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ABSTRACT 
At the present time, nuclear power appears to be the best solution for producing a large amount of electricity from 

both economical and ecological viewpoints, provided that acceptable answers to the nuclear waste concern are found. In 
France, this is the subject of the law 91-1381 (December 30 th , 1991). 

The transmutation of most of the long-lived radioactive wastes is a promising solution which could play a 
substantial role for the safety of the fuel cycle. Sub-critical Accelerator Driven System (ADS), coupling an ion 
accelerator and a sub-critical reactor, seems to have a high capacity for the fission of minor actinides and transmutation 
of long life fission products.  

The practicality on an industrial scale of partitioning and transmutation through ADS for reducing the amount of 
long life radio-nuclides has to be evaluated. 

It was recognised that the most efficient way, in terms of cost and planning, to conclusively assess the potential and 
the feasibility of a full scale industrial programme on ADS was to design and operate an ADS Demonstrator. The main 
ADS DF characteristics, defined within a joint working group, and reactor design features are described and justified. 
Then, main issues which call for research and development support are identified. 

INTRODUCTION 

At the present time, nuclear power appears to be the 
best solution for producing a large amount of electricity 
from both economical and ecological viewpoints, 
provided that acceptable answers to the nuclear waste 
concern are found. In France, this is the subject of the law 
91-1381 (December 30 th , 1991). 

The transmutation of most of the long-lived 
radioactive wastes is a promising solution which could 
play a substantial role for the reduction of wastes toxicity 
of the fuel cycle. 

Sub-critical Accelerator Driven System (ADS), coupling 
an ion accelerator and a sub-critical reactor, seems to have 
high capacity for the fission of minor actinides and 
transmutation of long life fission products [1].  

The practicality on an industrial scale of partitioning 
and transmutation through ADS for reducing the amount 
of long life radio-nuclides has to be evaluated through 
detailed design and R&D.  

In this paper, the accelerator will not be described but 
considered from the point of view of its functional and 
implementation interaction with the reactor parts.  

ADS DEFINITION 

The ADS is the combination of three main systems (see 
FIGURE 1) an ion accelerator, generally protons are used; a 
spallation target which generates an external neutron source; 

and a sub-critical fissile assembly producing the fission 
power. The sub-critical assembly is very similar to the core of 
the classical critical fission nuclear reactors. 
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FIGURE 1.  ADS principle 

The ion beam is focused on the spallation target, 
which is located in the centre of the sub-critical core. 

The interactions between the accelerated particles and 
the heavy metal nuclei (see FIGURE 2)  generate a 
neutron source, which maintains the fission reactions in 
the sub-critical core.  

In this manner, the sub-critical core amplifies the 
neutron source.  
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For each 1 GeV proton, impacting a lead target, about 
30 neutrons are generated.  

Within the sub-critical core, each neutron will 
generate around 6 fissions.  
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FIGURE 2.  Spallation process 

INCENTIVES FOR ADS  

The potential of ADS for long-lived radioactive 
wastes transmutation has been shown in particular by the 
studies performed by the French Institutes CEA and 
CNRS in the frame of the French research group related to 
the waste management by innovative options ; GEDEON 
(members : CEA/ CNRS/EDF/FRAMATOME). 

Concerning Minor Actinides (M.A), the studies show 
that a fast neutron spectrum core allows to maximise their 
burning, because of both the better fission efficiency 
compared to the neutron capture rate, and the potentially 
high level of neutron flux. Moreover, a core dedicated to 
burn M.A  should be designed in order to minimise its self-
production of actinides. Such a core features a delayed 
neutron fraction and a Doppler coefficient very low; which 
does not allow a simply control of the core reactivity. 

This is the reason why transmutation of M.A can only 
be achieved in classical critical fast reactors with a limited 
content of M.A. Nevertheless, if a core dedicated to 
transmutation is designed to be sub-critical, the core 
control can be performed by the control of the external 
neutron source. The high level of the fast neutron flux 
allows also using a fraction for transmuting long life 
fission products. 

