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Prefacio/Preface 
 

 

Para poder estudiar computacionalmente el potencial real de los diferentes reactores 

nucleares actuales y futuros como eliminador o transmutador de residuos radiactivos es 

necesaria una herramienta suficientemente versátil, que sea capaz de hacer simulaciones 

de reactores con características muy variadas. Atendiendo a esta demanda, el CIEMAT 

ofreció en el año 2001 una beca para la realización de una tesis doctoral en esta materia. 

Desde el año 2002 en que me incorporé al centro, he venido desarrollando, validando y 

perfeccionando una herramienta de simulación llamada EVOLCODE2. 

 

En resumen, EVOLCODE2 es un entorno de simulación computacional que acopla 

cálculos de transporte neutrónico y de evolución del combustible con el quemado. Su 

principal función es el intercambio apropiado de información entre los códigos estándar 

en los que se basa. Estos códigos son MCNPX para el cálculo del transporte neutrónico 

y ORIGEN2 para el cálculo de la evolución con el quemado. Esta tesis doctoral tiene 

como objetivo describir dicha herramienta, exponer su método de funcionamiento e 

implementación, describir su validación y analizar los resultados que proporciona para 

la solución de varios problemas con valor propio. 

 

Actualmente, existen grupos activos de investigación en diferentes lugares del mundo, 

como pueden ser Europa, EE. UU. o Japón, que están interesados en el estudio de la 

transmutación de residuos radiactivos. El entorno de simulación por ordenador que se 

desarrolla en esta tesis permite resolver problemas de gran interés para estos grupos. El 

objeto de escribir la tesis doctoral en inglés radica en facilitar la difusión de las 

características de este entorno de simulación para los científicos de estos países. 

 

Además, dado que la tesis doctoral presenta un capítulo de validación del entorno de 

simulación, tiene un especial interés para estos usuarios, al darles la capacidad de 

apreciar la precisión y eficiencia del sistema de simulación desarrollado. 

 

Antes de continuar, no quisiera perder la ocasión de agradecer su ayuda a mi director de 

tesis, el Dr. Enrique Miguel González Romero, cuyos conocimientos, consejos y 

dedicación han sido fundamentales para la realización satisfactoria de este trabajo. En 

este mismo contexto, quisiera también agradecer especialmente al Dr. Miguel Embid 

Segura por su ayuda como mentor en mis primeros años en el CIEMAT. A los otros 

muchos compañeros que tengo o he tenido en la Unidad de Innovación Nuclear (antiguo 

grupo FACET) de esta institución, también, gracias (especialmente a Miguel por los 

cálculos del phase-out de un país aislado y a Mari Carmen Vicente por realizar el 

estudio de PDS-XADS). No quisiera olvidar a ENRESA por participar en el desarrollo 

de esta tesis con su apoyo financiero, por medio del programa de colaboración 

CIEMAT-ENRESA. 

 

Quisiera también darle las gracias al profesor Dr. Antonio Sola Díaz, especialmente por 

mostrarnos a nosotros, sus estudiantes, el CIEMAT por primera vez y por no perder la 

esperanza en que esta tesis viera la luz algún día. 
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Madrid, a los que quiero agradecer su esfuerzo en que mis comienzos en esta ciudad (y 
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Summary 
 

 

Neutronic and isotopic evolution codes have been extending their capabilities to solve 

new problems (for instance, the coupling of an accelerator and a subcritical core) related 

to innovative nuclear systems. These codes are required to be versatile enough to 

simulate different reactors with very different characteristics. Due to the demand of 

simulation tools for the description of the real potential of transmutation systems, I have 

developed, validated and upgraded one tool with these characteristics, called 

EVOLCODE2, as part of the Nuclear Innovation Program at CIEMAT where I started 

this job in year 2002. 

 

In brief, EVOLCODE2 is a combined neutronics and burn-up evolution simulation tool. 

It links results obtained by standard codes (such as MCNPX for the neutron transport 

simulation and ORIGEN2 for depletion calculations), following a methodology based 

on the physics of the problem. The code is able to estimate a great variety of nuclear 

reactor parameters; among them, the isotopic composition evolution of the fuel in a 

nuclear reactor, or criticality constants as function of time. EVOLCODE2 is applicable 

to nuclear reactors with different neutron spectra, different fuels and mechanical 

structures, for both critical and subcritical systems. 

 

The two main objectives of this Ph. D. are, first, to present this tool, describing its 

functioning and implementation methodologies, and validating it, and second, analyzing 

the results it provides for different studies on possible improvements to nuclear energy 

sustainability using advanced fuel cycles and reactors. 

 

The thesis begins with a description of the current state of the global nuclear energy 

production, highlighting the problems related to the management of nuclear waste, 

especially the spent fuel. As a complementary possibility for the future, many 

institutions are nowadays focusing their research efforts in the Partitioning and 

Transmutation concepts included in advanced fuel cycles. This problematic is described 

in Chapter 1, showing the global and local relevance of the research in this field and 

highlighting the necessity of a simulation tool able to deal with the complex studies 

associated to this research. 

 

The second chapter of this Ph. D. contains an analysis of the equations describing the 

transport and burn-up problems in a nuclear reactor. These equations are the Boltzmann 

equation for the neutron transport and the Bateman equation for the isotopic evolution. 

In this Chapter, we will briefly show the methodology to solve this non linear equation 

system, applying the rationales needed to make the unavoidable approximations. These 

approximations are geometrical, temporal and due to the limitations in the available 

computational power. Chapter 3 is devoted to the detailed description of the 

EVOLCODE2 characteristics, including the implementation of these approximations 

and an analysis of the achievable accuracy in the estimation of the final results. 
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Once the mathematical and physical background of this code have been described, the 

programming characteristics of EVOLCODE2 are shown in Chapter 4. The 

programming style was selected to improve supportability and traceability, using a 

program structure resulting from the application of object-oriented advanced 

programming paradigms, such as extensive use of modularisation, abstraction and 

encapsulation. 

 

Code validation against real experiments is essential to trust a simulation tool. 

Unfortunately, experimental data for burn-up research is usually a restricted proprietary 

information and it is very difficult to get the rights to use and publish any validated 

result. However, we finally got access to the results of two different experiments that 

were used to validate EVOLCODE2. A description of these experiments as well as the 

results of the validation are discussed in the fifth chapter. 

 

The second part of this Ph. D. is the application of EVOLCODE2 to the study of present 

nuclear problems related to advanced fuel cycles, that demonstrate the real capabilities 

of the simulation code and provide important results for nuclear energy sustainability 

that are worth discussing by themselves. In Chapter 6, there is a description of the main 

international projects where EVOLCODE2 has been used, with special emphasis in the 

analysis of the capabilities and results provided by the simulation system. 

 

The Ph. D. is completed with Chapter 7 for the conclusions, Chapter 8 with prospects 

for future improvements of EVOLCODE2 and two annexes with details on the basic 

components of EVOLCODE2 and the physics and models of the neutron spallation 

process. 
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Chapter 1 
        

 Introduction 
 

 

 

 

Advanced fuel cycles and reactor concepts, including Partitioning and Transmutation 

(P&T), will be a key element on the future of nuclear energy to achieve long term 

sustainability with optimized solutions for fuel availability and waste management. 

 

This chapter is intended to give an outlook of the role that the P&T technologies could 

have worldwide and why the development of an accurate and reliable code for the 

simulation of innovative nuclear systems is a necessary tool for the present and coming 

years. 

 

A brief description of similar standard codes that can be used to solve the kind of 

problems appearing in this project, will provide an illustration of the features that a 

general simulation code should include and the difficulties to overcome in order to 

achieve such an objective. 

 

1.1. Nuclear Power in the World 

 

After more than fifty years of nuclear electricity production, this technology has reached 

industrial maturity and it is now a valuable resource to our electricity needs. In 31
st
 

December 2009, a total number of 437 nuclear power plants were in commercial 

operation in the world with a total installed (gross) capacity of 370.7 GW [1], around 

17.1% of the total electricity supply in these countries. Moreover, 55 more nuclear 

power reactors were at the date being constructed in 14 countries. 

 

Since several countries developed their own nuclear energy programs, a few different 

technologies form the world nuclear park. Among them, the Pressurised Water Reactor 

(PWR) is the major contributor with a total number of 265 reactors with an installed 

capacity of 244.7 GW. Then, the Boiling Water Reactor (BWR) contributes with 92 

nuclear power plants and 83.5 GW. These two types of reactors are usually described as 

Light Water Reactors (LWR). The following reactor in terms of abundance is the 

Canadian Pressurised Heavy Water Reactor (PHWR, also known as CANDU), having a 

total installed capacity of 22.6 GW from 45 reactors. Other technologies are the Gas 
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Cooled Reactor (GCR, developed from the MAGNOX reactor), the Light Water 

Graphite-moderated Reactor (LWGR, also known as RBMK, Chernobyl-type), the Fast 

Neutron Breeder Reactor (FBR) and others. 

 

Most of the nuclear power plants are located in OECD countries (84%). In the particular 

case of the European Union, nuclear energy provides 31% of the EU gross electric 

power production [2] (around 140 reactors and a total installed capacity of 130 GW). 

However, different countries make a different evaluation of risk of nuclear energy 

versus benefits. This fact can be seen in Table 1, where the different contribution of 

nuclear power is shown by EU country [3]. Among the 27 EU states, 14 of them include 

nuclear power plants in their electricity production park. 

 

Country 
Number of 
reactors 

Installed 
capacity (GW) 

Share of nuclear 
power in total 

generation (%)
1
 

Belgium 7 5.9 51.6 

Bulgaria 2 1.9 35.9 

Czech Republic 6 3.7 33.8 

Finland 4 2.7 32.9 

France 58 63.1 75.2 

Germany 17 20.5 26.1 

Hungary 4 1.9 43.0 

Netherlands 1 0.5 3.7 

Romania 2 1.3 20.6 

Slovakia 4 1.8 53.5 

Slovenia 1 0.7 37.8 

Spain 8 7.5 17.5 

Sweden 10 9.0 37.4 

United Kingdom 19 10.1 17.9 

Table 1. Key nuclear statistics by EU country updated on April 2010. 

 

There are many debates worldwide intending to clarify the best energetic strategy for 

the forthcoming decades. Among them, the International Energy Agency (IEA), an 

autonomous body created in the framework of the OECD, analysed the actual energy 

frame with the aim of advising energy policy makers [4]. To do it, IEA studied a 

Reference Scenario, where energy demand and supply for the coming years (until 2030) 

followed current policies and tendencies; and an Alternative Policy Scenario, 

identifying the effects and costs of policy changes in terms of security of energy supply 

and CO2 emissions. Concerning nuclear power, IEA highlighted the advantages and 

disadvantages of both different policies reaching the following conclusions: 

 

 Concerns over energy security, surging fossil-fuel prices and rising CO2 

emissions have revived discussions about the role of nuclear power. Nuclear 

power is a proven technology for large-scale baseload electricity generation that 

can reduce dependence on imported gas and CO2 emissions. 

 In the Reference Scenario, world nuclear power generating capacity increases 

from 368 GW in 2005 to 416 GW in 2030. In the Alternative Policy Scenario, 

greater use of nuclear power contributes significantly to lowering emissions. 

Additional investment in nuclear power raises nuclear power generating capacity 

to 519 GW by 2030 in this scenario. 

                                                 
1
 Data from 2009. 
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 New nuclear power plants can produce electricity at a cost between 4.9 and 5.7 

cents per kWh, if construction and operating risks are mitigated. Nuclear power 

is cheaper than gas-based electricity if gas prices are above $4.70 to $5.70 per 

MBtu. It is more expensive than conventional coal, unless coal prices are above 

$70 per tonne or nuclear investment costs are less than $2000 per kW. Nuclear 

would be more competitive if a financial penalty on CO2 emissions were 

introduced. 

 Nuclear power generating costs are less vulnerable to fuel-price changes than 

coal- or gas-fired generation. Moreover, uranium resources are abundant and 

widely distributed around the globe. These two advantages make nuclear power 

a valuable option for enhancing security of electricity supply. 

 Nuclear power plants are capital-intensive, requiring initial investment between 

$2000 million and $3500 million per reactor. For the private sector to invest in 

such projects, governments may need to reduce the investment risk. 

 Economics is not the only factor determining the construction of new nuclear 

power plants. Safety, nuclear waste disposal and the risk of proliferation are real 

challenges which have to be solved to the satisfaction of the public, or they will 

hinder the development of new nuclear power plants. 

 Uranium resources are not expected to constrain the development of new nuclear 

power capacity. Proven resources are sufficient to meet world requirements well 

beyond 2030, even in the Alternative Policy Scenario. Investment in uranium 

mining capacity and nuclear fuel manufacture production capacity must, 

however, increase sharply to meet projected needs. 

 

The role of nuclear energy has also been debated in the heart of the EU. Having regard 

of the different international publications concerning global energy policies, the 

Committee on Industry, Research and Energy of the European Parliament has prepared 

some statements with the objective of making plans for the future energy supply [2]. 

Nuclear energy is considered to be an indispensable source of energy, if basic energy 

needs are to be met in Europe in the medium term, due to several reasons: the security 

of supply; the reduction in emission of CO2 or other greenhouse effect gases; its 

competitiveness; the location of largest uranium reserves in politically stable countries; 

and the small dependence of energy cost on an eventual rise in uranium prices. On the 

other hand, this document also emphasises the necessity of establishment of a high-level 

group on Nuclear Safety and Waste Management, complying with international security 

and non-proliferation standards. 

 

1.2. Nuclear waste 

 

Besides the advantages of nuclear power for electricity production, policy makers take 

into account the challenges that nuclear energy have to face in order to reach public 

acceptance. One of the main problems of nuclear fission is the generation of radioactive 

waste, mainly as spent or irradiated nuclear fuel. Although the amount of radioactive 

waste is very small compared with other types of waste from human activity, it is a 

matter of special concern because this waste needs a special treatment, confinement and 

disposal to avoid its interaction with human beings or the environment.  
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Nuclear waste can be classified in multiple ways according to its physical or chemical 

form, specific activity, half-life or emitted ionizing radiation. According to the 

International Atomic Energy Agency (IAEA) [5], for waste management purposes, 

nuclear waste can be classified as follows: 

 

 Exempt waste: It contains so little radioactive material that it cannot be 

considered radioactive and might be exempted from nuclear regulatory control. 

 Low and Intermediate Level Waste (L/ILW): In previous IAEA documents, the 

definition of this type of waste was related to the necessity of radiation shielding 

or heat dissipation. Nevertheless, this became of secondary importance, as 

classification is nowadays made according to individual radionuclides, taking 

into account the exposure levels. This definition leads to a subdivision of 

L/ILW. 

Short Lived (L/ILW-SL): The possible hazard represented by this type 

of waste can often be significantly reduced by administratively 

controlling waste as part of storage or after disposal. 

Long lived (L/ILW-LL): It contains long lived radionuclides in 

quantities that need a high degree of isolation from the biosphere, 

provided by disposal in geological formations. 

 High Level Waste (HLW): It contains large amounts of short and long lived 

radionuclides to such a level that a high degree of isolation from the biosphere is 

needed. It generates significant amount of heat from radioactive decay and 

normally continues to generate heat for several centuries. Deep geologically 

stable formations can provide their safe long-term disposal. HLW is mainly 

composed by the spent fuel (SF), containing more than 95% of the total 

radioactivity present in radioactive waste although it accounts for less than 5% 

of the total waste volume. 

 

A scientific and technical demonstrated solution to the final disposal of HLW is the 

stable deep geologic repository [2], consisting on a series of consecutive barriers 

isolating the waste from the biosphere. This multi-barrier system typically includes the 

natural geological barrier provided by the repository host rock and an engineered barrier 

system to optimize the waste isolation. A concept of deep repository in granite is shown 

in Figure 1. In this case, four SF assemblies would be packed and placed in carbon steel 

canisters along the axis of long horizontal galleries inside a granite host rock. The 

canisters would be then surrounded by high density bentonite [6]. 

 

Under normal evolution scenarios of this system, the dose to the public from HLW can 

be warranted, for hundreds of thousands of years, to be very small, well below the 

regulatory limits for general public and largely smaller than the dose from the natural 

radiation in the same area. Nevertheless, the facility emplacement presents some 

difficulties of public acceptance and has not been fully implemented in any country, 

although Finland and Sweden have approved its construction and identified, at least, 

one accepted site for this type of facilities. This controversy is motivated by the long-

term hazard of HLW, which is a matter of continued discussion and public concern in 

many countries. 
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Figure 1. Concept of a granite deep geological repository developed by ENRESA [6] (the 

Spanish radioactive waste management agency). 

 

1.3. EU energy policy: The role of transmutation 

 

Among the European Union energy policy objectives appears a large interest on 

achieving more sustainable energy systems and services. Variants and alternatives to the 

direct geological disposal are being studied in order to reach the long term sustainability 

of nuclear energy; in particular, the optimization of natural resources consumption and 

the minimization of the long term legacy of hazards for future generations. 

 

From the sustainability point of view, the irradiated fuel of the present LWR contains 

typically 95% of the uranium of the fresh fuel and plutonium with as much energy 

potential as 25% of the fissile part (
235

U) of the fresh fuel. According to the most recent 

estimations [7], the uranium resources, at acceptable exploitation cost, might be only 

enough for 100 years, with reactor technologies in operation at present. Recycling (and 

afterwards burning in the new generation of advanced reactors) will make these 

resources sufficient for several thousand years, making these components of the 

irradiated fuel high valuable resources. 

 

Partitioning and Transmutation (P&T) is nowadays being considered as an additional 

element in the fuel cycle. It consists in the conversion of one chemical element into 

another and, additionally, one isotope into another, and allows the reduction of the 

radioactive hazard of HLW and long-lived fission fragments. This radioactive hazard, 

which is the potential toxicity after the ingestion, inhalation or absorption of radioactive 

materials, can be measured by the magnitude radiotoxicity. 
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The Partitioning (separation) of chemical elements has been already developed up to a 

certain extent in some countries and a large effort in R&D is being performed in these 

and other countries and institutions. It allows the recycling of useful elements contained 

in the spent fuel, and the immobilization of the other elements in stable matrices 

(glasses) for its final disposal as nuclear waste. Two different technology types have 

been developed, wet (hydro-metallurgical) and dry (pyro-metallurgical) Partitioning. 

 

Different streams are obtained from the spent fuel partition or reprocessing. Among 

them, uranium, plutonium and possibly minor actinides can be recovered, together or 

separately, with the aim of their incorporation in fresh fuels and their later transmutation 

in classical or advanced nuclear reactors. Other generated streams are the volatile 

elements, fission products, light activated elements or the fuel activated matrix. From 

the waste management standpoint, the partitioning of individual elements coming from 

these streams, together with their waste conditioning in special immobilization matrices, 

is a possible alternative for reducing the long-term risk of the final disposal. This 

technique is of special interest in the case of short-lived fission products which cannot 

be transmuted, reducing the heat load of the HLW, which is also an important issue for 

geologic repositories.  

 

The main process to obtain the transmutation is the nuclear fission
2
, in which the 

nucleus of the isotope splits into two or more smaller nuclei as fission fragments, 

emitting energy and usually some by-product particles. Using this mechanism, it is 

possible to convert a long-lived, radiotoxic isotope in other stable or with a shorter half-

life isotope. An example of transmutation is: 

 

n + 
239

Pu (24000 years)   
134

Cs (2 years) + 
104

Ru (stable) + 2n + 200 MeV 

 

Sometimes, during the transmutation process, it is necessary that some other nuclear 

reactions take place. Some examples including neutron capture and radioactive decay 

appear below: 

 

n + 
240

Pu (6600 years)   
241

Pu (14 years) Capture 

 n + 
241

Pu   
134

Xe (stable) + 
105

Rh (35 hours) + 3n + 200 MeV Fission 

 

n + 
241

Am (432 years)   
242

Am (16 hours) Capture 
 242

Am   
242

Cm (163 days) + 
-
 +    decay 

 242
Cm   

238
Pu (88 years) +   decay 

 n + 
238

Pu   
142

Ce (stable) + 
95

Zr (64 days) + 2n + 200 MeV Fission 

 

The transmutation methodology is also applicable to long-lived fission fragments. 

However, the advantages of this transmutation have to be evaluated versus the cost and 

will probably only make sense as a by-product of the actinide transmutation. For fission 

fragments, the only strategy that fulfils the criteria for a practical application is the 

neutron capture reactions strategy. An example of an achievable fission fragment 

transmutation, using the neutron capture process, is [8]: 

 

n + 
99

Tc (211000 years)   
100

Tc (15.8 seconds) Capture 

 
100

Tc   
100

Ru (stable) + 
-
 +    decay 

                                                 
2
 See Chapter 2 for a physical description of nuclear reactions. 
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By the use of the transmutation strategy of actinides and some of the long-lived fission 

products, the radiotoxicity of the HLW and, possibly, the requirements for their safe 

disposal can be reduced compared with the current open cycle strategy (direct disposal 

of the irradiated fuel). To make the technologically complex enterprise worthwhile, a 

reduction in the HLW radiotoxicity by a factor of at least one hundred is desirable. This 

requires very effective new reactors and fuel cycle strategies, including fast critical 

reactors (FR) and/or accelerator-driven, subcritical systems (ADS). 

 

The typically-proposed transmutation reactor (FR or ADS) will fission the actinides 

transmuting them from long-lived isotopes into fission fragments of much shorter half-

life with largely reduced long-term radiotoxicity and, moreover, generating energy. In 

these reactors like in conventional ones, the mechanical degradation of the fuel and its 

cladding due to irradiation will constrain its achievable burn-up. As a consequence, the 

irradiated fuel will still contain a considerable amount of actinides. Hence, the process 

must be repeated to optimize the transmutation potential of the strategy. 

 

A continuous recycling of the main actinides (U, Pu) could be implemented combining 

reprocessing technologies with some advanced reactor concepts. As abovementioned, 

the separation of the useful actinides from other actinides and fission products of the 

irradiated fuel for the creation of fresh fuel for advanced reactors is called Partitioning 

and the whole project is usually referred to as Partitioning and Transmutation (P&T). 

This strategy allows increasing the amount of energy extracted per ton of mined 

uranium by a factor between 30 and 100. In addition, very large reduction factors 

(typically 1/100) could be expected for the final content of actinides (and some long-

lived fission fragments) if the higher actinides (Np, Am and Cm) are also irradiated, 

optimizing the energy potential of the fuel and minimizing the waste production. The 

heat load of the repository could also be reduced by means of the partitioning and 

special management of some elements, allowing an optimization of the repository 

capacity, design and number of final disposals. 

 

1.4. Advanced fuel cycle scenarios 

 

The implementation of the advanced technologies of P&T can be different depending on 

the particular topics that energy policy makers of a country or region choose to optimize 

because of its singular constraints or motivations. Each of the different possible 

configurations is called a fuel cycle scenario. A representative set of scenarios has been 

studied in [9] and is shown in Figure 2. This set has been taken as starting point in many 

other studies and exhibit small changes over time. One of the most critical parameters in 

the different possible P&T implementations of this study has been the mass flow for the 

different actinides in fuels or targets of each nuclear reactor included in the fuel cycle 

scenario. Nevertheless, the fuel characteristics and the reactor, recycling and fuel 

fabrication technologies have also an important influence on the scenario feasibility and 

performance. 
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Figure 2. Fuel cycle scenarios from [9], including light water reactors, LWR, fast critical 

reactors, FR, and accelerator driven subcritical systems, ADS. The figure indicates the mass 

flows of plutonium, Pu; uranium, U; transuranic elements (Np, Pu, Am, Cm…), TRU; minor 

actinides (Np, Am, Cm), MA; and all the actinides (TRU+U), An. 

 

International experts usually compare different studied strategies with the aim of 

reaching conclusions generic enough to be valid for the wide families of similar 

scenarios. A common classification of these families appears below: 

 

 The once-through fuel cycle (number 1 in Figure 2). It consists on the single 

irradiation of the fuel, usually in LWR, and the later direct storage of spent fuel 

in deep geological disposal. It is currently deployed in most nuclear countries, 

excepting for the final disposal of the HLW. 

 The plutonium burning strategy (2). This strategy is oriented to reutilize the 

plutonium instead of disposing it in the repository, with the additional separation 

of the uranium for its disposal as L/ILW or for future use. This is the simplest 

closed fuel cycle as it is only closed for Pu. This element can be recycled in 

LWRs or in FRs, meanwhile minor actinides and fission products are vitrified 

and disposed of in the deep repository. This strategy is not focused in reducing 

the uranium requirements and overall radiotoxicity of the HLW. Nowadays, this 

strategy is followed or planned (at least partially) in some countries such as 

France or Japan, excepting for the final disposal of the HLW. 

 The transmutation strategy. The aim of this option is the closure of the fuel 

cycle for all actinides, that is, to partition them in reprocessing facilities and 

recycling them in conventional or innovative nuclear reactors. Some of them are 

based in a single stratum (3a, 3b), where transmutation of waste and generation 

of electricity are achieved in the same reactors during irradiation. On the other 

hand, there are some double strata scenarios (3c, 4), where electricity production 

is performed separately in reactors with clean fresh fuel (only U and Pu) and 

there are a small number of innovative transmutation systems dedicated to close 
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the cycle for the minor actinides (plus any remaining Pu). If the fuel 

reprocessing losses are small enough, the closure of the fuel cycle could result in 

a considerable reduction of the volume and long-term safety requirements of the 

geological disposal. However, the technical and industrial feasibility of the 

innovative reactors must still be demonstrated. 

 Finally, the fast reactors strategy (5). This strategy is focused on the 

improvement of the uranium utilisation and thus on the substitution of the 

current nuclear park by fast critical reactors. Conventional fast reactors only 

close the cycle for plutonium so minor actinides are still an important 

contribution to HLW to dispose of. These HLW can be reduced if the FR 

includes specific MA transmutation targets in a heterogeneous loading (H2) or if 

the fuel cycle is closed also for minor actinides in integral fast reactors, but these 

possibilities have still to be technical and industrially demonstrated. 

 

1.5. ADS for dedicated transmutation 

 

Transmutation in fast critical reactors presents three difficulties as a consequence of the 

need of limiting the 
238

U content and increasing the transuranic (TRU, elements with 

atomic number larger than 92) content for their effective consumption: 

 

 Fast reactors with a large amount of Pu or MA can be unstable in a scenario of 

unexpected large power oscillation (reactivity feedbacks). 

 The lesser fraction of delayed neutrons produced in the fissions of plutonium, 

americium and curium, in comparison with the fissions of uranium in 

conventional LWR having thermal neutron spectrum, lead to a lower reactivity 

margin to prompt criticality. 

 The neutron economy decreases rapidly with burn-up. 

 

The accelerator-driven subcritical system (ADS) has recently been receiving increased 

attention due to its potential to improve the flexibility and safety characteristics of 

transmutation systems, in addition to its transmutation potential. The basic components 

of an ADS, as shown in Figure 3, are a subcritical core, where the nuclear waste 

(actinides and possibly some long-lived fission fragments) are introduced as a part of 

the nuclear fuel (or as targets) and a proton accelerator, producing neutrons via 

spallation. Spallation reactions are defined as interactions between relativistic light 

projectiles (mostly hadrons) and heavy targets nuclides which are smashed into many 

fragments. See Appendix A for more details. 

 

The neutron source is used to sustain the steady operation of the subcritical core. The 

main advantages of an ADS are: 

 

 A high variety of possible designs for the whole reactor and for the fuel isotopic 

composition. 

 The safe operation of the reactor using fuels with degraded characteristics, 

increasing the reactivity margin to prompt critically with no dependence on the 

delayed neutrons. 

 The flexibility of being designed as an energy producer and/or as a waste burner. 
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 The high burn-up achievable to ensure an effective level of waste transmutation. 

 

 
Figure 3. Concept of an accelerator-driven subcritical system. 

 

However, these advantages have to be balanced against several technical and 

operational difficulties arising from the coupling of a nuclear reactor and an accelerator. 

For instance, the benefit from lengthening the reactor cycle has to be balanced against 

the investment in the more powerful accelerator required for coping with the lower end-

of-cycle neutron multiplication factor. 

 

1.6. Main effects of P&T on advanced fuel cycles 

 

The potential benefits and difficulties of the P&T technologies have been assessed by 

the international scientific community [9] [10] [11] from the study of the different fuel 

cycles such as those described in Figure 2, comprising the roles and merits of the 

transmutation systems. In particular, special attention has been put on their application 

as actinide and fission product burners, as well as on the assessment of the development 

status of these reactors with emphasis on reactor technology and safety, fuel cycle 

technology, trends in electricity cost, and general feasibility. Main conclusions 

providing arguments to evaluate P&T performance added value, which could influence 

P&T policy development, were: 

 

 While P&T will not replace the need for appropriate geological disposal of 

HLW, these studies have confirmed that different transmutation strategies could 

significantly reduce, i. e. a hundred-fold, the long-term radiotoxicity of the waste 

and thus improve the environmental friendliness of the nuclear energy option. In 

that respect, P&T could contribute to a sustainable nuclear energy system. 

 Very effective fuel cycle strategies, including both fast spectrum transmutation 

systems (FR and/or ADS) and multiple recycling with very small losses, would 

be required to achieve this objective. The full potential of a transmutation 

system can be exploited only if these strategies are utilised for a minimum time 

period of about several decades. 

 Multiple recycling technologies that manage Pu and MA either together or 

separately could achieve equivalent reduction factors in the radiotoxicity of 



Chapter 1. Introduction 

  -15- 

 

waste to be disposed. Pyrochemical reprocessing techniques are essential for 

those cycles employing ADS and FR where very high MA-content fuels are 

used, with a very high neutron and heat emission. 

 In strategies where Pu and MA are managed separately, ADS can provide 

additional flexibility by enabling Pu-consumption in conventional reactors and 

minimizing the fraction of dedicated subcritical reactors in the nuclear park. In 

strategies where Pu and MA are managed together, the waste radiotoxicity 

reduction potential by use of FR and ADS is similar and the system selection 

would need to be made based on economic, safety and other considerations. 

 The radiotoxicity reduction also implies that the radiotoxicity level 

corresponding to the uranium mined for the fabrication of the fuel is reached 

within 1000 years, instead of the almost million years necessary in the open 

cycle. Moreover, it also reduces drastically the potential proliferation interest in 

the repository. Partially closed fuel cycles are useful (and easier to implement) 

for managing Pu and MA but cannot achieve such TRU or radiotoxicity 

reductions. 

 Further R&D on fuels, recycling, reactor and accelerator technologies would be 

needed to deploy P&T. The incorporation of transmutation systems would 

probably occur incrementally and differently according to national issues and 

policies. 

 Fully closed fuel cycles may be achieved with a relatively limited increase in 

electricity cost of about 10 to 20%, compared with the LWR once-through fuel 

cycle, since total electricity cost is dominated by reactor investment cost. 

Natural uranium price, although with a relative importance in the open cycle, has 

a moderate impact on fuel cycle costs for scenarios involving P&T. 

 Nevertheless, fuel cycle costs are significantly affected by uncertainties on unit 

costs for advanced technologies and processes. Impact of waste management in 

cost is so low that uncertainties in unit costs for the waste management steps 

have no significant impact on those total costs. 

 The deployment of these transmutation schemes need long lead-times for the 

development of the necessary technology as well as making these technologies 

more cost-effective. 

 

The impact of P&T on waste management and final disposal has also been studied by 

the international scientific community [10] [11] [12], reaching the following 

conclusions: 

 

 Thermal power is a critical characteristic of HLW as it strongly affects the 

required repository volume (gallery length). At the reference disposal time of 50 

years, it is dominated by Pu and MA in scenarios without P&T. Consequently, 

the evolution of HLW thermal power is rather slow and takes about 1000 years 

to reduce by a factor 10 and about 10000 years for a factor 100. On the other 

hand, for scenarios with full Pu and MA recycling, HLW thermal power is 

dominated by fission fragments (mainly 
90

Sr and 
137

Cs and their descendants) for 

300 years and so, the total thermal power for these scenarios is reduced by a 

factor 10 in only 100 years and by more than a factor 100 at year 300 after 

unloading. 
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 These reductions in the thermal power cause a reduction in the required gallery 

length of the HLW in the repository, leading to a reduction in the number of 

final repositories or in their individual size. Gallery length reduction factors 

range from 1.5 to 6 depending on the specific formation. In scenarios where Sr is 

removed and Cs disposal is delayed by 50 additional years, then the gallery 

length reduction reaches a factor ~13. Longer cooling times before the disposal 

of Cs might lead to larger reduction factors. On the other hand, Cs/Sr separation 

and storage imply a 5-10% increase in the total cost. 

 P&T introduces small or no benefits on the dose to the average member of the 

critical group from the normal evolution scenarios of the geological repository, 

since dose is dominated by the more mobile fission fragments and activation 

products. The dose from the HLW remains, for all scenarios, several orders of 

magnitude smaller than the regulation allowed dose and largely smaller than the 

natural dose. 

 Indeed, there might be a moderate degradation of the dose depending on the 

retention of the ILW and the characteristics of the matrix used for the 

immobilization of these waste streams. The dose from ILW might become larger 

than from the HLW (depending on the repository formation) in advanced fuel 

cycles reducing the margins to the regulatory limit. 

 ILW might also seriously compromise the advantages of P&T for the repository 

in some geological formations and for large reactor parks. In these conditions, 

sending these materials to the geological disposals might require significant 

space and might generate additional dose that counterbalance the advantages of 

the HLW minimization. Nevertheless, current conditioning methods are not 

necessary best optimised for the immobilization of the waste streams produced 

by the advanced separation technologies, especially pyrochemical technologies. 

In any case, special conditioning technologies, new repository concepts and, 

eventually, new legislation might be needed to safely handle the ILW, without 

handicapping the P&T advantages. 

 Time dependent studies have highlighted the necessity of a correct and 

sufficiently anticipated policy of P&T to gain its full benefit. In particular, it is 

important to start early enough the reprocessing to have accumulated sufficient 

TRU by the time it is needed in the transmutation plants, without requiring 

strong peaks in the utilization of the reprocessing and fabrication plants. This 

will however result in significant stocks of Pu and MA separated or in Pu/MA 

rich fuels fabricated in advance. 

 Transition scenarios have also shown the relevance of waiting till the 

appropriate technology is available. For example, the use of standard 

reprocessing technologies sending all MA to the HLW glasses will not be 

acceptable in scenarios (such as phase-out scenarios) where the MA inventory 

reduction is one of the main objectives. If this was done, the inventory of MA 

immobilized in the glasses will limit the possible reduction on TRU mass and 

radiotoxicity to less than a factor 10 instead of the factor 100 achievable if all 

the MA are transmuted and only reprocessing losses are finally stored. These 

considerations depend on the scenario and this practice will be much more 

acceptable in the case of continuous or increased nuclear installed power. 

 Reaching the equilibrium composition after the transition stage is a very slow 

process and reducing significantly the waste inventories in scenarios with 

reduction of nuclear power will require very long times (several decades), 
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although regional cooperation might reduce this periods of time to the lifetime of 

the transmutation plants.  

 

1.7. P&T in the world 

 

To address its potential benefits, a large effort in R&D on P&T is being developed 

worldwide. This work is efficiently coordinated by several international organizations, 

performing the global evaluation of feasibility, performance, R&D needs and 

implications of the different options for the implementation of P&T in advanced fuel 

cycles. Among them, the NEA/OCDE working groups (Working Party on scientific 

issues in Partitioning and Transmutation and Working Party on scientific issues of 

Advanced Fuel Cycles) [9][10][13] and the IAEA projects [14] can be highlighted. In 

parallel, international initiatives such as the Generation IV project, with the goals of 

sustainability, economics, safety and reliability, proliferation resistance and physical 

protection [15], and GNEP, which accents the necessity of nuclear energy to cover the 

growing energy demand in a sustainable, safe and secure manner [16], share the point of 

view of the essential role of nuclear energy in the medium- and long-term future. 

 

Although always within international collaborations, some important national P&T 

programs are: The Omega project at Japan (Options Making Extra Gain from Actinides 

and fission products), envisaging an accelerator transmutation plant for nuclear waste 

operated in conjunction with large conventional reactors and with no significant 

modifications to the current Japanese fuel cycle [17]; the Accelerator Transmutation of 

Waste (ATW), with the aim of transmuting actinides and long-lived fission products by 

means of a subcritical facility [18], its continuation as the Advanced Accelerator 

Applications program, AAA [19], created after the proposal of DOE of developing the 

ATW technology, and the current extension, the Advanced Fuel Cycle Initiatives 

(AFCI), developing fuel systems for Generation IV reactors and proliferation-resistant 

technologies for the reduction of the high-level waste volume and radiotoxicity [20], at 

the USA; and similar initiatives in Russia and South Korea. 

 

Concerning the EU activities in Partitioning and Transmutation, the European Atomic 

Energy Community (EURATOM) is coordinating different R&D Framework Programs 

(FP) in nuclear research and training activities, in which international collaboration is a 

crucial policy element, sharing funds and resources. A special increase in the number of 

projects and resources occurred in the FP6. This research program extended over the 

period 2003-2006 and the EURATOM total budget for this FP has been of 1230 million 

Euro [21], with 480 M€ intended for the specific research in Nuclear Fission and 

Radiation Protection. Different projects have been financed by FP6, concentrating on 

specific technology development or basic data measurement and evaluation for specific 

processes involved in the P&T technologies like partitioning technologies (aqueous or 

pyrochemical), transmutation reactors, subcritical systems and spallation targets, fuels, 

structural materials and nuclear data for transmutation systems. Nowadays, the 5-year 

EURATOM FP7 is being developed with several proposals for developing P&T 

concepts and related technologies [22]. 

 

In addition, the European Technological Platform for Sustainable Nuclear Technology 

(SNE-TP) was launched in 2007 with the aim of achieving in Europe a sustainable 

production of nuclear energy, a significant progress in economic performance, and a 
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continuous improvement of safety levels as well as resistance to proliferation [23]. To 

achieve this objective, SNE-TP has elaborated a Strategic Research Agenda (SRA) that 

identifies and prioritises the research topics in this field [24]. 

 

In the case of Spain, the so-called 6º Plan General de Residuos Radiactivos de ENRESA 

[25] (ENRESA Radioactive Waste General Plan) constitutes the reference report 

containing Spanish strategies in the field of nuclear waste management and 

decommissioning, together with the associated economical resources. This report 

emphasizes the importance of developing a significant research effort in the country 

towards the Partitioning and Transmutation options, participating in close collaboration 

with nuclear leading countries, having the objective of providing capacities and 

knowledge needed for the development of safe, viable and socially accepted waste 

management strategies, for all types of nuclear waste. 

 

1.8. Need for new specialized simulation tools 

 

The new global strategies in fuel cycle and nuclear waste management, including 

Partitioning and Transmutation of high level waste, use new concepts in nuclear 

systems, such as subcritical systems, requiring thus a large research program in different 

fields: 

 

 New reactor and transmutator concepts, including subcritical systems coupled to 

an external neutron source such as a particle accelerator. 

 New types of fuels. 

 Different neutronic spectra. 

 New fissionable isotopes with new fission products yields. 

 Larger burn-ups, with the appearance of actinides not very well studied and 

possibly with the strong impact of isomers formation. 

 

From the beginning of the studies of these new systems, the computer simulation has 

been the most widely used tool due to the lack of experimental facilities or 

demonstrators giving precise experimental values of the neutronic characteristics of the 

systems. At the same time, large developments in the available simulation systems were 

crucial to handle as many requirements as possible of the problems studied in the field. 

Indeed, in this kind of problems, a special simulation code combining neutronics and 

isotopic evolution calculation was needed due to the specific necessities of the studies: 

 

 Neutrons and charged particles with a wide range of energies, covering from 

thermal to several GeV. 

 Complex geometries. 

 High fuel burn-ups and corresponding large isotopic evolutions. 

 

The research program must include, among other aspects, many computer simulations 

of the behaviour and capabilities of the possible transmutation systems. The advance on 

ADS studies and transmutation projects involve more detailed calculations, higher 

precision requirements, more reliability of the results and a better quality assurance. 
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New generations of some of these codes have been developed and crosschecked within 

the framework of international projects to address the new requirements. 

 

An advanced simulation tool has been developed, within the present Ph. D., gathering 

and extending the capabilities of existing codes to obtain a combined neutronics and 

burn-up evolution simulation system based on the physics of the nuclear problem. With 

this tool, after the proper testing and benchmarking, the detailed study of the new 

designs in nuclear systems will be available with accurate results. 

 

1.9. Other existing codes before EVOLCODE2 

 

The treatment of the integrated computational calculation of neutronics (neutron 

transport) and isotope depletion comes from the 90s, when deterministic codes (such as 

APOLLO [26], SIMULATE [27] or WIMS [28]) were coupled with burn-up calculation 

codes in a more or less automatic procedure. No or simple geometry features were 

included in these codes and they worked for specific systems. Nevertheless, more 

recently, codes based in the Monte Carlo stochastical method (such as MCNP [29], 

TRIPOLI [30] or MVP [31]) coupled with burn-up codes or with embedded burn-up 

calculation capabilities were developed by several different institutions. The main 

interest in this kind of coupling arose from its capacity of calculating, a priori and 

without tuning, position dependent parameters of the nuclear system, as neutron spectra, 

flux integrated values and reaction rates, for fully detailed complex 3D geometries. As a 

consequence, more detailed calculations concerning the power distribution or the 

isotopic composition evolution with burn-up could be achieved. 

 

Most of these coupled Monte Carlo and burn-up codes were and are nowadays based on 

versions of the MCNP code for the analysis of the transport of different particles, 

mainly neutrons but also protons and other charged particles. The reference code in 

depletion applications, the ORIGEN [32] code, is usually chosen to be in charge of the 

isotopic evolution calculations although other codes have also been used for these 

applications. The reason for this election is that ORIGEN is a free code with sufficiently 

good capabilities. Other depletion codes such as FISPACT [33] or ACAB [34] have 

been lately extensively upgraded and it is expected that their use in coupled tools will be 

larger in the near future. 

 

Table 2 shows a list of the most widely used transport-depletion coupled codes 

including the developer institute, the basic codes, the programming language and the 

year in which the basic version of the code appeared. These basic versions mainly 

constitute the first generation of coupled transport-depletion codes. Experience in their 

use showed some weak points where improvements were possible. First, the limitation 

of simple geometries was solved by the use of stochastical codes for neutron transport, 

but at a high cost in memory/CPU requirements. The rather large memory/CPU 

requirements needed by the Monte Carlo code to calculate all the reaction rates in a 3D 

detailed nuclear reactor simulation compromised the computational efficiency, making 

users to consider both the limitation of the number of isotopes (even considering fission 

products as a whole) in the transmutation chains and the reduction of the number of 

different burn-up zones. Second, reaction rates had to be recalculated after a certain 

burn-up, but it was not very clear which criterion to follow (it was usually used one 

GWd/t of burn-up as recalculation point). Due to the large time consumption, the user 
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tended to reduce the number of time steps where reaction rates had to be recalculated, 

losing accuracy in the calculations.  

 

Code Name Transport code Burn-up code Language Institution 
Year of 

development 

MOCUP [35] MCNP4A ORIGEN2.1 C INEL 1995 

CASMO-

SIMULATE 
SIMULATE3 CASMO4 [36] Fortran STUDSVIK 1995 

OCTOPUS [37] 

SCALE4.1 [38]/ 

WIMS7/ 

MCNP4A 

ORIGEN-

S/FISPACT 4.2 
C NRG 1996 

MC-REBUS [39] MCNP REBUS Fortran ANL 1998 

MONTEBURNS 

[40] 
MCNP4B ORIGEN2.1 

Fortran - 

Perl 
LANL 1999 

EVOLCODE [41] MCNP4B ORIGEN2.1 Fortran CIEMAT 1999 

MCB [42] MCNP4C 
TTA [43] 

(Custom) 
Fortran KTH 1999 

MCWO [44] MCNP ORIGEN2 
UNIX 

Script 
INEEL 2000 

MVP-BURN [45] MVP [46] BURN (Custom) ? JAERI 2000 

BURNCAL [47] MCNP4B Custom Fortran SNL 2002 

MCODE [48] MCNP4C ORIGEN2.1 C MIT 2002 

ALEPH [49] MCNP/MCNPX ORIGEN2.2 C++ SCK·CEN 2004 

EVOLCODE2 

[50] 
MCNP/MCNPX 

ORIGEN2.2/ 

ACAB 
Fortran CIEMAT 2004+ 

MCNPX [51] MCNPX CINDER Fortran LANL 2005 

Table 2. Overview of the most widely used coupled transport/depletion codes, mainly of the 

first generation. 

 

In recent years, with the objective of solving these limitations, leading institutions have 

developed a new series of simulation codes or upgrades of existing ones. EVOLCODE2 

is included among this second generation of transport-depletion codes. Nevertheless, 

not all these second generation codes include the same potentialities. This is the case of 

the Monte Carlo code MCNPX. Since 2005, it includes a burn-up capability [52] as a 

standard feature by the coupling of MCNPX with CINDER90. Although it may seem 

that this is the ultimate solution for coupled transport-depletion codes, the reality is that 

the previous unfortunate disadvantages still appear when using this coupled code. 

 

The second generation simulation codes have been designed to have a series of 

characteristics to solve the abovementioned disadvantages. These characteristics are: 

 

 The simulation code calculates the reaction rates outside the transport code. 

Thus, the memory/CPU requirements are largely reduced although the accuracy 

risks to be compromised since the new method does not use exactly the same 

information as the transport code. 

 The geometry of the nuclear system includes a sufficient number of evolving 

zones for a good description of the problem. 

 The isotopic description of each evolving zone includes a sufficiently large 

amount of isotopes, including actinides, fission products and activation products. 

To achieve complete generality, a good treatment of isomers (and fission 

product yields) is also mandatory. 

 A reasonable criterion should be introduced to optimize the reaction rates 

recalculation, that is, the burn-up partial cycle lengths, to avoid accuracy or 



Chapter 1. Introduction 

  -21- 

 

computational efficiency losses due to a reduced or excessive number of 

reaction rates recalculations, respectively. 

 

These features are fully implemented in EVOLCODE2 (and partially in other 

transport/depletion codes). It will be demonstrated in this document that the resulting 

codes system provides the accuracy needed to solve the problems raised by the 

development of advanced fuel cycles including P&T technologies. 

Equation Chapter (Next) Section 1 
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Chapter 2 
         

 Physical-Mathematical 
description of the solution 

 

 

 

 

The simulation tool for the calculation of the evolution of nuclear reactors must be 

based on the physical rules governing nuclear systems. These physical rules can be 

described, as shown below, with the neutron transport equation and the burn-up 

evolution equation and form a non linear equations system. The complexity of this non 

linear system is so high that numerical solutions must be calculated except for the 

simplest (or trivial) cases.  

 

In this section, we describe these physical rules and the physical-mathematical method 

established upon these rules for the developing of our numerical solution of the 

problem. 

