivity, the JENDL3.2 calculations by CIEMAT and JAERI give similar
results (agreement within about 10%). Assuming that the Monte Carlo calculations by CIEMAT and
RIT can be considered as reference calculations which are only sensitive to differences in nuclear data,
the decrease in the BOL coolant void reactivity arising from the substitution of JENDL3.2 by JEF2.2
is about 30% (26% for the start-up core and 32% for the equilibrium core). For the other JEF2.2-based
coolant void reactivity predictions, one observes a maximum deviation of 14% with respect to the RIT
prediction. It is interesting to notice that, in the ANL and JAERI case, the voided core becomes
supercritical.
A general observation regarding the fuel Doppler reactivity and β eff values is that they are small
compared with typical values of MOX-fuelled fast reactor cores due to the absence of 238U and a hard
neutron spectrum. The βeff values predicted by ANL, PSI/CEA and JAERI lie in the expected range.
An understanding of the large differences in fuel Doppler reactivity requires more insight into the
calculation procedures used by the participants.
Neutron spectrum information is given in the form of median energies which have been derived
from the group fluxes supplied by the participants. The values indicate that the ANL, CIEMAT and
PSI/CEA spectra are in good agreement, and that the JAERI and KAERI spectra deviate from these
spectra in opposite directions. It is interesting to note that the spectrum in the equilibrium core is
generally softer than that in the start-up core.
The keff variation with burn-up is shown in Figures 2 and 3. The burn-up reactivity drop,
kBOC-kEOC, ranges from 0.017 to 0.088 in the start-up core, and from -0.005 to 0.056 in the equilibrium
core, the KAERI and ANL calculations always giving the smallest and the highest values,
respectively. The burn-up reactivity drop does not appear to be strongly correlated with the data
library used, and calculations based on the same library do not give consistent reactivity drops. As one
would expect, the keff spread at the end of life is wider than at the beginning of life; for the equilibrium
it reaches more than 5%.
Table 4 displays decompositions of the burn-up reactivity drops into actinide and fission product
components. It can be seen that ENDF/B-VI gives the highest values for both components. Whereas
the actinide components are to some extent correlated with the nuclear data library, this does not
appear to be the case for the fission product components. The large (factor of 4) discrepancies between
the latter mean that the treatment of the fission products in the calculations, including the preparation
of fission product chains, lumped fission products and fission yields, will have to be thoroughly
investigated. As the problems appear to be associated more with the fission products than with the
actinides, it is not surprising that the differences between predicted end-of-life fuel isotopic
compositions (not presented in the paper) are relatively small.
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Figure 2. keff variation with burn-up in start-up core
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Figure 3. keff variation with burn-up in equilibrium core
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Table 4. End of cycle burn-up reactivity drop components (in units of 103 ∆k)
ENDF/B-VI
JENDL3.2
ANL
CIEMAT JAERI
39
28
31
49
13
37
88
41
68
01
-18
-16
55
14
44
56
-4
28

∆k from

Core

a

Actinides
FPsb
Total
Actinidesa
FPsb
Total

Start-up

Equilibrium
a
b

KAERI
-5
22
17
-32
27
-5

JEF2.2
PSI/CEA
8
28
36
-26
35
9

RIT
03
36
39
–
–
17

Actinide component evaluated from keff values with FP concentrations set to zero.
Evaluated as total effect minus actinide component.