According to preliminary studies,  ADS could reduce 
up to about a factor 100 the radiotoxicity of the nuclear 
waste compared to an open cycle. The gain comes in 
particular from minor actinides (Np, Am, Cm), by fission 
process, and certain long life fission products (99Tc, 129I, 
135Cs…), by neutron capture. It can be noted that the 
radiotoxicity is not the single criterion to consider for 

assessing the geological storage safety; the transferability 
to the environment, and the health effects have also to be 
taken account. 

Concerning core control, in spite of controlling 
fission reactions and core power by means of neutron 
absorber materials inserted within the core in a classical 
nuclear power plant, they will be controlled, in the case of 
ADS by the external neutron source generated by the 
proton beam. 

NEED FOR AN ADS DEMONSTRATOR 

Ion acceleration, spallation reactions, and fission 
reactions are the elementary physical processes involved 
in an ADS reactor. 

Although all these physical processes are quite well 
known and mastered, their coupling at a significant 
industrial scale would have to be demonstrated. To this 
aim, a significant amount of R&D and some engineering 
activities have been and are being performed in Europe to 
integrate basic aspects of the ADS and to define 
conceptual plant configurations. 

In 1998, It was recognised by a Technical Working 
Group (set by French, Italian and Spanish research 
ministers) that the most efficient way, in terms of cost and 
planning, to conclusively assess the potential and the 
feasibility of a full scale industrial programme on ADS 
was to design and operate an ADS Demonstrator. 

The ADS Demonstrator shall also validate the main 
technical option requiring development, particularly the 
fuel matrix in which the nuclear waste should be 
incorporated. 

Moreover, the ADS Demonstrator, would be a 
powerful research tool, thanks to the ion beam, the 
spallation neutron source, and the irradiation capability. 

In France, the study and the construction of an ADS 
demonstrator should be performed consistently with the 
time constraint defined in the Law (December 30th, 1991); 
i.e. the decision to develop the ADS demonstrator should 
be taken in 2006. At this date, the results of irradiation 
experiments, in particular, in the reactor PHENIX, will 
show the efficiency of the fast neutron reactors to 
transmute the nuclear waste. 

ADS DEMONSTRATOR OVERVIEW 

Basic features 

The reference basic characteristics of an ADS 
demonstrator:are : 
• power around 100 MW for the sub-critical core, 
• proton beam of 1 GeV and intensity up to 10 mA.  

The value of 1 GeV corresponds typically to the best 
efficiency in term of neutron generated by proton per 
proton energy. 

The required characteristics of such accelerators have 
focused, in France, the choice on linear accelerators 
(LINAC). 



Taking into account the large number of new 
techniques to investigate, and the time constraint, it is 
recommended to design the ADS demonstrator using as 
far as possible, well-known and proven techniques.  It 
shall also be capable of a sufficient flexibility so that 
future innovative features can be tested. 

Moreover, the ADS demonstrator should be designed 
to be consistent with the fundamental safety principles 
applicable at all the new future nuclear plants in Europe.  

Taking into account the need to use proven 
techniques, solid fuel is preferred to liquid fuel based on 
molten salts techniques.  

Also, it is chosen to physically separate the spallation 
target and the reactor. The spallation target could be a 
molten or a solid heavy metal, cooled by a dedicated 
cooling circuit. 

The technical points that remain open are linked to 
the choice of the cooling medium. The most compatible 
with a fast neutron flux are the liquid metals (lead, lead-
bismuth eutectic, sodium) and pressurised gas (helium, 
carbon dioxide,…). 

Coolant selection  

As far as the spallation target is separated from the 
reactor, one can say that criteria for the choice of the 
cooling medium are very similar to these which apply for 
a classical fast reactor :  
• Neutronics : low moderation and capture so that more 

excess neutrons are available for  breeding or nuclear 
wastes transmutation. 

• Economics (Nuclear Island low investment cost and 
high load factor). 

• Convincing safety and public acceptance. 
• High validation status. 

The candidates for cooling media of a fast neutron 
sub-critical core are liquid metals and gas. Sodium is 
obviously the most validated coolant for fast reactors 
since almost all reactors which are constructed  and 
operated are sodium cooled reactors.  

