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ADS AND ITS POTENTIAL
JEAN-PIERRE REVOL
Physics Department, CERN,
Geneva, 1211, Switzerland
Accelerator driven systems offer the possibility to make nuclear fission energy sustainable and acceptable to society. The Energy Amplifier proposed by Carlo Rubbia at CERN is used to illustrate the potential of ADS, and the resulting R&D activity wave it triggered in Europe and in the world is briefly discussed. ADS must be part of the strategy to provide clean, safe and abundant energy for a harmonious development of society.
A brief history of ADS
The basic process in accelerator driven systems (ADS) is nuclear transmutation, first observed by Ernest Rutherford in 1919 while bombarding nitrogen atoms with  particles, producing 17O in the reaction: 14N7 + 4He2  17O8 + 1p1. In this case, the particle accelerator was radioactive 210Po. 
In 1929, a major step forwards was achieved by Ernest O. Lawrence who designed the first cyclotron[footnoteRef:1] opening the prospect for intense controlled particle beams. [1:  Credit for the invention also goes to Leo Szilard and Rolf Wideröe.] 

In 1940, E. O. Lawrence in the USA and W. N. Semenov in the USSR independently proposed using a particle accelerator as neutron source. The first practical realization, setting an important milestone, was achieved in 1941, when Glenn T. Seaborg produced the first μg of 239Pu using a cyclotron to bombard 238U with 6 MeV deuterons. 
Industrial scale applications started in 1950, when E. O. Lawrence boldly launched the Materials Testing Accelerator (MTA) project at the Lawrence Livermore Radiation Lab, to produce 239Pu from depleted uranium. Two years later, in 1952, Wilfrid B. Lewis in Canada proposed using an accelerator to breed 233U fuel from natural thorium for CANDU reactors. This can be considered as the birth of the electro-breeder concept.
MTA was dropped and Lewis’ project was slowed down when rich uranium deposits were discovered in the United States, and it was realized that it would require several hundred MW of beam power for these projects to be realistic. At that time, there was essentially no energy gain in the system. Nowadays, ADS considered either for nuclear waste transmutation or energy production require 10 times less beam power, therefore, a 10 MW proton beam, such as Fermilab Project X, is of interest.
Renewed interest in ADS arose again in the 1980s, when the US slowed down the development of fast critical reactors (Fast Flux Test Facility at Argonne National Lab finally stopped in 1993) and when it was realized that accelerator technology had made significant progress since Lawrence’s time:
Hiroshi Takahashi at Brookhaven National Lab submitted several proposals of ADS systems. One of these was the PHOENIX project whose purpose was to transmute nuclear waste, including minor actinides, with a fast neutron ADS with a high neutron multiplication factor k ~ 0.99;
Charles D. Bowman at Los Alamos proposed a thermal neutron ADS for the Accelerator Transmutation of nuclear Waste (ATW) with thorium based fuel and chemistry on-line for extraction of fission products and 233Pa;
Japan launched Options for Making Extra Gains from Actinides (OMEGA) at JAERI. Today this program is continued as JPARC at JAEA, with the main purpose of burning minor actinides.
Major progress was made in the 1990s, when Carlo Rubbia became convinced that not only was accelerator technology then mature for a realistic exploitation of the ADS idea, but that tools existed for optimizing the parameters of such systems. He launched a vigorous research program at CERN based on three main elements:
1. Development of an innovative detailed simulation, inherited from particle physics, starting from the spallation process initiated by a proton hitting a lead or uranium target, producing neutrons transported throughout the system and describing fuel evolution as a function of burnup;
2. Specific experiments to test basic concepts (FEAT [1] and TARC [2] experiments at the CERN Proton Synchrotron (PS));
3. Design, construction and exploitation of an advanced neutron Time of Flight Facility (n_TOF) [3] at CERN, to acquire basic neutron cross-section data, crucial to simulate reliably any new reactor configuration with new materials. The remarkable performance of n_TOF is the subject of the presentation at this workshop by my colleague E. Gonzalez [4].
C. Rubbia named his system “Energy Amplifier” (EA), as it appears that the energy provided by the proton beam is “amplified” through fissions reactions in the system’s core. His work at CERN triggered a major R&D wave on ADS in Europe [5] and in the entire world [6].
The Energy Amplifier is a fast neutron flux (typically 104 to 106 eV in the core) subcritical system driven by a proton accelerator, using fuel based on thorium rather than uranium. A thorium fuel cycle in a fast neutron ADS is quasi-sustainable, minimizes waste production, and is much less proliferating than the uranium cycle. Lead or lead-bismuth eutectic can be used as spallation target, moderator and coolant. 
The properties of the EA are well described in several publications [7]; my objective here is to emphasize the choice and optimization of the strategic system parameters.
General guidelines for the choice of ADS parameters
Safety is the first concern with nuclear energy. By making ADS a subcritical system, criticality accidents are avoided. Parameters such as void and temperature coefficients or the fraction of delayed neutrons (eff) are no longer “critical”, which greatly facilitates operation. The sensitivity to a sudden insertion of reactivity (corresponding for instance to the accidental extraction of control bars in a critical system) illustrates well the spectacular difference between critical and subcritical system behaviors (Fig.1). 
[image: ]
Figure 1. Comparison of power excursions between a lead-cooled critical reactor and a Fast EA for an accidental reactivity insertion corresponding to 170$[footnoteRef:2]/s during 15 ms (Taken from Ref. [7]). [2:  The dollar is the reactivity expressed in units of eff, the fraction of delayed neutrons.] 