Finally, axial and (mid-plane) radial neutron flux distributions are compared in Figures 4-6.
The most prominent feature is a large discrepancy between the JAERI calculation and all other
calculations for the flux level in the core and reflector (cf. Figures 5 and 6). The axial profiles for the
target can be grouped into two classes with strongly different behaviour in the vicinity of the
target/beam-duct interface. Differences in flux level between other calculations, differences in peak
flux position in Figure 5, and the very different shape of the radial flux profiles in the inner half of the
core will also require thorough investigation.
Figure 4. Axial neutron flux distribution for the target (start-up core)
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Figure 5. Axial neutron flux distribution for the core centre (start-up core)
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Figure 6. Radial neutron flux distribution in the mid-plane (start-up core)
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Conclusions
An OECD/NEA international benchmark exercise for an accelerator-driven minor actinide burner
is being undertaken. By the time of the preparation of this paper, six organisations had contributed
preliminary results based on modern nuclear data libraries and reactor analysis codes, comprising both
deterministic and Monte Carlo transport methods. The analyses performed so far reveal significant
differences in important neutronic parameters such as initial keff, burn-up reactivity swing, safety
parameters and flux distribution. The discrepancies are probably due to deficiencies in the nuclear data
of actinides (e.g. 238Pu, 241Am, 243Am) which do not significantly influence the reaction rate balance of
conventional MOX cores and the treatment of fission products. A comprehensive analysis of the
complete results will hopefully clarify the origin of the discrepancies and provide interesting
information for data evaluators.
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Introduction
Over the last 70 years, accelerators have become the indispensable tools to support fundamental
and applied research in many disciplines: particle physics, nuclear physics, material science, biology,
therapy, environmental science, geology, etc.
Accelerator physics and associated technology were compelled to make fantastic progresses to
meet the ever-increasing needs of science for higher and higher performances. In parallel, several
innovations in technology found unexpected and nevertheless highly valuable applications allowing
for the development of new fields of science. This situation is often referred to as “technology-driven
science”. Nowadays, progress in science and the success of R&D on accelerators are very intimately
linked.
Accelerators for elementary particle physics are very specific. They became extremely large and
costly. Their conception, construction and exploitation require an international (European and
preferably intercontinental) collaboration.
The accelerators for most of the other disciplines follow the example of particle physics. Projects
are getting larger and larger. Their costs can be expressed in G Euro units and as a consequence,
international collaboration is almost systematically required. Finally, the period of time between the
initial expression of need for a facility and the first operation can last for about 20 years.
Deciding on priorities is more difficult than in the past and competition is extremely strong.
A possible solution could be to look for possible synergies between these projects and to develop
multi-purpose facilities whenever the applications are compatible, so as to maximise scientific
outcome while minimising costs.
Over the past few years, great consideration was given to the feasibility of a new generation of
high intensity proton linear accelerators capable of delivering several tens of MW of beam power.
The primary proton beam could then serve as a driver to produce intense fluxes of neutrons in a heavy
target. Many scientific applications could benefit from such a development:
•

Hybrid reactors and transmutation of nuclear waste.

•

Muon and neutrino factories.

•

Irradiation tools.
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•

Spallation neutron source for material studies.

•

Radioactive nuclear beams.

•

Radioisotopes.

•

Etc.