However, the main factors influencing the choice of 
sodium in the early days of fast reactors development 
(high power density of the core in order to reduce the 
fissile material inventory) are less relevant today.  

Nowadays, a strong emphasis is put on in-service 
inspection, elimination of coolant hazards, improved core 
safety and capability to burn wastes. In these respects, a 
gas coolant could offer significant advantages over  liquid 
metals in particular due to the potential for solving the 
ISI&R concerns which were highlighted by the French 
Safety Autorities.  

In addition, despite being an innovative design, a gas 
cooled fast reactor can be based on established 
technologies such as High Temperature Reactors (HTR) 
and will take benefit from synergies with dominating 
industrial trends (Gas-turbine, combined heat,…).  

For all these reasons and considering the need to use 
proven techniques compliant with the time-scale for 

Demonstrator construction, a gas cooled ADS 
Demonstrator has been preferred to a Pb-Bi (lead-
bismuth) eutectic cooled option under investigation in 
Italy. This paper will now concentrate on gas-cooled ADS 
Demonstrator under study in France.  

Spallation module 

In the framework of ADS Demonstrator studies, one 
of the most innovating tasks remains the design of the 
spallation target which produces the neutrons required to 
maintain the fission reaction in the surrounding sub-
critical core. It has appeared interesting to think this target 
as a compact and, as far as possible, independent and 
removable module. This so-called spallation module (see 
spallation target area on FIGURE 3) consists of a long 
cylindrical shell, enclosed in the helium pressure resistant 
reactor thimble. It is filled up with a spallation material 
which is here liquid metal (PbBi eutectic) due to the high 
power density deposited by the proton beam. The Pb-Bi 
eutectic is preferred to pure lead because while behaving 
neutronically like lead it allows lower operating 
temperatures. A thin T91 (Modified 9%Cr ferritic steel) 
cylindrical thimble is plunging in the liquid metal and 
leads the proton beam within the target. The fluid heated 
by the beam impact is circulating under forced convection 
and is evacuated outside the module towards external 
pump and heat exchanger systems. 
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for the sub-critical core while confining the fluids and 
spallation products contained in the target itself and hence 
guaranteeing high vacuum in the accelerator. 

For that purpose, many scientific and technological 
domains have been considered: neutronics, mechanics, 
thermalhydraulics, functional analysis, safety and the main 
technical options issued from these studies have been 
integrated within a concept which take into account realistic 
manufacturing, mounting and dismounting sequences. 

The neutronic performances of the module have been 
evaluated with the SPARTE code system [2]. The 
proposed target design appeared to be well adapted to the 
neutronic efficiency. The ratio between the lateral current 
leaving the module toward the sub-critical core and the 
total produced neutron current remains greater than 90 % 
for a proton energy between 400 and 1200 MeV and since 
the neutronic spectrum has been found to have 90% of its 
neutrons emitted between 0.1 and 2.5 MeV.  

The axial position of the source module in the middle 
of the sub-critical core has been optimised in order to get 
the highest possible power generated in the fuel. Heat 
deposition and irradiation damage in the structural materials 
have also been evaluated especially directly under beam 
impact. The maximum power density deposited in the PbBi 
or in the steel can reach about 1500 W/cm3 under 
50 µA/cm2 incident proton current density. 

On the basis of the above computed power densities 
deposited in the PbBi, thermal-hydraulic studies have 
been performed with the help of the CEA 
CASTEM/Fluide code and have shown that the 
temperatures reached in the PbBi target and in the 
structural components remain acceptable while keeping 
reasonable PbBi flow velocities in the spallation zone: 
between 1 to 2 m.s-1 depending on the window profile. 
Internal structures (grids, diaphragms) and window profile 
still have to be optimised to avoid dead or recirculation 
zone under beam impact. 