 

2.1. Hypotheses and definitions 

2.1.1. Neutron-nucleus interactions 

 

Neutrons are usually found in the interior of nuclei, although it is possible that they 

exist in a free state. In this free state, neutrons can be affected by different forces such 

as gravity, electromagnetic field (by its magnetic moment), short-range forces, etc. In 

practise, we will assume linear movement of the free neutrons between short-range 

interactions with the nuclei of the material medium. In these interactions or collisions, 

the nucleus most often absorbs the neutron and takes its binding energy, leading to an 

unstable excited state of the compound nucleus [53]. 

 

There is a wide variety of neutron-nucleus interactions (also called nuclear reactions) of 

interest for the study of nuclear reactors and they are defined by the way in which the 

compound nucleus emits the excess energy provided by the neutron. Among them, 

scattering, radiative capture and nuclear fission can be highlighted for their role in 

reactor physics. The nuclear reaction is called scattering when the nucleus emits a 

neutron with a kinetic energy smaller or equal than that of the captured neutron. The 
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residual nucleus keeps the excess energy. The scattering is called elastic if the excess 

energy is present exclusively as kinetic energy and inelastic if the excess energy is in 

form of internal energy, leaving the final nucleus in an excited state. 

 

The compound nucleus can also release the excess energy as gamma radiation. This 

nuclear reaction is known as radiative capture, or simply, capture, and the final nucleus 

has an extra neutron, being a higher mass isotope of the original nucleus. 

 

Other form of neutron-nucleus interaction, only produced in nuclei with large atomic 

number, where the repulsive force inside the nucleus is also large, is known as nuclear 

fission. The binding energy of the added neutron itself is enough to overcome the 

rupture (or fission) barrier and produce two more tightly bound intermediate-mass 

nuclei and thereby release a certain amount of energy. The energy E released by (or 

required for in general terms) a given nuclear reaction can be calculated from the theory 

of relativity, 

 

 2 ,E mc  (2.1) 

 

where c is the speed of light and m is the mass converted into energy in the reaction, 

that is, the mass difference between the interacting particles before and after the 

interaction. A definition of interest in nuclear reactor physics is the total recoverable 

energy of the nuclear reaction, the so-called Q-value, when the reaction is exothermic, 

that is, E>0. An example of exothermic reaction is nuclear fission, where approximately 

200 MeV are released. 

 

Other nuclear reactions also present in a nuclear reactor are (n,xn), where x neutrons 

outgo the compound nucleus; (n,p), where a proton leaves the compound nucleus 

instead of a neutron; and (n,α), where the outgoing particle is an alpha particle. These 

nuclear reactions may not only leave the nucleus in a different isomeric or mass state, 

but also change the nature of the original nucleus leading it to a different one with 

different atomic and mass numbers. 

 

Secondary particles may also be emitted by means of neutron-nucleus interactions. This 

is particularly important in the case of nuclear fission, where neutrons may leave the 

nucleus in the scission and afterwards by the fission fragments. With an appropriate 

system geometry, these neutrons can be used for a new generation of fissions, 

maintaining a chain reaction like displayed in Figure 4. 

 

The long-term change in the isotopic composition of a medium, caused by exposure to 

the neutron field, is a critical aspect to take into account. These changes, in both time 

and space, may have a significant impact on the nuclear characteristics of the reactor 

and are usually known as burn-up problems. 

 

The first burn-up problem of interest is the fuel depletion. During the normal operation 

of a nuclear reactor, the fissile
3
 nuclides are consumed by fission, about several 

thousands of different fission products are formed and all of them can undergo neutron-

induced reactions and radioactive decay leading to a new chemical element. Moreover, 

                                                 
3
 Fissile nuclides are those capable of undergoing a neutron-induced nuclear fission. 
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the conversion from fertile
4
 to fissile nuclides has also an important effect on reactor 

operation cycle and control. A number of the newly generated products have high or 

moderately high cross sections for neutron capture, so they have a considerable 

influence on the neutron flux characteristic of the system. 

 

 
Figure 4. Scheme of a chain reaction. 

  

The measure of exposure or burn-up most commonly applied to reactor fuels is based 

on the correspondence between fuel burn-up and total fission energy released as a result 

of that burn-up [53]. The unit of burn-up is the gigawatt-day per ton of initial heavy 

metal of the fuel and means that a reactor operating at a specific power of one gigawatt 

per ton of heavy metal (HM) of the fuel initially present will be depleted by one 

GWd/tHM in one day. In this definition, the convention is that heavy metal of the fuel 

only includes the actinide elements. 

 

2.1.2. Basic hypotheses 

 

The study of the physical processes which may occur to a free-neutron population 

throughout an extended region of space (containing an arbitrary, but known, mixture of 

scattering and absorbing materials) is called neutron transport [54]. The objective of 

reactor theory is to provide useful models giving an accurate description of the neutron 

transport, based on continuous space, time, energy and angles functions obtained as 

solutions of the equations resulting from these models. To do this, some basic 

approximations are nevertheless required [55]: 

 

 A neutron is considered to be a point particle in the sense that it can be described 

completely by its position r  and velocity ,v v   where   is the unit vector in 

the direction of motion. 

 Neutrons can only be affected by strong nuclear interactions, implying that the 

movement of the neutron can be explained through its collisions (diffusion), 

being well defined events; and that the energy and momentum of a neutron is 

constant between two collisions. 

                                                 
4
 Fertile materials are those able to be transformed into fissile isotopes after one or more neutron 

absorptions and subsequent radioactive decays. 
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 Neutron-neutron collisions are neglected. 

 

Once these approximations are accepted, the problem becomes similar to the Boltzmann 

kinetic theory of gases. 

 

2.1.3. The neutron flux 

 

As abovementioned, neutrons are not treated as single particles but in a statistical 

standpoint. Hence, the neutron collective is considered a large enough field to assume 

the neutron population as a continuous function. Thus, the neutron angular density 

distribution, ( , , , ),N r E t  is defined as the expected number of neutrons at position r  

with direction   and energy E at time t, per unit of volume, energy and solid angle. In 

practice, it is impossible to measure the expected number of neutrons in a given time, 

but detectors can take experimental values during a certain span of time. In this sense, in 

addition to the neutron density distribution, it is often used the neutron angular flux 

distribution 

 

 ( , , , ) ( , , , ),r E t vN r E t     (2.2) 

 

where v is the neutron speed. The angular flux is defined as the number of neutrons with 

energy E crossing a unit area centred at the position r  and perpendicular to the vector 

  per unit volume, energy and solid angle. The integral of this quantity over all 

directions, called the scalar flux ( , , ),r E t  can be understood as the total length 

travelled by the neutrons with energy E in a volume element centred at r per unit 

volume and energy: 

 

 
4

( , , ) ( , , , ) .r E t r E t d

     (2.3) 

 

It should be noted that the scalar flux is, indeed, a density in energy, with commonly 

accepted units of neutrons/cm
2
/s/eV, although bibliography usually refers to it simply as 

the neutron flux. 

 

2.1.4. Collision cross section 

 

The behaviour of neutrons in a medium depends on the collisions with atoms and the 

relative probabilities of occurrence of each possible interaction. These probabilities of 

collision can be defined for a single neutron or for a whole collective. For a single 

neutron, it is given by the macroscopic total cross section
5
, ( , , ),T r E t  which is 

independent of   for an isotropic medium with no crystal effects. The macroscopic 

total cross section measures the mean number of collisions per unit length crossed. It 

depends on the microscopic total cross section, ( ),Ti E  and the atomic density ( , )n r t  

of the medium, 

                                                 
5
 ( , , )T r E t  is not really a cross section (just like the microscopic cross section), since its units are 

inverse length. 
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 ( , , ) ( ) ( , ),T Ti i

i

r E t E n r t   (2.4) 

 

considering that there are different types of nuclei i in the system. The macroscopic total 

cross section (as well as the total reaction rate) can also be obtained as the sum of the 

cross sections of all the possible neutron-nucleus collisions so 

 

 
,

,

( , , ) ( , , ),T x i

x i

r E t r E t    (2.5) 

 

where x is the number of different possible reactions. 

 

For a neutron collective a measure of the probability of collision is given by the total 

reaction rate, which is defined as the amount of collisions per unit volume and time: 

 

 ( , , ) ( , , ) ( , , )T Tr r E t r E t r E t    (2.6) 

 

In this kind of problems, it is required to know the energy and direction of a neutron 

outgoing a collision. Hence, the collision transfer probability, ( , ' , ' , ),xf r E E t    

can be defined as the probability that a neutron having a collision x at position r , 

direction '  and energy E’ emerges at time t in direction   and with energy E. 

 

2.2. The neutron transport equation 

 

The objective of neutron transport is the development of an equation which rigorously 

describes the behaviour of the neutron collective in absorbing or fissioning materials. 

This equation, based on the fundamental physical principle of detailed neutron balance 

within a closed system, can be found in the literature [53] [54] [55]. 

 

The net balance of neutrons with direction   and energy E inside a small volume 

centred at position r  at time t in the system is the difference between their rate of 

appearance and their rate of loss: 

 

 
( , , , ) 1

( , , , )
dN r E t d

r E t Gains Losses
dt dt v


  

    
 

 (2.7) 

 

The rate of gains in the system is the sum of the external neutron source ( , , , ),S r E t  

plus the number of neutrons per unit time that, as a consequence of a collision in the 

volume, are emitted with the proper energy and direction at time t, 

 

 
4 0

( , ', ') ( , ' , ' , ) ( , ', ', ) ' ',s r E t f r E E t r E t dE d





        (2.8) 

 

plus the number of neutrons generated by fissions, that can be written in general as  
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4 0

( ') ( , ', ') ( , ', ) ( , ', ', ) ' 'fs E r E t E t r E t dE d


 


      (2.9) 

 

where s(E) is the fission spectrum, ( , , )E t   is the number of neutrons released in the 

fission with direction   and energy E. A term similar to this one could be used to 

represent the (n,xn) reactions, but we shall not use it for simplicity. 

 

The rate of losses in the system corresponds to the number of neutrons per unit time at 

position ,r  with direction   and energy E that have had any collision with a nucleus, 

including slowing-down and absorption: 

  

 ( , , ) ( , , , )TLosses r E t r E t    (2.10) 

 

Finally, the neutron transport equation becomes 

 

4 0

1
( , , , ) ( , , , ) ( , , ) ( , , , )

                      ( , ', ') ( , ' , ' , ) ( , ', ', ) ' '

                      ( ') ( , ', ') ( , ', ) (

T

s

f

d
r E t S r E t r E t r E t

dt v

r E t f r E E t r E t dE d

s E r E t E t



 



 



 
      

 

      

 

 

4 0
, ', ', ) ' 'r E t dE d





  

 (2.11) 

 

Expanding the total derivative, 

 

 
( , , , ) ( , , , )

· ( , , , ),
d r E t r E t

v r E t
dt t

 


  
   


 (2.12) 

 

we can obtain the usual form of the neutron transport equation: 

 

4 0

1 ( , , , )
· ( , , , ) ( , , , ) ( , , ) ( , , , )

                         ( , ', ') ( , ' , ' , ) ( , ', ', ) ' '

                         ( ') (

T

s

f

r E t
r E t S r E t r E t r E t

v t

r E t f r E E t r E t dE d

s E




 




 
      



      



 

4 0
, ', ') ( , ', ) ( , ', ', ) ' 'r E t E t r E t dE d


 



   

 (2.13) 

 

This is the time-dependent continuous-energy first-order integro-differential neutron 

transport equation, also known as Boltzmann equation.  

 

2.3. The burn-up evolution equations 

 

Following a similar procedure than for the neutron transport, let us study the evolution 

with time of ( , ),in r t  that is, the number of nuclei per unit volume (concentration) of 

some specific isotope i. The net balance of ( , )in r t  is the difference between their rate 

of production and their rate of disappearance (transmutation or decay): 
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( , )idn r t

Gains Losses
dt

   (2.14) 

 

The rate of formations in the system can be separated in two different contributions: 

First, the radioactive decay of a nuclide j; and second, the neutron-induced reaction 

(fission, capture or whichever) leading to the formation of nuclide i. Hence, the rate of 

gains of isotope ( , )in r t  can be written in the most general form as 

 

 ( , ) ( , ) ( ) ( , , ) ,ji j j ji

j i j i

Gains n r t n r t E r E t dE 
 

      (2.15) 

 

where λji represents the decay constant of production of a type-i isotope as a 

consequence of a radioactive decay of isotope j, and σji is the microscopic cross section 

of any neutron-induced nuclear reaction over nuclide j leading to isotope i. 

 

The rate of losses of nuclide i can also be separated in two terms, one of radioactive 

decay and other one related to neutron-induced reactions. This rate can be expressed in 

a general form as 

 

 ( , ) ( , ) ( ) ( , , ) ,i i i abs iLosses n r t n r t E r E t dE      (2.16) 

 

where λi represents the decay constant of disappearance of nuclide i and σabs-i is the 

microscopic absorption cross section over nuclide i. Finally, the net balance of isotope i, 

( , ),in r t  also known as equation of Bateman, can be written as: 

 

 
 

 

( , )
( , ) ( ) ( , , )

                 ( , ) ( ) ( , , )

i
j ji ji

j i

i i abs

dn r t
n r t E r E t dE

dt

n r t E r E t dE

 

 



 
    
 

  
 

 



 (2.17) 

 

Since a certain number M of isotopes is being considered, there will be M equations of 

the same general form, one for each isotope, forming a system of coupled first-order 

differential equations. 

 

2.4. The non-linear equations system 

 

In the previous section, we have developed a series of integro-differential equations for 

the description of the time evolution of the neutron flux and material densities, forming 

a complete and closed equation system for the neutron flux and the material inventory. 

In this system, the Boltzmann equation is non-linear when the material inventory 

change along the irradiation by neutrons, since certain dependence on the neutron flux 

exists in the macroscopic cross section term. A similar non-linear dependence can be 

found in the Bateman equations, since the neutron flux is affected by the change of 

materials. 

 

One of the proposed methods to solve the non-linear system is based on an iterative 

procedure [56]. It consists in calculating the neutron flux function considering constant 
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(in first approximation) the materials and later using the so-calculated neutron flux to 

solve the Bateman equations obtaining the materials function after a partial irradiation 

period of time. The so-calculated materials function is used in a second approximation 

to calculate a new neutron flux function. Then the new neutron flux is used to calculate 

the new material composition after a second partial irradiation period of time and the 

procedure is repeated iteratively until the whole irradiation period of time has been 

performed. 

 

2.4.1. Iterative method 

 

Our particular non-linear equation system is formed by M+1 equations. These equations 

are the transport equation (expressed here in terms of the scalar flux) and M Bateman 

equations for the M considered isotopes. 

 

0
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 (2.18) 

 

In order to solve this non-linear equation system
6
, we make approximations based on 

the physical rationales of the nuclear systems, having in mind that solving the non-

linear equation system means to calculate the neutron flux ( , , )r E t and the material 

densities ( , )in r t  for each time t. However, we usually refer only to the irradiation 

period, between 0 and T. 

 

Along the irradiation period, the neutron flux evolves but changes in its shape and level 

are very low for nuclear reactor operating under constant conditions. Consequently, 

instead of calculating the whole neutron flux function (for each t at the same time), a 

time-independent calculation is made for a partial irradiation period between 0t   and 

.t t   It is supposed that t  is small enough to consider that the neutron flux remains 

unchanged. This hypothesis is strictly correct at the beginning of the partial irradiation 

period and deviates with the burn-up progressively as the material changes. The partial 

derivative of the flux in the transport equation is then removed so this equation is 

transformed into the time-independent transport equation 

 

                                                 
6
 The rigorous demonstration of the existence and uniqueness of a solution of this non-linear equation 

system would be based on the Banach's fixed point theorem [59], that has already been successfully 

applied to solve similar systems in other science fields [60]. 
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 (2.19) 

 

With this procedure, the equation system is decoupled, since the time-independent 

neutron flux can be solved separately for fixed values of the material densities at a given 

time t [57] [58]. The values of the material densities evolve from ( ,0)in r  to ( , )in r t  in 

this partial irradiation period. Hence, for this assumed constant value of the neutron flux 

( , ,0),r E  the Bateman equations can be also solved separately, obtaining the material 

densities evolution along this partial irradiation period. 

 

A scheme of the sequential process is shown in Figure 5. Clearly, the second iteration of 

the process is applicable to the partial irradiation period
7
 between t t   and 2· .t t   

The value ( , ,0)r E  does not represent a good estimation of the neutron flux for the 

whole new partial irradiation period, since the material composition has changed 

slightly. Since the values of ( , )in r t  previously calculated are good estimations of the 

material composition in the range [0, Δt], ( , , )r E t   can be obtained as the result from 

solving the time-independent neutron transport equation for the material composition 

( , ).in r t  Using this value of the neutron flux, the new iteration of the material 

composition ( , )in r t  (between t t   and 2·t t  ) is obtained as the result of solving 

the Bateman system for a new constant value of the neutron flux equals to ( , , ).r E t   

These functions are taken as the final solution for the partial irradiation period in the 

range
8
 [Δt, 2·Δt]. 

 

0 t 2·t 3·t



n i

Time

Time

( ,E, 0)r


( ,0)in r


( ,E,t)r


( ,E, 2·t)r


( ,t)in r


( ,2·t)in r


 
Figure 5. Scheme of the EVOLCODE2 iterative procedure. 

 

This process can be repeated several times as schematically shown in Figure 5, until the 

values of the neutron flux and the material composition are calculated for each t. In this 

                                                 
7
 It should be taken into account that the successive partial irradiation periods do not have to be equal, as 

we have taken here for simplicity. 
8
 Strictly speaking, the neutron flux would be valid for the range [Δt, 2·Δt) and the material densities, for 

the range [Δt, 2·Δt]. 
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manner, the solution of the equation system is defined as a piecewise function: the 

neutron flux and the material composition are defined as a set of constant functions for 

each partial irradiation period for the equation governing the other variable. 

 

In particular, the initial condition ( ,0),in r  specified as a boundary condition by the 

nuclear system definition, can be used as a first iteration for the calculation of 

( , ,0).r E . This neutron flux remains unchanged between 0t   and ,t t   so it is 

used to solve the Bateman equations to obtain the function ( , )in r t  in the range [0, Δt]. 

 

The process is successively repeated for the calculation of ( , , )r E t   and ( , )in r t  in 

the range [Δt, 2·Δt] and so on, until the values of the neutron flux and the material 

composition are calculated for the whole irradiation period between 0t   and .t T  

 

2.4.2. Basic tools choice: MCNPX and ORIGEN 

 

The computer code aimed to solve burn-up problems must follow the iterative method 

proposed in this chapter. As a summary, this method consists in calculating the neutron 

flux (as a function of space and energy) for the material densities at a given time and 

later the evolution of these densities (as a function of space and time), using the 

hypothesis of constant neutron flux. In this way, a part of the solution function system is 

being obtained in each iteration or cycle corresponding to a partial irradiation period, 

and finally the complete solution will be defined as a piecewise function, joining the 

results for each partial irradiation period. 

 

EVOLCODE2 is defined, in this manner, as a computer code coupling neutronic 

calculations and burn-up isotopic composition evolution, and it will be based on 

specialized codes for the realization of these jobs iteratively in an accurate and optimal 

procedure from a computational point of view. The choice of the base codes derives 

from the kind of problems that EVOLCODE2 is oriented to solve, mainly related to 

Partitioning and Transmutation of high level waste. The potential benefits of this 

strategy are based on the development of new concepts in nuclear systems, such as fast 

reactors or subcritical systems coupled to an external source of neutrons. Hence, the 

study of these new reactor concepts requires very special capabilities from the computer 

codes, due to their geometrical intricacy, the new elements that embody and the 

complex physics that they deal with. 

 

The Monte Carlo analog method describes the “true” physics of a particle with excellent 

accuracy as its path is simulated in the system, sampling its interactions with the 

medium by means of random numbers from probability distributions. A computer code 

based on this method will help to describe the complex phenomena occurring in a 

nuclear system. Besides, codes based on the Monte Carlo method have the ability to 

handle from very simple to very complex 3D geometries and, nowadays, the computer 

power allow them to handle nuclear data in its most complex and detailed way within 

reasonable time and resources. 

 

These characteristics have led the Monte Carlo method to be one of the preferred 

simulation methods. The reference code based on the Monte Carlo method for the 

analysis of the transport of different particles (mainly neutrons but also other particles) 



Chapter 2. Physical-Mathematical description of the solution 

  -33- 

 

has historically been the MCNP code. This code processes nuclear data libraries of very 

different types (multi-particle interaction data, dosimetry cross sections, thermal data for 

transport at low energies where binding effects are important, unresolved resonance 

probability tables, etc.) and provides a wide variety of information (the effective 

multiplication factor, the neutron flux, reaction rates, heating rates, material damage, 

doses). Additionally, it includes the possibility of parallel calculation, allowing 

reduction of the computer time or a gain in the statistics of the problem. Currently, 

MCNPX [51] is a very valuable successor since it extends the MCNP capabilities to 

charged particles, needed for ADS simulations. For these reasons, we have chosen the 

MCNPX code as the transport code for EVOLCODE2. 

 

In the field of depletion calculation, a wide variety of computational tools have been 

developed for the estimation of the isotopic composition of a nuclear reactor fuel during 

irradiation. Many of these codes have been highly developed and present desirable 

characteristics such as the capability of estimating the inventory of the most important 

actinides and fission products present in the fuel of different nuclear reactors, a fast 

calculation method not requiring too much CPU/memory power, and the potential of 

providing information about fuel cycle related magnitudes. 

 

Among these codes, we have chosen the ORIGEN2 [32] code because it treats the 

depletion problem in the most general case by means of a very fast computational 

procedure, including a large amount of isotopes (accounting for the evolution chains of 

isomers while taking into account their creation branching ratios). Besides, it can 

simulate the evolution of a series of nuclear reactors using its default cross sections 

databases and it has also the ability to simulate any kind of reactor if an external cross 

section library is provided. Additionally, it takes into account radioactive decay, fission 

product yields and photon emission in the calculations and provides detailed 

information for a wide variety of fuel cycle parameters, such as the decay heat, the 

radioactivity or the radiotoxic inventory. Finally, ORIGEN2 can be obtained free of 

charge, from the ORNL Radiation Shielding Information Centre. 

 

In this frame, we are currently studying the possibility of implementing the depletion 

code ACAB in the EVOLCODE2 system. On one hand, the main computational 

algorithm of ACAB is based on that of the ORIGEN code so it can reproduce each of its 

capabilities. On the other hand, it has some advantages such as the possibility of 

handling more nuclear reactions and more fissionable nuclides that ORIGEN2, 

guaranteeing isomer treatment since both the target and the daughter nucleus of the 

reaction can be in the ground, first or second isomeric state. The depletion code ACAB 

also include methods to deal with the problem of cross section uncertainties 

propagation. The possibility of the substitution of ORIGEN2 by ACAB is considered as 

future work. 

 

In Appendix B, the physics and some special capabilities of the base codes MCNPX and 

ORIGEN2 will be briefly described. 

 

Equation Chapter (Next) Section 1 
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Chapter 3 
          

 General description of the 
code and advanced features 

 

 

 

 

EVOLCODE2 is a combined neutronics and burn-up isotopic evolution simulation 

system. The name EVOLCODE2 comes from the fact that it is the second version of a 

CODE system to compute the EVOLution of nuclear systems. 

 

Due to the choice of the basic codes, EVOLCODE2 consists on a mixture of a 

stochastic and a deterministic method. The stochastic method is implemented, in the 

current version of this code, by the general Monte Carlo N-Particle Transport Code 

MCNPX, which is in charge of the neutronic calculations. The isotopic burn-up 

evolution of the geometry zones, requested by the user, is currently estimated using a 

deterministic method based on the Bateman equations through the Isotope Generation 

and Depletion Code ORIGEN (although nearly everything said in this document about 

ORIGEN is also valid for other depletion codes such as ACAB). EVOLCODE2 links 

automatically all the information produced by these codes in order to perform a detailed 

simulation, properly exchanging the information required by them. 

 

The computer code aimed to solve burn-up problems must follow the iterative method 

proposed in the previous chapter. As a summary, the solution method consists in a 

successive iteration of calculating the neutron flux using MCNPX for fixed material 

densities at a given time and later the evolution of these densities with ORIGEN, using 

the hypothesis of constant neutron flux. In this chapter, the implementation of these 

unavoidable approximations, together with a methodology to estimate the accuracy of 

the EVOLCODE2 results are shown. Besides, other crucial capabilities included to 

increase the results accuracy will be also described in detail. 

 

3.1. Implementation of an iterative solution 

 

EVOLCODE2 follows an iterative process to solve the transport-depletion coupled 

equation system. The process consists in the calculation of the neutron flux with 

constant material densities and later of the evolution of the material densities with the 
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hypothesis of constant neutron flux. The validity of the hypotheses of constant 

properties is however limited in the irradiation time, so several iterative calculations are 

needed to solve the system for the whole irradiation period. Each iteration, 

corresponding to a partial irradiation period, is called an EVOLCODE2 cycle. The final 

solution (for both neutron flux and material densities) is a piecewise-defined function, 

joining the results for each partial irradiation period. 

 

Figure 6 shows the scheme of an EVOLCODE2 cycle. It begins with the calculation, by 

MCNPX, of the neutron flux 0 ( , ),r E  considering its space and energy dependence. 

The space dependence (and all the geometry definition) is determined by the MCNPX 

cell definition and the energy dependence is obtained by means of the energy spectrum 

of the neutron flux for each of these cells. Inside each cell, the intensity and the energy 

spectrum of the neutron flux (and also the isotopic composition and the material 

density), are considered constant (in time but also homogenised in space). In case of a 

geometry definition with relatively large cells, the values of the constant neutron flux or 

the materials inside the cell may not represent the correct values in the whole interior of 

the cell and the results accuracy may be undesirably low. On the contrary, a geometry 

definition with very small cells and very good accuracy requires large computational 

resources and possibly, with present computers, unacceptable large computer times. 

This issue will be treated in the forthcoming subsections, with the aim of finding a 

proper compromise between accuracy and requirements on computing time and 

resources. 

 

 
Figure 6. EVOLCODE2 cycle data flow scheme. 

 

The energy dependence of the neutron flux is used for the calculation of the reaction 

effective cross sections. MCNPX computes the exact value of the neutron energy after 

each collision. This could be used to evaluate the reaction rates directly by MCNPX, but 

it could be a very memory/CPU intensive task. Alternatively, EVOLCODE2 calculates 

the one-group effective cross sections outside MCNPX, using the energy spectrum of 

the neutron flux calculated by MCNPX for each cell. With this method, the precision in 
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the effective cross section values depends on the statistical precision in the neutron flux 

spectrum. Both effective cross section calculation methods will be described in more 

detail later. 

 

Once the reaction rates and the corresponding one-group effective cross sections are 

calculated for every required reaction and isotope, the evolution of the isotopic 

composition of the evolving cell can be obtained by the depletion code for the desired 

cycle length, in which it is considered that the neutronic parameters are constant. The 

depletion calculation code ORIGEN is executed once per evolving cell, calculating 

separately the isotopic composition evolution ( )in t  for each cell. 

 

The cycle length must be limited to keep to a good approximation the condition of 

constant neutron flux in the cell. Indeed, the neutron flux varies along the irradiation 

(with the evolution of the materials), and it might reach large deviations from the 

assumed constant value in case of systems with high or very high burn-up. To solve this 

difficulty, the user could reduce the partial burn-up period but this could imply too 

many recalculations of the reaction rates, leading to an inefficient use of the 

computational resources. On the other hand, relatively long cycle lengths might produce 

that the material densities were estimated with low accuracy, because of possibly 

inadequate values of the neutron flux. To optimize the cycle length, EVOLCODE2 uses 

a predictor/corrector method that will be described later in this chapter. 

 

The isotopic composition evolution is calculated separately for each evolving cell. The 

burn-up evolution of the whole reactor is then estimated as the union of the burn-up 

evolution of the different evolving cells. With the new reactor materials composition 

available after a partial irradiation, it is possible to obtain the new neutronic parameters 

of the system with MCNPX and then the evolution of the materials isotopic composition 

for a new successive partial irradiation step. The whole irradiation is simulated 

iteratively after several cycles and the final solution is estimated as a piecewise-defined 

function for both the neutron flux and the material isotopic compositions. 

 

Due to the limitations in the computational power, some approximations have been 

introduced by EVOLCODE2: geometrical (homogenized neutron flux and materials 

inside the cell), computational (effective cross sections are averaged over energy bins) 

and temporal (constant neutron flux during the partial irradiation). These 

approximations help to solve the problem in a realistic manner but may limit the 

accuracy of the results. In order to estimate the accuracy of the EVOLCODE2 results 

(considered as the results uncertainty), it is necessary to quantify the effects of the 

approximations and develop a methodology that guarantees the uncertainty 

minimization. In the following subsections, we will describe the main approximations 

used by EVOLCODE2, and their effect on the space and time resolution of the 

estimation of the final isotopic composition. 

 

3.2. Geometrical definition of the problem 

 

The neutron flux and the isotopic composition evolve differently with burn-up at every 

point of the system. For ideal solution, the burn-up evolution should be computed at 

every point of the reactor, giving the best possible accuracy in the results obtained with 

our equation system. However, this is not a viable option for the problem in a 
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computational way if good precision is desired, since huge computational resources 

would be requested. Some hypotheses and approximations based on the physics of the 

system are needed. In this section, we will illustrate the consequences of these 

approximations on the accuracy of the results. A methodology to quantify the accuracy 

from the initial geometrical design will be developed. 

 

3.2.1. Cells 

 

The space dependence is determined in EVOLCODE2 by predefined areas of the 

nuclear system with similar neutronic properties. Each of these areas is called a cell in 

EVOLCODE2, inheriting the name from MCNPX. EVOLCODE2 assumes constant 

geometry in the reactor, meaning that the shape and the volume of the cells remain 

constant during the irradiation
9
. Usually the simulation tools (including EVOLCODE2) 

homogenize or average the composition and fluence inside the cell, that in reality can 

have slightly different values of the intensity and energy spectrum of the neutron flux at 

different points inside it. So, the isotopic composition of each point inside the cell 

would have a slightly different evolution with burn-up. This approximation has different 

consequences depending on the objective of the simulation: the estimation of the 

evolution of the total mass of the isotopes within the nuclear system or the estimation of 

the evolution of the isotopic spatial distribution, for instance in radial or axial profiles. 

In case that the flux intensity and neutron spectrum are averaged with a weight 

proportional to the volume, the linearity of the equations allows compensating different 

evolutions in the points inside the cell, and so the estimation of the averaged evolution 

is a good approximation of the evolution of the total mass of the cell isotopes. This is 

especially important in cases such as a nuclear system representing fuel to be 

reprocessed in a homogeneous strategy. 

 

In case that the objective is the estimation of the evolution of the isotopic spatial 

distribution, the material composition and the intensity and energy spectrum of the 

neutron flux should be as similar as possible within the cell for the validity of the 

approximation. The effect of the spatial discretization of the nuclear system in a number 

of cells results in the dependence of the isotopic composition accuracy on the cell size, 

as will be illustrated in the following subsections. A general methodology has been 

developed for the estimation of the results accuracy given a certain cell discretization, 

with the aim of helping the user to find an adequate compromise between the size of 

evolving cells and the computational requirements to optimize the desired results 

accuracy. 

 

3.2.1.1. Illustration of the spatial discretization effects 

 

In order to show the effects of the spatial discretization of the nuclear system, a series of 

simulations of the very simple case of a single four-meter-high pin (extracted from a 

PWR 17x17 assembly geometry) with reflecting boundaries
10

 has been carried out. The 

pin has been divided in 1, 10 and 100 evolving cells in respective simulations. 

                                                 
9
 Due to this, structural effects in the reactor (fuel dilatation, cladding oxidation, etc.) require the 

redefinition of the problem to be taken into account. 
10

 Reflecting surfaces are interpreted as a periodical repetition of the geometrical design (a particle that 

hits a reflecting surface is reflected specularly). 
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Two different examples have been performed for each different number of evolving 

cells, one with thermal neutron spectrum and other with fast spectrum. In the case with 

thermal spectrum, the pin has been divided in concentric cylindrical cells from top to 

down with equal volume. In the case with fast spectrum, the pin has been divided in 

axial cells with equal volume. Table 3 includes the characteristics of each simulation. 

The thermal power of the pin has been fixed for simulating a reactor of 950 MWe. 

 

Parameter 
Fast 

neutron 
spectrum 

Thermal 
neutron 

spectrum 

Coolant Helium Water 

Pin division Axial Radial 

Reflecting surface Radial 
All 

boundary 
surfaces 

Initial U-235 enrichment 20% 4.95% 

Table 3. Characteristics of both fast and thermal simulations. 
 

To illustrate all the effects of the spatial discretization in the simulation, we need to start 

from an inhomogeneous material distribution. For these examples, the material 

distribution up to half burn-up (20 GWd/tHM) has been obtained using the maximum 

spatial resolution. The simulation was performed by means of eleven EVOLCODE2 

cycles for a total of 550 equivalent full power days (EFPD). After this point, the pin 

material distribution was averaged to 1 or 10 cells (or left unchanged in 100 cells) in the 

respective simulations and an additional irradiation of other 20 GWd/tHM were 

performed by means of other eleven cycles, for a total of 1100 EFPD. 

 

All the comparisons are referred to the results obtained with 100 cells. Additionally, the 

mass of an averaged cell have been expressed as per unit of volume. This means that a 

correspondence between the case with a pin division of 100 cells and the other cases can 

be done cell by cell. 

 

Figure 7 and Figure 8 show the variation (in %) at end of cycle (after a burn-up of 40 

GWd/tU) in the mass of 
235

U (fast spectrum) and 
239

Pu (thermal spectrum), respectively, 

corresponding to every cell, when the pin is simulated by one or ten cells regarding the 

case of a 100-cell pin division. These variations are a measure of the accuracy in the 

calculation of the isotopic composition and can be also understood as the uncertainty in 

the results. Results in these figures are (M100-M1,10)/M100, where M is the mass of the 

isotope and the subindexes 1, 10 and 100 refer to the number of cells in the pin division 

and correspond to the blue diamonds and the red rings. The yellow triangles represent a 

simulation in which the pin have been divided in 100 cells but the energy spectrum of 

the neutron flux has been averaged in 10 regions only. This result (and the concept of 

region) will be discussed in section 3.2.2. 

 

According to Figure 7, in the case of only one large averaged cell (blue diamonds in the 

figure), variations are larger for the cells located at the centre of the pin (cell height 

close to zero), where the burn-up is the largest, and at the periphery cells (cell height 

close to ±200 cm), with the lowest burn-up, ranging on relative variations from 14% to -

20%, respectively. This result means that averaging the system to a single cell 

underestimates the mass of 
235

U at the centre of the pin and overestimates it at the 

periphery. Between these zones, a few cells have the same evolution in both the detailed 



Development of a computational tool for the simulation of innovative transmutation systems 

  -40- 

  

and the averaged simulations (with a variation very close to zero), where the burn-up 

applied to those cells is approximately the same in both simulations. These effects 

compensate one another for the total mass of 
235

U after irradiation, which is equal to 

293.0 g for the case with one large cell and to 293.8 g in the reference case with 100 

cells. 
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Figure 7. Variations of the U-235 mass 

between the simulations with one and ten 

averaged cells with respect to the case with 100 

cells for the fast spectrum pin. 
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Figure 8. Variations of the Pu-239 mass between 

the simulations with one and ten averaged cells 

with respect to the case with 100 cells for the 

thermal spectrum pin. 

 

In the case of a 10-cell average (red rings in the figure), variations are significant only 

for the cells at the periphery, where it can be larger than 5% (in absolute value). On the 

other hand, for the cells at the centre of the pin, it can be seen that the average in 10 

cells provides good results, with a variation lower than 1% (in absolute value) regarding 

the more accurate 100-cell case. Even an average of the central 20 cells would be 

appropriate without losing accuracy in the simulation since, for all of them, the burn-up 

is very similar. This shows that the cell division does not have to be uniform, that is, 

cells may have different size depending on the neutronic characteristics of the system. 

Again, the different effects compensate one another for the total mass of 
235

U after 

irradiation, with a value of 293.7 g. 

 

Figure 8 shows, for the thermal spectrum case, the variation (in %) in the mass of 
239

Pu 

at end of cycle for the cases averaging to one and ten cells, regarding the mass of 
239

Pu 

for a 100-cell pin division. In the case of an average up to 10 cells (red set of points), 

the largest variations are found at the pin rim, with values close to 40% (in absolute 

value) regarding the case of the pin described with 100 cells. These large variations are 

a consequence of the large amount of 
239

Pu existing in these cells (in the case described 

by 100 cells), generated as a consequence of the self-shielding effect (see section 5.1 for 

a more detailed explanation of this phenomenon). For the inner cells (approximately 

from a cell radius smaller than 0.3 cm), this averaged description of the pin gives good 

results, since the maximum variation is close to 1%, possibly allowing a geometry 

description with larger cells in this zone. The total mass of 
239

Pu after irradiation is 

approximately the same in these simulations, ranging from 13.88 g for the case of 100 

cells to 13.96 g for the case with one large cell. 

 

As a conclusion, it has been shown that the accuracy in the estimation of the final 

isotopic composition depends on the spatial discretization, that is, the cell size. It has 

been also shown that the simulation objective is a very important issue, since the 

geometry segmentation could be different depending on it. The examples described here 

are aimed to calculate the space variation of the isotopic composition in a detailed 
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manner. On the other hand, if the objective of the simulation had been, for instance, to 

obtain the total consumption of 
235

U after the irradiation, other considerations are 

necessary, since the linearity of the equations allow a large cell to internally compensate 

the evolution of the isotope mass without affecting to the total averaged value. In the 

examples studied here, the variation in the total mass of 
235

U and 
239

Pu between the 1-

cell and the 100-cell definitions was smaller than 0.6% for both isotopes. 

 

3.2.1.2. Cell discretization in a general case 

 

Up to now, we have illustrated that the cell definition should be done cautiously if the 

simulation is to be accurate, depending strongly on the geometry and neutron 

characteristics of the system and the objective of the calculation. Unfortunately, the user 

will not be provided with the results of a highly detailed case to compare with, therefore 

it is necessary to establish a general procedure to detect if the current geometry 

definition is good enough for the user‟s purposes, that is, if the actual cell division is 

correctly fulfilling (to a desired results accuracy or uncertainty) the assumption of 

constant neutron flux and material composition inside the cell. To do it, we study the 

Bateman equations. The generic evolution of a system 1N  with burn-up can be written 

in a matrix representation as 

 

 1
1,

dN
N

dt
 B  (3.1) 

 

where B  is the matrix representation of the effective cross sections (and radioactive 

decay), Φ is the neutron flux and t is the irradiation time. The solution of this equation, 

for constant flux and effective cross sections, is 

 

 1 0.
tN e N B  (3.2) 

 

The uncertainty in the final inventory 1N  can be obtained propagating the uncertainty in 

the neutron flux, since  1 1 .N dN d     This uncertainty can be written as 

 

 1 0 1 .B tN te N tN    B B  (3.3) 

 

Using the definition of matrix norm and its properties (see section 6.3.3.1), this 

expression becomes 

 

 
1 1 1N t N t N    B B  (3.4) 

 

and, in relative terms, 

 

 
1

1

.
N

t
N


 B  (3.5) 
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The uncertainty in the final inventory 
1N  due to the variation of the initial material 

composition with the position inside the cell can be obtained repeating this procedure 

since  1 1 0 0 :N dN dN N    

 

 
1 0

tN e N  B  (3.6) 

 

Considering that tB  is usually small, then 
1 0N N    and 

1 0

1 0

.
N N

N N

 
  

 

Let us consider the initial material composition of the previous exercise (stated after a 

burn-up of 20 GWd/tU), where the pin was divided in 10 cells. In order to calculate in a 

simple manner the uncertainties, we will apply the previous expressions to particular 

cases. Table 4 shows the differences in the neutron flux and the relative variations
11

 of 

the mass of some isotopes between each two adjacent cells. 

 

Cell 
interface 

U-235 (fast spectrum) Pu-239 (thermal spectrum) 

Neutron flux 
difference 

(10
14 

n·cm
-2

·s
-1

) 

1

1

N

N


 (%) Isotope mass 

variation (%) 
Neutron flux 
variation (%) 

Isotope mass 
variation (%) 

1 -5.86 5.57 5.25 0.102 36.5 

2 -4.46 4.24 4.05 0.0384 5.99 

3 -2.89 2.74 2.68 0.0494 2.87 

4 -1.41 1.34 1.35 0.0412 1.80 

5 -0.072 0.07 0.01 0.00823 1.26 

6 1.45 1.38 -1.34 0.0274 0.990 

7 2.99 2.84 -2.67 0.0192 0.727 

8 4.54 4.31 -4.03 0.00823 0.692 

9 5.75 5.47 -5.28 -0.0220 0.585 

Table 4. Relative variations between adjacent cells for both fast and thermal spectra cases of a 

10-cell pin, for the initial material composition. 

 

For the case of 
235

U in a fast spectrum, the assumption of similar neutron flux within the 

cell may not be fulfilled, since large differences appear between cells. The uncertainty 

in the 
235

U final inventory propagating the uncertainty in the neutron flux is, applying 

equation (3.5) to this case, 

 

 1

1

,a

N
t

N



   (3.7) 

 

where σa is the 
235

U absorption cross section. For this example, where 2 a b   and 

550 d,t   

 

 171

1

9.5 10 .
N

N


    (3.8) 

 

                                                 
11

 Relative variations of a magnitude C means here (Ci-Ci+1)/Ci, where i=1,9 is the cell number. 
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The values of the relative uncertainty in the 
235

U final inventory are shown in Table 4 

(third column). With the aim of calculating the space variation of the 
235

U isotopic 

composition in a detailed manner, a desirable final uncertainty could be around 1%, as 

described in section 3.4. Results show that this objective is only achieved in the very 

central region of the pin. Therefore, the geometry definition using 10 cells would not be 

adequate for the whole pin and a new discretization of the pin including more cells 

would be desirable. This method also provides the new discretization required to 

achieve the desired accuracy. The size of the current cells should be reduced in a factor 

approximately equal to the current value of 
1 1N N  (i. e., the size of the outer cells 

with 1 1 5.5%N N   should be reduced approximately in a factor 5.5; the adjacent 

interior cell should be divided into ~4.3 cells and so on). 

 

The uncertainty on the initial composition (mass of 
235

U in particular) is estimated by  

 

 01

1 0

.
NN

N N


  (3.9) 

 

The maximum relative variation for the case of fast spectrum is about 5%, as shown in 

Table 4 (column four). Again, the current geometry definition including only 10 cells is 

not adequate if accuracies of 1% are desired. 

 

This result for the calculation of the uncertainty propagation is valid for isotopes like 
235

U that can only absorb neutrons and are not generated by a possible parent. This is 

not the case of isotopes such as 
239

Pu, which can absorb neutrons (for capture or fission) 

and are continually being generated (captures of 
238

U and later decay). The Bateman 

equations for an isotope system like this, considering instantaneous decay of 
239

U and 
239

Np for simplicity, are: 

 

 

1
10 1

2
10 1 20 2

            
dN

N
dt

dN
N N

dt



 


  


    


 (3.10) 

 

where σ1 and σ2 represents the absorption cross sections of father and daughter isotopes, 

respectively, N10 and N20 are respectively the initial inventories of father and daughter 

isotopes and N1 and N2 are respectively the final inventories of father and daughter 

isotopes. The analytical solution of this equation system can be written as follows: 
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 (3.11) 

 

The uncertainty propagated from the neutron flux is, in relative terms: 

 

  1 2 22 1
10 1 2 20 2

2 2 1 2

t t tN t
N e e N e

N N

  
  

 

         
      

   
 (3.12) 

 



Development of a computational tool for the simulation of innovative transmutation systems 

  -44- 

  

The values of the relative uncertainty of N2 depend on the values of several parameters 

that differ for each nuclear system and isotope, such as the absorption cross sections or 

the initial amounts of material. For the typical case of 
238

U and 
239

Pu in thermal 

spectrum, considering the nearly constant value of 143.64 10   n·cm
-2

·s
-1

, 1 0.3 b  , 

2 2 ,b   
20 0N   and 

10 2100 ,N N  we obtain that 

 

 2

2

0.5 .
N

N

 



 (3.13) 

 

For the case of 
239

Pu in thermal spectrum, as shown in Table 4, the relative variations of 

the neutron flux are very small, so the hypothesis of constant neutron flux is very well 

fulfilled. On the contrary, the hypothesis of constant material composition inside the 

cell is not fulfilled for cells at the pin rim, since the relative variation of the 
239

Pu mass 

in these cells is maximum, rising a 36.5%. Therefore, for a final uncertainty around 1% 

in the isotopic composition, the geometry definition using 10 cells would not be 

adequate for the outer part of the pin. Again, the methodology also provides the new 

discretization required to achieve the desired accuracy. The size of the current cells in 

the pin rim should be reduced in a factor approximately equal to the current value of 

2 2 .N N  

 

Additionally, there is other source of uncertainty that has to be accounted for. Up to 

now, we have considered that the effective cross sections are independent of both the 

neutron flux and the material densities when calculating the relative variations. 

Unfortunately, this is not the case, since these magnitudes are correlated by means of 

the transport equation. The one-group effective cross sections are calculated using the 

neutron flux energy spectrum, that depends on the material composition. This 

magnitude may not be accurately calculated for large cells if the material composition is 

not homogeneous inside the cell. The uncertainty in the final inventory 1N  due to the 

variation of the effective cross sections can be calculated using the previous method as 

 1 1 .N dN d     For the case of 
235

U in fast spectrum, and with the previously 

considered values of ,a  t  and  , it can be obtained that 

 

 1

1

0.1 .
N

N





 
  (3.14) 

 

Since the maximum value of    is smaller than 2%, we obtain that, for this case, 

this effect is of low significance. 

 

For the case of 
239

Pu in thermal spectrum, with the previously considered values of the 

magnitudes, we obtain that  

 

 2

2

0.5 .
N

N





 
  (3.15) 
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The maximum value of    in this case is also smaller than 2% in all the cells, so the 

maximum relative uncertainty in the final inventory is for this case around the target 

objective of 1%. 

 

As summary, these examples show that the geometry discretization of the pin using 10 

cells is not adequate if the detailed variation of the final inventory with the position is 

desired with an accuracy of 1%. We have developed a general methodology for the 

estimation of this accuracy from estimations of the uncertainty in the neutron flux, the 

initial material composition and the effective cross sections, given a certain cell 

discretization. 

 

This methodology also provides the procedure to follow in case that the target accuracy 

is not achieved, since the factor N N  is an approximate measure of the subdivision 

needed in the cell. To verify the validity of the new discretization with an affordable 

cost of resources, it would be advisable to perform a second calculation with MCNPX 

of the neutronic parameters of the system, using the tally segment option for 

subdividing the cells into segments with the suggested new cell discretization just for 

tallying, without the necessity of specifying extra cells. Finally, this methodology 

should be repeated to check if the target accuracy is reached and, in that case, to 

implement the new cell discretization for a definitive MCNPX calculation. 