The present paper intends to sketch the scientific background for the projects associated with the
main applications listed above. Then, we will identify large similarities in terms of accelerator
requirements and potential synergies. As a consequence, we are led to conclude that it is worth
studying in all detail the compatibility of these applications and whether a single accelerator could
serve a certain number of them. If this turns out to be the case, significant savings could then be
envisaged by considering a multi-purpose facility. As far as we are informed, most (if not all) groups
of experts reflecting on the different applications were instructed to look for synergies.
This idea of a multi-purpose facility is not new. It had already been implemented in the Japanese
Neutron Science Project, now converted into the Joint Project, as well as the Korean KOMAC project.
In a similar manner, on top of its primary objective (high flux of pulsed spallation neutrons for the
study of condensed matter) the European Spallation Source project has anticipated to parasitically
serve experimental halls dedicated to muon physics and nuclear physics (with radioactive nuclear
beams). The design report also mentions neutrinos and transmutation of waste as possibilities.
Similarly, the pulse spallation source of Rutherford ISIS has an extension project, SIRIUS, with a hall
dedicated to radioactive beams. This enumeration of examples is far from being exhaustive.
Possible applications and associated accelerator specifications
Hybrid reactors
During this workshop, the attention is being focused on hybrid reactors and transmutation of
nuclear waste. It was discussed at length that the coupling of a hybrid reactor (operated below its
critical regime) with a high performance proton accelerator (used as an external source of neutrons)
could allow for very efficient transmutation of nuclear wastes, minor actinides and fission products
with long lifetimes, thus strongly reducing their radiotoxicity. The basic R&D (and in particular
reactor aspects) is being developed at several places. Co-ordination at the European level should be
reinforced over the course of the 5th PCRD.
Several stages are required to arrive at a third-generation industrial system. The demonstrator
stage calls for a proton beam energy in excess of 600 MeV. Optimum energy would be about
800 MeV, however, an energy between 1 and 1.3 GeV is likely to be preferred for an industrial system
later on.
The most favoured scheme includes a high intensity proton linear accelerator with an output beam
power ranging around 5 MW (5 mA and 1 GeV for instance) and possibly 20 MW in a second phase.
The unprecedented high power is not the only requirement in comparison with present accelerators.
In addition, an extremely high reliability is mandatory. As a matter of fact, the thermo-mechanical
induced fatigue of some of the components (window, structures, cooling system,…) resulting from
successive power on/off states would limit the lifetime of the facility. Up until very recently, the
specification, as drawn from industrial reactors, was given as an upper limit of a few unscheduled
interruptions per year. Such a low figure might irreversibly condemn the concept of accelerator-driven
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systems. An effort is required in the conception of the target and reactor so as to accept a few hundred
beam trips per year. On the basis of statistics drawn from some recent accelerators, this target is likely
to be met by implementing a series of specific additional measures.
The accelerator adopted for the demonstrator stage will have to show the potential for a beam
power around 50 MW with acceptable loss rate along the structure and number of failures of the
system.
The linac scheme is the only one with the potential to reach the required ultimate power of about
50 MW. The Low-energy Demonstration Accelerator (LEDA) in Los Alamos recently demonstrated a
performance of 100 mA DC at 7 MeV (0.7 MW), which would lead to 100 MW at 1 GeV.
Cyclotrons could certainly be upgraded from the present SIN (PSI, Zurich) peak performance of
1 MW up to say a few MW. An energy of 10 MW seems to be out of range. One could nevertheless
propose to use a series of medium power cyclotrons shooting simultaneously on the target. However,
this raises the question of reliability.
I am of the opinion that a minimum continuity is necessary between the stages to arrive at an
industrial system. For instance, it would be counterproductive to start with a certain type of accelerator
and to switch to a different one at a later stage. All the investment and the resulting experience would
be wasted. It would not be relevant to the final and very demanding industrial system.
One additional remark is to be made at this stage; the beam delivered by an accelerator is always
composed of pulses. The fine structure is at the accelerating RF frequency (several hundreds MHz)
and a given peak current (a key parameter for beam dynamics, accelerator tuning,…) is associated