Beam parameters (intensity, proton energy, radius) 
have not been definitively fixed yet. A parametric 
approach has been considered to establish the limitation of 
the concept with regard to most of the risks of failure: 
buckling, excessive immediate or progressive plastic 
deformation (thermomechanical loading), creep rupture, 
corrosion, solidification of the PbBi, fatigue under beam 
trips. A maximum acceptable current density loading of 
50 µA/cm² has been selected which allows a safe 
operation of the module under steady-state with sufficient 
margins to account for uncertainties and transient 
situations. In addition, this value guarantees a lifetime 
greater than 100 EFPD and leads to sufficiently small 
overall radial dimensions of the module in order to keep 
satisfactory neutronic performances for the source and the 
core. 

Design studies on the spallation module have also 
clearly shown R&D needs concerning the behaviour of 
structural materials under relevant spectrum and doses. 
Corrosion studies and experimental qualification of the 
modelisation of thermal-hydraulic local phenomena and 

instabilities in a liquid PbBi environment have also 
appeared to be fundamental. 

Sub-critical core 

For the Demonstrator, Fuel Sub-Assemblies (SA) will 
be based on proven technologies  extrapolated  from the 
fast neutron reactor techniques (fuel within pins, same fuel 
pellets, same cladding material).  

Later on, new fuels based on the high temperature 
reactor technology  with particles coated with ceramic or 
included in ceramic matrices have the potential for 
allowing to strongly increase the temperature limits. This 
would allow both to increase the capability for a passive 
core cooling in accidental conditions, and a high thermal 
cycle efficiency. 

This new fuel development and qualification will 
however require a significant R&D effort not compatible 
with the Demonstrator planning constraints, and so this 
type of fuel is not retained. 

In the preliminary ADS Demonstrator, Fuel SA are 
arranged in an annular array of 3 rows surrounding a 
60cm diameter target cavity.  

The core is composed of SA 72 fuel subassemblies.  
The sub-critical level is Keff = 0.95, and the neutron 

flux is about 1015 n/s/cm2. 
The active core is surrounded by an outer region  of 

about 7 rows of SA dedicated to transmutation targets, 
lateral shieldings and in vessel fuel SA storage. 

Primary System  

Evaluations of the modular thermal GT-MHR reactor 
and of gas cooled fast reactors show the potentialities of 
the direct cycle in terms of cost reduction. In addition, 
from a safety point of view, for a fast reactor, the direct 
cycle option compared to water/steam cycle removes the 
possibility of water ingress in the core in case of Steam 
Generator Unit (SGU) tube failure, which can be a safety 
concern (risk of criticality). 

Taking into account the limited thermal power of the 
Demonstrator, the technical and economical potential for 
the future ADS and the synergies with thermal HTR 
developments, a helium-cooled Demonstrator of the GT-
MHR style has been preliminarily designed by 
Framatome.  

Primary cooling system (FIGURE 4) 

The thermal power of the sub-critical core is fixed at 
100 MW.  

The cooling medium is helium pressurized at 60 bar. 
The core inlet temperature is 200 °C, to avoid any 
freezing hazard of the spallation target. 

Core outlet temperature is limited to 450 °C to avoid 
creep effect on structural materials.  

During power operation, helium is cooled outside the 
reactor vessel by an intermediate helium/water heat 
exchanger. The turbocompressor achieving the forced 



helium circulation is housed together with heat exchanger 
into a Power Conversion Vessel.  
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FIGURE 4.  ADS Demonstrator Core flow diagram 

Core cooling system during handling 

During handling operation, the primary circuit is 
depressurized and the core is cooled by a shutdown 
cooling system with blowers and intermediate heat 
exchangers helium/water located inside the reactor vessel. 

Core cooling system in accidental conditions 

In case of loss of the forced circulation of helium, the 
decay heat can be removed in natural circulation using the 
heat exchangers of the shutdown cooling system. 

In case of loss of the pressure, the blowers and the 
intermediate heat exchangers of the shutdown cooling 
system remove the decay heat. 

Reactor pressure vessel & Internals  

The reactor pressure vessel (FIGURE 5) is similar to 
the modular thermal GT-MHR reactor. The target unit and 
Lead Bismuth eutectic 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 a standing core, a cold vessel and an 
upward core flow selected to enhance natural circulation.  