 

3.2.2. Regions 

 

The energy spectrum of the neutron flux also varies spatially like its intensity in the 

nuclear system, but with different (usually smaller) gradients. This allows us to 

optimize the simulation with the concept of region. A region is defined in 

EVOLCODE2 as a set of one or more cells (adjacent or not) for which it is assumed that 

they have the same neutron spectrum of the neutron flux. The neutron flux intensities 

and material compositions might be different in different cells of a region. In a way, the 

problem geometry is so divided first in regions and then in cells. 

 

This fact was shown in Figure 7, as the yellow set of points, representing the variation 

between a simulation with 100 different cells (and values of the neutron flux intensity) 

but with only 10 different regions and the reference case with 100 different cells and 

regions. The result is that negligible differences were found between both simulations. 

 

In this case (and usually for other cases), the gradients are smaller for the spectrum 

variation. This fact has been studied in detail by means of the simulation of the fast 

spectrum case described in the previous section. Results are shown in Figure 9, where 

the variation between adjacent cells of the flux intensity and of the energy spectrum 

median and mean are represented. It can be seen that this variation is negligible for the 

spectrum median and mean, excepting for approximately the eight cells closer to top 

and bottom surfaces. This cell definition is adequate for the calculation of the neutron 

flux intensity, but may be inefficient (and computer time wasting) for the calculation of 

the neutron flux energy spectrum and later for the one-group effective cross sections. 

This illustrates the advantage of making separate hypotheses for both constant neutronic 

magnitudes in the cell. 
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Figure 9. Flux intensity and energy spectrum axial variations to neighbour cell in a single pin 

with reflecting surfaces. Variations are calculated as (Φi-Φi+1)/Φi, where i=1,99 is the cell 

number. 

 

The calculation of the spectrum median and mean should be taken as illustrative and 

cautiously used for uncertainty estimations, since it has to be multiplied by the 

pointwise reaction cross section to calculate the one-group effective cross section. 

Additionally, it has been demonstrated [61] that the effect of flux statistical errors 

(obtained from a reliable stochastic transport calculation) in the inventory after 

irradiation (even at very high burn-up) are negligible compared to the effect of the large 

cross section uncertainties existing in available data files. 

 

3.3. The one-group cross section calculation method 

 

One of the main tasks of EVOLCODE2 is the creation of the "ad hoc" effective cross 

section libraries for ORIGEN. Our objective is to find a calculation method good 

enough to provide precise and accurate results without requiring excessive 

computational resources. Two different methods to compute the one-group effective 

cross sections have been considered, one making the calculations directly inside 

MCNPX, and the other making them outside MCNPX. The second method has been 

chosen because, as will be shown below, it reduces drastically the computer time and 

the required computational resources maintaining acceptable uncertainties in the results. 

 

3.3.1. Description of the methods 

3.3.1.1. Calculating the effective cross sections inside MCNPX 

 

In the first method, the user will request MCNPX to evaluate a tally or result for the 

average reaction rate for all reactions required for the fuel evolution and for all isotopes 

in the fuel or that can be generated by irradiation of the fuel. To do so, MCNPX will 

compute for each collision of each neutron history the value of the cross sections for all 

the reactions and isotopes at the exact neutron energy of the collision. Thus, the value of 

the reaction rate or the effective cross section, provided after a determined number of 

histories, is calculated in the most accurate way possible. Note that the cross sections 

are evaluated for all reactions and isotopes every time, independently of what reaction is 
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selected randomly for the continuation of the neutron history. This provides a precise 

average as each calculation is weighted by the flux appropriately. 

 

The difficulty with this method is that the amount of memory and CPU required can 

become very high, as we need to evaluate the effective cross sections of the available 

nuclear reactions required for hundreds of isotopes, for every evolving cell of the 

nuclear system, and with sufficient number of collisions per cell for a good precision. 

 

Case description 
Number of 
tallied cells 

Number 
of tallies 
per cell 

Computer 
time (min) 

Computer 
time minus 
‘No tallies’ 

case 

Computer 
time over ‘No 
tallies’ case 

No tallies 0 0 12.39 - - 

One-group flux 1 1 12.39 0.00 1.00 

One-group flux plus 
238

U reaction rates 
1 5 12.42 0.03 1.00 

One-group flux plus 
three actinides reaction 

rates 
1 13 12.76 0.37 1.03 

One-group flux plus 25 
actinides reaction rates 

1 101 15.74 3.35 1.27 

One-group flux 10 1 12.46 0.07 1.01 

One-group flux plus 
238

U reaction rates 
10 5 13.61 1.22 1.09 

One-group flux plus 
three actinides reaction 

rates 
10 13 15.96 3.57 1.28 

One-group flux plus 25 
actinides reaction rates 

10 101 40.92 28.53 3.28 

One-group flux 100 1 15.26 2.87 1.23 

One-group flux plus 
238

U reaction rates 
100 5 26.08 13.69 1.71 

One-group flux plus 
three actinides reaction 

rates 
100 13 48.60 36.21 3.18 

One-group flux plus 25 
actinides reaction rates 

100 101 279.1 266.7 18.29 

Table 5. Execution time versus number of recorded tallies. 

 

For the illustration of this problem, the dependence of the computer time on the number 

of isotopes/reactions cross sections computed (# of tallies) has been estimated by means 

of several simulations of the very simple case of a single pin of a PWR with reflecting 

boundaries, acting as an infinite square array. The pin has been divided radially in 100 

cells and neutrons are moderated by water. Results can be seen in Table 5. The different 

simulations included the recording of the neutron flux intensity in the cells, plus a 

certain number of reaction rate tallies for reactions (n,f), (n,γ), (n,2n) and (n,3n) in 

actinides. These calculations have been performed in an ORIGIN-3880 (Unix) using 

MCNPX version 2.5.e with the ENDF6r8 library. 30000 histories have been performed 

by a single processor for a final uncertainty in the effective cross sections of 1-3% for 

the capture and fission reactions, of 8-11% for the (n,2n), and of 60-100% for the 

(n,2n). It can be observed that the computer time becomes very high as soon as the 

number of evolving cells is higher than ten (and there are many reactions to be 

evaluated). 
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Figure 10 shows a linear fit of the number of recorded tallies vs. the computer time, 

taking into account only the cases for 10 cells and for 100 cells. Considering that a 

detailed problem should have about 700 isotopes and 100 cells, that is, 280100 different 

tallies, making an extrapolation of the fit (and forgetting for a minute that the MCNPX 

tally maximum would have been exceeded), the computer time required to do the 

effective cross section calculation would be of ~8000 min (5.5 days). 
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Figure 10. Linear dependence of the computer time on the number of recorded tallies in 

MCNPX. 

 

3.3.1.2. Calculating the effective cross sections outside MCNPX 

 

A second method has been created with the aim of decreasing the required computer 

time while maintaining the accuracy in the reaction rates. In this method, the one-group 

effective cross sections for every available isotope and reaction are calculated outside 

MCNPX convoluting the cross section data taken from the libraries with the neutron 

flux energy spectrum. The values of the energy spectrum of the neutron flux for each 

evolving cell can be obtained from MCNPX dividing the energy range in isolethargy 

energy divisions or bins in such a way that all the energies, for which the cross section 

information is available, are covered. 

 

The analytical expression to convolute the microscopic cross sections and the energy 

spectrum of the neutron flux, for an available isotope, is 
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 (3.16) 

 

where r,m,T is the one-group effective cross section for reaction r, region m and burn-up 

step T; (E), the microscopic cross section at neutron energy E; (E), the neutron flux 

at energy E; and , the neutron flux intensity. 

 

This integral is approximated by the use of summations, taking into account that both 

functions, microscopic cross sections and energy spectrum of the neutron flux, are 

discrete and have a different energy grid. Section 4.1.5.1 describes the implementation 

of this approximation. 
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Case description 
Number 
of tallied 

cells 

Number of 
reaction 
rates per 

cell 

Computer 
time (min) 

Computer 
time minus 
‘No tallies’ 

case 

Computer 
time over ‘No 
tallies’ case 

No tallies 0 0 12.39 - - 

One-group flux + 
spectrum 

1 0 12.65 0.26 1.02 

One-group flux plus 
238

U reaction rates 
1 4 13.85 1.46 1.12 

One-group flux plus 
three actinides 
reaction rates 

1 12 13.93 1.54 1.12 

One-group flux plus 
25 actinides reaction 

rates 
1 100 14.05 1.66 1.13 

One-group flux + 
spectrum 

10 0 13.72 1.33 1.10 

One-group flux plus 
238

U reaction rates 
10 4 15.32 2.93 1.23 

One-group flux plus 
three actinides 
reaction rates 

10 12 15.45 3.06 1.24 

One-group flux plus 
25 actinides reaction 

rates 
10 100 16.12 3.73 1.29 

One-group flux + 
spectrum 

100 0 25.32 12.93 1.66 

One-group flux plus 
238

U reaction rates 
100 4 30.87 18.48 2.02 

One-group flux plus 
three actinides 
reaction rates 

100 12 31.60 19.21 2.07 

One-group flux plus 
25 actinides reaction 

rates 
100 100 37.84 25.45 2.48 

Table 6. EVOLCODE2 computer time due to the reaction rates calculation using 80000 energy 

isolethargy bins. 

 

The total computer time spent by EVOLCODE2 using this method for the same cases 

appearing in Table 5 (with the same geometry definition and total number of histories 

for having the same results precision) is shown in Table 6. This total computer time is 

the sum of the computer time spent by the MCNPX calculation plus the computer time 

spent by EVOLCODE2 reading the information of the neutron flux energy spectrum 

(80000 isolethargy energy bins) from the MCNPX output file and the cross section 

libraries, and processing this data for calculating the reaction rates (and so the same 

amount of information is finally provided with both methods). 

 

Again, it can be guessed that a certain linear dependence of the computer time on the 

number of cells times the number of reaction rates may exist. However, the time spent 

by EVOLCODE2 includes reading the information of the MCNPX output file (as 

shown in Table 6), and a part of it depends on the number of cells instead of the number 

of cells times the number of reaction rates. A linear dependence can be nevertheless 

found considering only the cases with a fixed number of cells. Figure 11 shows all the 

studied cases using 100 cells. Considering again that a hypothetical detailed problem 

should have about 700 isotopes and 100 cells, that is, 120000 different reaction rates, 
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making an extrapolation of the fit, the computer time required in EVOLCODE2 to do 

the effective cross section calculation would be of ~232 min (~4 hours). 
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Figure 11. Linear dependence of the computer time on the number of cells times the number of 

reaction rates in EVOLCODE2 for an 80000 isolethargy energy binning. 

 

3.3.2. Convolution methods comparison 

 

Comparing the computer time spent in the simulations by both methods, it can be seen 

that MCNPX is a little faster than EVOLCODE2 when the number of cells is very small 

and not many isotopes/reaction rates are taken into account. On the contrary, for a 

frequent case where a high number of cells and reaction rates are considered, the second 

method is much faster even for an energy binning of as large as 80000 bins. As an 

example, the case of a simulation with 100 cells and 700 isotopes is around 34 times 

faster in EVOLCODE2. Hence, the method that EVOLCODE2 uses improves the code 

flexibility, in the sense that allows, on one hand, a faster calculation or, on the other 

hand, the possibility of reusing the computational resources to specify a finer size with 

some detailed cell geometry definition, further improving the overall accuracy. 

 

It should be noted that both methods have been performed using the same number of 

histories. This implies that the effective cross sections have the same precision for both 

methods, since they calculate these values by means of the same summation: 
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   (3.17) 

 

where r,m,k is the pointwise cross section for reaction r, nuclide n and energy k,lk,i,h is 

the track length of a neutron with energy k for collision i in history h, and Vm is the 

volume of region m. This method for the calculation of the effective cross sections 

outside the transport code was also implemented in the previous version of 

EVOLCODE [41]. 

 

It should be also considered on one hand that the example defined here was a very 

simple one. A more complicated 3D reactor design implies larger MCNPX computer 

times since more operations are needed to simulate the particle history. On the contrary, 
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the amount of operations (and file reading) made by EVOLCODE2 will remain 

unchanged, so the impact of calculating the reaction rates outside MCNPX may be even 

larger. 

 

On the other hand, this example was performed with a single processor. Parallel 

processing would significantly reduce the computer time spent in the MCNPX 

calculations. Since the EVOLCODE2 contribution to the total time spent is a very small 

fraction, this reduction in the time spent would not affect critically to the computing 

speed ratio between both methods. 

 

3.3.3. Accuracy of the convolution methods 

 

Both studied methods include some approximations limiting the results accuracy. 

Summarizing, the first method compromises accuracy in the material definition because 

the user has to define larger cells to avoid increasing too much the computational 

requirements. The second method compromises accuracy in the one-group cross section 

values because it does not use the exact cross section values at the reaction energy but 

values averaged over a certain energy binning. 

 

Nevertheless, it can be demonstrated that the difference between the values of the one-

group effective cross sections obtained from both methods is small if the MCNPX 

statistics is good enough and the binning is sufficiently detailed. Calculations consisting 

in a PWR pin with reflecting surfaces, acting as the whole reactor have been performed 

again in an ORIGIN-3880 (Unix) using MCNPX version 2.5.e with the ENDF6r8 

library, applying, for both methods, the same geometry definition and total number of 

neutron histories. For a thermal spectrum, the coolant was water and, for a fast 

spectrum, it was helium. Results are displayed in Table 7 and in Figure 12, where the 

dependence of the accuracy of the method on the number of energy bins is shown for 

some isotopes/reactions. It can be seen that the one-group effective cross section 

provided by EVOLCODE2 deviates from the calculated by MCNPX in less than 1% for 

a sufficiently large number of bins (20000-30000 energy bins), respectively for thermal 

and fast spectra. 

 

The dependence of the one-group effective cross sections on the number of bins has also 

been calculated for other actinides/reactions in both neutron spectra, such as 
235

U (n,f), 
239

Pu (n,γ), 
240

Pu (n,γ), 
241

Pu (n,f), 
242

Pu (n,γ), 
241

Am (n,γ), 
242m

Am (n,γ), 
237

Np (n,f), 
242

Cm (n,γ), 
243

Cm (n,γ), 
244

Cm (n,γ), 
245

Cm (n,γ) and 
246

Cm (n,γ), obtaining similar 

results. 

 

The reason for these very low deviations is that the second method almost reaches the 

same accuracy that MCNPX in the neutron flux energy spectrum: the number of energy 

bins is as large as the number of pointwise cross sections values at the database. For the 

cases included, the number of cross section entries is 77038 for 
238

U and 49054 for 
239

Pu. The dependence of the one-group effective cross section on the number of bins, 

appearing for both fast and thermal spectrum, is due to the relative importance of the 

resolved resonance region. MCNPX takes this effect into account, since it uses the exact 

value of the neutron energy. On the contrary, this effect is only taken into account in 

EVOLCODE2 when the energy binning is large enough so that the flux near the 

resonance energy is well resolved. 
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Thermal neutron spectrum with Φ* = 0.06650 ± 0.00002 cm

-2
 

Isotope/ 
Reaction 

MCNPX XS 
(barn) 

One-group effective cross section (barn) 

EVOLCODE2 

10000 
bins 

20000 
bins 

30000 
bins 

40000 
bins 

50000 
bins 

60000 
bins 

70000 
bins 

80000 
bins 

U-238 (n,γ) 
0.7466 ± 
0.0011 

0.7707 0.7541 0.7503 0.7487 0.7482 0.7479 0.7477 0.7474 

Deviation (%) 3.12 0.98 0.48 0.28 0.20 0.17 0.15 0.11 

Pu-239 (n,f) 
75.12 ± 

0.07 
75.09 75.09 75.09 75.09 75.09 75.09 75.09 75.09 

Deviation (%)
12

 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04 

 

Fast neutron spectrum with Φ* = 0.4833 ± 0.0007 cm
-2

 

Isotope/ 
Reaction 

MCNPX XS 
(barn) 

One-group effective cross section (barn) 

EVOLCODE2 

10000 
bins 

20000 
bins 

30000 
bins 

40000 
bins 

50000 
bins 

60000 
bins 

70000 
bins 

80000 
bins 

U-238 (n,γ) 
0.2175 ± 
0.0005 

0.2221 0.2204 0.2196 0.2194 0.2193 0.2192 0.2191 0.2191 

Deviation (%) 2.05 1.29 0.97 0.85 0.82 0.78 0.74 0.74 

Pu-239 (n,f) 
1.645 ± 
0.003 

1.645 1.645 1.645 1.645 1.645 1.645 1.645 1.645 

Deviation (%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Table 7. Differences in the one-group effective cross section between the two studied methods 

for a PWR pin with thermal and fast spectra. 
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Figure 12. Ratio in one-group cross sections as a function of the number of energy bins. In this 

figure, th means that calculations have been made in a thermal spectrum and f represents fast 

neutron spectrum. 

 

In Figure 12 and Table 7, it can be seen that a certain deviation, larger than the MCNPX 

statistical error, appears for the one-group capture cross section of 
238

U in fast spectrum, 

even for a large energy binning (yellow-green set of points in the figure). This deviation 

is due to the application by MCNPX of probability tables in the unresolved resonance 

range of the 
238

U cross section. Above the resolved resonance range (10-149 keV for 
238

U in ENDF6r8) pointwise neutron cross sections appear to have a smooth 

dependence on energy as resonances are so close together that they are not resolved. 

                                                 
12

 This negligible difference is due to the application of S(α,β) thermal scattering tables in the thermal 

spectrum simulation. 
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The probability-table method [62] relies on the statistical nature of neutron resonances 

in the unresolved region. Averaged unresolved resonance parameters [56] are used by 

the processing code (typically NJOY [63]) to generate ladders of representative 

resonances. Cross sections are then sampled from the ladders to create the probability 

tables as function of the incident neutron energy, including up to 20 cumulative 

probabilities and corresponding cross sections. Resonances are represented by 

probabilities above about 0.8, where the corresponding cross sections change rapidly 

with probability. If required, MCNPX applies this probability table method to represent 

the cross sections in this energy region if the probability tables exist in the database for 

a certain nuclide, overriding the usual smooth cross section. To confirm this 

explanation, Figure 13 shows the dependence of the estimated effective cross sections 

on the number of energy bins for the previous case not using the probability tables in 

MCNPX. 
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Figure 13. Ratio in one-group cross sections as a function of the number of energy bins, with 

unresolved resonance range probability tables turned off. In this figure, th means that 

calculations have been made in a thermal spectrum and f represents fast neutron spectrum. 

 

EVOLCODE2 still does not have implemented the processing of the unresolved 

resonance range probability tables, since the deviation is smaller than 1% (in the worst 

possible case, which is calculating the reaction rate of an isotope immersed in a matrix 

of that isotope as in the prior example). Nevertheless, the implementation of the 

probability table method in EVOLCODE2 is planned as future work. 

 

As a summary, it has been demonstrated that both methods have the same accuracy for 

the calculation of the one-group effective cross sections in both thermal and fast neutron 

spectra, if a sufficiently large number of bins (typically 30000 bins) is used for the 

calculation of the energy spectrum of the neutron flux. Therefore, EVOLCODE2 will 

use the second method because it saves computational resources leading to a faster 

calculation. 

 

3.4. Burn-up step. Predictor/corrector method 

 

In addition to the geometrical hypothesis of homogeneous neutron characteristics inside 

a cell, EVOLCODE2 also applies the approximation of constant (vs. time) neutronic 

characteristics inside a cell along the partial irradiation. The validity of this 
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approximation may be compromised in case of relatively large burn-ups producing large 

changes in the isotopic composition of materials and in the neutronics of the cell. The 

ideal solution is to reduce as much as possible the cycle length (hence the burn-up 

during this time step is also reduced), but very short burn-up steps imply additional 

recalculation of the reaction rates, leading to an inefficient use of the computational 

resources. Therefore, in order to reach reasonable accuracies without compromising the 

computer resources, it is necessary to develop a strategy for optimizing the cycle length. 

 

In order to define a reasonable or desirable accuracy in our methodology, it is necessary 

to compare the intrinsic methodology accuracy with other error sources in the 

estimation of the isotopic composition after burn-up. These other sources of error have 

both systematic and statistical nature and they are caused by a mixture of two 

magnitudes: the neutron flux, calculated by MCNPX, and the nuclear reaction cross 

sections, taken from pointwise databases. However, when the flux spectrum is obtained 

from a high precision transport calculation, the influence of the flux statistical 

deviations on the isotopic inventory is negligible (even at very high burn-up) compared 

to the effect of the cross-section uncertainties [61], reaching a value of more than 20% 

for some actinides after large burn-ups. 

 

On the contrary, some nuclear systems consist of actinides such as uranium, whose 

cross sections are very well known for most of the energy range. For these actinides and 

energy regions, cross sections uncertainties are small, not exceeding values of one 

percent or very few percents. In these nuclear systems, the target accuracy given by our 

methodology should not be larger than this value for a correct description of the 

problem. With these considerations, it is possible to select a target accuracy typically of 

1% for the estimation of the isotopic composition after burn-up, in each particular 

simulation. EVOLCODE2 allows the user to specify this target accuracy, and uses a 

predictor/corrector method to reach it. 

 

In this section, we will investigate the sources of uncertainty in the estimation of the 

final isotopic composition and develop a methodology to quantify this uncertainty, 

showing the result for some representative cases. Additionally, this section includes the 

description of a predictor/corrector method, implemented in EVOLCODE2 with the aim 

of optimizing the computational resources requirements for the desired values of the 

isotopic composition uncertainty. 

 

3.4.1. Sources of uncertainty in the final isotopic composition 

 

The uncertainty in the estimation of the final isotopic composition after a given burn-up 

can be investigated by means of the Bateman equation. The expression describing the 

loss of mass N1 of a certain isotope is, in a simplified manner, 

 

 1
1 1

1

1
,a

dN
N

dt




 
   

 
 (3.18) 

 

where τ1 is the mean lifetime of the isotope, Φ is the energy-integrated neutron flux and 

σ1a represents its neutron-induced one-group absorption cross section. The solution of 

this equation gives the estimation of the final inventory: 
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In this simple case, the factor 1a t
e

   represents the evolution of the isotope due to burn-

up. If magnitudes Φ and σ1a are not constant during irradiation, then the final inventory 

N1 may be inaccurately predicted. In a general case, all isotopes are related with the 

others in a more complicated way through the complete Bateman equation system. 

However, the two sources of uncertainty are anyway the neutron flux and the reaction 

cross sections as it will be illustrated right away. 

 

3.4.1.1. First source of uncertainty: Impact of large burn-ups in the 

neutron flux 

 

The first source of uncertainty due to large burn-ups is caused by significant changes in 

the neutronics of the nuclear system, particularly in the neutron flux intensity and the 

thermal power. In the particular case of a conventional nuclear reactor, the thermal 

power is usually a fixed value so the neutron flux changes with the material evolution 

(its value increases if fissile material is consumed and might decrease in some phases of 

operation of breeder reactors). In a general case, the amount of fissile material changes 

with the burn-up and so do the neutron flux and the thermal power. 

 

In order to illustrate the impact of these changes in the prediction of the inventory, 

different simulations of a PWR have been performed by means of only one burn-up step 

of 33 GWd/tU. The reference simulation consisted in an irradiation of the PWR with 

fixed thermal power and burn-up step, representing a nuclear reactor operating at 50% 

of the nominal power. Two additional simulations have been performed with the same 

theoretical energy production: an irradiation doubling the thermal power (nominal 

power) and an irradiation with half thermal power. Given the linear relation between the 

thermal power and the neutron flux
13

, these additional simulations had respectively 

double and half values of the neutron flux (and also respectively half and double values 

of the cycle length). In all cases, the fuel consisted in UO2 enriched in 
235

U at 3.2%. 

Results can be seen in Table 8. 

 

Isotope 
Mass deviation regarding reference case (%) 

Case with double power Case with half power 

U-235 -0.4 0.2 

U-238 0.0 0.0 

Pu-239 -1.0 0.5 

Pu-241 1.6 -2.1 

Am-241 -49.3 95.9 

Cm-243 -34.2 31.4 

Table 8. Effect in the isotope mass of the change in the thermal power of a PWR irradiation 

keeping constant the burn-up. Deviations in this table are (Mi-Mref)/Mref, where M is the mass of 

the isotope and the subindexes ref and i refer respectively to the reference and additional case 

changing the thermal power. 

 

                                                 
13

 The linear dependence between thermal power and neutron flux will be shown in forthcoming sections. 

The linearity is only approximate to the level of thermal feedbacks in the cross section of the fuel, that are 

set to zero for this example. 



Development of a computational tool for the simulation of innovative transmutation systems 

  -56- 

  

The final amounts of isotopes such as 
235

U or 
238

U are very similar in these different 

irradiations, because their evolution depends strongly on the burn-up and their 

dependence on the thermal power/neutron flux is very small, since their half-lives are 

very long compared to the irradiation period of time in all these cases. 

 

Irradiating under a different thermal power or neutron flux level has nevertheless a 

significant impact in those isotopes whose radioactive parents have a relatively short 

half-life. This is the case of 
241

Am: although the generation rate of 
241

Pu is the same in 

all simulations since it depends on the burn-up (
240

Pu captures), its decay is larger in the 

longer irradiation with half thermal power (its total amount is 2.1% smaller than in the 

reference case at the end of the irradiation), causing an increase in the mass of 
241

Am 

(and in the chain of higher mass isotopes), as large as a factor 2 (~100% increase) at the 

end of the irradiation. 

 

According to results shown in Table 8, in this particular example the deviations for 

these sensitive isotopes depends inversely on the thermal power/neutron flux (and 

linearly on the irradiation period of time): for instance, doubling the thermal 

power/neutron flux leads to half the amount of 
241

Am at the end of the irradiation. In 

any case, if the irradiation chain includes isotopes with relatively short half-life, then 

this source of uncertainty has to be taken into account. 

 

In practice, the accuracy in the isotopic composition estimation will be given by the 

accuracy in the calculation of the neutron flux/thermal power by the simulation, since 

the burn-up step is, in principle, a parameter fixed by the user. This effect will be 

quantified in section 3.4.2. 

 

3.4.1.2. Second source of uncertainty: Impact of large burn-ups in the 

one-group effective cross sections 

 

As mentioned in Section 2.1.4, the probability of a neutron collision with the nuclei of a 

medium (measured by the total reaction rate) depends on the isotopes of that medium 

( , ) :in r t  

 

 ( , , ) ( , , ) ( , , ) ( ) ( , ) ( , , ).T T Ti i

i

r r E t r E t r E t E n r t r E t      (3.20) 

 

A large burn-up causes a considerable change in the inventory ( , )in r t  of most isotopes 

and, with a different material, the neutronic characteristics inside the cell. Two different 

effects can be accounted for in the estimation of the reaction rate. On one hand, the 

contribution of the most abundant isotopes changes as they are being consumed or 

generated by irradiation. Nevertheless, their impact in the reaction rates is usually small. 

As an example, in a LWR, the largest mass content comes from 
238

U, with a total 

variation between the beginning and the end of the irradiation (50 GWd/tU) of less than 

5%. 

 

On the other hand, changes in the isotopic composition of the medium due to burn-up 

can lead to the creation (or destruction) of new isotopes. These minor isotopes can have 

a large contribution to the reaction rates if any of their reaction cross sections have a 

large resonance, causing dips in the neutron flux at the energies of the resonances and 
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modifying therefore the energy spectrum. The phenomenon is called self-shielding 

although it typically corresponds to the shielding of the inner part of the fuel by the 

outer one. This is of special relevance in the case that other isotope has an important 

cross section resonance at the same energy, since the calculated neutron flux may be 

flawed. 

 

 
Figure 14. Energy spectrum of the neutron flux in a representative fuel cell for a PWR at BOL, 

EOL and after only 200 equivalent full power days. All spectra have been normalized to a total 

integrated value of one. 

 

Reaction Burn-up time 

One-group effective 
cross section (barn) 

Isotope 

U-235 U-238 Pu-239 Pu-240 

Fission 

BOL 35.1 0.103 82.0 0.633 

200 days 34.1 0.104 76.3 0.631 

EOL 37.3 0.106 72.3 0.600 

Capture 

BOL 8.22 0.745 45.3 231 

200 days 8.06 0.742 41.6 206 

EOL 8.76 0.769 37.4 82.9 

Table 9. One-group effective cross sections for several relevant isotopes in a representative fuel 

cell of a PWR at BOL, EOL and after only 200 burn-up days. 

 

Let us consider, for the illustration of this effect, the case of a PWR as shown in Figure 

14 and Table 9, where the neutron flux energy spectrum and the one-group effective 

cross sections, respectively, appear at the beginning of life (BOL, black line), after 200 

EFPD (blue line) and at the end of the irradiation (EOL, red line) after 1760 EFPD (50 

GWd/tU). All the neutron spectra shown in the figure are very similar in the fast zone, 

but some differences appear in the thermal region. These differences are caused mainly 

by capture resonances of 
239

Pu (0.3 eV) and 
240

Pu (1 eV). These isotopes are created in 

the fuel after the beginning of the irradiation and their creation and destruction by 

fission and neutron capture are continually competing. Their one-group capture cross 

sections vary considerably (~10%) during the first 200 equivalent burn-up days (as 

displayed in the table), although their masses are small enough not to affect 

considerably the neutronics of the system. The effect keeps increasing until the end of 

the irradiation, reaching up to ~20% deviations in the 
239

Pu capture cross section and 

much larger in the case of the 
240

Pu. 
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3.4.2. Quantification of the accuracy  

 

It has been found that large burn-ups can generate significant uncertainties in the 

estimation of the isotopic compositions. The global impact of the burn-up in the 

evolution of the inventory N(t) is due to the combination of factors abs t
e

 
 and 

t

e 


 as 

was shown in equation (3.19) for the case of a certain isotope where only consumption 

is relevant (no significant production). The first factor represents the evolution of the 

isotope due to the irradiation and the second one represents the evolution due to 

radioactive decay. These factors have different importance depending on the 

characteristics of the isotope and the irradiation. In absolute terms, if the burn-up step is 

much smaller than the mean lifetime τ, then the second factor is close to unity and the 

effect of radioactive decay is negligible (the system may be affected by irradiation or 

not). On the contrary, if t  ,  then the decay factor is far from unity and the impact of 

radioactive decay may be considerable in the final isotopic composition. Nevertheless, 

in relative terms, if the irradiation factor is much larger than the decay factor, with 

,abs

t
t


   then the impact of radioactive decay might also be negligible with respect 

to the irradiation. 

 

For the estimation of the uncertainty in the burn-up, let us study the case of an isotope 

with a large presence in a nuclear reactor: for instance, 
238

U in the case of a 

conventional LWR. The half-life of this isotope is very large, 4·10
9
 yr, so the decay 

factor is negligible. Although we are interested in the mathematical expression of the 

uncertainty in the estimation of the final 
238

U mass, its amount is so large that the ratio 

between the final and the initial amounts is very close to one even for large burn-ups. 

Let us then study the uncertainty in a more relevant parameter, which is the difference 

between the final and the initial 
238

U mass. This difference represents the amount of 
239

U generated (and the subsequent 
239

Pu generated by forthcoming decay), if the fast 

fission factor is neglected. The expression of this difference can be written as 

 

  2 1( )

2 1 1 1 ,abs t t
N N N e

  
    (3.21) 

 

and the expression of the uncertainty, considering 2 1( )absG t t    as a measure of the 

burn-up in the time step 2 1( ),t t  is 

 

  2 1 1 .GN N N e G      (3.22) 

 

In relative terms, this expression becomes 

 

 
 2 1 1

2 1 1
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( 1) ( 1) ( 1)
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 (3.23) 

 

In most cases, the value of G is small. For the particular case of our example, with 
238 1 ,U

abs barn    14 210  /( · )n cm s   and 2 1( ) 100 dayst t   for an usual cycle length, 

then 310 .G   Thus, expanding the exponentials in Taylor series up to first order terms, 

we can finally obtain that 
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 (3.24) 

 

For small values of G, the relative uncertainty in the difference between the final and 

the initial estimation of the 
238

U mass is equal to the relative uncertainty in the burn-up 

2 1( ).absG t t    After a long burn-up step, the thermal power value has changed and 

the assumed constant value of the neutron flux does not represent the desired irradiation 

conditions anymore. For a target accuracy of 1% in this uncertainty, the uncertainty in 

the burn-up must be also equal to or smaller than 1%. 

 

Let us study now the case of an isotope with a relatively large presence in a nuclear 

reactor but with small value of τ regarding the irradiation time, for the estimation of the 

uncertainty due to the radioactive decay. Among the actinides with more presence in 

conventional nuclear fuels, let us pay attention again to isotope 
241

Pu (the most extreme 

case in practice), having a relatively small mean lifetime of 20.7 yr (corresponding to a 

half-life of 14.35 yr) and whose decay daughter, 
241

Am, is key to the creation of higher 

mass isotopes with a large impact in fuel cycle characteristics such as neutron emission 

or residual heat. 

 

In this case, the radioactive decay has a non negligible impact compared to the 

irradiation factor so the radioactive decay factor must be taken into account. For 

instance, in the case of a 100-days irradiation in a LWR, where 241 150 Pu

abs barn    and 

14 210  / ( · ),n cm s   it can be obtained that 0.848abs t
e

 
  and 0.987.

t

e 


  It is worth 

noting that the value of ·  is very similar for a fast reactor, where 
15 25·10  / ( · )n cm s   and 241Pu

abs   is around 3 barn, so the same rationales can be 

applied to reactors with fast neutron spectrum. According to these values, the decay 

factor effect is considerable compared to the irradiation factor since 110·abs    , 

although the change in the isotope amount is mainly due to the burn-up ( abs

t

t
e e

 


 
 ). 

 

For simplicity, we consider the non realistic case of an irradiation of 
241

Pu alone. The 

expression of the difference between the final and the initial amount of 
241

Pu can be 

written as 

 

 
2 1

2 1

( )

( )

2 1 1 11 1 ,abs abs

t t F

t t F
N N N e e N e e

  


 

    
   

       
  

 (3.25) 

 

where 2 1( )F t t   is related to the energy generated (burn-up) in the irradiation 

period of time 2 1( ).t t  If F is considered as constant during the irradiation, the 

expression of the uncertainty in the difference between the final and the initial 

composition is 

 

  
2 1

2 1

( )

( ) 2 1
2 1 1 12

( )
.abs abs

t tF

F t t t tF
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 (3.26) 
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In relative terms, this expression becomes 
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 (3.27) 

 

With the abovementioned data for 
241

Pu, the value of the exponents are much smaller 

than unity, hence the exponentials can be expanded in Taylor series up to first order 

terms, obtaining finally that 
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 (3.28) 

 

The relative uncertainty in the difference between the final and the initial amount of 
241

Pu is equal to a certain factor that depends on the mean lifetime τ and the absorption 

reaction rate of the isotope times the relative uncertainty in the neutron flux. Due to the 

linear dependence between the thermal power and the neutron flux, both magnitudes 

(and inversely the irradiation period of time) have the same dependence on burn-up, 

hence 



 can be also considered as the relative uncertainty in the thermal power or in 

the cycle length. 

 

For isotopes where τ times the absorption reaction rate is relatively large, then the 

relative uncertainty in the difference between the final and the initial compositions is 

negligible since the multiplication factor approaches zero. On the contrary, for isotopes 

such as 
241

Pu with relatively small τ and with the exemption of cases with extremely 

large burn-ups (in other words, for cases in which the decay rate is competing with the 

absorption rate), then the multiplication factor approaches unity  0.13abs    and 

this relative uncertainty is approximately equal to the relative uncertainty in the neutron 

flux/thermal power. Again, after a long irradiation time, the material composition and 

the thermal power change so the neutron flux does not represent anymore the desired 

system characteristics. In these cases, for a target accuracy of 1% in the relative 

uncertainty in the difference between the final and the initial isotopic compositions, the 

uncertainty in the neutron flux/thermal power must be also equal to or lesser than 1%. 

In the case of the simulation of a PWR, the thermal power variation exceeds 1% after 

several tens of days, so the irradiation period must be limited to fulfil this constraint. 

 

This result is applicable to general cases of thermal nuclear reactors, although other 

nuclear systems, possibly with different neutron spectra, may have their own limiting 

nuclides with their own absorption cross section. However, we have developed here a 

methodology to quantify the uncertainty in the estimation of the isotopic composition 

after irradiation. 
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3.4.3. Selection of the ORIGEN irradiation mode 

 

In the general case, both the neutron flux and the thermal power change with burn-up. 

Nonetheless, in practice, it is necessary to take into account the implementation 

limitations since the irradiation simulation made by ORIGEN is constrained to assume 

either constant neutron flux or constant thermal power during the burn-up steps. In 

order to select the irradiation mode used by ORIGEN, the following considerations have 

been taken into account: 

 

1) As stated in appendix B.2.4, the expression that ORIGEN uses to relate the 

power density P to the instantaneous neutron flux Φ is 

 

 · ,i fi i

i

P n Q  (3.29) 

 

where ni represents the atomic density, σfi is the microscopic fission cross 

section for isotope i and Qi is the fission Q-value for nuclide i. Since the atomic 

densities of isotopes change during the burn-up, only one of the two parameters 

(Φ or P) can be constant. 

2) With the irradiation, the power distribution changes (most often slightly) and so 

the constant power of the reactor does not imply constant power on each cell. On 

the contrary, the thermal power might increase in some cells and decrease in 

others with burn-up. 

3) The natural way of solving the Bateman equation leads to use the constant 

neutron flux assumption. In order to solve this equation using constant thermal 

power, ORIGEN internally calculates the average neutron flux in the irradiation 

time step. In the case of an irradiation with constant neutron flux, the thermal 

power is also calculated for informational purposes [64]. 

4) The nuclear system usually works in a constant thermal power regime, that is, 

the thermal power of the reactor uses to be a fixed parameter. Besides, the 

reactor is designed in such a way that the power of each fuel pin is as constant as 

possible during the burn-up. 

5) The evolution of a cell without fissile material (for instance, a fission product 

target for transmutation) can only be assessed with ORIGEN using a constant 

flux irradiation case, because in a cell without fissile material the power 

generation is nearly uncorrelated with the total reactor power. 

6) A priori, the same accuracy can be achieved using irradiations with constant 

thermal power and with constant neutron flux, by subdividing the calculation 

steps. 

 

After considering all these points, it has been decided that the ORIGEN simulations, 

within EVOLCODE2, are made at constant neutron flux mainly for arguments 2, 3 and 

5. 

 

3.4.4. Optimum cycle length. Predictor/corrector method 

 

The criterion for the selection of the cycle length is based on limiting the thermal power 
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variation during the irradiation (although the burn-up and the critical cross sections 

variations must be also cross checked). The limit in the thermal power variation is fixed 

by the user to not exceed the target accuracy (typically of 1%) in the estimation of the 

final isotopic composition. 

 

The effects of a long cycle lengths is shown in Figure 15, where the dependence of the 

thermal power on the burn-up can be seen for the case of a 200-EFPD irradiation of the 

current design of the EFIT reactor
14

. The main characteristics of the EFIT design are 

included in Table 10 (see section 3.5.2). Using the relation between the thermal power 

and the neutron flux, EVOLCODE2 can estimate the thermal power not only at the 

beginning and ending of the irradiation cycle, but also at several intermediate points of 

time. In this figure, the red points represent the thermal power for the case of a single 

EVOLCODE2 cycle of 200 EFPD. At the beginning of the irradiation simulation, the 

estimated thermal power is 400 MWth. After this moment, the thermal power decreases 

because fissile material is being consumed. Therefore, the irradiation averaged thermal 

power
15

 (represented by the red line in this figure for the case of a single EVOLCODE2 

cycle), which is the relevant parameter to compare with, is smaller than the externally 

fixed value. In this case its value is equal to 390.7 MWth. In other words, in the case of 

EFIT, the large burn-up causes the first source of uncertainty (described in 3.4.1.1), 

leading to an underestimation of the thermal power (and also of the burn-up, since the 

cycle length is a fixed parameter). 
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Figure 15. Variation of the thermal power with burn-up for the case of the current EFIT design, 

using only one or four EVOLCODE2 cycles. 

 

This effect can be automatically compensated in EVOLCODE2 with a 

predictor/corrector procedure. A first irradiation (called predictor stage) is performed to 

estimate the averaged thermal power of the irradiation cycle. Then the ratio 

Paveraged/Pfixed is calculated. Since the neutron flux and the thermal power are linearly 

dependent, the value of the neutron flux in the predictor stage is divided by this ratio to 

obtain the correct irradiation neutron flux in a second simulation, called the corrector 

stage. In the corrector stage, the averaged thermal power is closer to the original fixed 

value. In the particular example shown above, (displayed in Figure 15 by the green 

points), the averaged thermal power calculated in the corrector stage (green line) is 

                                                 
14

 The European Facility for Industrial Transmutation EFIT [65] is the conceptual design of a fast 

transmutation facility of 400 MWth developed in the framework of the 6
th

 FP EUROTRANS [66]. 
15

 The averaged thermal power is calculated by EVOLCODE2 using the top-left approximation of the 

rectangle method for the discretization of the averaging integration. 
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400.8 MWth. Before the application of the predictor/corrector method, the final relative 

deviation in the burn-up was equal to 2.3%, larger than the target uncertainty of 1%. 

Using the predictor/corrector method, this final relative deviation is equal to 0.2%. 

 

On the other hand, after an irradiation of 200 EFPD, the thermal power has decreased 

from 409.5 MWth to 391.5 MWth for the averaged value of 400.8 MWth. This 

represents a decrease of about 4.5% in the thermal power and taking this value as a 

measure of the uncertainty in the thermal power, an undesirable low accuracy is 

introduced in the calculation due to the thermal power variation effect. In order to 

improve the results accuracy, a new cycle length discretization is required. The 

methodology described in 3.2.1.2 for the choice of the new cell discretization is also 

valid here. It states that the cycle length should be divided in 4.5 partial cycles (since the 

decrease in the thermal power is 4.5%) for a target accuracy of 1%. Therefore, a new 

simulation using four EVOLCODE2 cycles has been performed (for 50 EFPD each 

cycle). Results of this simulation are represented by the blue points in the figure. This 

set of four simulations also underestimates the thermal power, with an averaged thermal 

power value of 397.6 MWth, (blue lines in the figure). Finally, the purple set of points 

represents the thermal power evolution with burn-up, using four EVOLCODE2 cycles 

and applying the predictor/corrector method. Now, the averaged thermal power is 400.2 

MWth (representing an uncertainty of only 0.05% in the burn-up). Besides, the thermal 

power variation is reduced to ~1% (from a maximum value of 402.6 MWth to a 

minimum value of 397.8 MWth), which is an acceptable value for the target uncertainty 

of 1%. All these adjustments in cycle length and irradiation flux can be done 

automatically for all the cells of the reactor by the EVOLCODE2 predictor/corrector 

procedure. 

 

The predictor/corrector method improves the validity of the hypothesis of constant 

neutron characteristics inside a cell during burn-up. Using this methodology, the 

uncertainties due to the burn-up and the thermal power are optimized. On one hand, the 

burn-up is better estimated using the predictor/corrector method thanks to a proper 

renormalization of the neutron flux. On the other hand, the variation of the thermal 

power is limited, fixing in an automatic procedure the cycle length to the longest 

irradiation period not exceeding the maximum thermal power variation imposed by the 

user, which can be different depending on the nuclear system. With this methodology, 

an adequate cycle length is established for the particular nuclear system without 

requiring excessive computational resources and still optimizing the results accuracy. 

 

3.4.5. Evaluation of the total power of the reactor 

 

MCNPX provides all its information (fluences, power, etc.) normalized per source 

particle, so these values have to be renormalized by EVOLCODE2 to the actual power 

level for the ORIGEN calculations. The renormalization is based on the total energy 

generated by fission, QTF, as follows: 

 

 2

_

( ) ( )· .EVOLCODE MCNPX

d MCNPX

P
i i

E
   (3.30) 

 

In this formula, ( )MCNPX i  is the fluence in cell i per source particle, 2( )EVOLCODE i  is the 
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flux in cell i at thermal power P, and Ed_MCNPX is the energy generation (provided by 

MCNPX) where 

 

 _ /  · ,d MCNPX fissions source particle TFE N Q  (3.31) 

 

In first approximation, EVOLCODE2 uses indirectly the QTF values from MCNPX, but 

these values are different that the ones used by ORIGEN to make its own thermal power 

estimations, so a considerable inconsistency may be produced. In fact, as described in 

appendix B.1.2, MCNPX treats the fission Q-values as the sum of the kinetic energy of 

the fission fragments (EK), the energy of prompt neutrons (Enp) and the energy of the 

prompt γ-rays (Eγp), whereas ORIGEN takes into account more components: 

 

 .T K np p nd d i CQ E E E E E E E Q           (3.32) 

 

These extra components are the kinetic energies of the β particles (Eβ), delayed neutrons 

(End) and delayed γ-rays (Eγd), the kinetic energy of the absorbed neutron causing the 

fission (Ei) and the energy liberated by radiative capture by the remaining 1T   

neutrons from the fission (QC), considering that the leakage is negligible. The 

differences, shown in Table B.1 and Table B.3 for MCNPX and ORIGEN, respectively, 

can be larger than 10%, although that does not imply necessarily that there is an 

inconsistency because MCNPX can deposit or generate energy by other mechanisms 

different to direct fission. Nevertheless, if the inconsistency persists, it leads either, on a 

first standpoint, to underestimate the energy deposition by MCNPX or, on a second 

standpoint, to an overestimation of the neutron flux by ORIGEN. The consequence of 

this inconsistency is that the burn-up of the simulation is larger than the desired one (it 

can be detected by comparing the estimated thermal power of the first period of time 

and the externally fixed value, which have to coincide). A deviation of 10% in the burn-

up causes a deviation of the same order in the estimation of the inventories after the 

irradiation, providing an unacceptable accuracy for the calculations.  

 

The choice made by EVOLCODE2 is to use the Q-values of ORIGEN, since they have 

been proven to provide good results for the recoverable energies by fission, within 1% 

of experimental data for relevant nuclides [67]. Moreover, ORIGEN calculates the 

thermal power for each time interval (the time dependence of the thermal power is then 

used to calculate the averaged thermal power) and includes the radioactive decay heat of 

the fission products. 

 

Finally, to solve this possible inconsistency, the Q-values included in MCNPX could be 

changed, but this implies the inconvenience of using a non standard MCNPX version. 

EVOLCODE2 takes an alternate and natural solution, consisting in the activation of the 

predictor/corrector method. In this sense, the predictor stage is aware of a certain 

deviation from the desired averaged thermal power, which in this case is caused by two 

different sources, the inconsistency of the fission Q-values and the variation of the 

thermal power during irradiation. The corrector stage will apply a proper factor to 

correct the neutron flux so both problems are solved simultaneously. 
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3.5. Optimum use of the database information 

 

EVOLCODE2 is intended to solve the most general kind of nuclear systems, but it also 

includes special features to solve problems with particular characteristics. A good 

treatment of the available database information (particularly isomers and fission 

products yields) provides the evolution code with robustness to estimate results for 

problems including the usual transmutation chains or to manage the behaviour of fission 

products with accuracy. 

