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Abstract. I present here an overview of the main research and development topics and activities under investigation in 
Europe for the design of high power superconducting linear proton accelerators as drivers for nuclear waste 
transmutation in Accelerator Driven Systems. 

 

TRANSMUTATION IN ADS 

Accelerator Driven Systems represent a way to 
address the problem of the disposal of the nuclear 
waste generated by energy producing plants and to 
close the fuel cycle problem. The principal aim of the 
ADS is to reduce the radiotoxicity of the waste and to 
minimize the volume and heat load of the waste sent to 
deep underground repositories. In Europe 35% of the 
electrical power is produced in 145 nuclear plants, for 
a yearly production of 850 TWh, leading to 2,500 tons 
of spent fuel (1% of which is Pu) (See Reference 1). 
One of the strategies to solve this issue is to use 
Partitioning and Transmutation (P&T) technologies: 
i.e. to chemically separate the waste (isolating PU, the 
Minor Actinides and the long lived fission fragments) 
and then use it as fuel in dedicated transmuter systems. 
This solution is based on two main components: a 
subcritical reactor (where k<1) with U-free fuels, in 
which the reaction is not self-sustained, and an intense 
neutron spallation source that provides the “missing” 
neutrons, with a broad energy spectrum, to keep the 
reaction going. This latter component is realized with a 
high intensity proton beam provided by an accelerator 
impinging on a liquid metal target. 

The goal for P&T is to reduce the radiotoxicity of 
waste sent to the geological repositories to that of the 
starting raw material used for the fuel fabrication 
(uranium ores) in a time period much shorter than the 
million years required by the natural decay of the spent 
fuel. P&T has the potential of shortening this time to 
700-1,000 years, as shown in Figure 1. 

 

FIGURE 1. Envisaged benefits from the P&T scenario 
(From Reference 1). The time to reach the radiotoxicity of 
the initial uranium ore can be shortened to 700 years, from 
the million years needed by natural decay of the spent fuel. 

ACCELERATOR REQUIREMENTS 

Nuclear waste transmutation in ADS systems needs 
to be efficient. CW operation, or at least a very high 
beam duty cycle, is needed in order not to reduce the 
system efficiency and increase the irradiation time. 
The proton beam energy is of the order of 1 GeV and 
is determined by the behavior of the spallation neutron 
yield (per unit of beam power), which reaches its 
maximum around 1 GeV, and of the energy deposition 
in the input window at the target, which decreases 
rapidly with energy in this range. Ultimately, beam 
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powers ranging from a few MW to a few tens of MW, 
depending on the gain of the subcritical system, are 
needed for an experimental ADS or an industrial scale 
system, respectively. Practically, given the constraints 
on the size of the spallation target, which needs to fit 
in the central region of the subcritical reactor, a 
practical limit of 20 MW of beam power can be 
foreseen for an industrial transmuter. 

These requirements classify, from the beam 
dynamics point of view, the ADS driver accelerator as 
a machine with a moderate beam peak current (of the 
order of 20 mA at 1 GeV) with respect to the present 
state of the art (the pulsed SNS and JPARC linacs will 
operate at higher peak currents), although the 
envisaged CW operation will drive the average beam 
power to unprecedented values. The record average 
beam power provided by an accelerator has been set 
by the ~ 1 MW of the PSI cyclotron, and will be 
increased to 1.4 MW with the SNS in full operation. 

An ADS accelerator, however, is constrained by 
additional requirements concerning its reliability and 
availability, which are specific to the coupling with the 
subcritical system. Any accelerator fault that results in 
beam interruptions with duration of the order of a 
second or longer will not be acceptable in great 
numbers for any accelerator driven system design. 
Frequent interruptions of the proton beam not only 
could impair the transmutation efficiency, but would 
also lead to thermal fatigue phenomena in the 
spallation neutron target, fuel assembly and subcritical 
reactor cooling system structures. 

The systematic and detailed study of the 
consequences of different beam trip duration on the 
subcritical system operation has been started recently 
[2], but preliminary considerations can be expressed as 
follows: 

• Unexpected beam shutdowns (i.e. “long” beam 
interruptions with duration much greater than 1 s) 
should not exceed a few per year. 