By equipping the system with passive safety elements borrowed from advanced US fast critical reactor designs, core meltdown accidents are highly improbable, and the large volume of lead would greatly limit their consequences. Lead as coolant is an additional safety asset compared to sodium.
The other main concern with nuclear energy is nuclear waste management. Therefore, the EA strategy consists of using (a) fast neutrons, (b) thorium fuel and (c) recycling of long-lived transuranic actinides which are reintroduced in the system as fuel. The result is that the necessary capacity of long-term storage of waste is considerably reduced.
The third important concern with nuclear energy is military proliferation. The fuel cycle used in the EA, based on thorium, is much less proliferating than the uranium fuel cycle, as the uranium mixture (232U, 233U, 234U, 235U and 236U) coming out of the spent fuel is very difficult to use for manufacturing bombs. It has a hard gamma flux emitted by 232U requiring remote handling to assemble a critical mass of 28 kg. The plutonium mixture produced in minute quantities contains mainly 238Pu, making it of no interest for military usage [8]. 237Np is produced in small quantities [7], less than 300 g in the first discharge after a burnup of 150 GW.day/ton (over a period of about 5 years), increasing to about 38 kg after 10 cycles (50 years), to be compared to a critical mass of 56.5 kg. 
[image: ]
Figure 2. Comparison of prompt criticality margins for a PWR, Superphenix (SPX), the French CEA CAPRA system, the Japanese actinide burner at JAERI, and the Energy Amplifier.

In addition, the EA fuel cycle does not require separation of specific actinide components from the spent fuel (unlike the case of PUREX to extract plutonium from PWR spent fuel). In this context, the pyroelectric reprocessing developed at Argonne National Lab for the uranium cycle, which could be adapted to the thorium cycle, is an extremely precious American asset.
Physics of subcritical systems
The theory of subcritical systems is interesting in itself, as it provides invaluable insights into their behavior [9]. The general equation only differs from that of critical systems by the addition of a neutron source term C: 