 

The aim of this section is to describe the particular features that EVOLCODE2 utilizes 

for an optimum use of the information included in the ENDF databases. Since both 

EVOLCODE2 and MCNPX are pushed to use the same basic libraries, the consistency 

in the data treatment is ensured. 

 

3.5.1. Data libraries 

 

Neutron cross section data are stored in basic libraries in the ENDF format [68]. 

Different associated evaluated libraries made by different institutions use this format 

and are created from evaluations based on experimental data or model calculations. 

Examples of evaluated databases are ENDF/B-VII.0, JEFF-3.1.1 or JENDL-3.3. These 

nuclear data libraries contain the information of a similar list of isotopes/elements, 

although they do not provide exactly the same value of the cross section reaction at a 

given energy. This is, for instance, the case of the 
241

Am capture cross section, as can be 

seen in Figure 16. 

 

 
Figure 16. 

241
Am capture cross section for the main evaluated databases. 

 

Figure 16 also shows the typical neutron flux energy spectrum of an ADS. In the fast 

range, where the neutron flux is maximum, differences between evaluated databases 

reach up to two orders of magnitude. This feature is also present in the thermal range, as 

shown in Figure 17, where the 
241

Am capture cross section resonances at lowest energy 

are displayed. In this case, deviations between databases are of the order of 10-20%. 

These differences in the 
241

Am capture cross section will produce differences in the 

result that can be relevant in case that the content of this isotope is high. This example 

illustrates the need of choosing a reliable database for the calculations, although this is 

not always an easy task, since there is not a best library for all purposes. 
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Figure 17. Thermal resonances of 

241
Am capture cross section, for the main evaluated databases. 

 

Once the proper basic library has been chosen, several issues have to be taken into 

account: 

 

 MCNPX requires a complete description of the physics involved in the neutronic 

interactions (the so-called neutron transport data containing elastic and inelastic 

cross sections) in order to give accurate results. The complete description is 

nevertheless only available for a limited number of isotopes or elements 

(different for each library), called isotopes with transport in EVOLCODE2. For 

this set of isotopes, EVOLCODE2 is pushed to use the same libraries for the 

calculation of the one-group effective cross sections with the aim of ensuring 

consistence. For the other isotopes, EVOLCODE2 uses the activation databases, 

which only contain the cross sections information of activation reactions. 

 After the EVOLCODE2 execution, the list of isotopes and their atomic fractions 

is updated in the new MCNPX input file. In this list, only those isotopes whose 

atomic fraction or macroscopic cross section exceeds a minimum limit fixed by 

the user are supposed to be relevant in the transport calculation and hence will 

be included in the material specification. Obviously, to be included in the new 

MCNPX material specification, there must be available transport libraries for 

these isotopes. 

 EVOLCODE2 creates an isotope list with the nuclear information (including 

transport, activation and basic decay data) for ORIGEN to make the proper 

depletion calculations. This isotope list is hence more detailed than the one used 

for MCNPX. According to this, the ORIGEN isotope information must dominate 

over the MCNPX material description in order not to lose accuracy. After the 

ORIGEN calculations, EVOLCODE2 saves the detailed isotopic composition 

with all isotopes (with transport or not, and exceeding the user defined limit or 

not) in an ORIGEN output file for hypothetical successive cycles. Although the 

material compositions are updated in the new MCNPX input file possibly 

excluding some isotopes, they will be, nevertheless, included in the ORIGEN 

isotopic composition description of the following cycles, preserving the overall 

accuracy. 
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3.5.2. Isomers 

 

The isomer production reactions are quite important for EVOLCODE2 as isomers may 

have very different half-lives and reaction cross sections compared with the ground state 

isotope, leading to different transmutation chains possibly with a strong impact in fuel 

cycle related magnitudes. EVOLCODE2 specifically manages the isomer production 

data for reactions (n,)* and (n,2n)* via ORIGEN. The same nuclear reactions are 

allowed for ground and isomer states of an isotope. However, isomers are 

indistinguishable in ENDF format [68] for continuous energy tables: the databases for 

reactions (n,) and (n,2n) are the sum of all the possible states of the daughter nucleus. 

Hence, the isomer data have to be provided to EVOLCODE2 from a different data file. 

ENDF File 9 contains separately the information of the branching ratios, i. e., fractions 

of the cross section in the reaction which produces the excited/isomer states in the 

daughter nucleus. 

 

The branching ratios (BR) are given as pairs of values energy-branching ratio with the 

corresponding interpolation schemes. In the procedure that EVOLCODE2 uses for the 

convolution of the one-group reaction cross sections (see section 3.3.1.2), the energy 

dependent branching ratios are also used in the case of isomers: 
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 (3.33) 

 

EVOLCODE2 also takes into account the information of the activation databases for 

isotopes without transport information. The activation databases do include isomers as 

different isotopes so they can also be properly used in the EVOLCODE2 simulations. 

All these features for the correct simulation of isomers are usually not present in other 

codes similar to EVOLCODE2. 

 

The burn-up evolution of these different isomeric species could be very different so 

correct values of the branching ratios are needed. Figure 18 shows the transmutation 

scheme of TRUs under a fast spectrum neutron field. In this scheme, the main isotope 

leading to different isotope chains is the 
241

Am. This isotope can be transmuted, by 

means of the (n,γ) reaction, into two different isomeric states of 
242

Am: the ground and 

the first excited state. The very short half-life of the ground state (~16 h) makes that 

most of the 
242g

Am decays generating 
242

Cm. However, for the isomer 
242m

Am, the 

longer half-life of 140 years makes more probable its transmutation by neutron 

absorption than its decay. 

 

In order to show the relevance of the isomer information for the EVOLCODE2 

calculations, an illustrative reactor simulation is presented here. The simulation has 

consisted in the irradiation of a fast subcritical system, particularly a specific version of 

the EFIT concept
14

. The characteristics of the design used in this work are summarized 

in Table 10. Two different EVOLCODE2 simulations of this reactor have been carried 

out. The only difference between them has been the use or not of the isomer branching 

ratios from the File 9 database. 
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Figure 18. TRU transmutation scheme in a fast neutron field. 

 
CORE 

Core nominal power 400 MWth  Configuration Hexagonal 

Fuel composition 
TRU-Ox in a MgO 

matrix 
 

Number of fuel 
assemblies 

90 

Coolant Pure lead  
Number of pins per 

assembly 
168 

Structural material T91  Fuel 
pellet 
radii 

2 internal 
assembly rings 

0.3586 cm 

Pu/MA ratio 71.9/28.1  
2 external 

assembly rings 
0.3588 cm 

Fuel burn-up 150 GWd/tHM  Gap external radius 0.371 cm 

Initial keff 0.971  
Cladding external 

radius 
0.431 cm 

Irradiation period 778 d  Pin pitch 1.363 cm 

     

SPALLATION SYSTEM 

Accelerator LINAC  Beam window material Windowless 

Beam particle Proton  
Vacuum beam 
configuration 

Rectangular 

Kinetic energy 800 MeV  
Vacuum beam pipe 

external radius 
7.03 cm x-axis 
9.04 cm y-axis 

Beam intensity
16

 12÷59 mA  Vacuum beam 
thickness 

0.6 cm 
Beam pipe material T91  

Table 10. Main geometrical characteristics of the EFIT design. 

 

The simulations included fission and activation products (up to a total of about 3300 

isotopes) with isomer states when available, but only actinides are discussed in this 

                                                 
16

 No reloading or reshuffling have been considered along this irradiation to limit the variation of the 

beam intensity needs. 
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section. Table 11 shows the differences between both simulations with and without 

isomers, for the list of the most relevant actinides. 

 

Isotope 

Initial EFIT 
isotopic 

composition 
(g) 

Final EFIT 
composition 
with isomers 

(g) 

Final EFIT 
composition 

without isomers 
(g) 

Ratio 
(With-Without)/ 

With 
(%) 

U232 0.00E+00 1.57E-01 3.13E-02 80.0 

U233 0.00E+00 8.11E-01 8.01E-01 1.25 

U234 2.98E+04 2.63E+04 2.63E+04 0.171 

U235 7.16E+03 7.18E+03 7.18E+03 -0.300 

U236 9.95E+03 9.78E+03 9.78E+03 0.0746 

U237 9.17E-04 1.75E+01 1.78E+01 -2.47 

U238 5.14E+01 4.97E+01 4.97E+01 -0.0322 

Np236 0.00E+00 8.67E-01 2.10E+00 -142.4 

Np237 8.84E+04 5.52E+04 5.49E+04 0.611 

Np238 2.40E-03 1.06E+02 1.07E+02 -1.51 

Pu236 0.00E+00 6.29E-01 1.46E-01 77 

Pu237 0.00E+00 6.80E-01 6.97E-01 -3.02 

Pu238 1.68E+05 1.52E+05 1.57E+05 -3.13 

Pu239 2.07E+05 1.36E+05 1.36E+05 0.176 

Pu240 6.88E+05 5.91E+05 5.90E+05 0.141 

Pu241 1.25E+05 1.10E+05 1.10E+05 -0.101 

Pu242 3.01E+05 2.72E+05 2.73E+05 -0.552 

Pu243 0.00E+00 1.57E+01 1.60E+01 -2.36 

Pu244 6.26E+01 7.45E+01 5.70E+01 23.6 

Am241 1.40E+05 9.22E+04 9.16E+04 0.595 

Am242 1.53E-01 4.86E+01 6.09E+01 -26.0 

Am242m 1.19E+04 1.18E+04 4.95E+03 58 

Am243 1.27E+05 1.10E+05 1.10E+05 0.507 

Am244 0.00E+00 4.53E+00 4.32E+01 -853.0 

Am244m 0.00E+00 1.64E+00 0.00E+00 - 

Cm242 1.27E+02 9.22E+03 1.16E+04 -26.2 

Cm243 1.25E+03 1.25E+03 1.45E+03 -16.2 

Cm244 1.08E+05 1.15E+05 1.15E+05 -0.130 

Cm245 3.18E+04 3.17E+04 3.17E+04 -0.148 

Cm246 2.12E+04 2.13E+04 2.13E+04 -0.0234 

Cm247 4.58E+03 4.67E+03 4.68E+03 -0.365 

Cm248 3.43E+03 3.46E+03 3.46E+03 0.00867 

Bk249 0.00E+00 1.34E+02 1.36E+02 -1.96 

Cf249 0.00E+00 1.04E+02 1.04E+02 -0.958 

Cf250 0.00E+00 3.55E+01 3.66E+01 -3.03 

Cf251 0.00E+00 2.29E+00 2.41E+00 -4.70 

Total 2.07E+06 1.76E+06 1.76E+06 0.00783 

Table 11. Isotopic composition of EFIT, before and after the irradiation (and a cooling decay of 

five years). Reactions leading to an excited state of the daughter have zero branching ratio in the 

case without isomers. 

 

Significant differences are shown in Table 11 due to the use or not of isomer 

information in the mass of 
242

Am, 
242m

Am,
 242

Cm and 
243

Cm, and for lower importance 

isotopes such as
 232

U, 
236

Pu, 
236

Np, 
244

Pu and 
244

Am. 

 

In the case without isomer information, the neutron capture of 
241

Am can only lead to 
242

Am ground state. For this reason, the final amount of 
242

Am is larger in this case. 

However, due to the short half-life of 
242

Am, of 16 hours, this isotope decays rapidly to 
242

Cm and hence the amount of 
242

Am after the cooling time of five years is only a 26% 
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larger than in the case with isomers. The amount of 
242m

Am is different to zero at the 

end of the irradiation because its initial amount is not zero and its half-life (of 140 

years) is sufficiently long. Its decay in this case leads to a final amount smaller (58%) 

than in the case with isomers. 

 

During the irradiation without isomers, the larger amount of 
242

Cm causes the final 

larger amount of 
243

Cm by neutron capture. Neutron captures in 
243

Cm have in turn no 

effect in the total quantity of 
244

Cm, because the initial mass of this isotope is 

considerably larger (around two orders of magnitude) than the amount of 
243

Cm. 

 

The reason why the amounts of 
232

U and 
236

Pu are smaller in the case without isomer 

information comes from the (n,2n) reaction of the 
237

Np. In an irradiation where isomers 

are available, this reaction can lead to both 
236

Np (half-life of 1.5·10
5
 yr) and 

236m
Np 

(22.5 h). Although both isotopes have a certain probability of ε or β
-
 decay, only the 

radioactive decay of 
236m

Np has a non negligible probability of occurrence due to its 

short half-life. Its ε decay leads to 
236

Pu, which emits (half-life of 2.9 yr) an α particle 

becoming 
232

U. As this chain involving 
236m

Np is forbidden in the case without isomers, 

a smaller amount of these isotopes and a larger amount of 
236

Np are hence found. 

 

Other isotopes with a considerable deviation are 
244

Pu and 
244

Am. The neutron capture 

of 
243

Am can lead to ground or excited state of the daughter 
244

Am. The ground state 

decays rapidly (10.1 h) to 
244

Cm (β
-
 decay) while the isomer state 

244m
Am decays even 

faster, with a half-life of approximately 26 minutes. This isomer decay can activate two 

different decay processes, β
-
 with a 99.96% of occurrence, and ε with a probability of 

0.04%. The reason why the final amount of 
244

Am is larger in the case without isomer 

information is obvious: the only allowable appearance of the ground isotope. 

Nevertheless, the smaller amount of 
244

Pu (in the case without isomer information) 

requires a more detailed explanation. In the case where isomer production are allowed, 

although the ε decay of 
244m

Am has very low probability of occurrence, it is high 

enough to create a certain amount 
244

Pu, which has not decayed during irradiation (half-

life of ~10
8
 yr) and, hence, accumulated, as its probability for neutron reactions is low 

enough. 

 

Although the lack of isomer information may have low importance from a neutron 

transport point of view (because differences appear only for several isotopes usually 

present in very small amounts), it can be of crucial relevance for waste management 

issues, since some isotopes such as 
242

Cm are major contributors to the thermal power 

and neutron emission of the spent fuel. This fact is stressed in the case of reprocessing 

and reutilization of material in an advanced nuclear fuel cycle, since the differences will 

be accumulating in forthcoming cycles so a simulation code incorporating the isomer 

database information is essential in this kind of problems. 

 

3.5.3. Fission product yields 

 

The cross sections libraries created by EVOLCODE2 for the different ORIGEN 

executions include the information about the fission product yields of fissionable 

isotopes. ORIGEN only considers eight isotopes as explicitly fissionable species (the 

other species are adjusted to a nearby actinide with explicit fission yields, called 

“nearest connected actinide”). These species are 
232

Th, 
233

U, 
235

U, 
238

U, 
239

Pu, 
241

Pu, 
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245
Cm and 

252
Cf. The fission yields database, if any, must be written following the 

ENDF format. Since many libraries include the fission product yield library as an 

attached sublibrary file, EVOLCODE2 treats this file as a different one by default. 

 

Currently, sublibraries are defined for neutron-induced fission product yields and for 

yields from spontaneous fission. Additionally, independent and cumulative yields are 

included in the sublibrary. EVOLCODE2 only considers neutron-induced independent 

fission product yields since this is the data required by the depletion code. 

 

In this file, several series of fission product yields data are included as a function of the 

incident neutron energy. In practise, a maximum of three different nuclide-yield lists are 

given in databases. The energies for these lists are 0.0253 eV for thermal spectrum, 500 

keV for fast neutron spectrum and 14 MeV for fusion spectrum fission yields. 

 

There are different ways in which transport-depletion codes manage the fission product 

yields information. For instance, the older EVOLCODE version led the user to choose 

the fission yields database to use. Other codes simply leave unchanged the yields 

information appearing by default in the ORIGEN databases. Other solution consists in 

calculating at which energy it is most probable that fissions occur. Then, the fission 

yield database applied is that with the energy corresponding to the closest energy 

distribution. 

 

The method used by EVOLCODE2 to calculate the values of the fission product yields 

in a very good approximation consists in obtaining a new nuclide-yield list at the 

averaged fission energy, taking advantage of the interpolation rules included in the 

fission yield libraries. To do that, the value of the averaged neutron fission energy is 

calculated by the code using the following expression 

 

 
, ,

, , ,

, ,

( ) ( )
,

( ) ( )

f i m T

f i m T

f i m T

E E E dE
E

E E dE













 (3.34) 

 

where E is the neutron energy; f,i(E), the pointwise fission cross section for fissionable 

specie i; (E), the neutron flux for the energy E; m, the considered region and T is the 

burn-up beginning time. 

 

Once the average fission energy is found for each fissionable specie, EVOLCODE2 

interpolates the fission product yields between the two energies above and below this 

average available in the databases. In most cases, the interpolation is linear, although the 

lin-log, log-lin, log-log and constant rules are also implemented in EVOLCODE2. 
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Chapter 4 
       

 Implementation of 
EVOLCODE2 

 

 

 

 

Previous chapters have focused in the mathematical and physical background of this 

code. In this section, the computational characteristics of EVOLCODE2 are described 

and explained, including the programming style and the program structure. The user is 

provided with an understandable, reliable and accurate code, which is easily adaptable 

to different problems due to its flexibility (nuclear reactors with different neutron 

spectrum, different fuel and mechanical structures, critical and subcritical systems). 

 

The style of EVOLCODE2 programming is centred in reliability, maintainability and 

transportability. To create a code easy to understand and debug, EVOLCODE2 has been 

written using the object-oriented programming paradigm, conforming the algorithm 

structure according to the data interrelations. This programming paradigm has led to the 

use of different advanced programming concepts such as cohesion and modularisation, 

with self-explanatory subroutine and function names, and abstraction to avoid 

duplication of code. Besides, the code itself includes many comments for an easy 

maintainability and debugging at every level. 

 

The concept of encapsulation has also been used, when possible, in the programming of 

EVOLCODE2. This method of increasing the robustness of the code is particularly 

implemented, as shown below, in the data manipulation of the one-group cross section 

object: only the own methods of this particular object can directly manipulate its fields 

in the effective cross section calculation block. This causes that the replacement of one 

of the basic codes (for instance, ORIGEN vs. ACAB) has a limited and affordable 

impact, since only a limited part of the code has to be rewritten. 

 

EVOLCODE2 has been written in FORTRAN 77 code. It contains nearly 8000 code 

lines and is build upon 47 subroutines, four functions, 19 include blocks and several 

intrinsic procedures (FORTRAN standards). To improve the portability of 

EVOLCODE2, it has been written as system independent as possible, fulfilling the 

requirements of ANSI FORTRAN 77 standard. The code has been tested successfully in 

two parallel mainframes, an SGI ALTIX-3700 (Linux), and an SGI ORIGIN-3800 
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(Unix), and in a cluster of processors (Intel® Xeon® CPU E5450). 

 

4.1. Programming structure 

 

EVOLCODE2 has been programmed with the objective of being as much 

understandable, maintainable and reliable as possible. One of the paradigms used to 

achieve this goal is modular programming. Using it, the code has been divided into 

modules focused in particular tasks. These modules can in turn be grouped together into 

well defined general blocks organizing the internal code structure. Figure 19 shows the 

block diagram of this code, where the main (rectangular) blocks are interconnected by 

arrows representing the main data flow. This section contains a brief description of the 

data processing in EVOLCODE2. Each block, together with the advantages of using an 

object-oriented programming paradigm, will be described in more detail in the 

forthcoming subsections. 
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Objects
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Figure 19. Block diagram of EVOLCODE2. 
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The code begins with the input data block, where the information for the description of 

the nuclear system is provided by the user. This information mainly contains the 

EVOLCODE2 input file, the MCNPX input file and the nuclear databases. The 

MCNPX code is then executed within the transport block to obtain the neutronic 

properties of the system, in addition to the geometry details, the material densities and 

initial compositions, and other code-specific data. Once the MCNPX output file and the 

other input files are checked within the external data block, the available information is 

reordered within the objects initialization block. 

 

Later, the information contained in the one-group cross section object is used for 

calculating outside MCNPX the one-group effective cross sections required for the 

different isotopes and reactions included in the regions. Once these values are 

calculated, the ORIGEN input files, including the main input file and the effective cross 

section libraries, are created for each evolving cell within the burn-up block. The 

ORIGEN code is then executed to obtain the evolution of the isotopic composition of 

the evolving cells, implementing the predictor/corrector methodology if activated and 

needed. 

 

After updating the object instances with the burn-up information, EVOLCODE2 

generates the output data, consisting in the MCNPX input file for a hypothetical 

successive MCNPX execution and several EVOLCODE2 summary files including 

mainly the final isotopic composition, the physical properties of the cells (including the 

effective cross sections) used in the calculations, and the error messages for debugging. 

In case that all the required EVOLCODE2 cycles are not yet done, then the transport 

block starts again and MCNPX is executed in a new EVOLCODE2 cycle, until all 

requested EVOLCODE2 cycles have already been performed. 

 

4.1.1. Input data block 

 

The input data includes the information about the physical parameters of the nuclear 

system (the thermal power of the reactor and the burn-up step), variables for 

management purposes (original and new MCNPX input file names, the specification of 

the EVOLCODE2 cycle, etc.), database files name and location (decay library, fission 

product yields library, isomer database, etc.) and others. This information provided by 

the user is checked by this block of EVOLCODE2. In case that any of the checks is not 

satisfied, the execution is stopped with the corresponding error message for debugging 

purposes. On the contrary, if the input data looks acceptable, then global parameters are 

initialized within the input data block and execution continues. 

 

The input information is mainly provided in a specific EVOLCODE2 input file (whose 

existence and contents are verified by this part of the code), as arguments associated to 

the available commands. The appearance of commands in the input file is optional since 

EVOLCODE2 will assign a default argument for each missing command. 

 

4.1.2. Transport block 

 

In this block, transport calculations are performed to estimate the neutronic properties of 

the system. The transport code is required to calculate the neutron flux intensity and 
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energy spectrum of each evolving cell and region, respectively, as well as the total 

energy deposited in the nuclear system. In the current version of EVOLCODE2, this job 

is performed by MCNPX. In this code, particle tracks and interactions describing 

transport can be recorded in statistical form, saving information about the average 

behaviour of the particles in different variables that are called tallies by MCNPX. Each 

neutronic property required by EVOLCODE2 will be associated to a different tally. 

 

The value of the neutron flux intensity of the cell will be used in the burn-up block as 

the constant parameter during irradiation. This value will be previously renormalized to 

proper units within the objects initialization block, using the total energy deposited in 

the nuclear system and the thermal power as explained in section 3.4.5. Finally, the 

energy spectrum of the neutron flux of the regions will be used to calculate the one-

group effective cross sections outside MCNPX, within the effective cross section 

calculation block. 

 

To do the transport calculations, EVOLCODE2 processes the MCNPX input file name 

required in the previous block and calls the system to begin with the execution of 

MCNPX. In addition to the MCNPX input file, the other arguments in the execution 

line such as the data directory file (xsdir) or the number of parallel processors are also 

specified by the user. 

 

The modularization implementation in EVOLCODE2 implies that the substitution of 

the transport code would only need a limited code reprogramming in this block and in 

the following one which is in charge of processing the information stored in the 

MCNPX output file (and other files). 

 

4.1.3. External data block 

 

EVOLCODE2 needs a large amount of external information. This information is 

contained in several files which are indicated by the user as input parameters in the 

input data block. The external data block is in charge of checking the system for the 

existence of these required files in the working directory specified by the user and 

processing the information contained in them. In case that any of them is not present, 

the execution is stopped with the corresponding error message for debugging purposes. 

 

The list of required files together with a brief description of the information contained 

within them will be provided in section 4.2.1. 

 

EVOLCODE2 has to create some files during its execution (i. e., ORIGEN files, 

EVOLCODE2 output files, etc.). These files must not previously exist in the working 

directory, since the code does not overwrite them to avoid the destruction of useful data. 

Their existence is also checked and, in case that any of them is already present, the 

program is stopped with the corresponding error message. 

 

4.1.4. Objects initialization block 

 

For clearness and flexibility, EVOLCODE2 has been written using the object-oriented 

programming paradigm, so the data structure of EVOLCODE2 is defined around the 
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programming objects (the concept of class is avoided in this document). Geometrical 

(neutron flux and materials are constant inside the cell) and computational reasons 

(effective cross sections are calculated outside MCNPX) have led to the necessity of 

structuring data in four different objects: 

 

 Reactor: Data fields and interactions affect to the whole reactor, such as the 

reactor power, the beam intensity or the renormalization of the neutron flux. 

 Region: A region is defined as an area with constant energy spectrum of the 

neutron flux. The number of divisions of the energy range (or bins), the bin 

boundaries, the neutron spectrum values, or the list of cells associated to each 

region are the magnitudes included in this object. 

 Cell: This object includes the data and interactions concerning cells (evolving or 

not). It contains on one hand the cell parameters that do not change with burn-

up, such as the cell volume, the cell default library or the material identification. 

On the other hand, for the evolving cells, it also includes the data structures and 

interactions related with the cells that may vary due to burn-up, including the 

atomic and mass densities, the isotopes in the cell and their masses, etc., and the 

irradiation procedure. 

 One-group cross section: The aim of this object is the creation of the one-group 

effective cross section libraries. This object is strongly related with the object 

region, since the one-group effective cross section libraries are associated to the 

corresponding region. 

 

Variables contained in the objects are initialized from the input data and external data 

blocks. The list of cells, evolving or not, is a field of the reactor object. The instances of 

the cell object are created for these cells. Particularly for the evolving cells, each 

instance includes a series of isotopes plus associated libraries, for which the one-group 

effective cross sections have to be calculated. Each isotope plus associated library is 

represented by an Isotope ID in Figure 20, where the objects fields, operations and 

interconnections are shown
17

. 

 

The reactor object also includes the list of regions, for which instances are created in the 

region object. The fields of the reactor object instances are created on one hand by the 

object own procedures (thermal power, cycle length, etc.) and on the other hand with 

information from the cell object instances (for instance, the total energy deposition is 

the sum of the energy deposited in each cell). After that, the cell object is updated with 

the data of the other objects. Particularly, the neutron flux is renormalized and the 

default library for each cell is initialized. 

 

Inside a region, the same neutron flux spectrum will be used for the calculation of the 

one-group effective cross section for every Isotope ID. More than one Isotope ID 

included in different cells of a region can have common nuclear data as well (the same 

isotope with the same associated library). For them, the one-group effective cross 

sections would have the same values so calculating them more than once would be time 

wasting. In order to avoid these unnecessary recalculations, a new Isotope ID list for the 

region is created without Isotope IDs multiple appearance. The cell Isotope IDs contain 

pointers to this region list. 

 

                                                 
17

 Only the data structure related to evolving cells has been included in this figure. 
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In a region Isotope ID list, one isotope can be part of two different Isotope IDs due to 

two possible reasons. Firstly, the two Isotope IDs can represent two isomers (with 

different library) and secondly, the isotope can be in two cells of the region at different 

temperatures (represented again with different libraries). In the first case, on one hand, 

the associated library of the isotope in ground state is specified as other usual isotopes 

as shown in section 4.2.1. On the other hand, the isomer associated library has to be 

introduced in the input file as part of the argument containing the list of available 

isomer libraries. EVOLCODE2 will then manage both Isotope IDs separately, since 

each of them has its own available library. On the contrary, in the second case, having 

two cells at different temperatures inside one region means that the one-group effective 

cross sections have to be calculated once for each cell, losing the advantage of sharing 

the neutron flux spectrum. For this reason, it is not allowed by EVOLCODE2 that two 

or more cells with different temperatures are included in the same region. 
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- Normalization factor

- Keff
- Number of cells

- Number of regions
- Default library

Isotope ID
Reaction #1,

XS
Reaction #2,

XS
…

Reaction #Z,
XS

… … … … …

… … … … …

Isotope
Actinide #1,
Fission yield

Actinide #2,
Fission yield

…
Actinide #A,
Fission yield

… … … … …

… … … … …

 
Figure 20. Scheme of the data structure in objects. 

 

With the aim of reducing the time spent in input/output operations when making the 

convolution calculations, a global Isotope ID list is created including the region Isotope 
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ID lists. In the global list, Isotope IDs are reordered by library (and then by isotope 

identification number). In turn, Isotope IDs in the region lists are updated to contain 

pointers to the new list. Using this methodology, each database (and each isotope 

included in it) is read only once, reducing the demand of computational resources. 

 

4.1.5. Effective cross section calculation block 

 

This block is in charge of the creation of the one-group effective cross section libraries 

for the ORIGEN executions since, as explained in section 3.3.1.2, these effective cross 

sections are calculated outside the transport code to save computational resources. 

 

The one-group effective cross sections are calculated for each isotope included in the 

region (and for each reaction available in ORIGEN) using the methodology described in 

the following subsection. In order to increase the simplicity and the robustness of the 

code, the concept of encapsulation has been used in the programming of this block. This 

means that the data of the effective cross section calculation object can only be directly 

manipulated by its own methods inside the block. To do it, this block uses a series of 

arrays (Isotopes ID lists) provided by the region object, specifying both the isotope and 

its associated library for which the one-group effective cross sections has to be 

calculated. With this mechanism, unnecessary repetitions in the convolution 

calculations for a given region are completely avoided. 

 

Finally, for those reactions leading to different isomer states of the daughter, the 

branching ratio information contained in the ENDF File 9 database is also taken into 

account in this calculation. The fission yield data is also used to complete the cross 

section libraries in a separate array. 

 

4.1.5.1. Calculation of the one-group effective cross sections 

 

The analytical expression to convolute the microscopic cross sections and the energy 

spectrum of the neutron flux is 
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where i,r,m,T is the one-group effective cross section for isotope i, reaction r, region m 

and burn-up step T; (E) is the microscopic cross section at neutron energy E; (E), the 

neutron flux at energy E; and  is the averaged neutron flux intensity. 

 

This integral is approximated by the use of summations. On one hand, the microscopic 

cross section information has been provided by the nuclear databases, in the form of a 

pointwise set of energy-cross section pairs and interpolation rules. EVOLCODE2 

always uses a linear-linear interpolation method because the energy grid (converted into 

ACE format suitable for MCNPX) is sufficiently dense that the evaluated cross sections 

are reproduced within a specified tolerance that is generally 1% or less [29] with the 

linear-linear interpolation. On the other hand, from the standpoint of the neutron flux 

function, the continual energy range has been divided in a discrete series of bins. For 
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each energy bin, only one integrated value of the energy spectrum of the neutron flux 

has been provided. The ideal energy binning (for a determined isotope and reaction) 

would be that where every point of the pointwise nuclear data library corresponds to 

only one value of the energy spectrum of the neutron flux. However, this has the 

difficulty that every isotope and reaction uses a different set of points for the energy 

grid. In practice, EVOLCODE2 uses only one set of energy bins for all the isotopes, 

with a number of bins large enough to resolve the possible resonance effects. 
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Figure 21. Schemes of the possible combinations of energy bins boundaries and database points 

for the calculation of the one-group effective cross sections. 
 

The interval of integration is limited to the energy range defined between the energy of 

the first point included in the database (for the current isotope and reaction) and the 

energy of the last one. This interval of integration is then divided in subintervals defined 

as the energy range between the energies of two consecutive points in the cross section 

database for the current isotope and reaction, Ei and Ei+1. The number of energy bins 

boundaries (none, one or more than one) between the energies of the two consecutive 

database points determines how the contribution to the microscopic cross section of 

each subinterval is calculated. These three different cases are shown in Figure 21. In 

case a), there are no energy bin boundaries between the consecutive points Ei and Ei+1. 

The trapezoidal rule is then applied to compute the contribution of the subinterval to the 

microscopic cross section: 
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This cross section is finally multiplied by the value of the neutron flux of the bin where 

the consecutive points are included, 0( , , ),jr b t  where bj is the upper bin boundary, to 

obtain the contribution of the subinterval to the one-group effective cross section. 

 

In case that there is an (upper) energy boundary bj of bin j between the two consecutive 

database points energies in such a way that 
1,i j iE b E    the cross section ( )r jb  is 

calculated using the linear-linear interpolation rule and then the trapezoidal rule is 

applied to obtain separately ( )
2

i j

r

E b



 and 

1
( ).

2

j i

r

b E



 This case is represented as 

b) in Figure 21. In case that 
1,j ib E   then ( )r jb  is indeed calculated and equals 

1( ).r iE   For the calculation of the convolution, each of these contributions is 

multiplied by the value of the neutron flux of the corresponding bin. 

 

Finally, in case that there are more than one (upper) bin boundaries between the two 

consecutive database points energies as in case c) in Figure 21, the linear-linear 

interpolation rule is used to calculate the cross section at each bin boundary and the 

trapezoidal rule is applied to estimate the microscopic cross section 
1

( )
2

j j

r

b b



 

representative of the corresponding bin j+1. 

 

4.1.5.2. Calculation of the fission product yields 

 

The information of the fission product yields in ENDF format (both independent and 

cumulative yields) is included in an attached sublibrary file, which is specified in the 

EVOLCODE2 input file. For each fissionable nuclide, this data library contains a 

maximum of three different nuclide-yield lists for energies 0.0253 eV for thermal 

spectrum, 500 keV for fast neutron spectrum and 14 MeV for fusion spectrum. As 

explained in section 3.5.3, the method used by EVOLCODE2 to calculate the fission 

product yields of a particular fissionable nuclide consists in obtaining a new nuclide-

yield list at the averaged fission energy of that nuclide, as represented by equation 

(3.34). The integral in this equation is approximated by the use of summations, using 

the same methodology described in the previous subsection for the calculation of the 

one-group effective cross section and taking into account similar possible combinations 

of energy bins boundaries and database points. 

 

For the calculation of the new nuclide-yield list for an isotope, EVOLCODE2 

interpolates the fission product yields between the two energies above and below the 

averaged fission energy available in the databases following the interpolation rule 

included in the sublibrary file for that isotope. In most cases, the interpolation is linear, 

although the other possible rules (lin-log, log-lin, log-log and constant rules) are also 

implemented in EVOLCODE2. 

 

Special checks are made to ensure that the sum of all independent yields (cumulative 

yields are not used by ORIGEN) is 2.0 for the new nuclide-yield list, as it is for each 

particular list in the sublibrary file. The sum of the independent yields will be 

renormalized to 200.0 (as required by ORIGEN) in the burn-up block. 
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In the general case, the averaged fission energy E  for a particular isotope is contained 

in the range between the energies of the available lists (Emin and Emax, respectively for 

the smallest and largest energies) and the new nuclide-yield list has hence to be 

calculated. However, there are some exemptions for which the new list is not needed: 

 

 If the sublibrary file includes only one nuclide-yield list, then this list is used 

independently of the averaged fission energy, which is not calculated. 

 The averaged fission energy for a particular isotope is compared with the 

minimum and maximum energies Emin and Emax of the available lists. In case that 

minE E  or 
max ,E E  then the available nuclide-yield list with energy closer or 

equal to E  is used for this isotope. 

 

4.1.6. Burn-up block 

 

The burn-up block is intended for the calculation of the isotopic composition evolution 

of each evolving cell as a consequence of the neutron irradiation. This job is executed 

by ORIGEN2 in the current EVOLCODE2 version. 

 

To improve reliability and understandability, extensive use of modularity and cohesion 

have been implemented in this block. This can be seen as modules are organized by 

specific tasks in such a way that the output from one of them is used as the input in the 

following one. Besides, for increasing robustness, the encapsulation concept has been 

also applied in this block since the data and procedures of the cell object (after its 

initialization in the objects block) are only manipulated by the operations included in 

this block. The use of these programming paradigms has the advantage of an easy 

substitution of the depletion code in EVOLCODE2, since it would only imply a limited 

and focused code reprogramming inside this block. 

 

The information needed by the burn-up block is mainly included in the cell object and 

in the effective cross section calculation object. It consists in the list of cells with 

evolution, the isotope list and their corresponding amount (atom and mass fraction), the 

neutron flux intensity of each of these cells and the cycle length. This information is 

used by this block to create the main ORIGEN input file. Additionally, the one-group 

effective cross sections calculated in the previous block are also needed for the creation 

of the format-specific ORIGEN data libraries. 

 

After the ORIGEN executions, the values of the averaged thermal power and its 

variation during burn-up are calculated. In case that the averaged thermal power does 

not match the input value of the thermal power, or if its variation during burn-up 

exceeds the user defined limit, then the execution of the block is repeated if the 

predictor/corrector method has been requested (excepting the creation of the format-

specific libraries) with updated values of the neutron flux (and possibly the cycle 

length) to obtain the corrected ORIGEN results. After that, the corresponding density 

and isotopic composition of each evolving cell are updated in the cell and reactor 

objects. 
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4.1.7. Output data block 

 

The output data block manages the information stored and updated in the objects 

initialization block to create a series of useful summary files for the user. These files are 

the main data summary file, the one-group effective cross section summary file, the 

predictor/corrector summary file, the ORIGEN output files and the message file. 

Finally, the new MCNPX input file is also created for a hypothetical successive 

execution. A brief description of the main information included in these files appears in 

section 4.2.2. 

 

After these files are created and the useful information is saved, EVOLCODE2 checks 

if additional burn-up cycles have been requested. If affirmative, the transport block is 

called again to begin with the next MCNPX execution, removing the old information. In 

case that no more EVOLCODE2 cycles are required, then the execution finishes. 

 

4.2. Implementation of a problem in EVOLCODE2 

4.2.1. Problem specification 

 

The specification of the nuclear problem is made by the EVOLCODE2 input file, which 

is included in the execution line typically as 

 

./evolx evolinput 

 

where evolx is the executable file and evolinput represents the EVOLCODE2 input file. 

In particular, this input file includes a series of arguments associated to available 

commands. These arguments specify physical parameters, the list with the different files 

required by the code, and management data. The physical parameters included in the 

input file determine the neutron irradiation conditions of the isotopic evolution 

calculation and are the thermal power of the nuclear system and the irradiation period of 

time. The other information defining the physical aspects of the nuclear system is 

provided to EVOLCODE2 by means of external files. In the following, the different 

external files required by the code are listed, including a detailed description of the 

information extracted from them: 

 

 MCNPX input/output file: The geometry description of the nuclear system is 

provided to EVOLCODE2 inside the tables containing standard summary 

information and the input file echo. This description includes the number of 

cells, their shape and location, their associated densities and volume, and their 

isotopic composition through the associated material identification. The material 

specification contains the identification of the isotopes and of their associated 

nuclear library, and the isotopic mass or atom fraction. The specification of the 

isotope associated library is optional in MCNPX since a general library for all 

isotopes in the material can be specified through the nlib field of the material 

card. For this reason, the isotope associated library can be read by 

EVOLCODE2 from different sources of MCNPX. These are in order of priority 

the isotope library in the material specification, the associated nlib field of the 

material card and the default library specified as argument in the EVOLCODE2 

input file. 
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The lists of cells with evolution and regions are provided in the tally results. 

Tallies are specified in MCNPX by their type, the particle designator and a list 

of entries (cells in our case). Tally types include flux in a surface or cell, energy 

deposition and others. Only cell tallies for neutrons are needed by 

EVOLCODE2. MCNPX creates cell bins for the requested tally entries, listing 

the results separately for each cell. In the more general form, a bin is created for 

each cell listed separately and for each collection of cells enclosed within a set 

of parentheses, indicating that the tally is for the average of the cells in the 

collection.. The list of cells with evolution is just the list of cells of the MCNPX 

neutron flux intensity tally
18

. The specification of the regions is made through 

the neutron flux energy spectrum tally getting advantage of the use of 

parentheses. A region is formed by a cell listed separately or by a collection of 

cells enclosed within a set of parentheses. The use of parentheses is optional in 

both tallies, that must however list the same evolving cells, although they can be 

grouped differently within the sets of parentheses. The user has to specify which 

tallies will be used for this purpose as arguments in the EVOLCODE2 input file. 

In addition to the thermal power of the reactor and the cycle length, 

EVOLCODE2 also requires the total energy generated by fission to normalize 

the neutron flux as described in section 3.4.5. This magnitude is specified as an 

energy deposition tally in MCNPX. In case of a general energy deposition tally, 

all the cells (with or without fissile material and evolving or not) where energy 

can be deposited have to be listed in it. In case of a fission energy deposition 

tally, all the cells containing fissile material (evolving or not) must be listed in 

the tally. Again, the user has to specify which tally will be used for this purpose 

as an argument in the EVOLCODE2 input file. The normalization factor can be 

provided instead of the thermal power (this allows, for example, to specify the 

accelerator current in ADS systems). 

 ORIGEN decay library: This file contains basic isotope data such as the half-life, 

the decay modes, natural abundances, etc., independently of the existence of 

transport or activation information. Since it is the largest isotope set available in 

EVOLCODE2, isotopes included in other files must be contained in this file for 

EVOLCODE2 to use their nuclear information. Isotopes in this file are arranged 

in three separate lists (actinides, fission products and activation products) due to 

requirements in ORIGEN, although there can be repetitions between lists. 

 Index file: This file contains two different isotope lists, that begin with specific 

strings. The first list contains the list of isotopes with transport information 

(elastic and inelastic cross sections, etc.). These isotopes can be taken into 

account in the MCNPX material definition. The second list includes the isotopes 

for which only activation information is available. Both transport and activation 

lists can include the information of the isomeric level. Although some isotopes 

in the transport list can also be present in the activation list, the transport 

libraries have a higher priority to compute the effective cross sections, with the 

aim of ensuring consistency with the MCNPX data. Isotopes included in any of 

both lists should be also included in the xsdir file (see below). 

 Data directory file (xsdir): The xsdir file is used by MCNPX to specify the 

location of an ordered list of available (isotope or element) data tables by means 

of pointers to the nuclear databases. EVOLCODE2 also uses this file with the 

same purpose. Additionally, this file is used by EVOLCODE2 to specify the 

                                                 
18

 See Appendix B.1 for a description of the set of tallies required by EVOLCODE2. 
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library associated to isomers not included in the material specification but 

contained in the index file. These isomers require a special treatment, since their 

library identification must be different to the library associated to the ground 

isotope (that usually is the nlib or the default library). The definition of an 

ordered list of possible isomer libraries (up to five) is made in the EVOLCODE2 

input file. The code checks the xsdir file for the existence of the particular 

isomer associated to any of these libraries to make the isomer-library 

specification. 

 ORIGEN mock-up file: This file is a guide for helping EVOLCODE2 to create 

the main ORIGEN input file, since it already contains the command cards with 

the proper arguments needed by ORIGEN for its executions. Although the user 

can create her own guide file, there are some requirements to fulfil, including 

some unavoidable command cards and specific format as will be explained in 

section 4.2.1.2. 

 ENDF File 9 database: This file contains the information of the isomer 

branching ratios (fractions of the cross section in the reaction which produces 

the excited/isomer states in the daughter nucleus). Its specification in the 

EVOLCODE2 input file is optional. 

 Fission product yield library: It includes information of the fission product 

yields in ENDF format. Its specification as argument in the EVOLCODE2 input 

file is also optional. 

 

Finally, the EVOLCODE2 input file also includes some arguments dedicated to 

information management, such as the conditions for the activation of the 

predictor/corrector method, the specification of error levels for debugging purposes, etc. 

 

4.2.1.1. MCNPX cards accepted 

 

Since the MCNPX input files usually include much more information than the one 

needed by EVOLCODE2, a strong effort has been made to avoid introducing 

constraints to the MCNPX input file specification. In this sense, EVOLCODE2 has 

been programmed to process the MCNPX cards in the most general way possible. This 

means that: 

 

 The cell definition in EVOLCODE2 is inherited from the MCNPX input file, 

together with its limitations, such as the maximum number of cells. 

 Apart from the tallies required by EVOLCODE2 (energy deposition, neutron 

flux intensity and energy spectrum of the neutron flux), other tallies can be 

requested in the MCNPX input file. The maximum number of tallies in the input 

file is not constrained by EVOLCODE2. 

 Special surface (like macrobodies) or cell (like lattices, universes, etc.) 

definitions are accepted. 

 EVOLCODE2 can process the material densities in the cell definition as atomic 

or mass densities. 

 The material compositions associated to the defined cells can be specified as 

atomic or weight fractions. Since MCNPX cannot process the material 
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compositions in case that both types are mixed in the same material 

specification, this is neither accepted in EVOLCODE2. 

 Since it is strongly recommended that both MCNPX and EVOLCODE2 use the 

same libraries to ensure consistency, EVOLCODE2 is prepared to process the 

point-wise reaction information from databases in ACE format (suitable for 

MCNPX). These libraries can be in separated files by isotope or in a single 

library file. Additionally, both ASCII and binary library files are accepted. 

 In the MCNPX cell definition, the 'like n but' structure is accepted, although the 

material density has always to be explicitly specified. 

 Thermal scattering law tables, S(α,β), are accepted in the material specification 

for the MCNPX neutron transport calculation. 

 Any version of MCNP/X is accepted. Particularly, EVOLCODE2 has been 

specifically tested with the MCNP version 4C3 and MCNPX versions 2.2.3, 

2.4.k, 2.5.0 and 2.7.a. 

 

The type of calculation is also included as part of the MCNPX input file. Possible types 

of calculation allowed in EVOLCODE2 are an MCNPX KCODE calculation (usually 

for critical reactors), a source problem (NPS histories), or a CTME cutoff calculation. 

There is no difference in the way that EVOLCODE2 manages the information for the 

possible types of calculation. However, some magnitudes have more physical sense in 

certain types of calculations, such as the flux normalization factor in an NPS 

calculation: it represents the beam intensity in the case of a particle accelerator coupled 

to a subcritical reactor. 

 

4.2.1.2. ORIGEN command cards accepted 

 

The ORIGEN executions may also include more results than those needed by 

EVOLCODE2. In order to avoid external constraints to the possibly more general 

problem definition in ORIGEN, a mock-up file for ORIGEN is used in the 

EVOLCODE2 specification. This mock-up file, which is specified as an argument in 

the EVOLCODE2 input file, can include all the command cards accepted in ORIGEN 

with only one exception: the constant power irradiation is not accepted for the reasons 

discussed in 3.4.3. 

 

For the proper use of the mock-up file, some cards have to be present, such as the INP 

card, the BUP cards or the OUT card [69]. Other cards have to include special 

parameters: 

 

 The LIB (read decay and cross-section libraries) card has to include specific 

identification numbers for the cross section libraries parameters to agree with the 

fixed identification numbers included in the libraries generated by 

EVOLCODE2. 

 Concerning the IRF (flux irradiation) cards, the first and the second arguments 

account respectively for the partial irradiation interval and the neutron flux 

during this period. In the mock-up file, these arguments must include special 

strings that the code substitutes respectively with the desired interval length and 

the correct normalized value of the neutron flux of the cell. 
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 The OPTA (options for printing actinide
19

 results) card has to specify that 

nuclide tables three (composition in g-atoms) and five (composition in grams) 

are printed in the ORIGEN output file. 

