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ABSTRACT 

 
The code MCNPX is used to evaluate a simplified model of a hybrid system regenerator accelerator (ADS - 

Accelerator Driven Subcritical), for energy and 
233

U production. The concept consists of coupling a high-energy 

particle accelerator with a sub-critical reactor core, using 
232

ThO2 + 
233

UO2 as initial composition. In this work, 

the spallation source definition used in MCNPX is a point source of 1000 MeV. The system consists in three 

coaxial cylinders. The internal cylinder is the spallation target that is a thick natural Pb. The intermediate 

cylinder is the core, composed by the mixture of fuel (
232

ThO2 + 9.5% 
233

UO2) and Pb coolant; and lead, as 

reflector, composes the external cylinder. The goal is to begin studies to evaluate the regenerator blanket 

composition when submitted to a neutron flux during a time step. The effective multiplication coefficient of the 

system and the variation of the composition of the regenerative layer are analyzed. The preliminary results show 

the possibility of utilization of this system. 

 

 

 

1. INTRODUCTION 

 

At present time, a great number of light water reactors (LWRs) supply the increasing demand 

of nuclear energy production, followed by CANada Deuterium Uranium (CANDU) reactors. 

LWRs require substantial quantities of slightly enriched (3-4%) nuclear fuel over their 

operating lifetime of 30-50 years. Moreover, these reactors generate substantial quantities of 

spent nuclear fuel. In addition, thorium reserves are estimated to be about three times more 

abundant than the natural uranium reserves in the world. Therefore, so it has an important 

potential for use in nuclear reactors. 

   

Accelerator Driven subcritical Systems [1-3] could represent a solution to these issues. They 

can be used for both power and fuel generation. These systems can operate in the cycle Th / 

U, making the regeneration of 
232

Th in the 
233

U.  

 

In this work we report results obtained from the initial simulation of hybrid system for 
233

U 

and energy production. MCNPX code is used for this simulation. The goal is to obtain 

knowledge to simulate this system.  

 

This paper is organized as follows. In Section 2 is defined the ADS concept; model 

description and the obtained results are described in Section 3. Finally, Section 4 presents the 

conclusions. 
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2. THE ADS CONCEPT 

 

Accelerator Driven Systems (ADS) represent an attractive form for the transmutation of 

nuclear waste and thorium as well. The ADS concept consists in coupling a high-energy 

particle accelerator with a subcritical reactor core. Among the advantages of these 

regenerating accelerators, we can mention their low actinide production of the long half-life 

and efficiency in burning of minor actinides. Furthermore, the ADS are low-pressure systems 

[1].  

 

Contrasting with conventional critical reactors that need to maintain the chain reaction in the 

level of criticality, the ADS has an additional source of neutrons that is able to operate under 

subcritical conditions. These additional neutrons came from reactions of spallation induced 

by high-energy particles produced by an accelerator. The subcritical condition depend on the 

neutron spectrum: fast or thermal; the fuel: solid (metallic, oxides, nitrides, carbides, etc.)   

[2-3] or liquid (fluorides, chlorides) [4]; the spallation target: lead [3], lead-bismuth [5], 

molten salt [4], etc; the cooling: gas, molten metal, molten salt; the accelerator system: 

cyclotrons or LINACs. 

 

Previous studies have shown that there are clear limitations on the neutron flux in accelerator 

regenerators operating with thermal neutrons, suggesting the use of systems based upon fast 

neutrons. According to [2], for thermal neutrons (E = 0.025eV), Accelerator Driven Systems 

operating with a specific power of  15.0 W/g have great flux of  
scm

n
2

13107.2  , whereas 

with the same specific power, the neutron flux in ADS operating with fast spectrum is 

approximately 20 times bigger. Two important issues regarding the choice of the spectrum of 

neutrons are the protactinium and the xenon effects. The presence of protactinium and the 

xenon imposes limits on the admissible neutron flux. This limitation is due to the following 

effects: 

 

1. Protactinium and xenon capture neutrons but has a small fission cross section, and thus 

decreases the reactivity of the system. 