• The allowed number of intermediate duration (0.1 s 
– 1 s) beam trips depends on the technological 
details of the spallation target and subcritical 
assembly (e.g. fuel elements and cladding), and is 
however estimated to be in the range of hundreds 
to thousands per year. 

• Shorter beam trips (<< 1 s) can be tolerated freely 
due to the large thermal inertia of the internal 
structures, and no hard limits need to be set on their 
occurrence.  

Many beam trips experienced in current accelerator 
facilities should be moved to this short time scale with 
modern controls based on fast electronics in order to 
meet the reliability/availability goals of the ADS 
accelerators. 

It should be noted also that the operation pattern of 
an ADS accelerator is dominated by the fuel cycle 
scenario, i.e. it needs to be compatible with the 
irradiation time and fuel shuffling procedures in the 
subcritical core. Currently, for an experimental ADS 
facility, a continuous beam operation for 3 months is 
envisaged, followed by a one month shutdown for fuel 
operations. Thus, the high reliability and availability 
discussed above needs to be planned and guaranteed 
during the long mission time of at least 3 month, and 
any preventive maintenance operation needs to be 
scheduled during the shutdown periods. 

Clearly, operational experience at existing 
accelerator facilities exceeds by orders of magnitude 
the number of trips experienced by the beam. 
However, the accelerator community has started to 
address availability issues in various contexts: 
historically in synchrotron radiation facility as a result 
of user requirements, but also in medical accelerators 
and very recently for the Linear Collider design studies 
(in terms of predicting the expected integral luminosity 
for large and complex machines [3]). However, no 
concern has ever emerged on the number of allowed 
beam trips before the ADS case and no specific effort 
aimed at reducing their number has been considered in 
the design of any of the existing facilities. 

ACCELERATOR RELIABILITY 

In order to fulfill the tight requirements that have 
been briefly outlined in the preceding section, the ADS 
accelerator design needs to follow a few reliability 
driven design principles from early in its conception 
stage. Indeed, reliability engineering is a technical 
discipline aimed at estimating, controlling and 
managing the probability of occurrence of failures in 
complex systems, and has been successfully applied in 
a variety of industrial fields (aerospace, defense, 
automotive and electronics, to name only a few). For 
most systems, due to the technical complexity of the 
design, it is necessary, but not enough, to specify and 
allocate the reliability of the individual components in 
order to guarantee a high reliability to the system. If a 
system is constituted by a great number of 
components, the logical and functional connection 
between the components has a large impact on its 
overall reliability. 
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Moreover, even if mathematical and statistical 
methods can be applied to measure and assess 
reliability of components, usually the associated 
uncertainties are high, leading to reliability estimates 
with limited credibility [4]. The logical and functional 
connection between the components of a system then 
has a major role in reliability mathematics: 
components can be in series, in a parallel (hot, warm 
or cold type) redundancy, in “k out of n” redundant 
configuration; different maintenance capabilities could 
apply to different components of the system (they can 
be repairable or unrepairable during mission time, 
depending on their relative position and role in the 
system). Finally, common cause failures need to be 
identified in order to foresee failure consequences at 
the component level. Indeed, reliability is a property of 
the system configuration, and it is not uniquely defined 
by setting components specifications. In other words, a 
proper planning of redundancies leads to reliable 
systems out of moderately reliable devices, and a bad 
design can result in an unreliable system out of reliable 
components. 

Existing accelerating laboratories have huge data 
sets with many years of operating performances of 
components which may be a useful source of 
information, however, differently than the case of 
Nuclear Power Plants, there is no standardized way in 
the community to identify, collect and analyze the 
performances, failures and maintenance data of 
accelerator components. Indeed, every accelerator 
laboratory has its own format and procedures for the 
log keeping of its machines and it is a very hard and 
time consuming effort to assemble a database of 
common accelerator components with these data 
sources. Even then, very few components are 
“standard”, and it is very difficult to validate or 
benchmark the collected data for their use. As a final 
note, the experience with reliability practices in the 
accelerator community is rather limited, partly because 
the work is most of the times directed at aiming at the 
next and more performing machine rather than 
building a more robust version with the same (or 
lower) performances.  