 The PCH (punch an output vector) card is used for producing a special output 

file including the complete list of isotopes and their amounts after irradiation (in 

g-atoms) for successive EVOLCODE2 executions. 

 For the materials specification, the mock-up file has also to include one specific 

string that is substituted in the ORIGEN input file by the isotopes identifications 

and their compositions.  

 

EVOLCODE2 has been tested to operate properly with different versions of ORIGEN. 

These versions are ORIGEN2.1 and ORIGEN2.2, for both fast and thermal reactors. 

 

4.2.2. Output results 

 

Once the execution of an EVOLCODE2 cycle is finalized, results are printed in a series 

of output files depending on their usefulness for the user. The main data summary 

includes the isotopic composition evolution due to burn-up. This file also includes a 

synthesis of the parameters used by the code in the simulation and other results. 

 

The other output files concentrate in different aspects of the EVOLCODE2 modelling. 

For instance, the one-group effective cross section summary file includes the one-group 

effective cross sections for all the isotopes/libraries as used in the ORIGEN executions. 

Other output files are the predictor/corrector summary file, the new MCNPX input file, 

the ORIGEN output files and the messages file. A description of the information 

contained in each of these files appears in the next subsections. 

 

4.2.2.1. Main data summary file 

 

EVOLCODE2 provides the user with an easily readable and understandable output file 

where the most important data of its methodology and calculations are shown. The 

EVOLCODE2 summary file is divided into tables, describing different parts of the 

procedure or calculation results. In the present version of EVOLCODE2 these tables 

are: 

 

 Table 1. Input parameters. In this table, all the parameters included in the input 

file are included. Moreover, global geometry data are also included in this table, 

such as the number of cells (total and evolving ones), the number of regions and 

the number of energy spectrum tally bins. 

 Table 2. Other parameters. The data included in this table depends on the type of 

calculation made in MCNPX (KCODE calculation, NPS histories or a CTME 

cutoff calculation). For each case, this table respectively includes the number of 

cycles and the keff, the number of histories, or the computer time. Finally, the 

source multiplication and the value of the k-source are also shown, although 

these values can be meaningless depending on the calculation type. 

                                                 
19

 Fission products results may also be required by the command card OPTL. 
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 Table 3. Cells data. In this table, data concerning evolving cells (such as the 

intensity of the neutron flux, the cell power and the fission energy deposition) is 

displayed. 

 Table 4. Losses after total burn-up time. This table accounts for the isotopes (and 

their masses) not included in the material specification of the new MCNPX input 

file due to the two reasons explained in section 3.5.1. It has been divided into 

two separate sections. The first one is the list of isotopes without transport cross 

sections, per cell. It includes, for every evolving cell, the list of those isotopes 

having an atomic fraction or macroscopic cross section larger than the 

established limit, but not included in the index file (that is, without available 

transport cross section). The second section of the table includes the sum of the 

mass for those isotopes whose atomic fraction and macroscopic cross section 

does not reach the required limit as well as the mass of the cell. 

 Table 5. Isotopic composition of the sum of the evolving cells. A complete list 

of those isotopes included in the ORIGEN output file appears here. This table 

shows the mass of these isotopes in every partial time step applied in the 

ORIGEN calculations. The values appearing in this table have been obtained 

summing the values for all (and only) the evolving cells. 

 Table 6. Burn-up for each time step. This table shows the values of the burn-up 

for every partial time step applied in ORIGEN calculations. It is also shown the 

value of the accumulated burn-up taking into account the burn-up of previous 

EVOLCODE2 cycles. 

 

4.2.2.2. One-group effective cross section summary file 

 

This file shows the values of the one-group effective cross section calculations obtained 

for all the isotopes/libraries for which this value has been calculated by EVOLCODE2. 

For every isotope/library, the one-group effective cross section is displayed for every 

evolving cell and for the required reactions, (n,γ), (n,2n), (n,3n), (n,a), (n,f), (n,p), 

(n,γ)*, (n,2n)*, and also for the (n,total) reaction. 

 

4.2.2.3. The predictor/corrector summary file 

 

This file summarizes the information concerning the application of the 

predictor/corrector method in the simulation. It includes the thermal power variation 

during burn-up regarding the value at the irradiation beginning, and the length of the 

partial irradiation step applied in the ORIGEN executions in case that the thermal power 

variation is larger than the target accuracy fixed by the user. 

 

4.2.2.4. ORIGEN output files 

 

After its execution, ORIGEN generates a series of output files with different purposes, 

ordering the information in output units. Output unit 6 (printed within the main output 

file) contains the main output data, including the reactivity and burn-up information and 

the table types for each nuclide list and result specified in the input file. This output file 

must include the nuclide tables accounting for the isotopes g-atom and mass. 
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EVOLCODE2 reads these tables automatically after the creation of this output file and 

processes the isotope quantities for every partial burn-up time step. 

 

The isotopic inventory is used to update the material cards in the new MCNPX input, 

taking into account only those isotopes whose atomic fraction or macroscopic cross 

section reaches the established limit and that have transport information. In order to 

save the information of all the isotopes (used for transport or not and those with large or 

small amounts), EVOLCODE2 uses output unit 7 (so-called punched vector file), which 

includes the complete final material compositions in the same format as materials are 

defined in the ORIGEN input file. These punched files are used by EVOLCODE2 in 

case of successive executions, overwriting the MCNPX material composition. Thus, 

EVOLCODE2 provides ORIGEN, in a hypothetical successive execution, with the 

complete isotope list, not discarding any isotope for depletion calculations. 

 

4.2.2.5. New MCNPX input file 

 

In order to prepare a hypothetical successive execution of EVOLCODE2, the code 

creates a new MCNPX input file from the original one echoed in the MCNPX output 

file. The following sections of the new MCNPX input file are updated while containing 

by default the same geometry definition of the original MCNPX input file: 

 

 At the beginning of the file, a comment line including the integrated burn-up 

time and the accumulated burn-up is written for informational purposes. 

 The atomic density of evolving cells is modified as a result of the ORIGEN 

burn-up, because the number of atoms in a determined cell is different after the 

fission of actinides. 

 The materials associated to evolving cells are modified due to the irradiation. 

New isotopes and different atomic fractions will appear in the material cards as 

the new isotopic composition of evolving cells. The new isotopic composition 

will be formed only by those isotopes with transport whose atomic fraction or 

macroscopic cross section reaches the established limit. These isotopes will be 

written together with their associated library, specified as stated in section 4.2.1. 

 

4.2.2.6. Messages file 

 

During the execution, EVOLCODE2 prints out some messages as standard output. As 

the working terminal where messages are shown may be limited, the error messages are 

also printed in a special EVOLCODE2 output file called 'errors.log'. In this file, all the 

error messages and other useful information are printed. The main characteristics of the 

messages included in this file are: 

 

 This file is intended to be a useful tool for debugging purposes, if needed. 

 If the file 'errors.log' already existed, the new messages are added at the end of 

the file in order to avoid overwriting the information of previous successive 

EVOLCODE2 irradiations.  
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 Some information messages are also included in this file. These information 

messages include whether or not the ORIGEN punched vector file has been 

found and the existence of isotopes without transport. 

 

Equation Chapter (Next) Section 1 
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Chapter 5 
         

 Validation 
 

 

 

 

In Chapter 3 we have identified the conditions needed to maintain, within acceptable 

limits, the accuracy in the calculations as a consequence of the numerical and 

geometrical approximations, and the time discretization. However, to respect these 

conditions is never a warranty of an accurate description of the reactors and physical 

systems simulated by EVOLCODE2. Deviations could be induced by inaccuracies or 

limitations in the basic data, by the models in the basic codes, or by other unidentified 

systematic errors. 

 

The definitive validation can only be achieved by comparison with experimental results. 

These experimental validations help to detect points where the simulation tool needs 

improvement or where new phenomenologies or models are needed. Unfortunately, 

most of the experiments data useful for validation is proprietary and cannot be used or 

published openly. 

 

In this chapter, we show the validation of EVOLCODE2 against two experimental data 

sets, publicly available. In both cases, the experimental data were obtained from 

dedicated experiments in PWR, providing the fuel isotopic composition after burn-up. 

This chapter contains the description of both experiments, the details of the simulation 

implementation and an analysis of the accuracy of the model, with special focus in the 

estimation of the accuracy in the results. 

 

5.1. The rim effect 

5.1.1. Introduction 

 

Understanding the behaviour of LWR fuel pins under irradiation is of great importance 

for the characterization of the fuel and for the comprehension of interaction processes 

with the cladding. Higher burn-ups have been proposed and performed in LWRs mainly 

for economical reasons, by means of an increased 
235

U enrichment to raise the 

efficiency. The new fuels and irradiation parameters might induce changes in the 

oxidation behaviour of the cladding, the fission products generation and release, and the 
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plutonium generation [70], among others. With this new challenge, the acquisition of 

experimental data has become increasingly important. 

 

A key issue for us is the characterization of the fuel under irradiation and particularly 

the generation of plutonium with burn-up. Pu build-up profile (as well as the radial 

power density profile) created from captures on 
238

U is non uniform due to the self-

shielding effect: epithermal neutrons with energy in the 
238

U resonances are captured at 

the pin rim, not penetrating deeply into the inner cells. The existence of experimental 

measurements on the radial profile of generated isotopes and the burn-up profile with 

burn-up is an excellent opportunity to validate EVOLCODE2. In these subsections, the 

description of the post-irradiation experiment is included together with the comparison 

between experimental results and the inventory prediction obtained with EVOLCODE2. 

 

5.1.2. Fuel characteristics and irradiation history 

 

In the 90s decade, the "high burn-up Siemens" experiment was conducted to study the 

rim effect in a standard Siemens 15x15 nuclear power plant. Two different rods 

(labelled 12H3 and 12C3) were irradiated in this commercial PWR beyond normal 

operation [71]. The geometrical design features [72] appear in Table 12. The rods were 

of standard PWR design. Cladding material was a highly corrosion resistant zirconium 

alloy. 

 
Parameter Value 

Pellet radius 0.465 cm 

Gap thickness 0.019 cm 

Cladding thickness 0.062 cm 

Pin pitch 1.43 cm 

Fuel density 10.42 g/cm
3
 

Gap density 0.0001804 g/cm
3
 

Cladding density 6.490 g/cm
3
 

Moderator density 0.7150 g/cm
3
 

Initial U-235 enrichment 3.5% 

Table 12. Geometrical characteristics of fuel pellet and rod. 

 

Rod 12H3 was irradiated during eight fuel cycles for a total burn-up of 90 MWd/kgHM. 

The irradiation of rod 12C3 lasted nine cycles for a total burn-up of 98 MWd/kgHM. 

After the fourth cycle, when the fuel assemblies had reached the nominal discharge 

burn-up, the special rods were removed from their original assembly and located inside 

new carrier assemblies containing partially burned fuel. This process was repeated for 

forthcoming reactor cycles. 

 

Although the linear power profiles in the rods are unpublished, their averaged value for 

each reactor cycle could be found in bibliography. The averaged linear power history 

together with the burn-up evolution are shown in Table 13. A total of four samples were 

extracted after the irradiation from different positions of these rods, for the post 

irradiation analyses. Two of these samples were located in a zone of the fuel rod with 

low power and are labelled with LP. The other two were situated in the fuel zone with 

highest power and are labelled with HP. These samples were 12H3-LP with a burn-up 

of 65 GWd/tHM, 12H3-HP with 95 GWd/tHM, 12C3-LP with 69 GWd/tHM and 12C3-

HP with 102 GWd/tHM. 
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Reactor 
cycle 

Averaged 
linear power 

(kW/m) 

Cumulative 
averaged 
burn-up 

(MWd/kgHM) 

1 34 19 

2 29 37 

3 23 48 

4 20 59 

5 18 67 

6 17 72 

7 16 82 

8 14 90 

9 14 98 

Table 13. Averaged burn-up settings for fuel rods 12H3 and 12C3. 

 

The post-irradiation measurements were made using the electron probe microanalysis 

technique (EPMA) [73] with special lead and tungsten shielding for the analysis of 

irradiated fuel with high activity. With this technique, radial concentration profiles were 

obtained by point analysis at intervals of 50 μm for the outer region of the fuel pin, 100 

μm for the central region and 150 μm for the inner region of the pin. 

 

Experimental measurements of the radial profiles of plutonium and burn-up after the 

irradiation have been published for the four samples (in [72] for the 12C3-HP rod and in 

[74] for the other samples). Moreover, the neodymium radial profile for the low and 

high power samples of 12H3 can be also found in bibliography [71]. 

 

5.1.3. Simulation details 

 

This experiment has been simulated by means of 30 EVOLCODE2 cycles, following 

the geometrical design shown in Table 12. MCNPX version 2.7.a and ORIGEN version 

2.2 (together with the JEFF3.1 library) have been used for the simulation as part of the 

EVOLCODE2 system. Unfortunately, no information has been published concerning 

the relative location of the rods inside the assembly. In addition, the composition of the 

partially burned fuel inside the carrier assemblies after the fourth reactor cycle is also 

missing in bibliography. This implies that the effect of pins in the vicinity of the special 

rods might not be correctly represented in the simulation. This has led us to simulate the 

experiment with a 2D pin model (no axial dependence) to save computer resources. The 

fuel rod is surrounded by water forming an infinite square lattice design. 

 

To conserve the moderator/fuel ratio existing in the experiment, the simulation took into 

account that, from the 225 elements existing in the 15x15 assembly, 21 of them are 

instrumentation and guide tubes full of water during operation. Hence, the pin pitch was 

increased from 1.43 cm to 1.496 cm to account for a larger amount of moderator. 

 

In order to provide a good resolution of the rim effect, the fuel pin was subdivided in 25 

fuel rings with radii as shown in Table 14. In order to know if this subdivision is enough 

for a good spatial resolution of the rim effect, the procedure described in section 3.2 is 

followed. The variation of the neutron flux intensity (Φi-Φi+1)/Φi between adjacent cells 

i and i+1 is inferior to 0.5% in all cases, so it is a very good cell subdivision for this 

magnitude. The energy spectrum of the neutron flux (calculated by means of 30000 
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isolethargy energy bins) varies significantly between some adjacent cells, as can be seen 

mainly for the median variations in Table 14, with values up to 3.4% at the beginning of 

the irradiation. However, this subdivision has a resolution of the same order of 

magnitude (and slightly better) that the experimental data at the fuel periphery, so we 

accept this subdivision as good enough for this validation. 

 

Fuel ring 
Outer radius 

(cm) 

Median 
energy 
(MeV) 

Median energy 
variation (%) 

Mean 
energy 
(MeV) 

Mean energy 
variation (%) 

1 0.465 0.0731 0.71 0.713 0.08 

2 0.4639 0.0736 0.71 0.714 0.11 

3 0.4628 0.0741 0.40 0.715 0.04 

4 0.4617 0.0744 0.47 0.715 0.05 

5 0.4606 0.0748 0.32 0.715 0.06 

6 0.4595 0.0750 1.59 0.716 0.18 

7 0.4583 0.0762 2.00 0.717 0.25 

8 0.4514 0.0777 1.83 0.719 0.25 

9 0.4442 0.0791 1.76 0.721 0.24 

10 0.4370 0.0805 1.51 0.722 0.21 

11 0.4297 0.0817 1.51 0.724 0.19 

12 0.4222 0.0830 1.11 0.725 0.14 

13 0.4146 0.0839 1.35 0.726 0.18 

14 0.4068 0.0850 1.27 0.727 0.17 

15 0.3989 0.0861 1.11 0.729 0.16 

16 0.3909 0.0871 1.19 0.730 0.15 

17 0.3827 0.0881 1.11 0.731 0.13 

18 0.3742 0.0891 1.03 0.732 0.15 

19 0.3656 0.0900 1.11 0.733 0.12 

20 0.3568 0.0910 2.24 0.734 0.29 

21 0.3478 0.0931 3.38 0.736 0.42 

22 0.3111 0.0962 3.05 0.739 0.37 

23 0.2694 0.0991 2.73 0.742 0.36 

24 0.2200 0.102 2.80 0.744 0.42 

25 0.1555 0.105 - 0.748 - 

Table 14. Outer radii of fuel rings for the rim effect simulation. Median and mean energy values 

and variations between adjacent cells (Φi-Φi+1)/Φi are accounted for at the beginning of the 

irradiation. 

 

Table 15 describes the proposed 30 EVOLCODE2 cycles for the simulation. These 

cycles are more finely divided than the experimental reactor cycles mainly at the 

beginning of the irradiation, although the irradiation history is the same. The purpose of 

this difference is to obtain a good temporal resolution in the simulation, avoiding very 

large cycle lengths at the beginning of the irradiation. 

 

As described in section 3.4.2, the uncertainties in the burn-up and in the difference 

between the final and the initial mass of relevant isotopes depend on the uncertainties in 

both the neutron flux/thermal power and the cross sections. The maximum thermal 

power variation during the proposed EVOLCODE2 cycles (with respect to the initial 

value of that cycle) can be seen in Table 15, with approximately a 2.0% of variation in 

some cycles. In this case, it is larger than the target 1% uncertainty. However, since the 

median variations are also slightly larger than the target uncertainty, we accept this 

uncertainty of 2% as good enough. 
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In Table 15, it is also shown the one-group effective cross section of the (n,γ) reaction 

for 
238

U (with large presence in the material) and 
241

Pu (with relatively significant 

presence and with relatively short half-life regarding the cycle length) for the outer cell, 

the one with larger changes. The uncertainty in the burn-up, as explained in section 

3.4.2, is given by the uncertainty in the 
238

U (n,γ) one-group effective cross sections. 

Using this proposal, the maximum uncertainty in this magnitude is of 1%, so the 

uncertainty in the burn-up is sufficiently small. 

 

EVOLCODE2 
cycle 

Reactor 
cycle 

Cumulative 
burn-up 

(GWd/tHM) 

Maximum 
power 

variation 
during 

the cycle 
(%) 

(n,γ) one-group 
effective cross section 

U-238 Pu-241 

XS 
(barn) 

Var. 
(%) 

XS 
(barn) 

Var. 
(%) 

1 

1 

2.85 1.4 3.08 -0.7% 40.0 7.5% 

2 5.66 0.90 3.10 0.1% 37.0 4.4% 

3 8.40 0.084 3.09 -0.5% 35.3 3.2% 

4 11.2 0.63 3.11 -0.5% 34.2 2.3% 

5 13.9 1.1 3.13 0.5% 33.4 2.0% 

6 16.6 1.4 3.11 -1.0% 32.7 1.2% 

7 19.3 1.5 3.14 -0.2% 32.4 1.1% 

8 

2 

21.5 1.2 3.15 0.1% 32.0 0.8% 

9 23.7 1.5 3.14 -0.8% 31.8 0.6% 

10 25.9 1.5 3.17 -0.2% 31.6 0.4% 

11 28.1 1.7 3.17 0.5% 31.4 0.5% 

12 30.4 1.7 3.16 -0.4% 31.3 0.4% 

13 32.7 1.7 3.17 -0.2% 31.1 0.2% 

14 35.1 1.7 3.18 -0.1% 31.1 0.4% 

15 37.4 1.8 3.18 -0.1% 31.0 0.2% 

16 

3 

40.1 1.8 3.18 0.0% 30.9 0.1% 

17 42.9 2.0 3.18 -0.6% 30.9 -0.1% 

18 45.6 1.9 3.20 0.1% 30.9 0.2% 

19 48.4 1.8 3.20 0.0% 30.8 0.1% 

20 

4 

51.1 1.5 3.20 -0.1% 30.8 0.2% 

21 53.8 1.4 3.20 -0.3% 30.7 0.1% 

22 56.6 1.4 3.21 0.1% 30.7 0.2% 

23 59.4 1.3 3.21 0.3% 30.6 0.2% 

24 
5 

63.2 1.5 3.20 -0.7% 30.6 0.2% 

25 67.3 1.3 3.22 0.5% 30.5 0.2% 

26 6 72.2 1.3 3.21 -1.0% 30.4 0.3% 

27 7 82.2 2.0 3.24 -0.5% 30.3 0.9% 

28 8 90.2 0.71 3.25 -0.1% 30.1 0.6% 

29 9 98.2 0.61 3.26 -0.6% 29.9 0.8% 

30 - 102 0.12 3.27 - 29.7 - 

Table 15. Simulation burn-up setting and sources of burn-up uncertainty for each EVOLCODE2 

cycle. Effective cross sections correspond to the outer cell. 

 

The largest variations in the 
241

Pu (n,γ) one-group effective cross sections are found at 

EVOLCODE2 cycles 1-3, with significant values between 3.2% and 7.5%. These large 

values of the 
241

Pu (n,γ) one-group effective cross sections are due to the self-shielding 

effect, since both reactions 
239

Pu (n,γ) and 
241

Pu (n,γ) have a large resonance around 0.3 

eV. In a conventional nuclear reactor, this effect is compensated by a decrease in the 
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boron concentration that has a large capture cross section in the thermal region. 

However, in this simulation, the boron concentration is kept constant. Since these 

significant variations are found only in these first EVOLCODE2 cycles for an 

accumulated burn-up of 8.4 GWd/tHM (less than a 10% of the total burn-up), their 

impact in the final Pu amount is much smaller than the target uncertainty, so this cycle 

proposal was retained. 

 

EVOLCODE2 results include not only inventory predictions at the end of the burn-up 

cycle, but also for some intermediate points. In fact, the burn-up of some of these 

intermediate points agrees better with the burn-up of the experimental samples than the 

end-of-cycle points. For the comparison with the experimental data, we have used the 

isotopic composition of those points (intermediate or final) that have better agreement 

with experimental burn-up in each case. Besides, since reactor cycles represent the 

averaged burn-up reached by the fuel rod (with a maximum rod burn-up of 98 

GWd/tHM), it was necessary to perform an additional 30
th

 EVOLCODE2 cycle to 

achieve the final burn-up of the 12C3-HP sample (102 GWd/tHM). 

 

5.1.4. Comparison between experimental and predicted 
results 

5.1.4.1. Burn-up radial profile 

 

The burn-up was determined by EVOLCODE2 from the total mass of actinides 

transformed in fission products. The conversion factor for the burn-up from percents to 

GWd/tHM was assumed equal to 9.8 GWd/tHM per w% of transmuted actinide mass. 

 

The comparison of the burn-up calculated by means of the experimental measures and 

from the simulation is shown from Figure 22 to Figure 25, respectively for each 

different sample. These figures show that the burn-up is approximately flat in the 

interior of the pin, with a value slightly smaller than the corresponding averaged value. 

Close to the pin rim, the burn-up achieves a value of approximately 2.5 times the 

averaged value. The reason of this behaviour is double. First, the very outer fuel rings 

shield the interior from the penetration of neutrons of energies in the 
238

U capture 

resonances region. The corresponding captures generate more 
239

Pu (with high 

absorption cross sections for thermal spectrum) at the periphery. And second, the outer 

rings also prevent many thermal neutrons from entering deeply in the pin because of 

their absorption by 
235

U and the created 
239

Pu. 

 

Small deviations can be seen for some adjacent experimental points. Unfortunately, 

measurement uncertainties have not been published. Apart from this, as seen from these 

figures, there is a very good agreement between experimental and predicted data for all 

the samples. 
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Figure 22. Radial burn-up profile for the 12H3 low power sample with an average burn-up of 65 

GWd/tHM. 
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Figure 23. Radial burn-up profile for the 12C3 low power sample with an average burn-up of 69 

GWd/tHM. 
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Figure 24. Radial burn-up profile for the 12H3 high power sample with an average burn-up of 

95 GWd/tHM. 
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Figure 25. Radial burn-up profile for the 12C3 high power sample with an average burn-up of 

102 GWd/tHM. 

 

5.1.4.2. Total plutonium amount and radial profile 

 

The creation of plutonium in the fuel is a consequence of the capture of neutrons mainly 

with energies in the 
238

U resonance region. The total ratio of Pu (total mass of Pu over 

the total mass of fuel) averaged for the irradiated fuel is shown in Figure 26 as a 

function of burn-up. In this figure, both the results prediction from EVOLCODE2 and 

the experimental data are shown for the four samples, 12C3 and 12H3 for low and high 

power. 
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Figure 26. Total plutonium ratio in a PWR fuel pin as a function of burn-up, including 

experimental measurements and data predictions by EVOLCODE2. 

 

Deviations between EVOLCODE2 predictions and experimental measurements can be 

also seen in Table 16, for the particular burn-up of every fuel sample. The predicted 

value of the Pu ratio after irradiation seem to be larger than the experimental 

measurements, specially for the 12H3 sample, with deviations of 40% and 12% for low 

and high power samples, respectively. However, due to the high dispersion of 

experimental data, it is difficult to reach a conclusion. In particular, there is no 

information about the cooling decay time between fuel discharge and experimental 

measures [71]. A longer cooling decay period of time would lead to the decay of 
241

Pu, 
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accounting for the 15% of the total Pu amount, decreasing the total experimental Pu 

ratio. 

 

Besides, the exact location of the fuel rods inside the assembly is also unpublished, and 

so is the isotopic composition of the partially burned fuel located inside the new carrier 

assemblies where the special rods where located after the fourth cycle. This may have a 

relatively important impact in the neutron spectra and reaction rates, leading to a 

slightly different evolution of materials.  

 

Fuel sample 
Burn-up 

(GWd/tHM) 

Experimental 
Measurement 

(%) 

EVOLCODE2 
prediction 

(%) 

Deviation 
(Ev2-exp)/Ev2 

(%) 

12H3-LP 65 0.749 1.25 40 

12C3-LP 69 1.01 1.28 21 

12H3-HP 95 1.26 1.42 11 

12C3-HP 102 1.60 1.45 -10 

Table 16. Experimental and predicted values of the plutonium ratio for every fuel sample. 

 

The experimental and simulated values of the Pu amount radial profile are shown from 

Figure 27 to Figure 30 for each different sample. It can be seen that there is a flat curve 

in the interior of the pin and a large increase in the amount of Pu at the pin rim, because 

of the larger amount of captures of neutrons with energies in the resonance region of 
238

U that shield neutrons with this energy from entering to the pin inner zone. Besides, 

the value of the Pu amount at the periphery seems to be independent of the burn-up 

(after a certain irradiation), with a peak value around three times the average Pu amount 

for the low and high power samples: For a large amount of Pu at the periphery, the 

absorption rate in Pu isotopes rises, competing with the 
238

U capture rate and leading to 

a saturation value independent of the burn-up. 
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Figure 27. Radial plutonium profile for the 12H3 low power sample with an average burn-up of 

65 GWd/tHM. 
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Figure 28. Radial Pu profile for the 12C3 low power sample with an average burn-up of 69 

GWd/tHM. 
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Figure 29. Radial plutonium profile for the 12H3 high power sample with an average burn-up of 

95 GWd/tHM. 
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Figure 30. Radial Pu profile for the 12C3 high power sample with an average burn-up of 102 

GWd/tHM. 

 

A very good agreement in the plutonium radial profile can be seen between 

experimental and predicted date for all the samples. The exception can be found for 

those pin zones where experimental data fluctuations are large. Once more, 

measurement uncertainties have not been published. 
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5.1.4.3. Total neodymium amount and radial profile 

 

Neodymium (in particular the 
148

Nd isotope) is often used as a burn-up indicator since 

its fission yield is independent of the fissioning isotope and for its low thermal capture 

cross section. Additionally, its radial profile can be accurately measured since it is 

immobile (it does not migrate) in UO2 fuel. 
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Figure 31. Total Nd ratio in a PWR fuel pin as a function of burn-up, including experimental 

measurements and data predictions by EVOLCODE2. 

 

The total ratio of Nd (total mass of Nd over the total mass of fuel) averaged for the 

irradiated fuel is shown in Figure 31 as function of burn-up for the EVOLCODE2 

prediction and experimental data (for every sample, 12C3 and 12H3 for low and high 

power). In this figure, it can be seen that there is no direct correlation between the 

samples burn-up and the measured Nd concentration. An explanation of this behaviour 

appears in [71]. On one hand, the burn-up of the high power samples are mainly due to 
239

Pu fissions, whereas the burn-up of the low power samples is due to 
235

U fissions, in 

different rod locations with possibly different neutron spectra. On the other hand, the 

quantity of 
144

Nd from the decay of 
144

Ce (half-life of 285 d) is different in the two rods, 

having different irradiation periods and cooling decay times (not publicly available) 

between fuel discharge and experimental measure. 

 

Fuel sample 
Burn-up 

(GWd/tHM) 

Experimental 
Measurement 

(%) 

EVOLCODE2 
prediction 

(%) 

Deviation 
(Ev2-exp)/ 

Ev2 
(%) 

12H3-LP 65 0.623 0.603 3.28 

12C3-LP 69 0.754 0.645 17.0 

12H3-HP 95 0.963 0.897 7.29 

12C3-HP 102 1.33 0.960 38.3 

Table 17. Experimental and predicted values of the neodymium ratio for every fuel sample. 

 

The accuracy of the EVOLCODE2 predictions can also be seen in Table 17, for the 

particular burn-up of every fuel sample. The predicted value of the neodymium ratio 

after irradiation is very close for the 12H3 sample, with an accuracy of 3.28% and 

7.29%, respectively for the low and high power samples. For the 12C3 sample, 
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significant deviations appear, up to 38% for the 12C3-HP sample, due to the mentioned 

reasons. 
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Figure 32. Radial neodymium profile for the 12H3 low power sample with an average burn-up 

of 65 GWd/tHM. 

 

The Nd radial profile has only been published for the 12H3 samples and it is shown in 

Figure 32 for the low power sample and in Figure 33 for the high power sample. It 

shows the same tendency that the burn-up, with a flat curve at the interior of the pin and 

a high peak at the periphery. The peak factor is again independent of the burn-up and 

rises to 2.3 times the average Nd concentration for both samples. It has to be noted the 

excellent agreement between predicted and experimental data for the low power sample. 

For the high power sample, results from the simulation obtain the same tendency that 

experimental data although slightly smaller values, leading to the deviation of 7.3% 

observed for the total Nd ratio between measured and predicted data as shown in Table 

17. 
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Figure 33. Radial neodymium profile for the 12H3 high power sample with an average burn-up 

of 95 GWd/tHM. 

 

5.1.5. Conclusion 

 

The rim effect has been satisfactorily reproduced by means of a simulation with the 

EVOLCODE2 system. The profiles of the burn-up, the plutonium and the neodymium 
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have been obtained with a high accuracy for samples with different burn-ups, as can be 

seen from Figure 22 to Figure 33. The very simple geometrical model of a single pin 

was sufficient for obtaining profiles that fit very well with experimental data, with the 

only precaution of accounting for the extra water included in the instrumentation and 

guide tubes, by means of increasing the pin-pitch of the design. 

 

These profiles have been also calculated with the ALEPH code [74] using a very close 

geometrical design and irradiation settings. Results show a very good agreement in 

these profiles between both codes. For instance, Figure 34 shows the radial Pu profile 

for the 12C3-HP sample, calculated for both codes
20

. 
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Figure 34. Radial Pu profile for the 12C3 high power sample with an average burn-up of 102 

GWd/tHM for both EVOLCODE2 and ALEPH simulations. 

 

5.2. The isotope correlation experiment (ICE) 

5.2.1. Introduction 

 

The European Safeguards Research and Development Association (ESARDA) working 

group on Isotopic Correlation Techniques (ICT) and Reprocessing Input Analyses 

performed in the 1970s an experiment to check the feasibility of the ICT. This 

experiment was developed at the Obrigheim nuclear power plant and was called 

Isotopic Correlation Experiment (ICE) [75]. 

 

The objectives of this experiment, counting with the participation of several European 

institutions, were the determination of the accuracy of the measurement technique, the 

identification of additional required information and safeguard-related issues. In order 

to achieve these objectives, several fuel assemblies were chosen from the spent fuel 

after the normal operation of the Obrigheim power plant (KWO). After that, isotopic 

analyses were performed at the reprocessing plant WAK at Karlsruhe, measuring the 

amount of some actinides and fission products present in the spent fuel. 

 

                                                 
20

 The simulation with ALEPH only included 10 fuel rings using a dichotomy procedure. The pellet 

radius was divided into two (only the outer part) successively until the desired resolution was achieved at 

the pin rim. 
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A simulation of the Isotopic Correlation Experiment has been performed by means of 

EVOLCODE2. The isotopic prediction after the irradiation obtained by this simulation 

has been compared to the experimental results, consisting in the isotopic composition of 

ten batches (each batch is one half of a fuel assembly). The simulation procedure as well 

as the results of the comparison are described in the following subsections. 

 

5.2.2. Experimental setup 

 

The experiment was conducted at normal operation of the plant. Ten consecutive 

dissolution batches each making up half of the fuel assembly were chosen for the 

experiment. 

 

Time-step 
Boron-10 

concentration 
(1/cm·barn) 

Micro time-step 

1 2 3 4 

days W/cm days W/cm days W/cm days W/cm 

1 7.738E-06 5.8 219.6 1.0 0.0 - - - - 

2 7.567E-06 4.6 219.6 - - - - - - 

3 6.836E-06 25.0 219.6 25.0 219.6 - - - - 

4 5.831E-06 25.0 219.6 2.0 0.0 - - - - 

5 5.395E-06 3.5 219.6 - - - - - - 

6 5.031E-06 30.0 219.6 41.5 0.0 - - - - 

7 4.495E-06 6.5 219.6 - - - - - - 

8 3.726E-06 25.0 219.6 25.0 219.6 - - - - 

9 2.027E-06 25.0 219.6 25.0 219.6 25.0 219.6 5.8 0.0 

10 7.605E-07 5.9 219.6 - - - - - - 

11 2.558E-07 31.0 219.6 28.0 0.0 - - - - 

12 7.494E-06 6.9 219.6 - - - - - - 

13 6.663E-06 30.0 219.6 30.0 211.0 - - - - 

14 5.447E-06 30.0 219.6 30.0 219.6 3.5 0.0 - - 

15 4.686E-06 4.7 219.6 - - - - - - 

16 4.249E-06 20.0 219.6 20.0 219.6 - - - - 

17 3.414E-06 20.0 219.6 20.0 219.6 3.5 0.0 - - 

18 2.891E-06 3.0 219.6 - - - - - - 

19 2.651E-06 20.0 219.6 3.0 0.0 - - - - 

20 2.338E-06 4.0 219.6 - - - - - - 

21 1.711E-06 28.0 219.6 28.0 219.6 - - - - 

22 1.404E-06 13.8 219.6 380.0 0.0 - - - - 

23 6.705E-06 5.3 219.6 - - - - - - 

24 5.733E-06 30.0 219.6 35.0 219.6 - - - - 

25 3.978E-06 30.0 219.6 30.0 219.6 3.0 0.0 - - 

26 3.000E-06 3.4 219.6 - - - - - - 

27 2.248E-06 25.0 219.6 25.0 219.6 - - - - 

28 6.976E-07 20.0 219.6 29.0 219.6 - - - - 

29 6.976E-07 1.0 219.6 365.0 0.0 - - - - 

Table 18. Experimental irradiation history in ICE experiment. 

 

The geometrical data of the pins used for the experiment have been obtained from [76]. 

The UO2 pin (with a stoichiometry of 2.00 ± 0.01%) had an external radius of 0.465 cm. 

Its average operation temperature was 1028 K. The cladding material was zirconium 

with outer radius of 0.535 cm and average operation temperature of 605 K. The 

moderator was water at a temperature of 572 K averaged over the fuel channel. 
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The uranium content (approximately 311 kg of UO2 per assembly with an uncertainty of 

0.4%) was supplied by KWO, as well as the irradiation history and the boron 

concentration in water, shown in Table 18. 

 

Post-irradiation analyses included the measurement of the concentration of uranium 

isotopes (
235

U, 
236

U and 
238

U), plutonium isotopes (
238

Pu to 
242

Pu), some fission 

products and minor actinides (Am, Cm). 
148

Nd were used as an indicator of the burn-up. 

There were no measurements of head-end losses. 

 

5.2.3. Geometry and irradiation settings 

5.2.3.1. General information 

 

The main geometrical and thermal hydraulic settings used by EVOLCODE2 to simulate 

ICE are included in Table 19 [75] [76] [77]. 

 
Parameter Value 

Pin radius 0.465 cm 

Cladding thickness 0.07 cm 

Pin side length 1.498 cm 

Pin height 1 cm 

Fuel density 0.0681 at/cm·barn 

Cladding density 0.0432 at/cm·barn 

Moderator density 0.0721 at/cm·barn 

Fuel temperature 1200 K 

Cladding temperature 600 K 

Water temperature 600 K 

Initial U-235 enrichment 3.1% 

Table 19. ICE simulation settings. 
 

The simulation model has consisted in a pin design of an Obrigheim 14x14 PWR, with 

reflecting boundary surfaces. The fuel pin has been divided radially in 25 evolving cells 

with different thicknesses for taking into account the larger creation of plutonium at the 

pin periphery (shown in the previous section). No axial divisions of the pin have been 

implemented. 

 

The pin is surrounded by a Zr cladding. The moderator is water. Thermal S(α,β) tables 

for hydrogen in light water at 600 K have been used in the moderator. The volume ratio 

of moderator to fuel was set to 2.0526.m fV V   

 

The burn-up settings for the ICE project are shown in Table 20 [76]. 53 EVOLCODE2 

cycles have been performed for an adequate simulation of the ICE experimental 

irradiation history, including 11 cycles without irradiation (decay only), specified in the 

table with zero thermal power. 

 

MCNPX version 2.7.a has been used with the JEFF3.1 library. 
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EV2 
cycle 

Irradiation 
time 

(days) 

Thermal 
power 
(MWth) 

B-10 
conc. 

(at/cm· 
barn) 

 
EV2 
cycle 

Irradiation 
time 

(days) 

Thermal 
power 
(MWth) 

B-10 
conc. 

(at/cm· 
barn) 

1 5.8 219.6 7.738E-06  28 20.0 219.6 4.249E-06 

2 1.0 0 -  29 20.0 219.6 3.832E-06 

3 4.6 219.6 7.567E-06  30 20.0 219.6 3.414E-06 

4 25.0 219.6 6.836E-06  31 20.0 219.6 3.153E-06 

5 25.0 219.6 6.334E-06  32 3.5 0 - 

6 25.0 219.6 5.831E-06  33 3.0 219.6 2.891E-06 

7 2.0 0 -  34 20.0 219.6 2.651E-06 

8 3.5 219.6 5.395E-06  35 3.0 0 - 

9 30.0 219.6 5.031E-06  36 4.0 219.6 2.338E-06 

10 41.5 0 -  37 28.0 219.6 1.711E-06 

11 6.5 219.6 4.495E-06  38 28.0 219.6 1.558E-06 

12 25.0 219.6 3.726E-06  39 13.8 219.6 1.404E-06 

13 25.0 219.6 2.877E-06  40 380.0 0 - 

14 25.0 219.6 2.027E-06  41 5.3 219.6 6.705E-06 

15 25.0 219.6 1.605E-06  42 30.0 219.6 5.733E-06 

16 25.0 219.6 1.183E-06  43 35.0 219.6 4.923E-06 

17 5.8 0 -  44 30.0 219.6 3.978E-06 

18 5.9 219.6 7.605E-07  45 30.0 219.6 3.489E-06 

19 31.0 219.6 2.558E-07  46 3.0 0 - 

20 28.0 0 -  47 3.4 219.6 3.000E-06 

21 6.9 219.6 7.494E-06  48 25.0 219.6 2.248E-06 

22 30.0 219.6 6.663E-06  49 25.0 219.6 1.473E-06 

23 30.0 211.0 6.055E-06  50 20.0 219.6 6.976E-07 

24 30.0 219.6 5.447E-06  51 29.0 219.6 4.129E-07 

25 30.0 219.6 5.067E-06  52 1.0 219.6 0.000E+00 

26 3.5 0 -  53 365.0 0 - 

27 4.7 219.6 4.686E-06      

Table 20. EVOLCODE2 (EV2) burn-up simulation settings for the ICE project. 

 

5.2.3.2. Uncertainty estimation 

 

Although the geometrical design of the pin in 25 radial rings is similar to the one used 

in section 5.1.3, the neutronic properties of the system may be different so it is 

necessary to make the uncertainty analysis. Again, the procedure described in section 

3.2 has been followed. The variation of the neutron flux intensity (Φi-Φi+1)/Φi between 

adjacent cells i and i+1 is smaller than 0.3% in all cases, so it is a very good cell 

subdivision for this magnitude. 

 

The energy spectrum of the neutron flux has been calculated by means of 80000 

isolethargy energy bins. Table 21 shows on one hand that the median variation is 

significant between some adjacent cells, with values up to 4.5% at the beginning of the 

irradiation. On the other hand, the mean variation is much smaller than 0.5% in most 

cases. This pin subdivision is the same that the one used in section 5.1, where the radial 

profiles of the burn-up and the amount of some elements were accurately reproduced 

with a resolution of the same order of magnitude that the experimental data at the fuel 

periphery. For this reason, we take this geometrical pin design as good enough for this 

validation. 
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Fuel ring 
Outer radius 

(cm) 

Median 
energy 
(MeV) 

Median energy 
variation (%) 

Mean 
energy 
(MeV) 

Mean energy 
variation (%) 

1 0.465 0.0398 0.72 0.675 0.09 

2 0.4639 0.0401 0.71 0.675 0.08 

3 0.4628 0.0404 0.72 0.676 0.08 

4 0.4617 0.0407 0.54 0.676 0.07 

5 0.4606 0.0409 0.62 0.677 0.06 

6 0.4595 0.0412 2.04 0.677 0.20 

7 0.4583 0.0420 2.92 0.679 0.33 

8 0.4514 0.0432 2.55 0.681 0.26 

9 0.4442 0.0443 1.98 0.683 0.22 

10 0.4370 0.0452 1.98 0.684 0.20 

11 0.4297 0.0461 1.91 0.686 0.21 

12 0.4222 0.0470 1.83 0.687 0.19 

13 0.4146 0.0479 1.64 0.688 0.17 

14 0.4068 0.0486 1.70 0.690 0.19 

15 0.3989 0.0495 1.37 0.691 0.14 

16 0.3909 0.0501 1.34 0.692 0.16 

17 0.3827 0.0508 1.61 0.693 0.16 

18 0.3742 0.0516 1.28 0.694 0.15 

19 0.3656 0.0523 1.55 0.695 0.14 

20 0.3568 0.0531 2.80 0.696 0.31 

21 0.3478 0.0546 4.45 0.698 0.49 

22 0.3111 0.0570 4.18 0.702 0.43 

23 0.2694 0.0594 3.81 0.705 0.45 

24 0.2200 0.0617 3.53 0.708 0.39 

25 0.1555 0.0639 - 0.711 - 

Table 21. Outer radii of fuel rings for the rim effect simulation. Median and mean energy values 

and variations between adjacent cells (Φi-Φi+1)/Φi are accounted for at the beginning of the 

irradiation. 

 

Table 22 shows the proposal of 53 EVOLCODE2 cycles for the simulation of the ICE 

experiment (we have not included the decay-only final cycle). As described in section 

3.4.2, the uncertainties in the burn-up and in the difference between the final and the 

initial mass of relevant isotopes depend on the uncertainties in both the neutron 

flux/thermal power and the effective cross sections. The maximum power variation 

during the proposed EVOLCODE2 cycles (with respect to the initial value of that cycle) 

can be found for the final EVOLCODE2 cycles, with a value smaller than 1.5%. 

Considering that the highly simplified geometrical design (a single pin performing as a 

whole nuclear reactor) is a significant source of uncertainty in the results, we accept 

these cycles as good enough although the power variation between some of them is 

slightly larger than the target 1%. 

 

In this table, it is also shown the one-group effective cross section variation between 

each cycle and the following one for the (n,γ) reaction of 
238

U (with large presence in 

the material) and 
241

Pu (with relatively significant presence and with relatively short 

half-life regarding the cycle length). This values correspond to the outer cell, the one 

with larger variations. The uncertainty in the burn-up, as explained in section 3.4.2, is 

given by the uncertainty in the 
238

U (n,γ) one-group effective cross sections. Using this 

proposal, the maximum uncertainty in this magnitude is of 1%, so the uncertainty in the 

burn-up is sufficiently small. 
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The largest variations in the 
241

Pu (n,γ) one-group effective cross sections are found at 

EVOLCODE2 cycles 19 and 39 (and the following ones). These cycles are not 

representative since they correspond to new reactor cycles with large changes in the 

boron concentration in the water and hence in the neutron spectra. Without accounting 

for these cycles, largest deviations are found for different cycles, with values smaller 

than 2.5%. The uncertainty in the difference between the final and the initial mass of 

this isotope is, for this proposal, slightly larger than the target accuracy of 1%. 

However, considering again that the highly simplified geometrical design is a 

significant source of uncertainty in the results, we accept this proposal as good enough. 

 

EV2 
cycle 

Power 
variation 
during 

the cycle 
(%) 

(n,γ) one-group 
effective cross section 

 

EV2 
cycle 

Power 
variation 
during 

the cycle 
(%) 

(n,γ) one-group 
effective cross section 

U-238 Pu-241 
 

U-238 Pu-241 

XS 
(barn) 

Var. 
(%) 

XS 
(barn) 

Var. 
(%) 

 XS 
(barn) 

Var. 
(%) 

XS 
(barn) 

Var. 
(%) 

1 0.22 3.28 -0.2 50.5 2.4  27 0.60 3.35 -0.2 43.6 1.5 

2 - - - - -  28 0.79 3.36 0.1 43.0 -0.2 

3 0.03 3.29 -0.2 49.3 -0.4  29 0.62 3.36 -0.2 43.1 -0.3 

4 0.86 3.30 -0.1 49.5 1.9  30 0.75 3.36 0.3 43.2 0.0 

5 0.68 3.30 0.1 48.6 1.4  31 0.67 3.36 -0.1 43.2 -2.0 

6 0.38 3.30 -0.4 47.9 -0.1  32 - - - - - 

7 - - - - -  33 0.35 3.36 -0.2 44.1 1.7 

8 0.18 3.31 0.4 48.0 1.3  34 0.95 3.36 0.2 43.4 -2.2 

9 0.16 3.30 -0.5 47.3 -0.5  35 - - - - - 

10 - - - - -  36 0.46 3.36 -0.1 44.3 1.2 

11 0.56 3.31 0.1 47.5 1.1  37 1.25 3.36 0.1 43.8 -0.1 

12 0.24 3.31 0.0 47.0 0.3  38 1.22 3.36 0.3 43.8 -0.1 

13 0.34 3.31 -0.3 46.9 0.1  39 0.61 3.35 -1.0 43.9 4.3 

14 0.38 3.32 0.4 46.8 0.5  40 - - - - - 

15 0.49 3.31 -0.4 46.6 0.3  41 0.81 3.39 0.4 42.0 0.5 

16 0.67 3.32 0.0 46.5 -1.5  42 1.09 3.37 -0.2 41.8 -0.7 

17 - - - - -  43 1.17 3.38 -0.3 42.1 -0.7 

18 0.64 3.33 0.0 47.2 1.3  44 1.08 3.39 0.2 42.4 -0.6 

19 0.64 3.33 -0.6 46.5 6.8  45 1.18 3.38 0.4 42.7 -2.3 

20 - - - - -  46 - - - - - 

21 0.79 3.35 0.1 43.4 0.8  47 0.48 3.37 -0.3 43.7 1.0 

22 0.69 3.34 0.1 43.0 0.3  48 1.34 3.38 0.3 43.3 -1.1 

23 0.64 3.34 -0.2 42.9 -0.1  49 1.06 3.37 0.0 43.7 -1.0 

24 0.77 3.35 -0.6 42.9 0.3  50 1.09 3.37 -0.4 44.2 -0.4 

25 0.71 3.37 0.4 42.8 -1.9  51 1.41 3.38 0.2 44.4 -0.7 

26 - - - - -  52 0.025 3.37 0.1 44.7 0.0 

Table 22. Sources of uncertainty for each EVOLCODE2 (EV2) cycle for the ICE experiment. 