 

2. After a reactor shutdown, the 
233

Pa inventory becomes 
233

U in about 27 days lifetime of 
233

Pa) inducing an increase of the reactivity, increasing the criticality of the reactor.  

 

The protactinium absorption cross-sections are 43 barns for thermal neutrons and 1.12 barns 

for fast neutrons. Therefore, this is one of the main justifications for the use of fast spectrum 

by [3]. 
135

Xe absorption cross-section is very high for thermal neutrons (about 2.65 x 10
6
 b). 

For fast reactors the xenon effect is negligible. 

 

In ADS is important that the fuel allows the operation for long periods. So, it is important to 

reduce the neutron losses, through the removal of the fuel poisons. Liquid fuels allow a 

continuous monitoring and removal of the fuel poisons.  

 

The spallation target is probably the most important ADS component, because it represents 

the coupling between the particles acceleration and the subcritical core. When protons are 

decelerated in a target, can induce nuclear reactions. Protons with energies greater than about 

100 MeV can induce violent reactions called spallation. In these processes of braking, 
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spallation reactions are the main responsible for the emission of neutrons. For these reactions 

to take place is necessary that the nuclear range should be greater than the electron range in 

order to overcome the potential repulsive generated by electrons, so that protons may interact 

with the nuclei and releasing neutrons. Thus, the probability of reactions of it spallation 

grows with the energy of incident particle, which in this case are protons, and grows with the 

number of mass of the target nucleus. Because the need for high production of neutrons only 

targets of high atomic number are considered. Lead [3], or often, lead-bismuth [5], have been 

proposed as liquid targets. In this initial work, we adopted the lead spallation target. In this 

system, the cooling agent is the lead too. 

 

In this system, the cooling agent is the lead too. There are proposals for systems that use lead 

as coolant and as target for spallation, among them the Energy Amplifier [3]. This type of 

design offers many advantages, such as the apparent simplicity and its passive safety. Lead 

also has small absorption cross-section for neutrons, property required to a good performance 

of the cooling. In addition, its high density and good coefficient of expansion to permit the 

transfer of heat by convection needed for a high power generation. Finally, it is an excellent 

material for shielding, so that much of the radiation produced by the ADS is easily absorbed 

without necessity to add more internal reflectors to protect important structural elements [6].  

 

The purpose of the accelerator is the efficient production of secondary neutrons by collisions 

between the beam, produced by accelerator, and the nuclei of the material of the target. The 

efficiency of production depends on the nature and energy of the particle beam. When the 

incident beam is composed by deuterium, there is a production of neutrons 10 % higher than 

when protons are used. However, for the reference cases are generally used protons [2]. The 

energy carried by the proton beam can change and reach up to hundreds of MeV, giving a 

production of proportional neutron energy and intensity of the beam. The accelerator must 

also be energy efficient, reaching high intensity, so that the number of protons transported by 

the beam is as high as possible. 

 

For the particles accelerator can be considered both cyclotrons as linear accelerators. 

Cyclotrons are more compact, require less space and are less expensive. However, there are 

difficulties in the generation of beams with intensities above 10 mA through cyclotrons. 

Moreover, as regenerators require accelerators with beam intensity above this threshold, 

linear accelerators are the most common option. 

 

 

3. MODEL DESCRIPTION  AND  RESULTS 
 

3.1. Model Description 

 

The MCNPX code is used to simulate the geometrical and operational characteristics of this 

system. The geometry and composition used in this work are based upon the system proposed 

by David et all. [7]. The basic geometry includes the spallation target, the multiplication zone 

(the system core) and the reflector as it is showed in the Fig. 1. Three coaxial cylinders 

compose this geometry. The internal cylinder is the spallation target, which is a thick natural 

Pb cylindrical, 15 cm radius and 50 cm height. The intermediate cylinder is the core, 

composed by the mixture of fuel (
232

ThO2 + 9.5% 
233

UO2) and coolant, with a thickness of 
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145 cm. The volumetric fraction of the lead coolant is (50%). Finally, the most external 

cylinder is composed by reflector material (lead), whose thickness is kept fixed at 50 cm.  