with the beam power. For routine operation of hybrid reactors, one would be tempted to state that a
continuous beam is perfect. However, to minimise problems during the unavoidable periods of ramping
beam power and periods of tests, it is highly recommended to operate the accelerator at constant peak
current. A fixed peak current is also essential to guarantee maximum efficiency of the RF transmitters.
Therefore, although it is apparently not required, one should strongly consider to deliver macro-pulses,
using the pulse duration to adjust the power. Pulsed operation also has the great advantage of allowing
for better diagnostics. Evidently, the repetition frequency of the pulse must be acceptable. When
considering the above-mentioned problem of fatigue of components, 1 Hz is certainly too slow, but
50 Hz is likely to be adequate. Pulsed operation of the demonstrator stage of a hybrid reactor is to be
studied from the target and reactor points of view.
Spallation neutrons for research
Neutrons (and synchrotron radiation) are known to be one of the probes of excellence to study
condensed matters. In Europe neutron scattering involves several thousands of users coming from all
fields of science: physics, chemistry, materials, biology, earth science, environment, engineering, etc.
With ILL in Grenoble, SINQ in Switzerland, the pulsed source ISIS in UK and all other national
reactors in operation, Europe is equipped with the most powerful sources of neutrons in the world for
several years.
It is definitely difficult to slightly augment (say by a factor of 10) the performances of high flux
reactors. On the contrary, thanks to the ongoing development of accelerators, a pulsed spallation
source of 5 MW like the European project ESS can be envisaged. It would allow a decisive progress
(more than one order of magnitude) on the available neutron fluxes (provided all neutrons in the pulse
are used).
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A classical scenario combines a target in which the neutrons are produced. A high intensity
H– accelerator (followed by rings to form the sharp pulse, 1 microsecond long) drives the target. To a
large extent, the performances of the linear accelerator are similar to that required from the driver of a
hybrid reactor. A spallation source of that type (SNS 2 MW) was recently funded in the United States.
It will be built in Oak Ridge with an operation phase planned to start in 2006. Japan (Korea as well) is
considering the construction of a multidisciplinary facility, which includes a source of spallation
neutrons in Tokai.
ESS is still in the design phase and no decisions have been made. The objective is to design and
construct the facility so as to start operation at 5 MW in about 2010. By that time, it will be essential
to offer competitive tools to the European community of neutron scientists. ESS associates
14 laboratories from 8 countries in a common effort of R&D with a view to prepare the construction of
the facility.
A tool for irradiation
Since the beginning of nuclear energy, research reactors were used as irradiation tools. With a
power inferior to 100 MW, these facilities can produce upper fluxes in the range of 1014 n.cm–2.s–1 in
the thermal part of the spectrum as well as in the fast neutron part above 1 MeV. The damage is
limited to a few DPA per year.
The development of new materials for nuclear industry with higher performances and longer-lived
asks for significantly more flux (a few 10 15 n.cm–2.s–1) and damage (a few tens of DPA). New methods
have to be explored and spallation of protons in a heavy target is one of the most promising solutions
offered by the new generation of high intensity proton linacs.
As far as parameters are concerned, an energy of about 1.2 GeV (which corresponds to the plateau
of neutron emission) is consistent with the height of usual irradiation set-ups. The above-mentioned
target performance figures would be reached with a power in the 10 MW range leading to 58 µA cm–2.
As for the hybrid demonstrator, a 50 Hz macro-pulse is likely to be acceptable.
Hg would be the preferred spallation material. The fact that it is a liquid at ambient temperature
constitutes an advantage given the frequent interventions required by the experiments. Nevertheless,
initially a Pb-Bi target similar to that envisaged for hybrid reactors would be adequate.
The irradiation set-ups are placed 12.5 cm apart from the spallation zone. This prevents the
protons from reaching the irradiation zone and allows for a gain in the neutron flux. The irradiation
zone is constituted of solid lead structures physically separated from the spallation and intermediate
zones in which the target material is liquid.
Synergies at the target level between this irradiation device and the factory for radioactive nuclear
beams (possibly the muon-neutrino) are to be explored. A multi-purpose target with several output
channels can be envisaged.
Neutrino factories
In the last few years, neutrinos have monopolised the attention of particle physicists and
astrophysicists. The fact that they are neutral and sensitive only to weak interaction make their study