In addition to that, in a stationary analysis the mean 
time between failures (MTBF) of a component 
represents the mean time between random statistical 
failures, and in this respect all highly predictable 
failures experienced during operation should not be 
accounted in the MTBF estimations. Failures due to 
wear out close to the component lifetime, aging, bad 
design issues or severe load strength interference (as is 
the case where performances are pushed well above 
design values) should be carefully excluded from 
estimations when analyzing operational data. 

The other important reliability figure for a 
component, the mean time to repair (MTTR) is defined 
by the component connection in the system and is not 
a property of the isolated component. To properly 
account the MTTR role in the system reliability 
analysis we have to carefully include the time needed 
to: detect the fault, prepare the system for access to 
the failed unit, repair the component itself, prepare the 
system back for operation and restore the nominal 
operating conditions. It is clear that in a particle 
accelerator, depending on the component physical 
location, the system prepare and restore times can be 
much longer than the actual time needed to repair the 
component. 

Fortunately, however, a number of reliability 
oriented design criteria exists, and have been followed 
early in the design stage of all ADS accelerator 
projects. These are the derating/overdesign 
considerations, which state that the components should 
always operate well below any technological 
limitation; the inclusion of redundancies, i.e. 
providing the same function to the system with several 
components and the planning of fault tolerance 
capabilities, i.e. implementing the system in a way that 
component failures do not lead to system failures. This 
latter criteria is the most difficult to address, since it 
requires a bottom-up approach for the assessment of 
each component fault on the system operation and an 
extensive beam dynamics simulation activity for the 
analysis of the fault scenario. 

ADS ACCELERATORS IN EUROPE 

Programs devoted (at least partially) to the 
development of ADS accelerators components were 
started in the mid 90s in France and Italy. The IPHI-
ASH Program in France and TRASCO in Italy were 
devoted to prototypical activities in the field of high 
intensity proton sources, RFQ, DTLs and 
superconducting low beta elliptical cavities. 
Furthermore, a strong collaboration was achieved 
between the programs under a MoU agreement 
between INFN/CEA/CNRS. 

The National Programs 

Both programs have concentrated on the 
technological option of a linear accelerator, based on 
bulk niobium superconducting resonators from 
approximately 100 MeV, and possibly right after the 
RFQ acceleration. Two proton sources have been built 
at CEA/Saclay [5] and INFN/LNS [6] delivering, 
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respectively, proton beams with 100 mA at 95 keV and 
50 mA at 80 keV. Two 5 MeV RFQs at CEA/Saclay 
[7] and INFN/LNL [8] have been designed and 
engineered and are under construction. A DTL hot 
model has been fabricated by CEA [9] and tested at 
CERN. Single cell and multi cell superconducting 
cavities of the elliptical type have been built and tested 
both at CEA [10] and INFN/MI [11], and CNRS/Orsay 
built and tested spoke structures [12]. 

All prototypical activities have been extremely 
successful in demonstrating that the design values of 
the main ADS accelerator components can be reached 
with wide safety margins. Indeed the performances 
needed by the components are well within the state of 
the art of the technology by design (derating) and, for 
the sources, dedicated runs were devoted to 
preliminary reliability assessments, that will be further 
carried out in the future. Moreover, nearly all of the 
components were realized by European companies, an 
important point for the industrial ADS perspectives, 
and no needed R&D is necessary for the enhancement 
of the component performances. The next point to 
prove is the integration of these components in a 
system with the necessary characteristics, a system 
design issue that is specific only for the ADS case. 

The European Roadmap on ADS 

In 1998, a European Technical Working Group on 
the use of ADS for nuclear waste transmutation was 
formed, to advise ministries of 9 European countries 
on the P&T technologies. In 2001 the ETWG, chaired 
by Prof. C. Rubbia, issued the European Roadmap on 
ADS [1]: a 12 year roadmap on the path to an 
eXperimental ADS (XADS) system, using standard 
mixed oxide fuel and demonstrating the coupling 
between a high intensity accelerator and a subcritical 
system. This facility would then eventually switch to 
new uranium-free fuels loaded with minor actinides to 
demonstrate the ADS transmutation capabilities and, 
finally, by 2040 the industrial scale of the ADS 
transmutator plants was foreseen to start. 