Cycles without values correspond to decay only cycles. 
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5.2.4. Comparison between experimental and predicted 
results 

5.2.4.1. Calculation of the burn-up 

 

The burn-up has been estimated by means of the ASTM standard procedure described in 

[78], using 
148

Nd as a burn-up indicator. The burn-up, in atom percent, is given by 

 

 

148

148
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eff

Nd Y
B

Ac Nd Y



 (5.1) 

 

where 
148

Nd is the number of 
148

Nd atoms, Yeff is the effective fission yield leading to 
148

Nd and Ac is the number of atoms of actinides (usually, U+Pu). The effective fission 

yield Yeff can be estimated as 
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 (5.2) 

 

EV2 
cycle 

Nd-148 
amount 
(atoms) 

Yeff 
U+Pu 

amount 
(atoms) 

Cumulative 
burn-up 

(GWd/tHM) 

EV2 
cycle 

Nd-148 
amount 
(atoms) 

Yeff 
U+Pu 

amount 
(atoms) 

Cumulative 
burn-up 

(GWd/tHM) 

1 5.64E+16 1.65 1.54E+22 0.210 28 4.13E+18 1.57 1.51E+22 16.15 

2 5.64E+16 1.65 1.54E+22 0.210 29 4.32E+18 1.57 1.51E+22 16.89 

3 1.01E+17 1.65 1.54E+22 0.377 30 4.50E+18 1.57 1.51E+22 17.63 

4 3.46E+17 1.65 1.54E+22 1.29 31 4.69E+18 1.57 1.51E+22 18.37 

5 5.90E+17 1.64 1.54E+22 2.21 32 4.69E+18 1.57 1.51E+22 18.38 

6 8.33E+17 1.63 1.54E+22 3.13 33 4.71E+18 1.56 1.51E+22 18.49 

7 8.33E+17 1.62 1.54E+22 3.14 34 4.89E+18 1.56 1.51E+22 19.22 

8 8.67E+17 1.62 1.54E+22 3.27 35 4.89E+18 1.56 1.51E+22 19.23 

9 1.16E+18 1.62 1.53E+22 4.37 36 4.93E+18 1.56 1.51E+22 19.38 

10 1.16E+18 1.61 1.53E+22 4.38 37 5.19E+18 1.56 1.51E+22 20.40 

11 1.22E+18 1.61 1.53E+22 4.61 38 5.44E+18 1.56 1.51E+22 21.44 

12 1.45E+18 1.61 1.53E+22 5.52 39 5.57E+18 1.56 1.51E+22 21.96 

13 1.69E+18 1.60 1.53E+22 6.45 40 5.57E+18 1.56 1.51E+22 21.96 

14 1.93E+18 1.60 1.53E+22 7.37 41 5.61E+18 1.56 1.51E+22 22.16 

15 2.16E+18 1.59 1.53E+22 8.30 42 5.88E+18 1.56 1.50E+22 23.24 

16 2.40E+18 1.59 1.53E+22 9.22 43 6.20E+18 1.56 1.50E+22 24.54 

17 2.40E+18 1.59 1.53E+22 9.23 44 6.47E+18 1.56 1.50E+22 25.65 

18 2.45E+18 1.59 1.53E+22 9.45 45 6.74E+18 1.56 1.50E+22 26.76 

19 2.74E+18 1.59 1.52E+22 10.59 46 6.74E+18 1.56 1.50E+22 26.78 

20 2.74E+18 1.58 1.52E+22 10.60 47 6.77E+18 1.56 1.50E+22 26.90 

21 2.81E+18 1.58 1.52E+22 10.85 48 7.00E+18 1.56 1.50E+22 27.81 

22 3.09E+18 1.58 1.52E+22 11.94 49 7.22E+18 1.56 1.49E+22 28.74 

23 3.35E+18 1.58 1.52E+22 13.01 50 7.40E+18 1.55 1.49E+22 29.48 

24 3.63E+18 1.58 1.52E+22 14.12 51 7.66E+18 1.55 1.49E+22 30.54 

25 3.91E+18 1.57 1.52E+22 15.23 52 7.67E+18 1.55 1.49E+22 30.60 

26 3.91E+18 1.57 1.52E+22 15.24 53 7.67E+18 1.55 1.49E+22 30.60 

27 3.95E+18 1.57 1.52E+22 15.42      

Table 23. Cumulative burn-up for each EVOLCODE2 cycle. 
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In this expression, i designates the individual isotopes of U and Pu (ORIGEN accounts 

explicitly for 
233

U, 
235

U, 
238

U, 
239

Pu and 
241

Pu as fissioning species, see section B.2.3), 

(FY)i is the fission yield leading to 
148

Nd per isotope (we have explicitly considered the 

sum of 
148

Nd, 
148

Pr, 
148

Ce, 
148

La, 
148

Ba and 
148

Cs, everyone with a half-life smaller than 

several minutes excepting the stable 
148

Nd), Fi represents the isotopic ratio of isotopes 

and (σeff)i is the one-group fission cross section. A representative value for the whole 

reactor has been calculated weighting the one-group fission cross section by the neutron 

flux intensity for each cell. 

 

Neutron captures on 
148

Nd have not been taken into account for the calculation of the 

burn-up because of its low probability. Slight correction might be needed for high burn-

up fuels [79]. 

 

In order to obtain the burn-up in units of GWd/tHM, the following formula has been 

applied: 

 

  ( / ) · ·100·  ( %)i i

i

B GWd tHM E n B at
 

  
 
  (5.3) 

 

In this expression, i designates the individual isotopes of U and Pu, ni is the number of 

fissions undergone by isotope i and Ei is the fission Q-value. 

 

The values of 
148

Nd, Ac, Fi, (σeff)i, Ei and ni have been calculated for each different 

EVOLCODE2 cycle in order to estimate each partial burn-up. The values of the fission 

yields leading to 
148

Nd per isotope are very similar (deviations smaller than 0.16%) for 

the different cells and for the different partial irradiations. The values of ·i i

i

E n
 
 
 
  

increase from 5.11·10
27

 MeV at the first cycles to 5.26·10
27

 MeV at the final cycles. 

The cumulative values of the burn-up for each EVOLCODE2 cycle are shown in Table 

23. 

 

5.2.4.2. Validation with EVOLCODE2 

 

This section includes the validation results of the implementation of EVOLCODE2 for 

the ICE experiment simulation. These results are shown as a comparison of the number 

density (atoms per initial metal atoms, IMA) of each isotope with experimental data, 

from Figure 35 to Figure 55. A summary of the relative deviations between simulation 

results and experimental data is shown in Table 24 for the isotope number densities at 

the end of the irradiation. 

 

Besides, in [77], the deterministic code KAPROS [80] (in particular its burn-up module 

KARBUS) was also validated using the same geometrical and burn-up settings of the 

ICE experiment. Three different libraries were used in that validation: A custom-made 

library, the JEFF3.0 library and the ENDF/B-VI library. In Table 24, the deviations 

between the KARBUS results and experimental data are also shown, including the best 

approximation given by the three different calculations for each isotope. 
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It should be noted that, for comparison reasons, the experimental results were corrected 

to the date of the reactor shutdown. This is the case of 
241

Pu, 
238

Pu, 
242

Cm and some 

(unidentified) fission products. In-pile decay corrections, however, were not applied 

[75]. For this reason, we will neglect the final 53
rd

 cycle (365 days of cooling decay) in 

our analysis.  

 

For the actinides, there is an excellent agreement between the simulation and the 

experimental data, especially for the actinides with larger amount (number density 

larger than 10
-3

). These isotopes are 
235

U, 
236

U, 
238

U, 
239

Pu, 
240

Pu and 
241

Pu and the 

relative deviations (in absolute value) between the simulation and the experimental data 

is smaller than 5% for them. For the isotopes with very small presence, the one with the 

largest deviations is 
238

Pu. A high dispersion in the experimental data can be however 

seen for this isotope. Considering this, the deviation between the simulation and 

experimental results would range from 1.5 to 2 times the experimental data fluctuations 

(rms). For the other isotopes with low abundance (
242

Pu and 
244

Cm), relative deviations 

between simulation and experimental results are also close to 5%. 

 

Isotope 

Deviation regarding 
experimental value (%) 

EVOLCODE2 
KAPROS/ 
KARBUS 

U-235 +1.0 -5 

U-236 -5.1 -1.5 

U-238 +0.032 +1.4 

Pu-238 -28 -53 

Pu-239 +3.6 +7 

Pu-240 +0.58 +6 

Pu-241 +3.6 -5 

Pu-242 -4.5 -8 

Cm-244 -5.8 -16 

Kr-84/83 -23 -20 

Kr-83/86 << -100 << -100 

Kr-84/86 -28 -23 

Xe-132/131 +4.1 +35 

Xe-131/134 -7.8 -55 

Xe-132/134 -3.7 -25 

Xe-136/134 -0.98 +3 

Nd-146/145 -21 -39 

Nd-143/148 +1.6 +5 

Nd-144/148 -17 -24 

Nd-145/148 +6.5 +8 

Nd-146/148 -16 -31 

Table 24. Relative deviations between simulation results at the end of the irradiation and largest 

burn-up experimental data for the ICE experiment. 

 

Comparing these results with KARBUS, Table 24 shows that the deviations with 

respect to the experimental data are considerably smaller in EVOLCODE2 for most 

actinides, even when in the deterministic code results, the best approximation of the 

three calculations with different libraries has been considered for each isotope. 
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Figure 35. Comparison of U-235 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 36. Comparison of U-236 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 37. Comparison of U-238 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 38. Comparison of Pu-238 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 39. Comparison of Pu-239 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 40. Comparison of Pu-240 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 41. Comparison of Pu-241 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 42. Comparison of Pu-242 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 43. Comparison of Cm-244 number densities obtained with EVOLCODE2 as function of 

burn-up and experimental data. 

 

For fission products, absolute number densities were not published. Instead, atom ratios 

were reported for some elements as Kr, Xe and Nd. Table 24 also shows the relative 

deviations between calculated ratios and experimental values. The results are very 
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different depending on the element and isotope. For the case of the krypton, ratios Kr-

84/83 and Kr-84/86 are underestimated in the simulation, with a deviation of 25% 

approximately. On the other hand, Kr-83/86 ratio deviation is much larger than that, 

with approximately a 900% of deviation. 

 

A much better agreement can be found for the isotopic ratios of xenon. Relative 

deviations range from 1% in the case of Xe-136/134 to 7.8% in the case of Xe-131/134. 

For the case of the Nd ratios, deviations are more disperse. However, a systematic 

behaviour can be found for even isotopes (underestimation) and for odd isotopes 

(overestimation). The best agreement with experimental data is found for the ratio Nd-

143/148, with an overestimation of 1.6%. The worst agreement is found for the ratio 

Nd-146/145 with a relative deviation of -21%. 

 

Comparing these results with the KARBUS simulation, Table 24 shows that the 

deviations with respect to the experimental data are slightly smaller in the deterministic 

code for the case of the Kr ratios and considerably smaller in EVOLCODE2 for the 

cases of the Xe and Nd ratios. Again, this is considering the best approximation of the 

three calculations made in KARBUS/KAPROS with different libraries. 

 

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30 35

N
u

m
b

e
r 

d
e

n
s

it
y
 (
a

to
m

s
/I

M
A

)

Burn-up (GWd/tHM)

Experimental

EVOLCODE2

 
Figure 44. Kr-84/83 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 45. Kr-83/86 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 46. Kr-84/86 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 47. Xe-132/131 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 48. Xe-131/134 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 5 10 15 20 25 30 35

N
u

m
b

e
r 

d
e

n
s

it
y
 (
a

to
m

s
/I

M
A

)

Burn-up (GWd/tHM)

Experimental

EVOLCODE2

  
Figure 49. Xe-132/134 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 50. Xe-136/134 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 51. Nd-146/145 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 52. Nd-143/148 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 53. Nd-144/148 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 

 



Chapter 5. Validation 

  -117- 

 

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35

N
u

m
b

e
r 

d
e

n
s

it
y
 (
a

to
m

s
/I

M
A

)

Burn-up (GWd/tHM)

Experimental

EVOLCODE2

 
Figure 54. Nd-145/148 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 
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Figure 55. Nd-146/148 ratio number densities 

obtained with EVOLCODE2 as function of 

burn-up and experimental data. 

 

5.2.5. Discussion and conclusions 

 

The ICE experiment has been simulated using the EVOLCODE2 system as an ongoing 

effort to validate and upgrade this tool, thanks to the opportunity to compare the 

calculated results with experimental data. Despite that the geometrical model of the 

reactor has been highly simplified (a single pin acting as an infinite reactor), the 

agreement between calculated and experimental data is excellent for actinides, with an 

accuracy better than 5%, and considerably good for fission products, with deviations 

smaller than 20% for the studied isotopes. 

 

This experiment has also been satisfactorily modelled with the KAPROS module 

KARBUS, whose geometrical model has been used in this study. We could therefore 

make a benchmarking exercise between both codes. The results show that for actinides, 

EVOLCODE2 calculation agrees better with experimental data, generally with a 

deviation close to two times smaller. For the fission products, both codes usually show 

the same trends. Although for most studied isotopes the agreement with experimental 

data is much better for EVOLCODE2, in some cases it is slightly better for the 

KARBUS calculation. 

 

It can be concluded that EVOLCODE2 reproduces very well the isotopic composition 

of a PWR after burn-up, even with a simple geometrical design, proving herein to be a 

very useful tool. However, the burn-up of this experiment is low (30 GWd/tHM) 

compared with currently existing burn-ups. For higher burn-ups, the pin design might 

be too simple to take into account the large changes in the isotopic composition, mainly 

the creation and destruction of 
239

Pu, very sensitive to changes in the neutron spectrum. 

It should be interesting to simulate this experiment using a more detailed reactor design 

(possibly an entire fuel assembly instead of a pin) to check if a better agreement with 

experimental data is achievable. This is indeed planned as future work. 

 

In the plans for future work, it has been also considered to make a sensitivity study of 

this simulation using different basic libraries, since they could have significant effects 

on the evolution of some actinides and especially for fission products. 

 

Equation Chapter (Next) Section 1 
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Chapter 6 
        

 Application to fuel cycle 
problems 

 

 

 

 

After development and validation, the code has been applied to the study of the nuclear 

problems we are interested in: the evaluation of Partitioning and Transmutation (P&T) 

strategies for the long term sustainability of nuclear power, with optimized solutions for 

fuel availability and waste management. In this chapter, a number of problems where 

EVOLCODE2 has been used will be described to demonstrate the main capabilities of 

the code and because of its relevance for the use of nuclear energy: 

 

 Simulation of the fully detailed 3D geometry of a nuclear system. 

 Calculation of the burn-up evolution of the isotopic composition of a nuclear 

reactor fuel and transmutation targets. 

 Computation of the burn-up effect in the neutronic parameters of the system. 

 Creation of one-group effective cross sections libraries from the energy 

dependent cross sections and flux spectra for external applications. 

 Individual treatment of fission fragments included in an activation chain or 

created by irradiation. 

 Detailed calculation of the residuals appearing in the spallation target. 

 Explicit treatment of other particles in addition to neutrons. 

 Calculation of the activation of structural materials due to irradiation. 

 

Each example problem focuses in one or more specific feature of EVOLCODE2 and it 

is part of a well documented international project or activity. Subsections below are 

divided in a brief introduction of the main objectives of the project/activity, the 

description of the task where EVOLCODE2 is used with special attention to the 

advantages of using this code, the main results of its application and the conclusions 

reached. 

 

The participation of EVOLCODE2 in these different international projects concerning 

P&T is motivated by the proposal of the ADS as transmutation system, mainly because 
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of its transmutation potential and its advantages related to safety and flexibility. The 

subcritical system is currently in a design stage and an optimization effort is being done 

in the frame of these projects. One of these projects was the Subcritical Assembly at 

Dubna (SAD), with the aim of the design and construction of a facility coupling a 

proton accelerator producing neutrons via spallation to a subcritical blanket. From an 

operational standpoint, the spallation process has a relevant impact in the neutronic 

properties of the system. Concerning the waste generation, spallation produces residuals 

in the collision target which have to be properly characterized for a appropriated 

management after operation. EVOLCODE2 has been used in the framework of this 

international project for the neutronic and residual generation characterization of a 

spallation target. 

 

EVOLCODE2 has also been used to estimate the transmutation potential of an ADS. On 

one hand, a heterogeneous transmutation model has been assessed in the frame of the 

PDS-XADS project, which had the objective to assess the safe and efficient operation of 

the ADS. As part of this project, the irradiation of several special fuel assemblies 

containing long-lived radioactive elements located in different positions of the ADS 

core has been simulated to study their transmutation chains. On the other hand, in the 

RED-IMPACT project, a global analysis of different fuel cycles with different reactors 

has been assessed, in particular, the ADS. With EVOLCODE2, it was possible to 

simulate the ADS at equilibrium (homogeneous transmutation), calculating in a detailed 

way every primary and secondary source of nuclear waste during the reactor operation. 

 

From the standpoint of research on long-term transmutation strategies, EVOLCODE2 

has been used for the realization of advanced fuel cycle transition studies, with the aim 

of achieving long term sustainability in terms of fuel availability and waste 

management. With this purpose, a phase-out fuel cycle by an isolated region or country 

has been analyzed, looking for advantages and disadvantages of this kind of strategies. 

The conclusions of this study revealed the potential advantage of a regional cooperation 

for the isolated country to gain a larger number of benefits from P&T. Other phase-out 

strategy, this time with regional cooperation, has also been assessed using the 

EVOLCODE2 system. 

 

6.1. PDS-XADS 

 

The first example is the participation of EVOLCODE2 in the PDS-XADS Project. Since 

the project is based on a very complex and detailed design of an ADS, a code like 

EVOLCODE2 capable of the simulation of a fully detailed 3D geometry of this kind of 

reactors is needed for the realization of the estimations with acceptable accuracy. 

 

Besides, one of the Project tasks is the estimation of the transmutation potential of the 

XADS by means of studying the evolution with burn-up of some special fuel 

assemblies. EVOLCODE2 has been used to obtain the burn-up evolution of these 

special fuel elements, consisting of actinides or fission products, implementing 

explicitly the advantages of managing the burn-up without the need of fissile material 

(for the case of fission products) and taking into account each actinide and fission 

product individually. In addition, since the isotopic composition may be rich in isomers 

in some cases, the EVOLCODE2 explicit isomer treatment and the branching ratio 

handling (processing the proper information from basic databases) made EVOLCODE2 
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a natural choice for this task. 

 

6.1.1. Introduction 

 

The project on “Preliminary Design Studies of an Experimental Accelerator-Driven 

System”, PDS-XADS, had the objective to assess the safe and efficient operation of the 

ADS. It involved 25 institutions from 11 European countries [81] that, 

complementarily, evaluated three different designs with the aim of: 

 

 selecting the most appropriate for further development; 

 addressing the critical points of the whole system; 

 identifying the main needs for future R&D; 

 defining the safety and licensing issues; 

 preliminarily assessing the cost of the facility; 

 consolidating the roadmap of the XADS development. 

 

The three designs, two based on heavy liquid metal (lead-bismuth eutectic, LBE) 

cooling and one on gas (helium) cooling, fitted rather well with the technical objectives 

fixed at the beginning of the project, consistent with the European Roadmap on ADS 

development. The designs were sufficiently reliable and advanced to: 

 

 confirm the overall complexity and extent of the plant compared to a critical 

system; 

 confirm the good prospect for the feasibility of the XADS apart from the target 

itself, which was at the time considered the weakest point of the system; 

 provide a clear recommendation on the superconducting LINAC accelerator, the 

only concept capable of satisfying the stringent requirements on reliability; 

 compare the three XADS concepts and provide recommendations on the best 

options to be pursued more in detail in the 6th Framework Programme in 

particular for the heavy liquid metal technology; 

 specify the designers R&D needs through a series of R&D Question Sheets 

which have been extensively used to establish the 6th Framework Programme 

technological supporting programmes. 

 

6.1.2. Design of XADS concept 

 

The PDS-XADS has been well aware of the importance of P&T of long-lived 

radioactive waste for its promising role in closing safely the nuclear fuel cycle. Indeed, 

previous studies had shown that a fast neutron spectrum allows maximising the 

transmutation of MA, because of the better fission efficiency compared to the neutron 

capturing rate, and the potentially high level of neutron fluxes. 

 

The possibility to adopt special fuel assemblies (SFA) with MA (americium and curium 

in this study) and fission products (technetium and iodine) for transmutation has been 

assessed in the ANSALDO 80 MWth LBE-cooled concept. The transmutation of both 

Am and Cm is reached by means of nuclear fission, although other nuclear reactions 
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such as neutron capture compete with it. For fission fragments, the only strategy that 

fulfils the criteria for a practical application is the neutron capture reactions strategy. 

For the case of the 
99

Tc, the desired reaction chain is: 

 

n + 
99

Tc (211000 years)   
100

Tc (15.8 seconds) Capture 

 
100

Tc   
100

Ru (stable) + 
-
 +    decay 

 

The capture-decay chain desired for the case of the 
129

I is similar to the previous one: 

 

n + 
129

I (1.57·10
7
 years)   

130
I (12.36 hours) Capture 

 
130

I   
130

Xe (stable) + 
-
 +    decay 

 

Figure 56 shows the details of the design of the LBE-cooled pool-type subcritical 

concept used in the calculations. Table 25 includes a summary of the basic parameters 

of this design. The core has been arranged as a honeycomb annular pattern of four 

assemblies coaxial rings (from fourth to seventh), plus six pairs of assemblies at the 

outer boundary (incore SFA positions in the figure) for a total of 120 fuel assemblies. In 

the periphery, also arranged as a four-ring honeycomb array, a buffer region is only 

filled with LBE coolant and with some pairs of dummy assemblies for irradiation 

testing. Depending on the scenario, incore, dummy or dummy2 (Figure 56) positions 

were chosen for the location of SFA. 

 

The fuel assemblies contained a hexagonal array of 90 pins, with the central position as 

a fastening bar. Pins consist of high-enrichment U-Pu MOX, with a Pu content of 21.8% 

in the two most internal assembly rings and of 28.25% in the outer assembly rings. 

 

The subcritical core is coupled to an external proton source. The energy of the proton 

beam is 600 MeV, with an operational beam current fixed at 6 mA. Protons hit a 

windowless liquid LBE spallation target. 

 

 
Figure 56. Design of the LBE-cooled XADS: A MOX-fuelled ADS core with special pins or 

assemblies in the periphery. Geometrical parameters of core, fuel assemblies, etc., are available 

at [82]. 
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Parameter Value Parameter Value 

Nominal 
thermal power 

80 MWth 
Fuel pellet inner/ 
outer diameter 

1.8/7.14 mm 

Coolant LBE 
Core inner/ 

outer diameter 
0.58/1.7 m 

Multiplication factor 
keff at BOC 

0.973 
Cladding outer 

diameter 
8.5 mm 

Number of FSAs/ 
Fuel pins per FSA 

120/90 Cladding material 
Low-swelling martensitic 

stainless steel (T91) 

Fuel type/ 
Fuel mass 

MOX/3.24 t Beam particle Proton 

Plutonium content 21.8-28.25% Kinetic energy 600 MeV 

Fuel height 900 mm Target material LBE 

FSA flat-to-flat 
distance 

138 mm Beam intensity 
6 mA (10 mA 

maximum) 

Pitch to 
diameter ratio 

1.58 Window design Windowless 

Table 25. Summary of the basic parameters of the ANSALDO PDS-XADS design. 

 

6.1.3. Calculation setup 

 

Two parallel studies were carried out to assess the transmutation potential of the XADS 

using SFA [83]. On one hand, pins with MA (Am or Cm) and pins with fission products 

(Tc or I) were analysed in the core periphery, with the original or a thermalized neutron 

spectrum. On the other hand, pins with a mixture of LWR discharge TRU and U with 

very small amount of Tc were analysed in different positions inside the core, with the 

original fast neutron spectrum. The participation of EVOLCODE2 in this project 

consisted in the estimation of the burn-up evolution of the SFA located in the periphery 

and we will refer only to this issue in this thesis. 

 

Special annular fuel pins have been used for the simulation, in a homogeneous 

distribution of the MA in the ZrO2 inert matrix. Besides, the same cladding (and 

geometry) has been assumed as for the standard pins in order to guarantee compatibility 

with coolant. However, no check concerning the heat release of the samples has been 

made. The composition of each special fuel pin, representing a calculation model and 

not a realistic proposal, has been: 

 

 Special Am pellets containing 26% AmO2 and 74% ZrO2. Isotopic composition 

of Am has been chosen from the standard fuel discharge of a LWR, 83.9% of 
241

Am, 0.3% of 
242m

Am and 15.8% of 
243

Am. 

 Special Cm pellets containing 26% CmO2 and 74% ZrO2. Isotopic composition 

of Cm has been chosen from the standard fuel discharge of an LWR, 1.3% of 
242

Cm, 90.1% of 
243

Cm, 6.8% of 
244

Cm, 0.9% of 
245

Cm and 0.9% of 
246

Cm. 

 Special pin of metallic 
99

Tc, in a pure isotopic state. 

 Special pin of CeI3 for iodine burning. Isotopic composition is 23.8% of 
140

Ce, 

3.0% of 
142

Ce and 73.2% of 
129

I. 

 

The detailed geometry definition of the LBE-cooled concept has been modelled using a 

total of 321 cells and 34 materials. Among them, five cells are evolving ones and three 

different regions have been considered. Other geometrical features are: 
 



Development of a computational tool for the simulation of innovative transmutation systems 

  -124- 

  

 10000 energy bins have been employed in the calculation of the neutron flux 

energy spectrum. 

 A burn-up of 50 years has been chosen to reasonably simulate the effects of high 

burn-ups in reactors with a realistic thermal power (several hundreds of MWth) 

but shorter cycle lengths. 

 The reactor core isotopic composition is considered constant during the whole 

irradiation period, with an also constant energy spectrum. Although the isotopic 

composition of the samples strongly changes, the possible self-shielding effect 

has not been accounted for in this study, so only one EVOLCODE2 cycle has 

been performed. This assumption is reasonable for the case of MOX moderation 

with fast spectrum, since the mean free path of the neutrons is large enough to 

disregard the self-shielding effect. On the contrary, for the case of ZrH2 

moderation, this effect is significant so the final isotopic composition of the 

samples will have a large uncertainty. However, the approximation is good 

enough for the estimation of the transmutation potential, which is the main 

objective of this study. 

 The lattice option has been explicitly used in this configuration due to the 

reactor symmetry. 

 The assumed densities have been 6.6 g/cm
3
 for the MA pins, 11.5 g/cm

3
 for the 

pure Tc pin and 5.3 g/cm
3
 for the cerium iodide. 

 

Special moderator pins with different materials were included in the SFA design for 

some cases to provide a local thermal neutron spectrum for MA transmutation. The 

irradiation without special moderation is called MOX moderation in this work. The 

materials of both moderator pins were graphite and zirconium hydride (ZrH2) bars. 

Simulations showed that the graphite moderation was not sufficient to produce 

significant changes on the reaction rates, so only results concerning MOX and ZrH2 

moderation will be discussed here. 

 

6.1.4. Results 

 

A series of tentative scenarios were calculated in order to obtain a first indication of the 

rate of isotopic change. From them, a reduced number of scenarios were chosen for 

complete simulation. The detailed isotopic composition of the SFA has been calculated 

in two different stages. The first one corresponds to the irradiation period and lasts up to 

50 years. The second stage is the cooling period, from year 50 until one million years. 

 

6.1.4.1. Transmutation of Am 

 

Two scenarios of transmutation of Am were analyzed in detail, including one MOX-

moderated (fast spectrum) in incore positions and one ZrH2 moderated (thermal 

spectrum) in the first dummy ring. 

 

Figure 57 shows the time evolution of the actinide mass in Am special fuel assemblies 

for the case of MOX moderated positions. Significant amount of 
241

Am is transformed 

into 
242

Am and 
242m

Am by neutron capture during irradiation, so it is required that the 

simulation system accounts for isomers. The explicit isomer treatment implemented in 
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EVOLCODE2 was described in section 3.5.2. 
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Figure 57. Isotopic time evolution of most 

relevant actinides from initial Am SFAs in 

MOX moderated positions. 
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Figure 58. Isotopic time evolution of most 

relevant actinides from initial Am SFAs in ZrH2 

moderated positions. 

 

Isotope 
Irradiation period (yr) Cooling decay after irradiation (yr) 

0 5 50 100 10000 1000000 

U234 0 1.39E-03 3.35E-02 9.81E-02 1.53E-01 9.38E-03 

Np237 0 5.30E-03 7.61E-03 2.16E-02 1.08E-01 8.20E-02 

Pu238 0 7.81E-02 1.17E-01 5.59E-02 5.87E-24 0.00E+00 

Pu239 0 3.15E-03 4.83E-02 4.88E-02 5.80E-02 7.37E-07 

Pu240 0 2.29E-03 5.50E-02 8.39E-02 2.97E-02 6.39E-09 

Pu241 0 5.52E-05 6.60E-03 7.01E-05 7.83E-06 0.00E+00 

Pu242 0 1.99E-02 5.20E-02 5.27E-02 5.53E-02 8.91E-03 

Am241 8.38E-01 6.67E-01 9.03E-02 8.28E-02 2.36E-04 0.00E+00 

Am242m 2.70E-03 2.26E-02 9.72E-03 5.94E-03 4.36E-24 0.00E+00 

Am243 1.60E-01 1.32E-01 4.23E-02 4.19E-02 1.65E-02 2.29E-07 

Cm242 0 1.18E-02 1.57E-03 1.55E-05 1.14E-26 0.00E+00 

Cm244 0 2.25E-02 3.08E-02 6.69E-04 0.00E+00 0.00E+00 

Cm245 0 1.19E-03 1.06E-02 1.05E-02 4.70E-03 0.00E+00 

Total
21

 1 9.71E-01 5.29E-01 5.29E-01 5.29E-01 5.29E-01 

Table 26. Evolution of isotope fractions for the Am special fuel assemblies in MOX moderated 

positions. 

 

The TRU transmutation reaches 47% at the end of the irradiation period, where mainly 

Am and Pu can be found in the fuel assembly (and a minor Cm content). Values appear 

in Table 26. It can be seen that the generation of 
238

Pu is large during irradiation (by 

means of radioactive decay of 
242

Cm, created by decay of 
242

Am), but it decays after 

irradiation to 
234

U by α decay. 
237

Np is also considerably generated in the cooling stage, 

by decay of the remaining 
241

Am. 

 

The time evolution of the actinide mass in Am special fuel assemblies for the case of 

ZrH2 moderated positions is displayed in Figure 58. Values are included in Table 27. In 

this case, the TRU transmutation is significantly larger, reaching a 21% after five 

irradiation years and almost 97% at the end of the irradiation stage. During irradiation, a 

considerable amount of Pu and Cm isotopes are generated, but they decay and/or are 

transmuted. At the end of the irradiation, the main TRU components are 
249

Cf, 

generated during irradiation by successive neutron captures and later decay of 
249

Cm 

and 
249

Bk, and some Cm higher mass isotopes. During the cooling stage, 
249

Cf and later 

                                                 
21

 This row represents the total fraction of actinides, including isotopes missing in the table. 
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its decay daughters following the chain 

 

249 245 241 241 237 ,Cf Cm Pu Am Np
  


     

 

are mainly the largest contributors to the mass amount, together with some isotopes 

with relatively long half-life (
246

Cm and 
243

Am, of the order of several thousands of 

years). 

 

Isotope 
Irradiation period (yr) Cooling decay after irradiation (yr) 

0 5 50 100 10000 1000000 

Np237 0 1.40E-03 2.30E-04 2.45E-04 6.24E-03 8.56E-03 

Pu238 0 2.99E-01 1.07E-03 4.89E-04 1.51E-28 0.00E+00 

Pu239 0 5.56E-02 2.76E-04 2.76E-04 2.47E-04 1.50E-06 

Pu240 0 8.33E-03 3.95E-05 1.99E-04 7.14E-05 1.12E-07 

Pu241 0 1.44E-02 9.97E-05 3.80E-06 9.02E-06 0.00E+00 

Pu242 0 4.62E-02 6.06E-05 1.43E-04 4.39E-03 9.10E-04 

Am241 8.38E-01 1.26E-01 1.37E-05 1.05E-04 2.72E-04 0.00E+00 

Am242m 2.70E-03 2.68E-03 2.51E-07 1.53E-07 1.13E-28 0.00E+00 

Am243 1.60E-01 8.19E-02 7.90E-05 7.83E-05 3.12E-05 4.66E-07 

Cm242 0 2.78E-02 2.36E-06 4.00E-10 2.94E-31 0.00E+00 

Cm244 0 8.17E-02 1.68E-04 3.65E-06 0.00E+00 0.00E+00 

Cm245 0 2.58E-02 1.33E-04 2.21E-03 5.42E-03 0.00E+00 

Cm246 0 4.35E-03 5.79E-03 5.71E-03 1.34E-03 0.00E+00 

Cf249 0 1.52E-06 1.16E-02 9.70E-03 3.04E-11 0.00E+00 

Total 1 7.95E-01 3.48E-02 3.48E-02 3.48E-02 3.48E-02 

Table 27. Evolution of isotope fractions for the Am special fuel assemblies in ZrH2 moderated 

positions. 

 

Comparing both irradiations, the ratio of TRU reduction (fraction between initial and 

final amounts of TRUs) is 15 times larger in the case of Am special fuel assembly with 

ZrH2 moderated spectrum. With this spectrum, significant amounts of Pu and Cm are 

generated during irradiation, but they are consumed during the same irradiation when 

the Am parents are exhausted. On the other hand, irradiation with thermal spectrum 

causes that isotopic composition is dominated after the irradiation by 
249

Cf and Cm 

isotopes with high mass (mainly 
247

Cm and 
248

Cm). 

 

6.1.4.2. Transmutation of Cm 

 

Three scenarios of Cm transmutation were studied in detail. Among them, one included 

the MOX moderated irradiation of Cm SFA in incore positions. In the other two cases, 

ZrH2 moderated Cm SFAs were located in incore and first dummy ring positions, 

respectively. 

 

The evolution of the actinide vector of initial Cm SFA in MOX moderated incore 

positions is shown in Figure 59 and Table 28. The TRU transmutation rises to 26% after 

five years of irradiation and to 83% after 50 irradiation years. During irradiation, some 

Pu isotopes (mainly 239 and 240) are generated and partially transmuted. After this 

stage, the composition of the TRUs is dominated by Pu isotopes and in lesser amount by 

the remaining Cm isotopes. After few thousand years, the largest contributor are 
236

U 
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and 
235

U, coming respectively from the α decay of 
240

Pu and 
239

Pu.  
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Figure 59. Isotopic time evolution of most 

relevant actinides from initial Cm SFAs in 

MOX moderated incore positions. 
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Figure 60. Isotopic time evolution of most 

relevant actinides from initial Cm SFAs in ZrH2 

moderated dummy positions. 

 

Isotope 
Irradiation period (yr) Cooling decay after irradiation (yr) 

0 5 50 100 10000 1000000 

U235 0 1.97E-05 3.45E-04 4.34E-04 8.56E-03 3.39E-02 

U236 0 4.48E-06 3.41E-04 1.17E-03 5.35E-02 7.96E-02 

Pu239 0 7.20E-02 2.87E-02 3.27E-02 2.53E-02 3.59E-06 

Pu240 0 1.70E-02 7.11E-02 8.19E-02 2.89E-02 3.23E-08 

Pu241 0 5.68E-04 1.07E-02 9.84E-05 5.84E-06 0.00E+00 

Pu242 0 1.73E-05 3.57E-03 3.74E-03 1.06E-02 2.04E-03 

Cm242 1.26E-02 6.67E-06 1.51E-04 7.17E-07 5.28E-28 0.00E+00 

Cm243 9.00E-01 5.30E-01 4.53E-03 4.19E-04 0.00E+00 0.00E+00 

Cm244 6.84E-02 8.77E-02 1.20E-02 2.62E-04 0.00E+00 0.00E+00 

Cm245 9.30E-03 1.35E-02 7.83E-03 7.79E-03 3.51E-03 0.00E+00 

Cm246 9.34E-03 9.20E-03 9.43E-03 9.30E-03 2.18E-03 0.00E+00 

Cm247 0 5.38E-04 2.51E-03 2.51E-03 2.51E-03 2.40E-03 

Cm248 0 1.09E-05 5.18E-04 5.18E-04 5.08E-04 6.74E-05 

Total 1 7.43E-01 1.72E-01 1.72E-01 1.72E-01 1.72E-01 

Table 28. Evolution of isotope fractions for the Cm special fuel assemblies in MOX moderated 

positions. 

 

Figure 60 shows the isotopic time evolution of ZrH2 moderated Cm SFAs located in the 

first dummy ring. The reduction in the total TRU mass rises to 93% after five years of 

irradiation and to 98.8% after the total irradiation time. Results are also shown in Table 

29. During irradiation, Pu isotopes (mainly 
238

Pu) are generated by α decay of Cm 

isotopes but also transmuted. The TRU content after irradiation is dominated (98%) by 
249

Cf. Again, the cooling period is dominated by this isotope and its decay daughters 

following the chain described in the previous section. 

 

The case of ZrH2 moderated Cm SFAs located in incore positions provides very similar 

results to those shown in Figure 60. 

 

Comparing both irradiations, the transmutation rate is also considerably higher in the 

case of the Cm special fuel assembly with ZrH2 moderated spectrum, with a TRU 

reduction ratio of 14.5. Similarly to the Am case, the isotopic composition after the 

irradiation in the case of thermal spectrum is dominated by 
249

Cf and Cm isotopes with 

high mass (mainly 
247

Cm and 
248

Cm). However, for the Cm case, the absolute amounts 

of the high mass Cm isotopes at the end of the irradiation period are indeed smaller for 
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the ZrH2 moderated spectrum, although their ratios are larger. 

 

Isotope 
Irradiation period (yr) Cooling decay after irradiation (yr) 

0 5 50 100 10000 1000000 

Np237 0 2.87E-06 2.80E-11 2.43E-07 5.35E-03 7.54E-03 

Pu238 0 8.00E-04 1.18E-10 6.27E-11 1.98E-34 0.00E+00 

Pu239 0 1.17E-04 1.85E-11 1.68E-10 1.02E-08 2.08E-08 

Pu240 0 2.88E-04 4.46E-10 6.91E-08 2.48E-08 1.83E-09 

Pu241 0 4.90E-04 9.35E-10 2.57E-06 8.19E-06 0.00E+00 

Pu242 0 7.82E-04 2.53E-08 1.96E-06 1.01E-04 2.11E-05 

Cm242 1.26E-02 2.29E-05 2.01E-11 5.24E-16 3.86E-37 0.00E+00 

Cm243 9.00E-01 1.42E-05 1.37E-12 1.27E-13 0.00E+00 0.00E+00 

Cm244 6.84E-02 3.93E-02 7.20E-08 1.56E-09 0.00E+00 0.00E+00 

Cm245 9.30E-03 4.98E-03 7.86E-06 1.91E-03 4.93E-03 0.00E+00 

Cm246 9.34E-03 1.77E-02 1.35E-04 1.33E-04 3.13E-05 0.00E+00 

Cm247 0 1.71E-03 1.46E-05 1.46E-05 1.46E-05 1.39E-05 

Cm248 0 1.78E-03 2.94E-05 2.94E-05 2.88E-05 3.82E-06 

Cf249 0 4.90E-04 1.08E-02 8.90E-03 2.79E-11 0.00E+00 

Total 1 7.02E-02 1.18E-02 1.18E-02 1.18E-02 1.18E-02 

Table 29. Evolution of isotope fractions for the Cm special fuel assemblies in ZrH2 moderated 

positions. 

 

6.1.4.3. Transmutation of 
99

Tc 

 

Concerning the long-lived fission products, it has been necessary that the simulation 

tool considers fission products as individual isotopes, which is the case of ORIGEN and 

EVOLCODE2. Additionally, the efficient calculation of the isotopic evolution with 

burn-up of fission products required the irradiation of a material without fissile isotopes. 

This feature is fully implemented in the EVOLCODE2 system. 

 

Two scenarios of 
99

Tc transmutation were analyzed in detail, including one MOX-

moderated (fast spectrum) in incore positions and one ZrH2 moderated (thermal 

spectrum) in the first dummy ring. 

 

Figure 61 shows the evolution of the mass of 
99

Tc during the 50-years irradiation and 

further decay up to a million years. The amount of 
99

Tc transmuted in this scenario is 

5% after five years of irradiation and 43% at the end of the irradiation period. During 

this stage, stable 
100

Ru is generated by neutron capture in 
99

Tc and later decay of 
100

Tc. 

The activation (by capture) of 
100

Ru produces first 
101

Ru and then 
102

Ru, both stable 

isotopes. The only variation during decay time is the increase in the stable 
99

Ru amount 

coming from the decay of 
99

Tc. 

 

The results for the ZrH2 moderated 
99

Tc SFA are shown in Figure 62. In this case, the 

transmutation factor is larger than in fast spectrum, reaching values of 15% at year five 

and 81% at the end of the irradiation period. Again, during the irradiation period 
100

Ru 

is generated and in the cooling period only the β
-
 decay of 

99
Tc occurs. 

 

Comparing both cases, 
99

Tc transmutation is approximately an 88% larger in the 

thermal ZrH2 moderated case. 
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Figure 61. Isotopic time evolution of isotopes 

from initial Tc-99 SFAs in MOX moderated 

incore positions. 
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Figure 62. Isotopic time evolution of isotopes 

from initial Tc-99 SFAs in ZrH2 moderated 

dummy positions. 

 

6.1.4.4. Transmutation of 
129

I 

 

Regarding the transmutation of 
129

I, two scenarios have been studied: one MOX-

moderated (fast spectrum) in incore positions and one ZrH2 moderated (thermal 

spectrum) in the first dummy ring. 

 

The evolution of the isotope vector of initial CeI3 SFA in MOX moderated incore 

positions is shown in Figure 63. The iodine transmutation reaches 3.5% after five years 

of irradiation time and 30% after the whole irradiation period. Stable 
130

Xe is generated 

in this stage by neutron capture of 
129

I and successive decay of 
130

I. Stable isotopes of Pr 

are also generated in this stage, but in minor amount. No significant changes in isotopic 

composition occur during the cooling period, with the exception of the small generation 

of stable 
129

Xe by decay of 
129

I. 
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Figure 63. Isotopic time evolution of isotopes 

from initial CeI3 SFAs in MOX moderated 

incore positions. 
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Figure 64. Isotopic time evolution of isotopes 

from initial CeI3 SFAs in ZrH2 moderated 

dummy positions. 

 

Figure 64 shows the isotopic evolution of initial CeI3 SFA with ZrH2 moderation 

located in dummy positions. The TRU transmutation factor rises to 14% after five years 

of irradiation time and 79% after the whole irradiation period. During this stage, some 

stable isotopes of Pr (from Ce) and Xe (from I) are generated and partially transmuted, 

but leading to very small amount of stable isotopes of Nd and Ba, respectively. 

 

The iodine transmutation rate is 2.6 times larger in the case of the ZrH2 moderated 

incore positions with thermal spectrum. The difference in the final isotopic composition 

of the sample is the creation of larger amounts of stable 
130

Xe and 
132

Xe with this 
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spectrum. 

 

In this calculation, it has been assumed that Xe remains in the position where it is 

produced and does not migrate to the plenums. 

 

6.1.5. Conclusions 

 

The possibility of heterogeneous transmutation in an accelerator driven subcritical 

system has been evaluated in this study, assessing its use to decrease the inventory of 

MA (Am and Cm) and fission products (
99

Tc and 
129

I). The irradiation of special fuel 

assemblies containing these materials has been simulated for different reactor locations 

and with different local moderation. 

 

The irradiation of the MOX-moderated fuel assemblies presents small transmutation 

rates, of few percents, after five years. For a long irradiation period of 50 years, the 

transmutation rates increase to 30-47% depending on the material, reaching 

transmutation reduction factors of 1.5-2. The only exception to these results is the case 

of the Cm assemblies, obtaining transmutation rates of 26% after an irradiation of five 

years and 83% after 50 years, with a final transmutation factor larger than five. 

 

The transmutation rates, in the case of ZrH2 local moderation, rise to ~15% for the case 

of Tc and iodine after an irradiation of five years and 21% for the Am special 

assemblies. Again, the transmutation rate is considerably larger for the Cm assemblies, 

rising a 93% at this period. For a full irradiation of 50 years, the transmutation rate for 

the considered fission products rises to ~80%, for a final transmutation factor close to 

five. In the case of the actinides, the transmutation rates are 97% and 98.8% (with 

transmutation factors of 42 and 83) for Am and Cm, respectively. 

 

The transmutation rates are highly enhanced when ZrH2 local moderation takes place 

instead of MOX moderation. The enhancement is very similar for both minor actinides 

for a factor close to 15. However, this enhancement is smaller for the fission products, 

for a factor of 2-3. 

 

The only disadvantage of thermal spectrum transmutation is that for some MA (Am in 

our study) the final isotopic composition is dominated in relative and absolute terms by 

high mass Cm isotopes and 
249

Cf (for Cm case, the final inventory is dominated by 
249

Cm only in relative terms), all of them with high probability of spontaneous neutron 

emission. 

 

6.2. Subcritical Assembly at Dubna 

 

One of the most specific aspects of the ADS is the external source of neutrons. In most 

cases, it consists of a charged particle accelerator producing neutrons by means of 

spallation in a target located near the centre of the subcritical core. The design of the 

spallation target implies a detailed assessment of different aspects such as the neutronic 

properties (neutron flux intensity and spectrum) and the spallation products distribution. 

EVOLCODE2 has been used in the frame of the Subcritical Assembly at Dubna (SAD) 

project to evaluate these parameters. 
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A clear need for the computational study of a spallation target is a simulation system 

able to track different (charged, neutron, photons) particles in the energy range between 

thermal and energies beyond 1 GeV using nuclear models or databases. Besides, the 

computational code has to include models for the proper simulation of the production of 

secondary residuals of the high energy reactions. One of the advantages of using 

EVOLCODE2 is that these models (and the processing of the data they need) are 

integrated in the code. 