		(1)
However, solutions of these equations are of different nature. In practice, Monte Carlo methods are needed to simulate all details of a real system. Nowadays, computing resources are no longer a limitation, as shown by CERN LHC detectors, which are described using tens of millions of geometry elements. 
An important characteristic of ADS is the safety margin characterized by the distance to prompt criticality. For ADS, it is the result of a deliberate choice of system properties, while for critical systems it is imposed by Nature (Fig. 2).
One can define a system energy gain (G), as the ratio of the energy produced by fissions in the core to the energy provided by the proton beam, usually parameterized as G = G0/(1-k)[footnoteRef:3], where k is the neutron multiplication factor with beam on, and G0 is a constant that depends on the beam energy, the target material, and the geometry of the system. For a uranium target G0 ~ 3 and for a lead target such as in the EA, G0 ~ 2.4. Because of the 1/(1-k) behavior, there is an obvious trade-off between criticality margin and accelerator power. This is a design choice between making the system deeply subcritical, or using a k value closer to unity in order to demand less from the accelerator.  [3:  This is an approximate formula valid for large values of k.] 

[image: ]
Figure 3. Energy gain in the FEAT experiment [1]: comparison of measurements with the EA simulation, as a function of the beam kinetic energy.

It also turns out that, by varying the beam intensity of such systems, one can in principle modulate the power output more easily than in critical systems. This may be an asset in case of massive deployment of fluctuating solar and wind energies, which would benefit from the complementarity with a modulated power source. In addition, neutronics with thorium is very favorable as the characteristic of the system’s response to a change of beam power is driven by 233Pa long half-life. This is twelve times longer than 239Np in the corresponding uranium breeding chain. The concept of energy gain was tested at the CERN PS, in the First Energy Amplifier Test (FEAT) [1], which at the same time validated the innovative simulation developed, by C. Rubbia and his group. An assembly of 3.9 tons of natural uranium with keff ~ 0.9 was used to measure the energy produced in the system in two ways: by counting fissions and by measuring heat deposition, two methods that yielded consistent results shown in Fig. 3.
The main conclusion from FEAT is that optimum beam energy is reached at about 900 MeV. At lower energies, protons tend to loose their energy by ionization, and are therefore less efficient at producing neutrons, whilst above 900 MeV, an increase of proton kinetic energy is almost entirely transformed into a corresponding increase of the number of neutrons, and G0 decreases slowly with the increasing production of new particles.

Figure 4. Fission probability of actinides, (ratio between the fission cross section and the sum of the fission and capture cross sections), for a PWR thermal neutron flux (left), and for the Energy Amplifier fast neutron flux (right), showing that with fast neutrons all TRU fission.
Elimination of nuclear waste
The two components of nuclear waste require different strategies for their elimination. Transuranic elements (TRU) such as Np, Pu, Am, Cm, Bk, etc., produced from neutron capture on the fuel and subsequent decays can only be eliminated by fission. This has the advantage of producing energy in return. Fission products can only be eliminated through neutron capture and subsequent decays into stable elements. In view of the 10000 times longer lifetime of TRU and of their danger as a potential source of fissionable elements, their destruction must have priority. This justifies the choice of a fast neutron system in order to enhance TRU fission probabilities (Fig. 4). Given that all TRU can fission, there is no need to separate Pu from minor actinides, a significant advantage to resist military proliferation. The use of fast neutrons comes with an added bonus of a much longer burnup due to the far lower neutron capture cross-section on fission products, hence a more efficient use of the fuel. Extended burnup up to 150 GW.day/ton were achieved at the Argonne electro-breeder, and of course confirmed by the EA simulation.
In order to obtain the fastest possible neutron flux, neutrons should be moderated as little as possible, hence the choice of lead. Nature was kind enough to also make lead an excellent spallation target as well as an excellent coolant and confinement medium. It is certainly less dangerous than sodium, not only for chemical reasons, but also because its boiling temperature (345˚) is better separated from its fusion temperature (~ 1735˚C). There is a drawback above 550˚C due to material corrosion. However, we are witnessing rapid progress in the development of new corrosion and radiation resistant materials (Eurofer). Experience also exists from Russian Pb-Bi submarine reactors where corrosion is controlled by adjusting the oxygen contents. At the same time, progress in turbine efficiency using super critical CO2, allow thermal efficiencies of 45% at only 550˚C [10]. Neutron phenomenology was studied in great detail at CERN in the TARC experiment [2]. The PS proton beam hit a 350-ton assembly of lead, in which neutron fluxes were measured over 8 orders of magnitude in neutron energies, from thermal to few MeV neutrons (Fig. 5). 
[image: ]
Figure 5. The measurement of the neutron flux in the TARC lead volume, as a function of neutron energy, for two proton beam energies.