The PDS-XADS Program 

In 2001, an integrated program dedicated to 
transmutation in ADS – Preliminary Design Studies 
for an eXperimental Accelerator Driven System, in 
short PDS-XADS - was launched within the 5th 
Framework Program (FP) of the EC. A total of 25 
participants, 11 of which Industries, shared the work 
for three years in order to assess and compare different 
options for an 80 MWth ADS. Various different 

choices for the reactor coolant (Pb/Bi or He), 
spallation target configuration (with a beam window or 
windowless) and accelerator type (linac or cyclotron) 
were analyzed and compared; and a preliminary safety 
analysis on the ADS system was started, in terms of 
safety approach and study of accidental conditions. 

One working package (WP3) was dedicated to the 
analysis of the accelerator options [13], for a nominal 
beam power requirement of 600 MeV – 6 mA. Various 
aspects concerning the accelerator reliability, 
maintainability, safety costing and operation were 
addressed by several reports [14-16], a reference 
accelerator scheme was set [17] and the perspectives 
of its industrialization in large scale were studied [18]. 

The reference accelerator scheme that was selected 
is a superconducting linear accelerator, with a normal 
conducting front end, schematically shown in Figure 2. 
The linac is based on the prototypical components that 
were developed under the national programs described 
above, and are shown at the bottom of the scheme. In 
this layout a proton source injects the beam into a 5 
MeV RFQ, followed by a first acceleration stage 
(either using a DTL, an IH or a SC CH structure) up to 
an energy of approximately 50 MeV, from which an 
independently phased linac based on spoke and 
multicell elliptical resonators brings the beam to its 
full final energy of 600 MeV. The reliability 
guidelines described in the previous paragraphs have 
been extensively used in the conception of the PDS-
XADS linac, and especially redundancy has been 
provided in several critical items. As shown in Figure 
2, in the injector stage this is achieved by duplication. 

 

FIGURE 2. Schematic layout of the PDS-XADS 
superconducting linac. 

The independently powered (and phased) 
superconducting linac has a high degree of modularity 
(periodic array of quasi identical cells). For this 
section, a high degree of fault tolerance with respect to 
cavity and magnets faults can be expected if we take 
profit of the natural redundancy of the RF and magnet 
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elements. This of course implies the existence of a 
reliable and sophisticated digital RF control system 
with preset set points for the implementation of the 
necessary fault tolerance procedures [19]. 

The EUROTRANS Integrated Project 

The PDS-XADS Program will be followed in the 
6th FP of the EC by the EUROTRANS Integrated 
Project, intended mainly to develop a reference design 
for a European Facility for Industrial Transmutation 
with a power of up to several 100s MWth, and a more 
detailed design for a short-term experimental 
demonstration of the technical feasibility of 
Transmutation in an ADS. A specific accelerator 
workpackage will be devoted to the experimental 
characterization of reliability characteristics of 
selected components (source, sc linac, RF controls). 

SYNERGIES WITH HPPA 

Many components for an ADS SC linac – as high 
current front ends based on RFQs, reduced beta 
elliptical cavities and spoke cavities - are frequently 
found in other accelerator programs. Furthermore, the 
machine design for HPPA systems is driven by similar 
considerations, like the sectioning of the SC linac, the 
optimal choices of structure types (# cells, type, …) 
and β, the necessity to limit the number of different 
sections, and the high current beam dynamics recipes. 

CONCLUSIONS 

ADS accelerators are HPPAs where no record 
performances are asked, moderate peak beam currents 
are needed, but hard reliability goals need to be met 
(few beam stops per year > 1 s, for uninterrupted 
operation of 3-6 months). Nonetheless, encouraging 
results have been obtained, and future ADS studies 
will be focused on HPPA reliability assessments, both 
by use of R/A methodologies and by the experimental 
characterization of the reliability of subcomponents. 
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