 

Isotopes included in standard decay databases are those mainly appearing in nuclear 

reactors, that is, neutron rich fission products and activation products. However, 

spallation products cover both the proton rich and the neutron rich regions of the chart 

of nuclides. Therefore, many of them are not usually included in the decay databases. In 

order to solve this problem, the decay information of more than 1900 has been added to 

the ORIGEN standard decay database, requiring additionally the recompilation of the 

code to avoid exceeding the maximum array size. 

 

6.2.1. Introduction 

 

SAD project was officially called “Construction of the subcritical assembly with 

combined neutron spectra driven by proton accelerator at proton‟s energy 660 MeV for 

experiments on long lived fission products and minor actinides transmutation” [84]. It 

was intended to be the prototype of the future subcritical installations of an industrial 

scale. Projects related with it are now actively considered in all countries with 

developed nuclear power engineering. 

 

The purpose of this project was the design and construction of an experimental 

installation (SAD) on the basis of the accelerator of protons with energy 660 MeV and 

subcritical MOX blanket with uranium-plutonium fuel. 

 

SAD basic features were determined by the JINR Phasotron proton accelerator. SAD 

included a replaceable solid target and subcritical blanket with metal oxide (MOX) 

uranium-plutonium fuel for the implementation of the wide scientific program in the 

field of nuclear waste transmutation. The nominal power of the core was 15-20 kW. 

Rather modest proton current of accelerator (maximum value of 3.2 µA) and 

correspondingly, power released at the spallation target (0.5 kW), determined the net 

thermal power of the installation. The intended effective multiplication coefficient keff 

was 0.95. 

 

A sketch of the SAD facility design is shown in Figure 65. It was intended to be 

equipped with experimental channels enabling the installation and extraction of 

different detectors and isotopic samples in different parts of the subcritical assembly, 

the reflector and its shielding. 

 

Basic tasks intended to be solved during the project implementation were: 

 

 Design and construction of the experimental prototype of the subcritical 

assembly driven by proton accelerator for the subsequent realization of a wide 

research program. 
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 Study of the characteristics of neutron production in heavy element spallation 

targets, including: neutron yield, spectral and angular distributions, composition 

and properties of products of interaction of primary protons and nuclear cascade 

particles with the target. 

 Creation and test of techniques for measurements and monitoring of reactivity 

and neutron noises of the subcritical assembly. 

 Adjustment and test of relevant computer codes and databases used for 

calculations of the ADS characteristics. 

 

 
Figure 65. Layout of the SAD facility. 

 

6.2.2. Calculation setup 

 

The proton accelerator is coupled to the subcritical core by means of the spallation 

heavy element target. This target produces primary neutrons by the proton interaction 

with target nuclei
22

. It should be placed near the centre of the subcritical core and 

surrounded by fissile material in radial direction in order to ensure the optimal neutron 

utilisation and the minimization of losses requiring further shielding. 

 

An unavoidable consequence of the spallation process is the generation of new isotopes 

in the spallation target, which appear after the extraction of nucleons and other particles 

from the target nuclei by the collision. These new isotopes are termed spallation 

products and strictly talking they are defined as the produced isotopes that are different 

                                                 
22

 The spallation reaction and describing models are briefly described in Appendix A. 
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to the original nuclides of the target. The so-generated spallation products are function 

of the target material and their distribution (by atomic mass) exhibits a strong peak 

close to the target nuclei's mass. 

 

The spallation process can lead to the appearance of stable and radioactive spallation 

products. Most of the radioactive spallation products are short-lived, although a few of 

them are long-lived radioactive materials. For example, the spallation products from a 

lead target include the long-lived radioactive isotopes 
182

Hf, 
194

Hg and 
205

Pb, which 

have to be managed as nuclear waste. Concerning the short term, the irradiation causes 

the spallation target to be continuously emitting gamma rays and generating decay heat. 

As the SAD spallation target was designed to be replaced routinely, decay thermal 

power or activity could be a limiting factor when removing the spent target. The values 

of these parameters determine the method of extraction of the target, requiring a 

complicated or expensive extraction system and shielding in case that these values are 

large and limited time for cooling decay can be allocated. 

 

In order to fully understand this process, two different spallation targets (lead and 

tungsten) were proposed and the simulation of a simplified target was performed using 

three different high energy nuclear models (INCL4/ABLA, since it is one of the most 

preferred nuclear models in bibliography; Bertini/Dresner, because it is the nuclear 

model by default in MCNPX; and CEM2k, because it is a combined cascade-

evaporation model). The characteristics of the spallation target design employed in the 

simulations were: 
 

 Protons energy of 660 MeV and beam power of 1 kW. 

 Irradiation time of 1000 hours. 

 Two different targets materials, Pb or W. 

 Target length of 60 cm and diameter of 16.5 cm (Pb) and 10 cm (W). 

 Diameter of beam cross section of 22 mm. 

 

In this Ph. D., only results concerning the lead target will be shown. 

 

6.2.3. Implementation method 

 

In order to simulate the whole process with the aim of estimating the heat release and 

the activity of the spallation target after the irradiation, it is necessary to select the 

proper simulation code and databases. In this case, on the contrary to other types of 

neutronic simulations, the activation and spallation products are assumed to be 

generated during the irradiation. This feature is not yet totally implemented in 

EVOLCODE2. Its finalization is considered for future work. Nevertheless, the 

simulation has been semi-automatically carried out by EVOLCODE2 with the aid of 

other codes (MCNPX version 2.5e and ORIGEN2.2 for fast spectra, both implemented 

in EVOLCODE2) following the next method: 

 

1) Calculation of the spallation products generation rate by MCNPX. Besides the 

spallation products generation, the spallation phenomenon creates a neutron field 

irradiating the target, which is taken into account in this stage. 
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2) Creation of the one-group effective cross sections library for ORIGEN by 

EVOLCODE2, using the neutron spectra existing in the spallation target. 

3) The possible secondary activation of the target spallation products is taken into 

account while the continual spallation products generation is applied. ORIGEN 

has been used to perform the calculations, with the libraries of point 2. 

4) Calculation of the final target isotopic composition after the irradiation of the 

target and further decay. 

 

In a first step, results were obtained taking into account the standard ORIGEN decay 

database, including more than 1300 different isotopes. Nevertheless, many of the 

spallation products are β+ emitters with a high excess of protons with respect to the 

stable isotopes, having a short or a very short half-life. This kind of special isotopes has 

a negligible production probability in traditional light water reactors as they are neither 

created by activation of materials nor as fission products. As ORIGEN (and most other 

depletion codes) was principally intended for use in generating spent fuel of traditional 

reactors, this kind of β+ emitters were not included in their decay database. To solve 

this lack of information, taking into account every spallation product, the information of 

more than 1900 additional isotopes
23

 was added to this database, creating the so-called 

extended database. However, the new amount of isotopes exceeded the maximum length 

of the ORIGEN internal arrays. Hence, it was necessary to modify its FORTRAN 

source and to recompile it. 

 

The library extension was fully assimilated by EVOLCODE2, although there is no 

transport information for the new isotopes. Thus, it must be supposed that the creation 

of the short lived spallation products does not influence the neutronics of the system. 

Besides, only radioactive decay is allowed for some of these spallation products since 

neither transport nor activation information is available for them. 

 

6.2.4. Results 

 

Different simulations were performed in order to fully understand the behaviour of the 

spallation target after the proton irradiation. Three different nuclear models were used 

for the lead target and the simulations were carried out using the standard and the 

extended databases. MCNPX (with the ENDF-VI library) provided the models results, 

including the spallation products generation rate and the neutron flux, which were 

different for each model. 

 

6.2.4.1. Neutron flux energy spectra 

 

The energy spectra of the neutron flux for the three different nuclear models are shown 

in Figure 66, averaged for the whole target. These spectra are normalized to the total 

neutron fluence per source proton (for each model). A significant difference in the three 

energy spectra can be seen in the figure. These differences appear because the main 

objective of these models is the simulation of collision of particles with very high 

energy, and the generation of neutrons with so low energy is only of secondary 

importance. To solve this inconvenience, another MCNPX simulation was performed 

                                                 
23 NuDat 2.1 database. National Nuclear Data Center. Brookhaven National Laboratory, USA. 
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for each nuclear model. In these new simulations, the Mix & Match option was turned 

on. It consists in the use of library tables when available up to their upper energy limit 

and the nuclear models for energies above this limit. Results are shown in Figure 67. A 

more reliable result can be found with the Mix & Match option active, since the energy 

spectra are similar for the three nuclear models. Small differences can be found as a 

consequence of the different treatment of the spallation for energies above 20 MeV, 

upper limit of the library tables. 

 

 
Figure 66. Energy spectrum of the neutron flux applying the different nuclear models to the 

whole energy range. 

 

 
Figure 67. Energy spectrum of the neutron flux applying the Mix & Match option: library tables 

are applied when available up to their upper limit and nuclear models above. 

 

6.2.4.2. Spallation products 

 

The spallation product generation rate was calculated applying the Mix & Match option, 

although very small differences would appear if this option is turned off, since 

spallation at energies below the upper library tables limit (20 MeV) are negligible. For 

the three nuclear models, the generation rate of approximately 2000 spallation products 

was obtained. Figure 68 shows the spallation products generation rate summed by 

element. A certain difference in the generation rates from the three models can be seen 

in the figure, coming from the different treatment of the spallation process made by 

each nuclear model. 



Development of a computational tool for the simulation of innovative transmutation systems 

  -136- 

  

 

The amounts of the main isotopes having an impact in the fuel cycle relevant parameters 

will be shown in the corresponding tables in the forthcoming subsection. 
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Figure 68. Spallation products generation rate for the different nuclear models applying the Mix 

& Match option. 

 

6.2.4.3. Fuel cycle relevant parameters 

 

With the previous data, EVOLCODE2 can compute the continuous production, decay 

and transmutation of the generated spallation products for the estimation of the decay 

thermal power and activity of the spallation target after irradiation. 

 

The first difference coming from the different models is the total amount (and total rate) 

of spallation products produced. Regarding the standard database, INCL4/ABLA model 

generates a total mass of 4.16·10
-2

 g of spallation products after the irradiation, 

Bertini/Dresner model generates 4.11·10
-2

 g and the CEM2k model, a total mass of 

3.76·10
-2

 g (discrepancy around 10% between models). Table 30 shows the mass of the 

most relevant isotopes (with a mass larger than 3% for each table in the ORIGEN output 

file) for each nuclear model when the standard database is applied. Some differences 

can be found for the different models. 

 

The total amount of spallation products generated by the different models using the 

extended database is as follows: INCL4/ABLA model generates a total amount of 

4.95·10
-2

 g of spallation products after the irradiation, Bertini/Dresner model generates 

4.87·10
-2

 g and the CEM2k model, a total amount of 4.45·10
-2

 g (with a maximum 

discrepancy between models around 10%). With the information of more than 1900 

additional isotopes, the total mass of spallation products is larger in every studied case, 

approximately 15% larger than with the standard database. In Table 31, the mass of the 

most relevant isotopes is shown for each nuclear model when the extended database is 

applied to the simulation. The increase in the total amount of spallation products comes, 

on one hand, directly from the appearance of new isotopes in the extended database and, 

on the other hand, from an increase in the mass of existing isotopes. This increase is due 

to the introduction of other isotopes in the extended database (from a region of the 

nuclide chart far from the stability region). These isotopes (for example, such as 
184

Ir, 
184

Pt, 
184

Au) are now taken into account and their successive decay finally leads to 

existing spallation products (in the example, to 
184

Os). 
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INCL4/ABLA Bertini/Dresner CEM2k 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g) 

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g) 

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g) 

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Zn72 7.21E-08 2.02E-09 Zn72 7.10E-08 1.99E-09 Zn72 2.40E-08 6.72E-10 

Ga72 5.63E-08 2.59E-13 Ga72 3.28E-08 8.64E-10 Ga72 2.65E-08 2.92E-10 

As78 6.69E-09 <1E-20 As78 3.85E-09 <1E-20 As78 4.19E-09 <1E-20 

Br82 1.83E-07 1.65E-09 Br82 4.53E-08 4.08E-10 Br82 1.42E-07 1.27E-09 

Br84 2.62E-09 <1E-20 Br84 1.35E-09 <1E-20 Br84 1.31E-09 <1E-20 

Rb86 2.55E-06 1.76E-06 Rb86 7.62E-07 5.25E-07 Rb86 3.22E-06 2.22E-06 

Rb88 2.66E-09 <1E-20 Rb88 8.73E-10 <1E-20 Rb88 1.22E-09 <1E-20 

Sr89 7.30E-06 6.37E-06 Sr89 2.54E-06 2.22E-06 Sr89 5.42E-06 4.72E-06 

Sr92 1.42E-08 <1E-20 Sr92 6.04E-09 <1E-20 Sr92 5.94E-09 <1E-20 

Y90 5.39E-07 4.12E-08 Y90 1.15E-07 9.14E-09 Y90 6.13E-07 4.65E-08 

Y91 7.13E-06 6.37E-06 Y91 2.32E-06 2.08E-06 Y91 5.87E-06 5.23E-06 

Y92 4.72E-08 <1E-20 Y92 1.34E-08 <1E-20 Y92 2.36E-08 <1E-20 

Zr89 1.78E-07 2.13E-08 Zr89 1.34E-07 1.61E-08 Zr89 4.92E-07 5.90E-08 

Zr95 7.16E-06 6.43E-06 Zr95 2.15E-06 1.93E-06 Zr95 3.08E-06 2.76E-06 

Nb92 8.13E-07 4.11E-07 Nb92 3.93E-07 1.99E-07 Nb92 1.40E-06 7.07E-07 

Nb95 5.33E-06 5.04E-06 Nb95 1.26E-06 1.24E-06 Nb95 6.73E-06 5.81E-06 

Nb96 2.27E-07 1.83E-10 Nb96 4.53E-08 3.65E-11 Nb96 2.23E-07 1.80E-10 

Mo99 3.96E-07 3.19E-08 Mo99 1.11E-07 8.91E-09 Mo99 2.49E-07 2.00E-08 

Tc99 1.01E-05 1.05E-05 Tc99 3.11E-06 3.27E-06 Tc99 7.87E-06 7.92E-06 

Tc99M 3.17E-08 2.80E-09 Tc99M 1.17E-08 1.04E-09 Tc99M 1.99E-08 1.76E-09 

Tc102 1.74E-11 <1E-20 Tc102 5.10E-12 <1E-20 Tc102 1.13E-11 <1E-20 

Tc104 1.67E-09 <1E-20 Tc104 6.79E-10 <1E-20 Tc104 8.54E-10 <1E-20 

Ru102 1.49E-05 1.49E-05 Ru102 4.40E-06 4.41E-06 Ru102 1.42E-05 1.42E-05 

Ru103 4.47E-06 3.75E-06 Ru103 1.62E-06 6.22E-07 Ru103 2.87E-06 2.41E-06 

Rh103M 4.00E-09 3.35E-09 Rh103M 1.45E-09 1.21E-09 Rh103M 2.57E-09 2.15E-09 

Rh105 6.05E-07 5.93E-09 Rh105 2.20E-07 2.16E-09 Rh105 5.89E-07 5.58E-09 

Pd108 9.26E-06 9.26E-06 Pd108 3.67E-06 3.67E-06 Pd108 7.46E-06 7.46E-06 

Ag111 1.86E-06 7.33E-07 Ag111 7.23E-07 2.85E-07 Ag111 1.20E-06 4.75E-07 

Ag112 2.52E-08 3.10E-12 Ag112 1.14E-08 2.24E-12 Ag112 1.53E-08 1.38E-12 

Ag113 3.00E-08 <1E-20 Ag113 1.58E-08 <1E-20 Ag113 1.78E-08 <1E-20 

Cd113 7.00E-06 7.03E-06 Cd113 3.12E-06 3.13E-06 Cd113 5.47E-06 5.49E-06 

Ta178 - - Ta178 - - Ta178 - - 

W178 - - W178 - - W178 - - 

Re182 - - Re182 - - Re182 - - 

Re183 - - Re183 - - Re183 - - 

Os185 4.57E-06 4.25E-06 Os185 8.64E-06 8.03E-06 Os185 1.95E-06 1.81E-06 

Ir185 - - Ir185 - - Ir185 - - 

Ir186 - - Ir186 - - Ir186 - - 

Ir188 - - Ir188 - - Ir188 - - 

Ir189 - - Ir189 - - Ir189 - - 

Pt185 - - Pt185 - - Pt185 - - 

Pt188 - - Pt188 - - Pt188 - - 

Table 30. Mass of the most relevant spallation products for the standard database and for every 

model. Isotopes with symbol „-„ were not included in the standard database. 
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INCL4/ABLA Bertini/Dresner CEM2k 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Pt191 2.16E-06 2.15E-07 Pt191 2.27E-06 2.25E-07 Pt191 1.67E-06 1.66E-07 

Au187 - - Au187 - - Au187 - - 

Au192 - - Au192 - - Au192 - - 

Au193 - - Au193 - - Au193 - - 

Au198 1.99E-06 1.52E-07 Au198 1.56E-06 1.19E-07 Au198 1.21E-06 9.23E-08 

Au200 1.54E-08 <1E-20 Au200 1.06E-08 <1E-20 Au200 5.89E-09 <1E-20 

Hg197 1.26E-05 9.73E-07 Hg197 1.13E-05 8.74E-07 Hg197 8.59E-06 6.64E-07 

Hg203 5.11E-05 4.41E-05 Hg203 4.62E-05 3.98E-05 Hg203 2.07E-05 1.78E-05 

Hg205 4.80E-09 <1E-20 Hg205 4.72E-09 <1E-20 Hg205 5.87E-10 <1E-20 

Hg206 - - Hg206 - - Hg206 - - 

Tl196 - - Tl196 - - Tl196 - - 

Tl197 - - Tl197 - - Tl197 - - 

Tl198 - - Tl198 - - Tl198 - - 

Tl199 - - Tl199 - - Tl199 - - 

Tl200 - - Tl200 - - Tl200 - - 

Tl201 - - Tl201 - - Tl201 - - 

Tl202 - - Tl202 - - Tl202 - - 

Tl203 4.88E-04 4.95E-04 Tl203 5.37E-04 5.43E-04 Tl203 4.20E-04 4.23E-04 

Tl204 5.31E-04 5.28E-04 Tl204 5.16E-04 5.13E-04 Tl204 3.76E-04 3.74E-04 

Tl205 6.83E-04 6.83E-04 Tl205 7.68E-04 7.68E-04 Tl205 4.07E-04 4.07E-04 

Tl206 5.91E-08 <1E-20 Tl206 5.83E-08 <1E-20 Tl206 1.33E-16 <1E-20 

Tl207 5.91E-08 <1E-20 Tl207 5.25E-08 <1E-20 Tl207 1.12E-08 <1E-20 

Tl208 9.15E-09 <1E-20 Tl208 2.42E-11 <1E-20 Tl208 5.81E-10 <1E-20 

Pb199 - - Pb199 - - Pb199 - - 

Pb200 - - Pb200 - - Pb200 - - 

Pb201 - - Pb201 - - Pb201 - - 

Pb203 - - Pb203 - - Pb203 - - 

Pb204 3.06E-03 3.07E-03 Pb204 2.96E-03 2.96E-03 Pb204 2.80E-03 2.80E-03 

Pb205 3.15E-03 3.15E-03 Pb205 2.95E-03 2.95E-03 Pb205 2.82E-03 2.82E-03 

Pb206 9.31E-03 9.31E-03 Pb206 1.02E-02 1.02E-02 Pb206 9.40E-03 9.40E-03 

Pb207 7.73E-03 7.73E-03 Pb207 7.62E-03 7.62E-03 Pb207 6.91E-03 6.91E-03 

Pb208 1.49E-02 1.49E-02 Pb208 1.41E-02 1.41E-02 Pb208 1.30E-02 1.30E-02 

Pb209 2.25E-10 <1E-20 Pb209 2.57E-14 <1E-20 Pb209 2.44E-14 <1E-20 

Bi205 - - Bi205 - - Bi205 - - 

Bi206 - - Bi206 - - Bi206 - - 

Bi208 1.93E-05 1.93E-05 Bi208 2.54E-06 2.54E-06 Bi208 2.38E-05 2.38E-05 

Table 30 (continued). 

 

Concerning the relevant magnitudes of the fuel cycle, Figure 69 shows the values of the 

activity of the lead target during the cooling decay for both the standard (dashed lines) 

and extended (solid lines) databases and for every model. Figure 70 displays the 

corresponding results for the thermal power. Figures show that there is a significant 

increase in the values of activity and thermal power for every model, larger than an 

order of magnitude in most time steps, when applying the extended database. This 

means that, although the increase in the total mass of the spallation products due to the 
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introduction of the extended database was only of around 15%, the activity and thermal 

power provided by the new spallation products is very large. 

 
INCL4/ABLA Bertini/Dresner CEM2k 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Zn72 7.21E-08 2.02E-09 Zn72 7.10E-08 1.99E-09 Zn72 2.40E-08 6.72E-10 

Ga72 5.63E-08 8.77E-10 Ga72 3.28E-08 8.64E-10 Ga72 2.65E-08 2.92E-10 

As78 6.69E-09 <1E-20 As78 3.85E-09 <1E-20 As78 4.19E-09 <1E-20 

Br84 2.62E-09 <1E-20 Br84 1.35E-09 <1E-20 Br84 1.31E-09 <1E-20 

Sr89 7.30E-06 6.37E-06 Sr89 2.54E-06 2.22E-06 Sr89 5.42E-06 4.72E-06 

Y91 8.81E-06 7.89E-06 Y91 2.60E-06 2.33E-06 Y91 7.21E-06 6.43E-06 

Zr95 1.70E-06 1.52E-06 Zr95 4.57E-07 4.10E-07 Zr95 3.98E-06 3.57E-06 

Mo99 9.59E-07 7.71E-08 Mo99 2.58E-07 2.07E-08 Mo99 6.93E-07 5.57E-08 

Tc99 1.48E-05 1.58E-05 Tc99 4.04E-06 4.30E-06 Tc99 1.40E-05 1.47E-05 

Tc99M 7.66E-08 6.78E-09 Tc99M 2.06E-08 1.82E-09 Tc99M 5.53E-08 4.89E-09 

Tc102 1.74E-11 <1E-20 Tc102 5.10E-12 <1E-20 Tc102 1.13E-11 <1E-20 

Tc104 1.67E-09 <1E-20 Tc104 6.79E-10 <1E-20 Tc104 8.54E-10 <1E-20 

Ru102 1.50E-05 1.51E-05 Ru102 4.46E-06 4.50E-06 Ru102 1.44E-05 1.45E-05 

Ru103 8.91E-06 7.47E-06 Ru103 2.36E-06 1.98E-06 Ru103 6.45E-06 5.41E-06 

Rh103M 4.38E-08 3.69E-08 Rh103M 8.10E-09 6.83E-09 Rh103M 3.47E-08 2.92E-08 

Rh105 6.05E-07 5.93E-09 Rh105 2.20E-07 2.16E-09 Rh105 5.89E-07 5.58E-09 

Pd108 9.26E-06 9.26E-06 Pd108 3.67E-06 3.67E-06 Pd108 7.46E-06 7.46E-06 

Ag111 1.86E-06 7.33E-07 Ag111 7.23E-07 2.85E-07 Ag111 1.20E-06 4.75E-07 

Ag112 2.52E-08 3.10E-12 Ag112 1.14E-08 2.24E-12 Ag112 1.53E-08 1.38E-12 

Ag113 3.00E-08 <1E-20 Ag113 1.58E-08 <1E-20 Ag113 1.78E-08 <1E-20 

Ta178 6.97E-09 4.99E-09 Ta178 1.41E-08 1.01E-08 Ta178 1.86E-08 1.35E-08 

W178 2.30E-05 1.67E-05 W178 4.68E-05 3.40E-05 W178 6.23E-05 4.53E-05 

Re182 8.30E-06 9.34E-07 Re182 1.30E-05 1.45E-06 Re182 1.52E-05 1.73E-06 

Re183 8.63E-05 8.00E-05 Re183 1.41E-04 1.31E-04 Re183 1.33E-04 1.24E-04 

Os185 1.27E-04 1.21E-04 Os185 1.64E-04 1.56E-04 Os185 1.47E-04 1.40E-04 

Ir185 2.11E-05 3.03E-05 Ir185 3.67E-06 3.68E-11 Ir185 3.41E-06 3.50E-11 

Ir186 5.50E-08 8.77E-09 Ir186 5.06E-06 2.58E-10 Ir186 4.96E-06 2.58E-10 

Ir188 1.15E-05 6.37E-06 Ir188 1.40E-05 7.59E-06 Ir188 1.32E-05 7.59E-06 

Ir189 8.13E-05 5.00E-05 Ir189 9.15E-05 5.62E-05 Ir189 8.45E-05 5.20E-05 

Pt185 1.97E-07 <1E-20 Pt185 1.76E-07 <1E-20 Pt185 2.42E-07 <1E-20 

Pt188 6.19E-05 3.14E-05 Pt188 7.37E-05 3.74E-05 Pt188 7.39E-05 3.75E-05 

Pt191 2.10E-05 2.18E-06 Pt191 2.38E-05 2.48E-06 Pt191 1.90E-05 1.98E-06 

Au187 2.41E-08 <1E-20 Au187 1.53E-08 <1E-20 Au187 2.54E-08 <1E-20 

Au192 1.29E-06 5.69E-20 Au192 1.57E-06 7.64E-20 Au192 1.23E-06 6.49E-20 

Au193 4.63E-06 4.42E-10 Au193 5.35E-06 5.13E-10 Au193 3.79E-06 3.67E-10 

Hg197 1.26E-05 9.73E-07 Hg197 1.13E-05 8.74E-07 Hg197 8.59E-06 6.64E-07 

Hg201 1.06E-04 1.06E-04 Hg201 8.92E-05 8.92E-05 Hg201 6.45E-05 6.45E-05 

Hg202 9.05E-05 9.05E-05 Hg202 1.00E-04 1.00E-04 Hg202 5.62E-05 5.62E-05 

Hg203 5.50E-05 4.41E-05 Hg203 4.99E-05 4.30E-05 Hg203 2.14E-05 1.85E-05 

Table 31. Mass of the most relevant spallation products for the extended database and for every 

model. 
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INCL4/ABLA Bertini/Dresner CEM2k 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Isotope 

Mass 
after 

1000 h of 
Irradiation 

(g)  

Mass 
after 10 
days of 
cooling 
decay 

(g) 

Hg206 4.29E-09 <1E-20 Hg206 3.87E-09 <1E-20 Hg206 1.68E-06 1.68E-06 

Tl196 1.08E-06 <1E-20 Tl196 1.12E-06 <1E-20 Tl196 1.19E-06 <1E-20 

Tl197 2.12E-06 <1E-20 Tl197 2.01E-06 <1E-20 Tl197 1.99E-06 <1E-20 

Tl198 5.18E-06 1.89E-19 Tl198 4.76E-06 1.70E-19 Tl198 4.48E-06 1.67E-19 

Tl199 9.64E-06 2.06E-15 Tl199 7.80E-06 1.62E-15 Tl199 6.85E-06 1.43E-15 

Tl200 4.53E-05 2.73E-07 Tl200 3.61E-05 2.05E-07 Tl200 3.00E-05 1.73E-07 

Tl201 1.71E-04 1.94E-05 Tl201 1.21E-04 1.35E-05 Tl201 9.90E-05 1.11E-05 

Tl202 1.59E-04 9.00E-05 Tl202 1.52E-04 8.62E-05 Tl202 1.19E-04 6.74E-05 

Tl203 2.83E-03 3.01E-03 Tl203 2.04E-03 2.16E-03 Tl203 1.73E-03 1.83E-03 

Tl206 6.13E-08 <1E-20 Tl206 6.03E-08 <1E-20 Tl206 2.21E-08 <1E-20 

Pb199 1.33E-06 <1E-20 Pb199 8.29E-07 <1E-20 Pb199 7.92E-07 <1E-20 

Pb200 2.71E-05 1.18E-08 Pb200 1.98E-05 8.64E-09 Pb200 1.68E-05 7.34E-09 

Pb201 1.69E-05 3.10E-13 Pb201 1.00E-05 1.87E-13 Pb201 8.29E-06 1.55E-13 

Pb203 1.91E-04 7.82E-06 Pb203 1.23E-04 5.07E-06 Pb203 1.06E-04 4.39E-06 

Pb204 3.14E-03 3.14E-03 Pb204 3.04E-03 3.04E-03 Pb204 2.87E-03 2.87E-03 

Pb205 3.19E-03 3.20E-03 Pb205 3.00E-03 3.02E-03 Pb205 2.86E-03 2.88E-03 

Pb206 9.36E-03 9.37E-03 Pb206 1.03E-02 1.03E-02 Pb206 9.45E-03 9.46E-03 

Pb207 7.73E-03 7.73E-03 Pb207 7.62E-03 7.62E-03 Pb207 6.91E-03 6.91E-03 

Pb208 1.49E-02 1.49E-02 Pb208 1.41E-02 1.41E-02 Pb208 1.30E-02 1.30E-02 

Bi205 3.15E-05 2.00E-05 Bi205 4.12E-05 2.62E-05 Bi205 3.78E-05 2.40E-05 

Bi206 1.36E-05 4.53E-06 Bi206 1.33E-05 4.39E-06 Bi206 1.31E-05 4.32E-06 

Table 31 (continued). 
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Figure 69. Activity of the lead spallation target after the irradiation due to the spallation 

products. 

 

In particular, for INCL4/ABLA model, there is an increment, when applying the 

extended database, of 770% to 2500% in the value of the activity and the thermal 

power, depending on the time step, with regard to the standard database. The activity 

increases between 1100% and 3200% in the case of the Bertini/Dresner model. The total 

thermal power increases between 1100% and 4900% for this model. For the CEM2k 

model, there is an increase between 1100% and 2800% in the activity and between 



Chapter 6. Application to fuel cycle problems 

  -141- 

 

2000% and 3700% in the thermal power, depending on the time step, when applying the 

extended database regarding the standard database. 
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Figure 70. Thermal power of the lead spallation target after the irradiation due to the spallation 

products. 

 

Considering calculations with the standard library alone, there is a discrepancy of about 

a factor two between the nuclear models in the activity and the thermal power 

estimations. Concerning individual contributors, the largest one to the activity and the 

thermal power at short term is thallium (
206

Tl for both magnitudes and also 
207

Tl for the 

activity) for all the models, with more than 25% of the total. At long-term, there are 

many significant contributors to the activity, although 
203

Hg can be highlighted as the 

largest, with approximately 10% to 30% of the total, depending on the model. For the 

thermal power at long term, both 
203

Hg and 
95

Nb/
95

Zr can be highlighted, with 

approximately a 20% of the total value. 

 

Using the extended database, at short term, the largest contributors to the activity are the 

isotopes of thallium and lead as can be seen at Figure 71, with more than 50% of the 

total. At long term, the largest contributors to the activity are isotopes of iridium and 

platinum, with approximately a 30% of the total for all the models. Many of these 

isotopes come from the radioactive decay of the β+ chain of other proton rich isotopes, 

besides their own direct presence as spallation products. Many of the isotopes from this 

chain were not considered in the standard database, so their contribution (and the 

contribution of their daughters) was neglected, explaining the large differences between 

libraries in Figure 70. 

 

For the thermal power at short term, with the extended database, isotopes of thallium 

are the largest contributors, with a different percent of the total depending on the model 

(30% for the INCL4/ABLA model, 26% for Bertini/Dresner and 21% for CEM2k 

model). For the long term, isotopes of iridium and platinum are the largest contributors 

to the thermal power, with a total contribution larger than 50% of the total for all the 

nuclear models. Again, many of these isotopes were not considered in the standard 

database, so their contribution (and the contribution of their daughters) was neglected. 
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Figure 71. Main contributors to the activity for the INCL4/ABLA model with the extended 

database. 
 

 

6.2.5. Discussion and conclusions 

 

One of the essential parts of an ADS is the spallation target serving as the external 

neutron source. In particular, its neutronic properties and the build-up and decay of the 

spallation products have a strong impact in the behaviour of the subcritical system and 

in the waste management. 

 

EVOLCODE2 results have highlighted the necessity of using the extended libraries for 

the simulations of the spallation products generation in the target, since a large 

underestimation of the fuel cycle relevant magnitudes, more than an order of magnitude 

in activity or decay heat, could be made with the standard library. 

 

Concerning the different nuclear models, differences in the results come from the fact 

that these models provide different neutron flux spectra and intensity, and different 

spallation products production cross sections. These differences should be understood as 

calculation uncertainties because it is difficult to select the correct nuclear models 

among others for this specific nuclear problem. It is then recommendable to select the 

most conservative result in order to avoid thermal power problems when manipulating 

the irradiated spallation target. New measurements and model validations are ongoing 

to reduce this uncertainty [85]. 

 

6.3. RED-IMPACT 

 

The RED-IMPACT project was performed to assess the impact of P&T on the final 

nuclear waste disposal. For that, the project required the calculation of the isotopic 

composition of all the waste streams and activations of a whole nuclear reactor after a 

high burn-up. This provided a unique opportunity to demonstrate the full potential of 

EVOLCODE2. In order to do it, it has been necessary to fully implement the 3D reactor 

design and divide the whole irradiation period in successive cycles for gaining accuracy 

in the calculation. 
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As it will be described below, the isotopic composition of the nuclear waste is crucial 

for the assessment of its long-term impact. Although emphasis is usually placed in the 

HLW composition (appearing in the irradiated fuel), the impact of low- and 

intermediate-level waste is also a matter of concern in this project. Therefore, a 

simulation tool providing, simultaneously, accurate and reliable results of the isotopic 

composition of the spent fuel and specific results of other waste sources, such as fuel 

impurities irradiation or structural material activation is required. In particular, some 

specific calculations concerning the ADS spallation system have also been implemented 

to estimate the waste streams coming from this component. However, the details of the 

methodology used by EVOLCODE2 in this matter are treated in section 6.2, focused in 

spallation issues. 

 

6.3.1. Introduction 

 

The RED-IMPACT project was performed under the auspicious of the Sixth Framework 

Programme of the European Union. Its main objective was to assess the “Impact of 

Partitioning, Transmutation and Waste Reduction Technologies on the Final Nuclear 

Waste Disposal”. Other objectives of this 3-year project were to assess economic, 

environmental and societal costs/benefits of P&T; and to disseminate results of the 

study to stakeholders (scientific, general public and decision makers) [86]. 

 

Scenario A1 Scenario A2 Scenario A3

Scenario B1 Scenario B2 Scenario B3

 
Figure 72. Schematic view of RED-IMPACT scenarios. 

 

For the completion of these objectives, several representative fuel cycles scenarios were 

selected for which the different parameters of interest were assessed. These scenarios 

are schematically shown in Figure 72 and described below. The choice of these 

scenarios was based on an overview of previous studies of P&T/C strategies performed 

in different EU framework programmes, NEA/OECD and other international 

organizations, taking into account the current national waste management policies of the 

different EU countries. The choice of scenarios was repository driven looking for a 

good representativity of the different (primary and secondary) waste streams appearing 

in scenarios discussed in different EU countries. They were not chosen to be necessarily 

the best choices for any particular country or condition and not a proposal of cycles to 



Development of a computational tool for the simulation of innovative transmutation systems 

  -144- 

  

be implemented. They described, however, coherent scenarios and should provide 

detailed information of the consequences of the key choices for the advanced fuel cycles 

and their waste management. In addition, a subset with the so-called "industrial 

scenarios" was chosen after the feedback of the whole collaboration, and was 

consequently reevaluated and redefined, to make sure that they involved present 

practices or immediately deployable technologies. 

 

The final scenarios selection included three industrial scenarios, currently deployed in 

the nuclear power park or feasible at short-term, and two innovative scenarios, expected 

to be deployed at medium- or long-term. Concerning the industrial scenarios, Scenario 

A1, the open cycle with LWR, was chosen as a reference for all the advanced cycles. It 

represented the present implementation on most countries with nuclear energy 

generation of electricity (except for the final deep repository solution). Scenario A2 

described the only present commercial implementation of actinide recycling. It 

consisted in the generation of energy in LWR and the recycling of Pu, only once, in the 

form of MOX also in LWR. The largest interest of Scenario A3 was the evaluation of 

the impact of the introduction of nuclear systems with fast neutron spectrum, but only 

for the Pu reutilization. Although no such reactor/cycle had been operated, the tests of 

sodium cooled reactors of significant power allowed the consideration of readiness for 

this kind of systems as close to deployment. 

 

Regarding innovative scenarios, Scenario B1 represented a Gen IV solution for 

sustainable nuclear energy production with waste minimization based on an Integral 

Fast Reactor. The fast reactors were configured with MOX fuel in the core and axial and 

radial blankets, where the MOX included Pu and MA homogeneously mixed. Scenario 

B2 was similar to the scenario A2 but with the introduction of a “second strata”, based 

on a fast spectrum ADS, able to transmute the remaining Pu and MA into fission 

fragments. It concentrated the new technology (new reactors, reprocessing and fuel 

fabrication) in a relatively small part (in terms of mass flows) of the fuel cycle. This 

second strata operated with continuous recycling of the main actinides (U, Pu, Np, Am 

and Cm). Other scenario, considered for its study, was Scenario B3, which consisted in 

a double strata scenario with LWR with UO2 and MOX, and fast reactors with Pu 

recycling in the first stratum, and ADS with a MA burning strategy in the second one. 

This scenario was an alternative for the study of innovative strategies but no new 

calculations were made within that project, and results were based on NEA studies [9]. 

 

In the selection of the main parameters defining these scenarios, a homogenization 

effort was made for those parameters more directly linked to the waste stream 

characteristics. The most important parameters for most scenarios, the initial UO2 

enrichment, the LWR UO2 fuel burn-up and the cooling time of irradiated fuel or high 

level waste, before sending them to the final repository, were fixed to the same values. 

Other parameters, like the cooling time before reprocessing of spent fuel, were not 

pushed to coincide because different values only provided second order effects. Finally, 

there were parameters that depended on the optimization or definition of a particular 

scenario, so no homogenization effort was made for them. As a consequence, special 

care is needed when comparing scenarios to take into account these special scenario 

features. 

 

The details of the components parameters describing each of these fuel cycle scenarios 

(including reactor and reprocessing plants hypotheses) were defined [87] [88], and the 
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equilibrium fuels and the incoming and internal mass flows were evaluated. The total 

production of waste for each transmutation strategy and for each waste stream, 

including the characterization of each waste stream (total mass, isotopic composition, 

specific decay heat, radioactivity and radiotoxic inventory, chemical and physical waste 

form), was assessed from these data. 

 

The requirements and forms for each waste package, and the corresponding needs for 

storage and geological disposal were also evaluated. Performance assessments in 

granite, salt and clay host formations allowed the evaluation of the long-term 

consequences on the repository, including dose to an average member of the critical 

group, integrated radioactivity and radiotoxic inventory fluxes into the biosphere and 

possible dose in case of human intrusion scenario. 

 

6.3.2. Fuel cycle scenario and waste streams description 

 

The study of the innovative scenarios represents a challenge for advanced simulation 

codes having to simulate new nuclear systems with new features as fuels with larger 

burn-ups, different neutron spectra, new fissionable isotopes, etc. In particular, it is of 

special interest the case of Scenario B2, because it introduces an additional element to 

the simulation: a proton accelerator coupled to the subcritical core, producing spallation 

fragments. The detailed scheme of this scenario can be found in Figure 73. The detailed 

study of this fuel cycle, estimating the different waste streams coming from the different 

irradiations, is presented in this thesis. 

 

 
Figure 73. Detailed scheme of Scenario B2 with LWR and ADS. 

 

The first stratum of this fuel cycle consists in the irradiation of UO2 in LWR and the 
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later advanced Purex reprocessing of the spent fuel for the Pu reutilization, only once, as 

MOX, again in LWR. Recovered MA coming from the first partitioning process, and Pu 

and MA coming from the reprocessing of the MOX spent fuel are reutilized as fuel for 

the ADS in the second stratum. This second stratum is based on a fast spectrum ADS, 

which operates with continuous recycling of the main actinides (U, Pu, Np, Am and 

Cm). This recycling is supposed to be a pyro-metallurgical process with assumed losses 

of 0.1% for all these actinides (same hypothesis as for Purex reprocessing). The main 

characteristics of the ADS design used to perform the calculations are summarized in 

Table 32 [89] [90]. 

 

Other important parameter of the scenario is the fraction of electricity produced by each 

type of reactor. Considering an efficiency of 33% for the heat to electricity conversion 

for both the LWR and the ADS, the ratio of energy produced is 75.6% from UOX, 9.6% 

from MOX and 14.8% from the ADS. 

 
CORE 

Core nominal power 850 MWth  
Number of 

fuel assemblies 
132 

Coolant Pb/Bi Eutectic  
Number of pins per 

assembly 
169 

Fuel composition TRU-N in a ZrN matrix  Pin pitch 15 mm 

Pu/MA ratio 73.7/26.3  
Internal fuel pellet 

radius 
0.055 cm 

Fuel burn-up 150 GWd/tHM  
External fuel pellet 

radius 
0.365 cm 

Initial keff 0.97  Gap thickness 0.01 cm 

Cladding material Steel HT9  Cladding thickness 0.035 cm 

Configuration Hexagonal  
External radius 
of the fuel pin 

0.41 cm 

     

SPALLATION SYSTEM 

Beam particle Proton  Beam pipe material HT9 

Kinetic energy 1 GeV  Beam window material W 

Beam intensity 22÷27 mA  Beam window thickness 0.3 cm 

Spallation target 
material 

Pb/Bi eutectic, 
with a 45%/55% ratio 

 Vacuum beam thickness 0.3 cm 

 
Vacuum beam pipe 

external radius 
10 cm 

Table 32. Main geometrical characteristics of the ADS design used in the RED-IMPACT 

calculations. 

 

Five main waste streams can be identified in Scenario B2: 

 

 The irradiated enriched Uranium, which is sent to a surface storage, although it 

could be used for future fuel fabrication. 

 HLW of the irradiated UO2 after the advanced Purex reprocessing. This waste 

contains most fission fragments, the fuel impurities and their activation products, 

the U, Pu and MA reprocessing losses (0.1% assumed) and most of all the other 

actinides (100% assumed). These HLW are assumed to be stabilized in a glass 

matrix and finally sent to a geologically stable deep repository.  

 The irradiated depleted Uranium from the reprocessing of the MOX, which is 

sent to a surface storage, although it could be used for future fuel fabrication. 

 HLW of the irradiated MOX after the advanced Purex reprocessing. They 

include most fission fragments, the fuel impurities and their activation products, 



Chapter 6. Application to fuel cycle problems 

  -147- 

 

the U, Pu and MA reprocessing losses (0.1% assumed) and most of all the other 

actinides (100% assumed). These HLW are assumed to be stabilized in a glass 

matrix and finally sent to the geological repository. 

 HLW of the irradiated ADS fuel with content of Pu and MA inside an inert 

matrix of ZrN, after the pyro-metallurgical reprocessing. This waste contains 

most fission fragments, the fuel impurities and their activation products, the 

activation products of the ZrN fuel matrix, the U, Pu and MA reprocessing 

losses (0.1% assumed) and most of all the other actinides (100% assumed). 

These HLW are assumed to be stabilized in a glass matrix and finally sent to the 

geological repository. 

 

Other waste stream to take into consideration is the so-called Intermediate Level Waste 

(ILW). This stream is formed by structural activated material with content in long-lived 

isotopes, coming from the dismantling of spent fuel assemblies. Moreover, this waste 

stream includes those elements with long-lived fission products (and maybe actinides) 

that have been separated from the main stream in the partition of the spent fuel. The 

ADS operational parts that have to be replaced periodically are also included in this 

stream. This group of waste incorporates spallation target waste, including most of the 

spallation products, most of the Pb/Bi activation products and the activated structural 

materials. The first two items are assumed to be collected by high efficiency filters in 

the Pb/Bi external circulation loop and the non activated Pb/Bi is assumed to be fully 

recycled. Finally, the ZrN matrix
24

 of the ADS fuel is also considered ILW. 

 

ILW generate a sufficiently small thermal power so they do not need to be cooled 

before final disposal. Nevertheless, their contribution to the biosphere doses can be of 

importance because this type of waste is assumed to be embedded in a less stable matrix 

and more or less directly exposed to leaching after closure of the repository
25

. Hence, 

for the ILW, a limited number of impact assessments of its disposal in geological 

repositories were carried out. 

 

The complete isotopic composition of the different waste streams can be obtained from 

the detailed simulation of every nuclear system. In the case of the LWR, this problem 

has been studied in detail many times (for instance [9]). Different standard simulation 

codes have been used to simulate this reactor so an accurate set of one-group effective 

cross section libraries, checked with experimental data, is already available for the 

scientific community. Hence, for this task, the calculation has been made using the 

depletion code ORIGEN with the standard libraries for a LWR with high burn-up, 

including UO2 fuel in the first reactor and MOX fuel in the second one of the first 

stratum. The case of the ADS is very different as it is a new concept of nuclear 

transmutation system. In order to obtain accurate results of the isotopic composition of 

the different waste streams appearing after the irradiation, it is necessary to make a 

simulation of the system fulfilling several requirements: 

 

                                                 
24

 ZrN matrix should be recycled if possible. 
25

 This was an "a priori" decision of the project, appropriated for this study. However, after the results 

obtained, the criteria should be reviewed, and better conditioning should be used to minimize the ILW 

contribution to the dose. 
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 The computational code must be capable of simulating very complex designs of 

nuclear systems, including the coupling of a proton accelerator, a spallation 

system, etc. 

 Fast neutron spectra have to be allowed by the code. 

 High fuel burn-ups are designed so corresponding large isotopic evolutions are 

expected. 

 As simulations of this type of reactors have not been checked with experimental 

data, there are no standard cross section libraries. The code must create them 

from the nuclear pointwise databases. 

 The complete isotopic composition must be obtained for the different waste 

streams. 

 

EVOLCODE2 fulfils each of these requirements so it has been chosen for the detailed 

simulation of the ADS. In particular, it has been used to evaluate the isotopic 

composition of the nuclear fuel (actinides, fuel matrix, fission products and impurities 

activation) and the core structural elements during and after the irradiation, the system 

keff evolution with the burn-up, and the isotopic composition of the spallation system 

(target, window and other structural elements) after the irradiation. Despite the fact that 

the most advanced codes were available to the partners of RED-IMPACT, only 

EVOLCODE2 was finally able to provide this type of calculations within the project. 

 

6.3.3. Simulation details 

6.3.3.1. Methodology for the calculation of the ADS fuel equilibrium 

composition 

 

The isotopic composition of the ADS fuel depends on the LWR park, since the LWR 

recovered material (both from UO2 and MOX reprocessed fuels) becomes a part of the 

ADS fuel content in each new ADS irradiation (a 15% approximately). The other part of 

the ADS fuel comes from the pyro-reprocessing of the preceding ADS spent fuel. In 

different cycles, the ADS fuel isotopic composition would change. However, by 

maintaining similar ADS operating conditions and a constant supply of LWR fresh fuel, 

the fuel approaches an equilibrium (as it is demonstrated below) in which the fuel 

isotopic composition of each cycle is equal to the following one. In this kind of studies, 

the fuel cycle scenario is considered to be at equilibrium, which is defined as the long-

term state reached after infinite number of cycle iterations. 