TARC demonstrated the process of Transmutation by Adiabatic Resonance Crossing as a way of strongly enhancing neutron capture to transmute for instance 99Tc into stable 100Ru, or to industrially produce radioactive isotopes.
The next important element in the strategy to eliminate TRU is the use of thorium fuel. Natural thorium is isotopically pure and 4 to 5 times more abundant than uranium in the earth crust. The breeding chain produces fissionable 233U starting from (n,) captures on 232Th producing 233Th with a 22.3 mn half-life, which decays into 233Pa with a 27d half-life, which in turn decays into 233U. It takes 5 neutron captures to go from 233U to 238U, which explains why TRU production is much suppressed compared to uranium fuel, but also explains why the equilibrium concentration of TRU in thorium fuel is so low, that relatively modest concentrations of TRU places the system automatically in the incineration mode. For instance in the EA, the Pu equilibrium concentration is ~ 10–4 compared to 15% in uranium fuel.
The simulation validated by the FEAT and TARC experiments showed that an EA would destroy 36 kg of TRU per TWth.h, to be compared to the production of 14kg of TRU by a PWR for the same energy output. In a mode in which the EA would recycle its own TRU, after 1000 years, the radiotoxicity of the spent fuel would be several orders of magnitude smaller than that of a PWR (Fig. 6), depending on the efficiency of reprocessing. This would similarly reduce the needs for long-term storage. Transmutation of some of the long-lived fission products using the TARC effect could reduce radiotoxicity further.
[image: ]
Figure 6. Comparison of ingestion radiotoxicities, in relative units, between PWR waste (open cycle) and Energy Amplifier waste, assuming a 99.99 reprocessing efficiency. Taken from Ref. [7].
Energy production
The EA concept was developed in the 1990s, when the main concern was the destruction of existing nuclear waste. Today, the emphasis has shifted towards energy production, because of fears of global warming. The two options for an ADS are not incompatible, since in both cases one wants to minimize the production of waste. The difference might be in the size of the units, depending on local needs, and on the optimization of the thermal efficiency for electricity production, requiring the highest possible operating temperature.
The accelerator
From the point of view of ADS physics it does not matter how “external” neutrons are produced. Technological constraints will determine the properties of the beam. There is a simple relation between beam power (Pbeam) and desired output power (PADS):

		(2)
The highest beam power achieved at the PSI separate sector cyclotron [11] (approaching 3 mA and 1.8 MW, with 0.59 GeV protons) would already allow PADS = 243 MW with k = 0.98, or PADS = 486 MW with k = 0.99.
An ADS system, burning TRU enriched fuel or 233U-Th fuel, would produce a substantial amount of energy. Taking the characteristics of the EA as defined by C. Rubbia et al. [7], assuming 43 % efficiency for a 10 MW beam accelerator, and 45% for heat to electricity conversion efficiency, an accelerator such as Project X would produce about half a GW of electric power (Fig. 7).
[image: Picture 19.png]
Figure 7. Sketch of the energy flow for a subcritical system with the characteristics of the Energy Amplifier driven by a 10 MW beam, such as Fermilab Project X.