Two redundant shutdown cooling systems (blower 
and heat exchanger) are located within nozzles facing the 
primary helium nozzle. Distance between these nozzles 
and the top of the active core provides sufficient natural 
circulation capabilities. 

Reactor internals (core support plate/core feeding 
plenum/inner vessel), shutdown cooling equipments and 
target unit sub-systems are potentially accessible and 
removable. 

Refuelling will be undertaken with reactor at 
shutdown. An in-reactor fuel handling machine 
(pantograph system) can be located in dedicated 

penetrations located within the reactor vessel closure 
head.   

Above core plenum height is a consequence of the 
fuel handling scheme.  

In compliance with the range of helium temperatures, 
Modified 9%Cr ferritic steel (T91) is selected for pressure 
containing boundary vessels and type 316 LN austenitic 
stainless steel for reactor internals. 

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.  

Reactor vessel dimensions :
H = 16 m
D = 4 m

 

FIGURE 5.  ADS Demonstrator Reactor Vessel 

Two key issues for the ADS Demonstrator primary 
system feasibility  identified at the early stage of the 
studies are related to : 
• Radiological protection of the above core areas. 

Compared to a critical reactor, due to the accelerator, 
the ADS and especially the Gas–cooled option, needs 
specific radiological protection measures, which have 
to be accounted in the conceptual design phase. 

• The current feedback from high power accelerators 
exhibits frequent beam trips which could induce 
fatigue by thermal cycling on reactor structures. 
Concerning the second issue, according to scoping 

calculations, the reactor structures design could tolerate a 



high number of beam trips without progressive 
deformation or fatigue risks [3].  

The first point remains a strong issue to be accounted 
in further design optimization. 

Safety aspects 

The ADS demonstrator should be designed to be 
consistent with the fundamental safety principles applicable 
at all the new future nuclear plants in Europe. Moreover, the 
particularities of the ADS (sub-criticality, implementation 
of the target and the accelerator,…) have to be assessed and 
included in the safety and licensing approach. 

Compared to critical fast reactors, key issues with 
respect to safety functions in the sub-critical gas cooled 
ADS Demonstrator are related to: 

Power and reactivity control 

From this point of view, ADS has a significant 
advantage due to the core sub-criticality. The required 
sub-criticality value and the need for an absorber system 
have to 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 
sub-criticality 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. 
The sub-critical core behaviour could be experimentally 
validated in the CEA's facility MASURCA (experience of 
multiplication of a neutron source by a subcritical core). 

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. The concepts 
used for achieving this function would highly depend on 
the choice of the core-cooling medium. 

Whereas the utilisation of liquid metals (lead, lead-
bismuth eutectic, or sodium) allows achieving the function 
in natural circulation, using passive ways, the gas-cooling 
option, in case of a hypothetical loss of gas pressure, 
would require active safety systems for removing the 
decay heat of the core. This is particularly true for the 
ADS Demonstrator which uses classical fast reactor fuel 
SA with rather low temperature limits. 

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. 

CONCLUSION  

Nuclear fission power should take a substantial share 
in the future, provided that its extended use will not 
become a challenge to future generations, mainly with 
respect to the closure of the fuel cycle. The transmutation 
of the long-lived radioactive wastes using an ADS is a 
promising solution. A precise assessment of feasibility, 
cost and R&D needs calls for preliminary design studies 
of an ADS Demonstrator. 

In France, taking account the feedback from sodium 
cooled fast reactors, it appears that it is worth 
concentrating efforts on the gas-cooled Demonstrator 
which takes benefit of synergies with other gas-cooled 
nuclear plants and more generally non-nuclear plants.  

However, the needs of R&D are still significant, 
particularly concerning the accelerator, the window 
between the accelerator and the spallation target, and the 
fuel dedicated to minor actinides and long life fission 
products. 

Waste transmutation and ADS physical and 
technological issues to be solved are strong motivations 
for young physicists and engineers provided that R&D 
and engineering activities are federated within a  
Demonstator project.  

This project is still awaiting for national and 
european financial support. 
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