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Abstract 

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

Going back to the fission field, another important feature is also pending to be achieved: 
nuclear breeding, which is the mechanism to produce fissile fuels from fertile nuclei. The 
epitome for that is the conversion from naturally existing 238U into 239Pu. However, the 
build-up of higher A actinides conveys a degradation of safety features, particularly in the 
reduction of delayed neutrons fraction, which is essential for reactor control. Moreover, 
Doppler effect which is the main self-stabilising mechanism in thermal reactors, almost 
disappears in fast reactors with higher A actinides, making it very difficult, if not 
impossible, to build and operate a reactor abiding by the essential rules of nuclear safety. 

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

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

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

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

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

Sustainable development principles for nuclear energy 

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

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

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

• The technological legacy for properly exploiting the “nuclear fuels” should be 
improved by orders of magnitude, what is mainly related to the “breeding” issue. 
Nuclear systems are necessary to fully exploit the natural research of uranium and 
thorium in a safe and economic way. 
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The latest point is shown in Figure 1 (taken from CEA “Clefs” nº 61, 2013): 

Figure 1. World energy resources  

 

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

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

Figure 2. A relevant spectral index to measure the reactivity potential of nuclei is  
the cross-section ratio between fission and absorption 

 

Some isotopes as 240Pu and 242Pu, which are a burden for the neutron economy in thermal reactors, become fuels in 
fast neutron environments (from CEA “Clefs” nº 61, 2013). 

The nuclear safety of the fission core 

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

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

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

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

• Doppler effect suffers degradation; 

• delayed neutron fraction decreases. 

Figure 3. Safety features degradation in fast reactors as the content of minor actinides  
(those which are neither U or Pu nor Th) increases 

 

Build-up of these MAs is inherent to high burn-ups, and it is also associated with waste transmutation. 

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

Roles, pros and cons of ADS 

The first ADS was the experimental set-up devised and operated by Nobel Laureate E. 
Lawrence during the Manhattan Project, using a proton cyclotron to irradiate samples of 
natural uranium. One of the main outcomes of that pioneering activity was the 
identification of plutonium by Glenn Seaborg, who received the Nobel Prize in Chemistry 
for that work. It should be noted that a plethora of brilliant scientists, as Fermi, Wigner, 
Teller and other major names, were building the first nuclear reactors to produce 239Pu, 
identified as a very good fission fuel. 

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

The importance of ADS can be summarised as follows: 

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

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

• cons: additional equipment, system complexity, radiation damage in the source. 

Synthesis and conclusion 

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

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

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

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

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

The role of the OECD Nuclear Energy Agency is fundamental in the field of many 
activities such as the notorious comparison between ADS and fast reactors in advanced 
nuclear fuel cycles (11). 
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