The choice of accelerator parameters for an industrial system will depend on the desired power output and on the choice of k value. A beam power of 10–30 MW, a beam energy above 900 MeV, but probably below 2 GeV, depending on the interface between the accelerator and the core, and a broad beam spot seem to be the basic requirements. In principle, several technologies could produce the required beam: Linac, Cyclotron, Fixed-Field Alternating Gradient or hybrid solutions (Cyclotron injection into a c.w. linac). However, they will have to be evaluated against the following specifications:
1. Small beam losses (avoid irradiation of the accelerator and of environment);
2. Reliability (few beam trips per year; have several injectors?), beam stability and control, ease of maintenance;
3. Energy efficiency (maximize the fraction of electric power stored in the beam), physical size, and of course: cost.
The synergy with Project X would be in the R&D for the production of the low energy part of the beam achieving small beam losses and high reliability. This is a common issue for any accelerator application requiring high beam power.
R&D in Europe
Many projects were carried out within the European Union 5th and 6th Framework Programs, concerning the general field of partitioning and transmutation. All the aspects of ADS were addressed. A 1 MW spallation source (MEGAPIE [12]) was successfully tested at PSI (Switzerland). Within Eurotrans [5], thermodynamics and corrosion studies are carried out in as many as 9 research centers using molten lead or lead-bismuth loops (KALLA and COSTA at FZK, Germany, STELLA at French CEA, CIRCE and CHEOPE at ENEA, Italy, VICE at SCK-CEN, Belgium, CorrWett at PSI, Switzerland, TALL at KTH, Sweden, and CIRCO at CIEMAT, Spain).
The decision by the Belgium Government whether to build MYRRHA[footnoteRef:4][13], a first ADS prototype of substantial power (100-200 GWth), is expected next January. [4:  MYRRHA consists of a 4 mA, 600 MeV proton beam coupled to a liquid Lead-Bismuth Eutectic (LBE) spallation target located at the center of a subcritical fast-neutron reactor core cooled with liquid lead-bismuth.] 

Other developments concerning thorium
The example of India is instructive [6], a country with little uranium resources, but plenty of thorium, leading to a complicated three stage strategy:
1. PWR heavy water reactors (CANDU) and LWR to produce plutonium from their small uranium supply;
2. Sodium cooled U-Pu fast reactors with a Thorium blanket to breed 233U;
3. Reprocessing and manufacturing of 233U-Th fuel for heavy water reactors.
It is obvious in this case, that the use of ADS would considerably simplify the scheme, and make it sustainable. In addition, their mostly thermal neutron scheme is not addressing the waste issue.
As we heard in this workshop, many studies are taking place world-wide: in Europe, China, Russia, UK, Korea, Japan, etc., and we learned, in particular, that ADS R&D has the highest priority among China’s scientific projects. Recently, thorium studies were carried out in thorium-rich Norway. In my view, it is only a matter of time before an ADS prototype of substantial power is built. Interesting questions are: who will take the lead in this strategic domain? What is the best strategy for ADS: to use existing elements for a fast realization of a demonstrator or to go directly for a more ambitious industrial prototype?
Conclusion
In the past 15 years, a tremendous ADS R&D effort has been made worldwide. ADS is a challenging idea with no showstopper, with the potential for producing acceptable energy for society. The next step for ADS should be a “demonstrator” of significant power, preferably with international collaboration (we are facing a global problem that demands a global solution), to study the coupling between the accelerator and the core.
Nuclear fission energy is the only way we have now to produce quasi-unlimited amounts of clean energy to sustain harmonious growth on our planet:
ADS can change the image of nuclear energy, making it “acceptable” to society; if nuclear energy is to be deployed on a large scale, it must be ADS;
ADS would be complementary to renewable energies, allowing modulation of electric power, to follow fluctuations of wind and solar power;
A proof of existence is needed for the accelerator. Project X could make an important contribution to the main accelerator issues: beam losses and reliability.
I also believe that it would be very good for particle physics to make a new important contribution to society in the crucial domain of the “energy problem”.
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