                            
 

Figure 1.  Schematic view of the (cylindrical) simulated hybrid 

system. 

 

The Table 1 summarizes the geometrical and operational parameters of the system simulated 

in this work. 

 

 

Table 1.  Main parameters of the system 
 

Main parameters of the system 

Core Volume (m
3
) 4.0 

Fuel mixture (initial) 
232

ThO2 + 9.5% 
233

UO2 

Fuel mass (t) 15.6 

Thermal power (MWt) 515 
 

 

For this initial simulation, neutrons are produced by a 1000 MeV isotropic point source at 

position (0, 0, 0) in the natural Pb cylindrical target. 
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The main objective of this study is to evaluate the generation of 
233

U starting from 
232

Th in an 

ADS for energy production. To do so, it is necessary to accompany all the elements and 

isotopes appearing in the cycle Th/U, that is, t the 
232

Th, 
233

Th, 
233

Pa, 
233

U, 
234

U, 
235

U, 

isotopes contained in the MCNPX libraries. 

  

3.2. Analysis of the composition evolution of the 
232

Th/ 
233

U system 

 

The multiplication factor is presented in the Fig. 2 for our hybrid system, in agreement with 

the listed parameters in the table 1, with its original fuel over 10 years. It is possible to 

conclude that the source is not enough to obtain values of keff expected for subcritical systems 

like this, as obtained by [7], who considered values of keff ranging from 0.98 to 0.95 in 10 

years. 

 
Figure 2.  Evolution of the Th/U system reactivity. 

 

 

Furthermore, it can be observed that keff starts dropping at the beginning of the period of 

operation, due to the decrease of the concentration of fissile isotope and the increased 

poisoning caused by the accumulation of fission products of high neutron capture cross-

sections. The same behavior is not observed in [7], where keff starts dropping only after some 

years of operation, indicating that the source used in our simulation does not provide 

satisfactory results. 

 

Figure 3 shows the mass variation of the isotope 
232

Th  along the operation period. As it can 

be verified, the concentration of this isotope is reduced to about of 11%. This is a result of the 

considerable neutron capture cross-section of the 
232

Th, which allows the 
233

U production. 
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Figure 3.  Mass variation for 
232

Th. 

 

 

As it can be observed in Figure 4 the 
233

Pa  is produced in great proportion contributing to a 

decrease of the neutron flux. 

 
Figure 4: Mass variation for 

233
Pa. 

 

 

Analyzing Figure 5, we see that the 
233

U concentration decreases, in spite of being 

continuously generated by the regeneration of 
232

Th. This is because the 
233

U is the main 

fissile isotope of the system. The calculated burnup rate for this system (fueled with 
233

U and 

thermal power of 515 MWt) is 561.35 g/d. In ten years of operation about 2049 kg of this 

isotope is fissioned. 

 



INAC 2009, Rio de Janeiro, RJ, Brazil. 

 

However, when is verified a mass variation for this isotope during the operation period, 

appears that its mass was reduced only in 248 kg. Which proves that not all  
233

U fissioned in 

the system stems from the initial load. Therefore, part of 
233

U burned comes from 
232

Th   

regeneration. The mass of the 
232

Th  is reduced from de 1840 kg during the ten year of 

operation. Most of this 
232

Th mass gave rise to  
233

U . What is the primary aim of this system.  

 
Figure 5: Mass variation for 

233
U. 

 

 

Figure 6 shows the mass variation of  
235

U. This isotope appears after 
233

U suffers two 

neutron captures.  

 
Figure 6: Mass variation for 

235
U. 
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4. CONCLUSIONS 

 

In this paper we presented MCNPX simulations of a subcritical hybrid system using fuel 

based on thorium. This initial work suggests the use of another spallation source in the 

simulation. Nevertheless, the results show a suitable behavior for the fuel used. Finally, we 

conclude that it is possible to simulate and evaluate this type of hybrid system using the 

MCNPX code. The burnup rate calculation proves that there is 
233

U  production in this 

system. For the next simulations, it will also be used FLUKA code [8] for the spallation 

source modeling.   
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