very difficult. On the other hand these very properties make them unique tools to study the heart of the
sun, supernova explosions and the very remote part of the universe.
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The problem of their mass is in many respects a key issue. Massless, they would be the only
fermions with this property. Certain theories provide them with a mass correlated to that of the
associated quark. Massive neutrino could contribute to the black matter of universe. Up to now, all
attempts to measure their mass led to the determination of upper limits. A way to define their mass is
to measure oscillations between the different types of neutrinos. There are indications of such
oscillations: deficit of neutrinos from the sun, deficit of atmospheric neutrinos, excess of anti-electron
neutrinos. Existing high-energy proton machines will produce mostly muon neutrinos and the low
fluxes limit the objectives. To go further, all types of neutrinos are to be studied and good statistics is
needed.
With a view to considerably enhance the flux of neutrino beams (1020 per year), CERN (and other
large laboratories) anticipate for 2010-2015 to store muons in a ring with a straight section oriented in
the direction of large detectors (Grand Sasso, Soudan, Kamiokande). The production of high fluxes of
muons again requires a high intensity proton linear accelerator very similar to that described for
previous applications and delivering a power of about 4 MW.
This opens the perspective of participation of CERN to an R&D effort on high intensity proton
linear accelerators.
For the longer term, the concept described above of a muon/neutrino factory can be integrated in
a project of muon colliders which would allow to reach √s ~ 10 TeV in the centre of mass with ring
dimensions similar to that of LEP.
Factory of radioactive nuclear beams (RNB)
The production of rare and very unstable nuclei (far from the valley of stability) can result from
the bombardment of a uranium target by high fluxes of spallation neutrons. In the envisaged scenario
[Isotope Separation On-line (ISOP)], once more, a high intensity proton (preferred to deuteron) beam
generates the neutrons. In comparison with alternative solutions presently under consideration,
dramatic gains in flux (at least three orders of magnitudes) or equivalent exoticity can be expected
when driving the production system with a linear proton accelerator of the new generation. Research
associated with these extreme states of nuclei will constitute a priority for many years in nuclear
physics.
With reference to the OECD Megascience Forum (Working Group on Nuclear Physics,
January 1999) one could sketch the scientific background as follows.
To construct the theory of nuclear structure, scientists need to study the properties of a wide
variety of nuclei, not just those that exist in stable form in our surroundings (these ordinary nuclei
constitute only about 10% of all possible nuclei). Exotic nuclei (those with a large number of
nucleons, or an unusual ratio of protons to neutrons) can be created through collisions of energetic
beams of protons (ISOL) or heavy ions (in-flight) in a stationary target. The resulting exotic species
emitted from the target (and which are then studied with a wide range of instruments) are typically
unstable and very short-lived (radioactive). In addition to being a tool for the investigation of
fundamental nuclear interactions, radioactive nuclear beams provide a way to investigate advanced
topics in astrophysics (supernova explosions, novae, X-ray bursters, neutron stars and perhaps even
the spectacular gamma-ray bursters which may be the most violent energetic phenomena since the big
bang) and elementary particle physics (where stringent tests can be performed of “standard model”
predictions at low energies).
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Synergy between disciplines
The series of above-mentioned applications in fundamental research [study of condensed matter
with spallation neutrons, particle physics (i.e. muon and neutrino factories), nuclear physics (i.e. exotic
ion beams for the study of matter in extreme state)] and applied research [hybrid reactors
(i.e. radioactive waste transmutation and generation of energy), tools for irradiation] show the
importance for many disciplines of making use of the potential of high intensity proton accelerator of
the future generation coupled with a neutron production target.
A large consensus exists concerning the need for an intensive R&D effort to ascertain the
required unprecedented performances in beam power, minimum particle losses and reliability of the
system.
Our funding agencies will certainly ask whether it would be possible to exploit certain synergies
between disciplines.
The idea of a European centre to be built around a multi-purpose accelerator system similar to the
Neutron Science Project suggested a couple of years ago by our Japanese colleagues is to be
contemplated.
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CLOSING REMARKS

Philippe Savelli
Deputy Director
OECD Nuclear Energy Agency
12, boulevard des Iles
92130 Issy-les-Moulineaux, France

I have been asked to give the closing talk of this workshop and it is a real pleasure for me to do
so.
I would first like to thank all of you for having participated and contributed to making this
workshop a very interesting one. I have personally not been able to follow all of the sessions, but I
have read through a number of contributions and I am impressed by the activity going on in the field
of accelerator-driven systems (ADS) and by the interesting challenges that you have in front of you.
This present workshop is of particular interest to us at the Nuclear Energy Agency, not only
because we organised the first workshop on reliability of high power accelerators in Japan last year,
but also because we have a number of complementary activities in the field of partitioning and
transmutation. Different NEA divisions are working closely together on these occupations and I would
just like to mention one of these activities which is of special relevance to this meeting. It concerns an
activity within the NEA Nuclear Development Division focusing on a system study of partitioning and
transmutation options. The first phase of this study covered “Status and Assessment of Actinide and
Fission Product Partitioning and Transmutation”, and the report was issued earlier this year. The second
phase of this study has now been started and will address the feasibility of accelerator–driven systems
as transmutation devices. It will try to compare this option with fast reactors and will investigate the
impacts on reprocessing needs of both options. The communication of results from this workshop to
the system study is well assured as I can see that quite a number of people involved in the system
study are also present at this workshop.
In addition to the organisation of workshops such as this one, the NEA Nuclear Science
Committee also conducts international benchmark exercises in the field of transmutation. These are
important activities to validate the nuclear data and computational methods used in calculating
different accelerator-driven concepts. According to the preliminary results of the rather simple NEA
benchmark, presented at this meeting, there is still a need for improvement in the nuclear data and
perhaps also in the calculation methods used. Once the reason for the observed discrepancies in this
benchmark has been identified, the NEA is planning to organise a follow-up benchmark involving
calculations of a transient caused by an accelerator beam trip. It is envisaged to conduct this
benchmark in close co-operation with JAERI.
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The above mentioned activities are examples of how the NEA can assist in co–ordinating
international activities. With its Standing Technical Committees and Working Groups, the NEA has
competencies not only in scientific and strategic studies, but also in areas such as nuclear safety and
regulation, which I believe will be of relevance once a more detailed ADS concept has been defined.
International studies in the field of transmutation are not only performed within the NEA, but
also, for example, within the framework of the European Commission and the IAEA. We are in close
contact with these other international bodies in order to efficiently co-ordinate our work and to avoid
duplication of activities.
As I mentioned at the beginning of my talk, I find that the ADS concept is very interesting and
challenging, not only as a transmuter of radioactive waste, but also because such a project is very
important for the nuclear community as a whole. In addition, it has interesting physics and engineering
challenges and thus offers the opportunity to attract younger people to work on the projects. This in
turn will help maintain nuclear know-how, which is an issue of high importance in many countries
today.
While recognising that scientific and technical work is fundamental for studying the feasibility of
different ADS concepts and to develop a consensus on the way forward, I would like to put it in a
more political context. As you might already know, the NEA is engaged in a very important study on
sustainable development. This study aims at evaluating the potential of nuclear energy in a sustainable
development perspective from the economic, social and environmental points of view. While energy
and electricity demands will continue to increase, environmental concerns and sustainability goals are
calling for production sources and technologies that are efficient in natural resource management and
human health protection. This study will identify the conditions for nuclear power to play a vital role
as a source of energy in the future. The potential contribution of ADS to the long-term viability of
nuclear power and, thereby, to sustainable development is, from my view point, a key issue for the
nuclear community in the coming years. Research and development on transmutation related issues are
relevant to these concerns, since they aim at addressing key issues for optimising waste management
and disposal.
Looking forward from this meeting, I would like to mention two items of a more practical nature.
The first item is the publication of the proceedings of this workshop. This will be done by the
NEA, and you will all receive a copy. In this context, I would like to remind those of you who have
not yet handed in their written contributions to do so at your earliest convenience.
The other issue is the question of a follow-up workshop to this one. I feel that it would be useful
to hold the next meeting in about 1½ to 2 years time, to give you all time to further develop the ideas
that have been presented here and to produce new and interesting results. One possible option could be
to hold the next meeting in North America sometime in early autumn 2001. We will start consulting
with different people and we will let you know as soon as something has been decided.
Finally, I would like to conclude by thanking our host, the French “Commissariat à l’Énergie
Atomique” (CEA) and especially Massimo Salvatores and his team of collaborators, who have
organised this workshop. Without their hard work and dedication, this meeting would not have been
the success I believe it to be.
I thank you for your attention.
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