 

The iterative second stratum of this fuel cycle scenario can be divided into a succession 

of stages: fuel fabrication, interim storage, irradiation inside the ADS, cooling, 

reprocessing and incorporation of the external material (from the first stratum) to the 

new fresh fuel. Each process can be described in a matrix formulation as an operator 

over the fuel composition vector Vn, obtained just before the n-th ADS irradiation. 

Vectors and matrices length are determined by the total number of different isotopes 

considered in the problem. This number of isotopes is equal to M=26 in this study 

corresponding to the main actinides (the detailed list is shown in Table 33). If Vn is the 

fuel composition vector before the (n)-th ADS irradiation, Vn+1 is related to Vn 

following the expression 
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1 ,n s c n ext n extV D RD AV V CV V      (6.1) 

 

where A is the matrix operator representing the irradiation inside the ADS, Dc represents 

the cooling decay time after the irradiation (two years in this scenario), R is the 

reprocessing operator, Ds represents the storage time before irradiation (one year), Vext is 

the material incorporation from the first stratum (taken at the moment just before the 

beginning of the ADS irradiation) and C=DsRDcA. Since the fuel composition vector 

can be also expressed as ( ) ,extV F V CV V    the formalism fulfils the requirements of 

the Banach‟s fixed point theorem, and therefore there is a solution vector ( ),nV F V  if 

it is satisfied that ( )F V  is a contractor mapping, that is, if there is a constant 0<k<1 

such that 

 

    ' ' .F V F V k V V    (6.2) 

 

By applying ( ) ,extF V CV V   this inequality can be written as 

 

 ( ' ) ' ,C V V k V V    (6.3) 

 

which is satisfied if ,s cC D RD A k   with 0<k<1. In order to prove this, we must 

define a norm and use its properties. Given a square matrix M, a matrix norm M  can 

be defined as a nonnegative number associated with M in terms of a vector norm [91], 

as 

 

 
0

sup .
X

M X
M

X

  (6.4) 

 

The physical sense of this matrix norm
26

 represents a measure of the supreme of the 

image of the mass of vector X  due to the application of an operation M, normalized to 

the norm of the vector .X  The matrix norm has the following properties: 

 

1) 0M   when 0A   and 0M   if 0.A   

2) kM k M  for any scalar k. 

3) .M N M N    

4) .MN M N  

 

The fourth property of matrix norms implies that we must analyze the norm of each of 

the matrix operators appearing in the definition of C. The norms of the decay time 

operators Ds and Dc are equal to unity because they only change one isotope into 

                                                 
26

 This norm is a p-norm, with p=1. Many others can be used (in particular the p-norm with p=2, the 

Euclidean norm). The conclusions of this paragraph are still valid. 
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another leaving the total amount of material unchanged
27

. The reprocessing operator, R, 

is a diagonal matrix having a constant diagonal value smaller than unity (reprocessing 

recovery factor of 0.999) for the reprocessing isotopes (only the reprocessing elements 

U, Pu, Np, Am and Cm have been considered), hence 1.R   Finally, the norm of the 

irradiation matrix A is strictly smaller than unity because it represents consumption of 

actinide material. For all these reasons, 1,C   therefore this process fulfils the 

Banach‟s fixed point theorem and there exists a unique solution of the equation, and it is 

of the type 
0( ),nV F V  for an arbitrary V0. 

 

Coming back to the previous notation, we can find the solution directly from the 

equilibrium equation Vn+1=Vn=Veq, hence the expression of the fuel composition vector 

can be written as: 

 

 .eq eq extV CV V   (6.5) 

 

Then the solution of this equation is 

 

  
1

1 .eq extV C V


   (6.6) 

 

In order to compute this solution, it is necessary to calculate Dc, Ds, A, R and Vext in a 

matrix formulation from the data of the problem. The operator R is represented by a 

diagonal matrix with a constant value of 0.999, since only the reprocessing elements U, 

Pu, Np, Am and Cm have been considered. Vext is a vector containing the contribution 

of the LWR strata so it can be provided after solving the first non iterative strata of the 

fuel cycle. The operator A can be represented by the generic evolution of the system 

under an irradiation flux. The generic evolution of the isotopic composition vector V(t) 

can be described as 

 

 
( )

· ( ),   · ,
dV t

EV t with E XS DEC
dt

    (6.7) 

 

where XS is the cross section matrix, DEC is the radioactive decay matrix and Φ is the 

averaged neutron flux. Operators Dc and Ds can be obtained in case that Φ=0. The 

formal solution of this coupled linear system of equations of constant coefficients is 

 

 ·( ) · (0).E tV t e V  (6.8) 

 

Using the base of eigenvectors of the matrix E, this solution can be written as 

 

 

1

2

26

· 1

0 0

0 0
,

0 0

au t

au t

E t

au t

e

e
A e U U

e



 
 
  
 
  
 

 (6.9) 
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 Being precise, it might be smaller than the unity since some decay products are not included in the 

dimensions of the composition vector. 
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where U(eu1,eu2,…,eu26) is the matrix of the eigenvectors eui associated to the 

eigenvalues aui, if A is a diagonalizable matrix. This is fulfilled if and only if there are 

M linearly independent eigenvectors
28

, which is satisfied if all eigenvalues are distinct 

or if the algebraic and geometric multiplicities of every eigenvalue coincide in case that 

some eigenvalues have multiplicities larger than one. Almost all matrices in this kind of 

calculations are diagonalizable. However, in case that two isotopes have exactly the 

same value of the removal rate ,i i    then two eigenvalues will coincide and the 

matrix is not diagonalizable. It can be nevertheless demonstrated that it is possible to 

express 1,A PJP  where P is an invertible matrix and J is the almost diagonal matrix 

called the Jordan canonical form. In practice, it is not necessary to proceed to the 

calculation of the Jordan form, since an increase in the accuracy of the removal rate of 

both mentioned isotopes will lead to two (very slightly) different values of i i    and 

to two (very slightly) different eigenvalues, which is enough for A to be diagonalizable. 

 

The calculation of the eigenvalues and eigenvectors needed to compute the exponential 

and the inversion of the (1-C) matrix has been traditionally a difficult problem, because 

of the large numerical instabilities involved in the manipulation of these large matrices. 

However, the easy access to arbitrary precision arithmetic, made recently available in 

popular computer codes as Maple [92] and Mathematica [93], allows using brute force 

and direct methods of solving these problems. For our case, it was necessary to set the 

arithmetic precision to 70 decimal digits to obtain the required stability. In spite of this 

condition, the eigenvectors computed had to be regularized by discarding very small 

imaginary components ( 25Im( ) 10 Re( )i ieu eu ). The process was implemented [94] 

[95] with the Maple program, where efficient procedures for the calculation of 

eigenvalues, eigenvectors and matrix inversions were readily available. The typical 

calculation time is of a couple of minutes in a modern PC. 

 

In order to estimate the flux level and the one-group zero-dimension equivalent cross 

sections, a fully detailed transport simulation was performed. In this simulation, the 

exact geometry, the required total power and an initial guess of the equilibrium 

composition of the reactor materials (fuel…) were used. Careful weighting, by the 

amount of materials, had to be used in the averaging of the cross sections over the 

whole reactor volume. In our case, the job was done with EVOLCODE2, weighting the 

different fuel cells of the reactor in proportion to their fuel content. 

 

The initial guess of the fuel composition was set to the same vector as the vector of 

actinides from the external refuelling, Vext. 

 

As the initial ADS fuel composition, chosen for the calculation of matrices XS and Φ, is 

different from the final equilibrium composition, this method of calculation of the 

equilibrium isotopic composition of the ADS fuel introduces an uncertainty in the 

results. An iterative process could be carried out to increase the accuracy of the method. 

Once the equilibrium isotopic composition is calculated using the previous non-iterative 

method, the resulting isotopic composition should be used as the initial ADS fuel 

content and a new set of cross sections/neutron flux could be obtained. Then, the 

method is repeated in order to obtain a more accurate value of the equilibrium isotopic 

                                                 
28

 M is the dimension of the square matrix and equals 26 in this study. 

http://en.wikipedia.org/wiki/Eigenvalue,_eigenvector_and_eigenspace#Characteristic_equation
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composition. The new procedure can be successively performed until the isotopic 

composition of a certain iteration deviated less than a limit value from the previous 

iteration. Nevertheless, one iteration is typically enough to achieve accuracies 

acceptable for fuel cycle studies. In the next section, with the aim of analyzing the 

resulting equilibrium isotopic composition, it will be discussed the validity of such 

hypothesis. 

 

6.3.3.2. Calculation of the ADS isotopic composition at equilibrium 

 

Table 33 shows the initial (BOL, beginning of life, before the irradiation) ADS fuel 

isotopic composition (in terms of actinides), as well as the final actinide composition 

after the irradiation (EOL, end of life). This table also shows the deviation between the 

equilibrium isotopic compositions obtained from the matrix equation method 

(implemented using Maple) and from the irradiation using EVOLCODE2. These 

deviations are approximately equal or smaller than 5% for the main actinides (with 

higher contribution to the total mass). 

 

The huge difference for 
244

Am between both calculations comes from the fact that the 
243

Am neutron capture leading to the isomer state of the daughter was not taken into 

account in the matrix calculations. Then, every atom of 
244

Am is in the ground state. On 

the other hand, EVOLCODE2 takes into account the branching ratio of this reaction, 

having a probability of leading to the isomer state approximately 8.5 times larger than 

for the ground state. Hence, the amount of 
244

Am is approximately 8.5 times smaller in 

the EVOLCODE2 calculation regarding the matrix calculation (the amount of 
244m

Am is 

not included in Table 33). 

 

In order to know whether these uncertainties are significant, it is necessary to compare 

them with other source of deviations. In [96], a full sensitivity analysis has been 

performed for a selection of actinides in accelerator-driven assemblies, processing cross 

section data from the JEF2.2 library [97]. The total uncertainties on the nuclear density 

variation of several isotopes are shown in Table 34. Most significant effects come from 

the Am isotopes, which lead to the creation of Cm isotopes, and from 
244

Cm, which is 

the gateway to higher mass isotopes, some of them with potentially relevant effects on 

the fuel cycle. 

 

Table 33 and Table 34 show the uncertainty introduced by the calculation method of the 

equilibrium composition is not negligible but it is considerably smaller than the total 

uncertainties due to the pointwise cross section data uncertainties. Moreover, the 

objective of the selection of this series of fuel cycle scenarios is the study of a 

representative set of the different (primary and secondary) waste streams, being neither 

an optimized choice nor a proposal to be implemented. For these reasons, we consider 

that the obtained equilibrium isotopic composition was a good approximation and hence 

no iterative calculations was applied. 
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Isotope 

LWR-1
st
 

stratum 
contribution 

(g) 

Equilibrium ADS 
composition at 

BOL (g) 

Estimated ADS 
composition at EOL (g) 

Variation 
(EVOLCODE2-

Maple)/ 
EVOLCODE2 

(%) 

With 
EVOLCODE2 

With Maple 

U234 0 564.0 476.4 474.0 0.5% 

U235 0 142.7 138.8 142.5 -2.7% 

U236 0 198.7 189.2 194.1 -2.5% 

U237 0 < 1E-10 0.4277 0.4177 2.3% 

U238 0 1.100 1.041 1.061 -1.9% 

U239 0 < 1E-10 4.685E-06 4.785E-06 -2.1% 

Np237 956.0 2384 1499 1417 5.5% 

Np238 0 3.915E-05 3.572 3.322 7.0% 

Np239 2.294E-04 2.679E-03 3.910E-03 3.812E-03 2.5% 

Pu238 382.0 4281 3648 3698 -1.4% 

Pu239 2323 6265 4111 3943 4.1% 

Pu240 2800 18470 15369 15372 0.0% 

Pu241 1059 3798 3137 3167 -1.0% 

Pu242 900.3 8333 7356 7439 -1.1% 

Pu243 0 < 1E-10 0.4899 0.4764 2.8% 

Am241 925.2 3587 2372 2250 5.1% 

Am242 0 0.002498 1.559 1.454 6.7% 

Am242m 7.695 201.4 197.2 196.7 0.2% 

Am243 475.7 3323 2831 2850 -0.7% 

Am244 0 < 1E-10 0.1423 1.282 -801% 

Cm242 0.02124 3.349 286.9 299.1 -4.3% 

Cm243 1.928 30.03 27.97 30.26 -8.2% 

Cm244 159.7 2815 2861 2980 -4.2% 

Cm245 11.85 813.0 775.8 802.1 -3.4% 

Cm246 1.340 526.1 510.3 525.5 -3.0% 

Cm247 0.01795 144.8 139.7 144.9 -3.7% 

Total 10004 55880 45934
29

 45934  

Table 33. Equilibrium isotopic composition of the ADS, before and after the irradiation. The 

external contribution of the LWR stratum (MA from UO2 + Pu+MA from MOX) has been 

obtained just after the respective reprocessing stages. Units are g per initial ton of U in the LWR 

with UO2 fuel. To obtain masses in g per TWhe of the cycle, values have to be multiplied by a 

factor of 1.91. 

 
Isotope Total uncertainty (%) 

Pu238 7.33 

Am241 15.12 

Am242m 15.91 

Am243 15.28 

Cm242 12.54 

Cm244 25.55 

Cm245 81.19 

Table 34. Uncertainties on the nuclear density variation of some isotopes. 

 

6.3.3.3. Geometry and irradiation settings 

 

The irradiation of the ADS has been simulated by means of thirteen EVOLCODE2 

cycles for a total burn-up of 150 GWd/tHM. MCNPX version 2.5.0 and ORIGEN 

                                                 
29

 These values have been normalized in the table for comparison reasons to the total value in the Maple 

estimation. 
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version 2.2 (together with the ENDF6r8 library) have been used for the simulation as 

part of the EVOLCODE2 system. The ADS geometry design is formed by 132 fuel 

assemblies, as shown in Table 32, in a honeycomb annular pattern of five coaxial rings 

(from third to eighth, although the last one is not only filled with fuel assemblies but 

also reflector ones). Due to symmetry reasons, the number of different fuel assemblies 

was reduced to 22, each one with 10 axial divisions. However, since the objective of the 

simulation is to study waste streams representative of the whole core fuel, then the 

different isotopic composition evolution of the different zones of the ADS fuel 

compensate one another for the total mass of the isotopes, as was explained in section 

3.2.1.1. Therefore, it is not necessary to evaluate geometrical uncertainties. 

 

EVOLCODE2 
cycle 

Maximum 
power 

variation 
during 

the cycle 
(%) 

(n,γ) one-group 
effective cross section 

Pu-240 Pu-241 Am-243 

XS 
(barn) 

Variation 
(%) 

XS 
(barn) 

Variation 
(%) 

XS 
(barn) 

Variation 
(%) 

1 1.91 0.598 -0.4% 0.527 -0.1% 0.197 -0.1% 

2 1.93 0.600 0.5% 0.528 0.3% 0.197 0.3% 

3 1.96 0.597 -0.6% 0.526 -0.6% 0.197 -0.8% 

4 1.97 0.601 -0.7% 0.530 -0.1% 0.198 0.2% 

5 2.05 0.605 0.0% 0.530 -0.3% 0.198 -0.4% 

6 2.05 0.605 -0.5% 0.532 -0.8% 0.199 -0.5% 

7 2.13 0.608 -1.5% 0.536 -0.5% 0.200 -0.4% 

8 2.13 0.618 -0.9% 0.538 -0.9% 0.201 -0.6% 

9 2.22 0.623 -1.0% 0.544 -0.5% 0.202 -0.6% 

10 2.24 0.629 -1.1% 0.546 -1.0% 0.203 -1.0% 

11 2.41 0.636 -1.8% 0.552 -1.2% 0.205 -1.1% 

12 2.43 0.648 0.1% 0.558 -0.1% 0.207 0.4% 

13 2.11 0.647 - 0.559 - 0.207 - 

Table 35. Simulation burn-up setting and sources of burn-up uncertainty for each EVOLCODE2 

cycle. Effective cross sections correspond to the outer cell. Variations in this table are 

 1 / ,i i iXS XS XS  where XS is the one-group effective cross section of the isotope and the 

subindex i refer to the EVOLCODE2 cycle. 

 

Concerning the irradiation history, the total burn-up was achieved in successive cycles 

of 50 EFPD each (excepting the last one of only 42 days, for a total cycle length of 642 

EFPD). With this proposal for the simulation of the ADS irradiation, the variations in 

both the thermal power and the effective cross sections were obtained and are shown in 

Table 35. These variations allow us to estimate the uncertainties in the burn-up and in 

the difference between the final and the initial mass of relevant isotopes, as described in 

section 3.4.2. 

 

The maximum power variation during the proposed EVOLCODE2 cycles (with respect 

to the initial value of that cycle) can be found for the final EVOLCODE2 cycles, with a 

value close to 2.5%. This leads to an uncertainty in the difference between the final and 

the initial estimation of relevant isotopes of the order of 2.5%. Considering that the 

methodology implemented for the calculation of the equilibrium isotopic composition 

provides deviations equal or smaller than 5% for the main actinides, we accept these 

cycles as good enough in spite of the uncertainty in the power variation. The same 
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rationale can be applied for the uncertainties in the one-group effective cross section 

variation between each cycle, with largest values smaller than 2%. 

 

6.3.4. Results 

 

The assessment of the consequences on waste disposal of the application of partitioning 

and transmutation (in this study, in Scenario B2) can be achieved once the different 

aspects concerning the final disposal of the different waste streams have been identified. 

For the case of the HLW, one of the most potentially critical aspects having an impact 

in the deep geological repository dimensioning is the thermal output of the waste 

packages. Indeed, for hard rock host formations, a number of temperature limitations 

have to be respected. In particular, the temperature of the main rocks and the clay 

(bentonite) buffers has to remain below 100 ºC in the underground facility and this 

determines the minimum distance between two HLW universal canisters (UC, where 

vitrified waste is loaded for long-term storage), which strongly depends on their thermal 

power emission. 

 

Besides, from the standpoint of safety assessment, significant changes in various 

components of the repository system are expected. Such changes affect the confidence 

that can be placed in quantitative calculations at very long times (e.g. to one million 

years in the future). This has led to the concurrent use of complementary safety 

indicators, such as the radiotoxic inventory flux released from the host formation or into 

the biosphere. Consequently, we have concentrated our efforts in obtaining detailed data 

concerning the isotopic composition of each waste stream which lead to the related 

magnitudes having a potential impact in the repository: the thermal power and the 

radiotoxic inventory of the waste. 

 

The details of the HLW streams, in terms of the isotopic composition, result from the 

exact operating conditions along the fuel cycle, mainly the original (equilibrium) fuel 

composition and the burn-up level in the ADS. The initial and final ADS fuel actinide 

compositions was shown in Table 33. Besides the actinide content of the ADS spent 

fuel, the evolution of other waste streams has also been calculated using the 

EVOLCODE2 simulation. Concerning both the HLW and the ILW, the fission 

products, the activation of the fuel impurities and the activation of the ZrN fuel matrix 

could also play an important role in the waste management issues and, for this reason, 

EVOLCODE2 was also used to obtain a complete list of the isotopes included in every 

one of these waste streams. 

 

The evolution of the equilibrium isotopic composition of the ADS fuel was calculated 

by means of thirteen EVOLCODE2 cycles, performed to reach the desired burn-up of 

150 GWd/tHM. Figure 74 shows the evolution of the mass of some of the most relevant 

isotopes as a function of the burn-up time. These results have been obtained adding the 

contribution of each fuel pin in the core and they represent the total isotope mass in the 

ADS. A detailed isotope list with major contributors to the total fuel mass (appearing in 

the irradiated fuel) can be found in [98], including actinides, fission products (and fuel 

matrix) and activated impurities. Table 36 shows a selection of isotopes from this list, 

considering only the mass of the major contributors to the activity, separated by 

actinides, fission products and fuel impurities activation products. 
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Figure 74. Evolution with burn-up of some of the most relevant actinides (left) and fission 

products (right). The amount of 
135

Xe reaches equilibrium very soon, due to its short half-life, 

with a value of 19.5 g. The total amount of 
93

Zr comes from fissions and from activation of the 

fuel matrix. 

 
ACTIVATION PRODUCTS 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 
Isotope 

Mass 
(g/giHM) 

Activity 
(Bq/tiHM) 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 

H1 6,24E-08 Stable Ca44 8,16E-06 Stable Zn70 3,11E-07 Stable 

He4 3,83E-07 Stable Ca46 1,43E-08 Stable Ga69 7,86E-08 Stable 

Li7 4,69E-07 Stable Ca48 8,09E-07 Stable Mo92 3,50E-06 Stable 

B10 6,26E-07 Stable Cr50 8,27E-08 Stable Mo93 4,61E-08 1,88E+09 

B11 5,95E-06 Stable Cr52 1,67E-06 Stable Mo94 2,24E-06 Stable 

C12 1,76E-04 Stable Cr53 1,95E-07 Stable Mo95 3,64E-06 Stable 

C13 2,14E-06 Stable Cr54 5,17E-08 Stable Mo96 4,40E-06 Stable 

C14 6,84E-07 1,13E+11 Mn54 1,48E-10 4,24E+10 Mo97 2,34E-06 Stable 

N14 2,47E-04 Stable Mn55 2,46E-05 Stable Mo98 6,16E-06 Stable 

N15 9,81E-07 Stable Fe54 1,40E-06 Stable Mo100 2,50E-06 Stable 

O16 6,00E-09 Stable Fe55 8,25E-09 7,63E+11 Tc99 1,65E-07 1,04E+08 

F19 5,30E-05 Stable Fe56 2,33E-05 Stable Ru100 1,30E-08 Stable 

Ne20 2,12E-08 Stable Fe57 5,93E-07 Stable Ag107 2,36E-08 Stable 

Mg24 6,19E-09 Stable Fe58 2,39E-07 Stable Ag109 1,10E-08 Stable 

Mg25 3,40E-09 Stable Co57 1,13E-12 3,51E+08 Ag109M 3,35E-15 3,24E+11 

Al27 9,91E-04 Stable Co58 2,32E-11 2,74E+10 Ag110M 1,49E-12 2,62E+08 

Si28 1,31E-04 Stable Co59 6,08E-09 Stable Cd106 2,08E-07 Stable 

Si29 7,02E-06 Stable Co60 8,78E-10 3,67E+10 Cd108 1,50E-07 Stable 

Si30 4,67E-06 Stable Ni58 1,29E-04 Stable Cd109 3,39E-09 3,24E+11 

P31 5,90E-05 Stable Ni59 6,18E-07 1,73E+09 Cd110 2,20E-06 Stable 

S32 1,13E-04 Stable Ni60 5,12E-05 Stable Cd111 2,14E-06 Stable 

S33 1,09E-06 Stable Ni61 2,48E-06 Stable Cd112 4,71E-06 Stable 

S34 5,31E-06 Stable Ni62 7,28E-06 Stable Cd113 2,29E-06 Stable 

S35 1,38E-10 2,16E+11 Ni63 7,03E-08 1,61E+11 Cd114 5,60E-06 Stable 

S36 2,27E-08 Stable Ni64 2,80E-06 Stable Cd116 1,44E-06 Stable 

Cl35 3,95E-05 Stable Cu63 6,37E-05 Stable In115 2,01E-07 Stable 

Cl36 1,33E-07 1,63E+08 Cu65 3,00E-05 Stable Sn115 1,06E-08 Stable 

Cl37 1,34E-05 Stable Zn64 2,25E-05 Stable Sn117 2,67E-08 Stable 

Ar38 5,45E-09 Stable Zn65 2,08E-08 6,35E+12    

Ca40 3,44E-04 Stable Zn66 1,34E-05 Stable    

Ca42 2,41E-06 Stable Zn67 1,93E-06 Stable    

Ca43 4,96E-07 Stable Zn68 9,22E-06 Stable TOTAL 2,64E-03 8,36E+12 

Table 36. Mass of major contributing isotopes to the mass or activity of the ADS spent fuel 

(isotopes of each waste stream having an activity or mass larger than a factor 10
-6

 of the total 

respective magnitude of the stream), after two years of cooling time after discharge. It should be 

noticed the wide range of orders of magnitude considered in the calculations. Units are grams 

(or Bq) per initial gram (or ton) of heavy metal. 
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FISSION PRODUCTS & MATRIX 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 
Isotope 

Mass 
(g/giHM) 

Activity 
(Bq/tiHM) 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 

H1 2,83E-06 Stable Pd105 3,48E-03 Stable Ba134 2,76E-04 Stable 

He4 5,25E-06 Stable Ru106 5,14E-04 6,37E+16 Cs135 6,38E-03 2,72E+11 

B11 1,43E-05 Stable Rh106 4,83E-10 6,37E+16 Xe136 6,05E-03 Stable 

C14 3,96E-05 3,81E+13 Pd106 3,40E-03 Stable Ba136 3,40E-04 Stable 

N14 1,43E-02 Stable Pd107 2,35E-03 4,47E+10 Cs137 5,51E-03 1,77E+16 

N15 2,72E-01 Stable Pd108 2,29E-03 Stable Ba137 3,74E-04 Stable 

O16 6,85E-07 Stable Ag109 8,80E-04 Stable Ba137M 8,42E-10 1,68E+16 

Ge76 1,95E-06 Stable Pd110 7,76E-04 Stable Ba138 5,69E-03 Stable 

Se77 4,07E-06 Stable Ag110 9,00E-15 1,39E+12 La139 5,28E-03 Stable 

Se78 9,78E-06 Stable Ag110M 5,94E-07 1,04E+14 Ce140 4,99E-03 Stable 

Se79 1,51E-05 3,90E+10 Cd110 1,13E-04 Stable Pr141 4,62E-03 Stable 

Se80 3,94E-05 Stable Cd111 4,39E-04 Stable Ce142 4,45E-03 Stable 

Br81 6,46E-05 Stable Cd112 3,27E-04 Stable Nd142 1,23E-04 Stable 

Se82 1,04E-04 Stable Cd113 1,83E-04 Stable Nd143 3,90E-03 Stable 

Kr82 5,60E-06 Stable Cd113M 2,80E-06 2,24E+13 Ce144 3,27E-04 3,86E+16 

Kr83 1,40E-04 Stable In113 3,85E-07 Stable Pr144 1,38E-08 3,86E+16 

Kr84 2,18E-04 Stable Cd114 1,25E-04 Stable Pr144M 6,90E-11 4,63E+14 

Kr85 5,79E-05 8,41E+14 In115 7,64E-05 Stable Nd144 3,58E-03 Stable 

Rb85 2,38E-04 Stable Sn115 2,66E-06 Stable Nd145 2,68E-03 Stable 

Kr86 4,06E-04 Stable Cd116 4,97E-05 Stable Nd146 2,11E-03 Stable 

Sr86 8,67E-06 Stable Sn117 4,58E-05 Stable Pm146 7,32E-08 1,21E+12 

Rb87 5,28E-04 Stable Sn118 3,95E-05 Stable Pm147 7,77E-04 2,67E+16 

Sr88 6,98E-04 Stable Sn119 3,61E-05 Stable Sm147 7,95E-04 Stable 

Sr89 4,97E-09 5,34E+12 Sn119M 3,26E-08 5,41E+12 Nd148 1,53E-03 Stable 

Y89 9,07E-04 Stable Sn120 3,04E-05 Stable Sm148 4,37E-04 Stable 

Sr90 1,05E-03 5,31E+15 Sn121M 4,52E-07 9,89E+11 Sm149 9,13E-04 Stable 

Y90 2,64E-07 5,31E+15 Sb121 2,48E-05 Stable Nd150 1,05E-03 Stable 

Zr90 6,77E-01 Stable Sn122 3,79E-05 Stable Sm150 4,51E-04 Stable 

Y91 3,39E-08 3,08E+13 Te122 1,99E-06 Stable Sm151 5,19E-04 5,06E+14 

Zr91 1,49E-01 Stable Sn123 8,66E-08 2,64E+13 Eu151 1,04E-05 Stable 

Zr92 2,32E-01 Stable Sb123 4,61E-05 Stable Sm152 9,23E-04 Stable 

Zr93 4,20E-03 3,90E+11 Sn124 5,60E-05 Stable Eu152 7,85E-07 5,02E+12 

Nb93M 4,20E-03 4,86E+10 Te124 2,41E-06 Stable Eu153 3,85E-04 Stable 

Zr94 2,39E-01 Stable Sb125 4,95E-05 1,89E+15 Sm154 3,24E-04 Stable 

Zr95 2,44E-07 1,94E+14 Te125 4,82E-05 Stable Eu154 1,15E-04 1,15E+15 

Nb95 2,97E-07 4,29E+14 Te125M 6,93E-07 4,62E+14 Gd154 2,57E-05 Stable 

Nb95M 1,02E-10 1,44E+12 Sn126 1,53E-04 1,60E+11 Eu155 1,81E-04 3,11E+15 

Mo95 3,88E-03 Stable Sb126 7,25E-12 2,24E+10 Gd155 7,79E-05 Stable 

Zr96 4,04E-02 Stable Sb126M 5,51E-14 1,60E+11 Gd156 2,37E-04 Stable 

Mo96 1,80E-04 Stable Te126 7,64E-06 Stable Gd157 1,23E-04 Stable 

Mo97 2,62E-03 Stable Te127 4,44E-10 4,34E+13 Gd158 1,19E-04 Stable 

Mo98 2,88E-03 Stable Te127M 1,27E-07 4,43E+13 Tb159 4,15E-05 Stable 

Tc99 3,46E-03 2,17E+12 I127 3,27E-04 Stable Gd160 2,88E-05 Stable 

Mo100 4,21E-03 Stable Te128 3,31E-04 Stable Tb160 5,19E-09 2,17E+12 

Ru100 4,15E-04 Stable Xe128 4,28E-05 Stable Dy160 1,68E-05 Stable 

Ru101 3,64E-03 Stable I129 1,00E-03 6.53E+09 Dy161 1,45E-05 Stable 

Ru102 3,67E-03 Stable Te130 1,40E-03 Stable Dy162 1,41E-05 Stable 

Rh102 2,30E-08 5,27E+12 Xe130 7,71E-05 Stable Dy163 6,10E-06 Stable 

Ru103 1,15E-09 1,38E+12 Xe131 2,60E-03 Stable Dy164 4,21E-06 Stable 

Rh103 4,18E-03 Stable Xe132 4,47E-03 Stable    

Rh103M 1,03E-12 1,24E+12 Cs133 5,54E-03 Stable    

Ru104 3,85E-03 Stable Xe134 6,59E-03 Stable    

Pd104 4,25E-04 Stable Cs134 2,12E-04 1,01E+16 TOTAL 1,77E+00 2,96E+17 

Table 36 (continued). 
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ACTINIDES 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 
Isotope 

Mass 
(g/giHM) 

Activity 
(Bq/tiHM) 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 

He4 1,71E-04 Stable Pu238 7,12E-02 4,51E+16 Cm244 4,88E-02 1,46E+17 

Pa233 9,43E-10 7,24E+11 Pu239 7,58E-02 1,74E+14 Cm245 1,43E-02 9,08E+13 

U234 9,87E-03 2,28E+12 Pu240 2,87E-01 2,42E+15 Cm246 9,40E-03 1,07E+14 

U235 2,56E-03 2.05E+08 Pu241 5,25E-02 2,00E+17 Cm247 2,57E-03 8.84E+09 

U236 3,55E-03 8.49E+09 Pu242 1,36E-01 1,92E+13 Cm248 1,81E-04 2.85E+10 

U237 1,63E-09 4,91E+12 Pu244 7,95E-06 5.22E+06 Bk243 2,12E-11 2,25E+12 

U238 1,97E-05 2.45E+05 Am241 4,89E-02 6,20E+15 Bk249 9,49E-07 5,76E+13 

Np236 1,37E-06 6.70E+08 Am242M 3,60E-03 1,30E+15 Cf249 5,19E-06 7,86E+11 

Np237 2,78E-02 7,25E+11 Am242 4,31E-08 1,29E+15 Cf250 5,90E-07 2,39E+12 

Np238 6,75E-10 6,48E+12 Am243 5,22E-02 3,85E+14    

Np239 4,48E-08 3,85E+14 Cm242 2,47E-04 3,02E+16    

Pu236 1,56E-07 3.06E+12 Cm243 4,91E-04 9,38E+14 TOTAL 8,46E-01 4,35E+17 

 

STRUCTURE MATERIAL 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 
Isotope 

Mass 
(g/giHM) 

Activity 
(Bq/tiHM) 

Isotope 
Mass 

(g/giHM) 
Activity 

(Bq/tiHM) 

B10 6.58E-06 Stable Fe56 2.42E+00 Stable Mo100 3.30E-03 Stable 

B11 3.70E-05 Stable Fe57 5.98E-02 Stable Tc99 8.90E-05 5.59E+10 

C12 3.27E-03 Stable Fe58 8.09E-03 Stable Ru100 6.92E-06 Stable 

C13 3.97E-05 Stable Fe59 2.28E-11 4.15E+10 In113M 1.74E-13 1.07E+11 

C14 8.40E-07 1.39E+11 Co58 8.84E-10 1.04E+12 Sn113 2.89E-10 1.07E+11 

N14 7.47E-04 Stable Co59 9.05E-04 Stable Sn116 4.29E-05 Stable 

Al27 4.51E-04 Stable Co60 7.22E-06 3.02E+14 Sn117 2.27E-05 Stable 

Si28 1.10E-02 Stable Ni58 1.21E-02 Stable Sn118 7.21E-05 Stable 

Si29 5.80E-04 Stable Ni59 2.35E-05 6.58E+10 Sn119 2.66E-05 Stable 

Si30 3.97E-04 Stable Ni60 4.80E-03 Stable Sn120 9.81E-05 Stable 

P31 2.40E-03 Stable Ni61 2.20E-04 Stable Sn121M 3.24E-08 7.10E+10 

S32 1.43E-04 Stable Ni62 6.82E-04 Stable Sn122 1.42E-05 Stable 

S34 6.71E-06 Stable Ni63 2.05E-06 4.67E+12 Sn124 1.75E-05 Stable 

Ti46 4.05E-05 Stable Ni64 1.82E-04 Stable Sb121 4.96E-05 Stable 

Ti47 3.73E-05 Stable Cu63 6.12E-04 Stable Sb123 3.77E-05 Stable 

Ti48 3.77E-04 Stable Cu65 2.83E-04 Stable Sb124 4.13E-11 2.68E+10 

Ti49 2.91E-05 Stable Zn65 1.16E-09 3.55E+11 Sb125 3.96E-08 1.51E+12 

Ti50 2.78E-05 Stable As75 2.88E-04 Stable Te125M 5.54E-10 3.69E+11 

V49 5.09E-11 1.52E+10 Se76 1.23E-05 Stable W182 1.28E-04 Stable 

V50 5.78E-06 Stable Nb91 1.86E-09 2.71E+07 W183 7.21E-05 Stable 

V51 1.54E-03 Stable Nb93 4.98E-04 Stable W184 1.58E-04 Stable 

Cr50 1.13E-02 Stable Nb94 1.23E-05 8.56E+10 W185 1.01E-09 3.49E+11 

Cr52 2.26E-01 Stable Mo92 4.66E-03 Stable W186 1.44E-04 Stable 

Cr53 2.62E-02 Stable Mo93 2.48E-05 1.01E+12 Re185 3.66E-06 Stable 

Cr54 6.75E-03 Stable Mo94 2.99E-03 Stable Re187 3.43E-06 Stable 

Mn54 5.95E-06 1.70E+15 Mo95 5.04E-03 Stable    

Mn55 1.81E-02 Stable Mo96 5.64E-03 Stable    

Fe54 1.48E-01 Stable Mo97 3.16E-03 Stable    

Fe55 1.22E-04 1.13E+16 Mo98 8.14E-03 Stable TOTAL 3.00E+00 1.33E+16 

Table 36 (continued). 

 

The simulation performed by EVOLCODE2 also provided the transmutation potential 

of the ADS. Whereas the initial mass of the fuel actinide content was 3.64 tons, at EOL 

this mass was reduced to 3.08 tons of actinides and so an approximate value of 560 kg 

of TRUs (15% of the fuel actinide content) was eliminated per ADS cycle (or ~320 kg 

of TRU eliminated per year). 

 

Additionally, the evolution of the neutron multiplication of the ADS, expressed in terms 

of the K effective, keff, was calculated along the 642 irradiation days needed to reach the 

desired burn-up. This result can be seen in Figure 75. In this kind of strategies, with a 
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plutonium content of ~75% of the actinides contained in the ADS fuel, the effective 

multiplication constant falls down rapidly with burn-up, having a consequent 

unacceptable demand from the accelerator. Different ways to solve this problem have 

been proposed in bibliography such as the introduction of a totally or partially fertile 

fuel matrix of 
238

U [99]. This solution increases the burn-up cycle length but with the 

handicap of a difficult and expensive (from the accelerator point of view) operation 

characteristics. ADS with this plutonium content used to transmute TRU must 

necessarily employ relatively short cycles, employing a methodology of irradiation by 

batches to reach the desired final burn-up; a strategy using four batches has been 

proposed for this kind of ADS in double-strata [100]. This very important issues had 

been explored by the CIEMAT research group [101] where this thesis has been 

proposed but, due to the objectives of this work, we refer to the quoted references for a 

detailed discussion of the issue. This effect do not modify significantly the isotopic 

composition and so we used the approximation of a single irradiation batch. 
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Figure 75. Evolution with burn-up of the keff of the system. 
 

The activation of the ADS structural material (including cladding, nozzles, etc.) has 

been estimated by means of an ORIGEN irradiation using an averaged cross section 

library created with EVOLCODE2, representative of the whole ADS. Although this 

waste stream generates very low thermal power or activity, its large volume and mass 

(three tonnes of structural material per initial ton of heavy metal) makes it of concern in 

waste management issues. Moreover, this waste stream, together with the separated 

elements from the main stream in the partition of the spent fuel, form the ILW, which 

has not been commonly studied in this kind of waste management assessments and 

could have a certain impact to the environment. A complete list of structural material 

isotopes and masses is included in the above-mentioned references and a list including 

the mass of the major contributors to the activity appears in Table 36. 

 

Other waste streams taken into account have been the activation of the structural 

materials and the activation of the spallation target by means of spallation or neutronic 

irradiation. These secondary waste streams were calculated mainly using the ORIGEN 

code and applying EVOLCODE2 in a semiautomatical procedure. The spallation 

products generation has been assessed following the procedure described in section 

6.2.3, taking into consideration the information of about 3300 isotopes. In particular, the 

lists of isotopes created by spallation and activation in the spallation target system of the 

ADS include the spallation products generation in target and window and the activation 

products generation in target, window, target structure and the last segment of the 
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accelerator beam pipe. The complete lists can be found at [98] [88] (Rev. 0 of the 

document). Here, the activation products waste stream lists appear in Table 37. Some 

special hypotheses have been applied to compute these lists: 

 

 The spallation products are generated separately in the target and the window. 

 Besides the spallation products generation, it is considered that the irradiation 

(by the neutron flux of the ADS core) activates the spallation target and window. 

This activation, however, is independent of the spallation products generation. 

 The possible secondary activation of the target spallation products is taken into 

account as if the spallation products will remain always in the spallation target 

region (not escaping to the spallation target circuit). The possible retention of 

these products in the spallation target filters is neglected. These two factors 

introduce a substantial uncertainty that can be large if the volume in the 

spallation target circuit is large compared with the active spallation target or if 

the filters are very efficient. The spallation products generated in the window are 

assumed to be retained on place and so their activation is significant for some 

isotopes. In both cases, the evolution of the isotopic content of the spallation 

products has been calculated using the ORIGEN option on continuous feeding 

during the irradiation. 

 The spallation target window is assumed to be changed at every ADS refueling. 

 The target supporting structure and the last segment of the accelerator beam pipe 

are other waste streams that are also activated by the ADS neutron irradiation. 

The parts with higher irradiation from these structures are also expected to be 

removed from the reactor at each refuelling. 

 Only isotopes with either a mass fraction or an activity fraction above 10
-6

 over 

the total mass (or total activity) of the corresponding stream have been included 

in the lists at Table 37. 

 
SPALLATION TARGET

30
 

Isotope 
Mass 

(g) 
Activity 

(Bq) 
Isotope 

Mass 
(g) 

Activity 
(Bq) 

Isotope 
Mass 

(g) 
Activity 

(Bq) 

HE4 3.40E+00 Stable PB210 7.50E-06 2.12E+07 BI211 6.90E-07 1.07E+13 

TL206 7.05E-10 5.68E+09 BI206 1.92E-02 7.21E+13 PO208 2.49E-02 5.45E+11 

TL207 1.51E-06 1.07E+13 BI207 5.03E-01 9.77E+11 PO209 3.50E-01 2.17E+11 

PB206 5.16E+04 Stable BI208 1.26E+03 2.18E+11 PO210 9.10E+01 1.51E+16 

PB207 4.79E+04 Stable BI209 2.66E+05 Stable PO211 6.20E-11 2.19E+11 

PB208 1.13E+05 Stable BI210M 2.72E+02 5.71E+09    

PB209 1.47E-02 2.47E+15 BI210 3.58E+00 1.64E+16 TOTAL 4.80E+05 3.41E+16 

Table 37. Activation products generation in the ADS spallation system (including only major 

contributors to mass or activity: isotopes of each waste stream having an activity or mass larger 

than a factor 10
-6

 of the total respective magnitude of the stream). 

 

                                                 
30

 It must be noted that this activation calculation is affected by a large uncertainty coming from the 

branching ratio, B.R., for the production of 
210m

Bi/
210

Bi after a neutron capture in 
209

Bi. The value for this 

B.R. is badly known experimentally above thermal neutron energies and even the thermal value presents 

large discrepancies. The value in the ENDF file is 2.52 for the whole energy range. However, recent data 

suggest a value close to 1. These results have been obtained using a branching ratio factor of 1. 
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SPALLATION WINDOW 

Isotope 
Mass 

(g) 
Activity 

(Bq) 
Isotope 

Mass 
(g) 

Activity 
(Bq) 

Isotope 
Mass 

(g) 
Activity 

(Bq) 

H1 2.05E-02 Stable MN55 7.24E+00 Stable W182 4.17E-01 Stable 

HE4 1.87E-02 Stable MN56 2.40E-04 1.92E+14 W183 3.20E-01 Stable 

SC47 9.57E-08 2.94E+09 MN57 1.99E-08 1.51E+12 W184 8.20E-01 Stable 

SC48 5.92E-08 3.27E+09 MN58 2.08E-10 2.30E+10 W185 2.74E-02 9.51E+12 

TI47 4.72E-03 Stable FE53 2.03E-08 1.05E+12 W186 5.10E-01 Stable 

TI49 1.48E-02 Stable FE54 7.39E+01 Stable W187 4.20E-04 1.09E+13 

TI50 2.41E-03 Stable FE55 1.43E+00 1.32E+14 W188 1.00E-05 3.72E+09 

TI51 2.54E-09 6.01E+10 FE56 1.13E+03 Stable RE184 3.49E-05 2.41E+10 

V49 3.52E-04 1.05E+11 FE57 3.20E+01 Stable RE185 6.90E-02 Stable 

V50 3.90E-02 Stable FE58 4.13E+00 Stable RE186 8.22E-04 5.65E+12 

V51 3.18E-01 Stable FE59 5.79E-03 1.05E+13 RE187 1.18E-01 Stable 

V52 4.27E-07 1.53E+13 CO58 5.12E-06 6.03E+09 RE188 2.11E-04 7.66E+12 

V53 8.01E-09 6.53E+11 CO59 3.84E-02 Stable RE189 3.02E-07 7.63E+09 

V54 3.48E-10 4.89E+10 CO60 2.80E-03 1.17E+11 OS185 1.35E-05 3.75E+09 

CR49 4.34E-08 1.46E+11 CO61 4.45E-09 5.13E+09 OS186 3.11E-02 Stable 

CR50 8.05E+00 Stable TA181 1.83E-03 Stable OS187 4.92E-03 Stable 

CR51 2.46E-02 8.40E+13 TA182 2.82E-04 6.51E+10 OS188 5.99E-02 Stable 

CR52 1.54E+02 Stable TA183 6.79E-06 3.52E+10 OS189 7.73E-03 Stable 

CR53 1.78E+01 Stable TA184 1.20E-08 8.66E+08 OS190 3.61E-03 Stable 

CR54 4.87E+00 Stable TA186 5.52E-11 1.97E+08 OS191 2.75E-05 4.53E+10 

CR55 1.04E-07 3.71E+12 W179 5.76E-10 6.05E+08 IR192 1.41E-05 4.80E+09 

MN53 4.37E-03 2.92E+05 W180 1.78E-03 Stable    

MN54 3.03E-01 8.68E+13 W181 9.59E-04 2.11E+11 TOTAL 1.44E+03 5.63E+14 

 

TARGET STRUCTURE 

Isotope 
Mass 

(g) 
Activity 

(Bq) 
Isotope 

Mass 
(g) 

Activity 
(Bq) 

Isotope 
Mass 

(g) 
Activity 

(Bq) 

TI51 5.73E-09 1.36E+11 FE53 5.21E-08 2.71E+12 W187 4.03E-02 1.05E+15 

V49 8.47E-04 2.53E+11 FE54 5.58E+03 Stable W188 8.57E-04 3.17E+11 

V50 2.01E-01 Stable FE55 3.85E+01 3.57E+15 RE184 6.59E-05 4.56E+10 

V51 1.14E+01 Stable FE56 8.47E+04 Stable RE185 4.06E+00 Stable 

V52 2.06E-06 7.37E+13 FE57 2.37E+03 Stable RE186 4.57E-02 3.14E+14 

V53 2.25E-08 1.84E+12 FE58 3.00E+02 Stable RE187 1.29E+01 Stable 

V54 8.10E-10 1.14E+11 FE59 3.38E-01 6.16E+14 RE188 1.97E-02 7.17E+14 

CR49 1.11E-07 3.71E+11 CO59 2.28E+00 Stable RE189 2.57E-05 6.50E+11 

CR50 6.08E+02 Stable CO60 1.64E-01 6.88E+12 OS186 1.73E+00 Stable 

CR51 8.88E-01 3.04E+15 CO61 2.09E-07 2.41E+11 OS187 2.46E-01 Stable 

CR52 1.16E+04 Stable TA182 5.72E-03 1.32E+12 OS188 5.73E+00 Stable 

CR53 1.31E+03 Stable TA183 1.80E-04 9.34E+11 OS189 6.63E-01 Stable 

CR54 3.43E+02 Stable W180 1.39E-01 Stable OS190 2.84E-01 Stable 

CR55 4.54E-06 1.62E+14 W181 2.19E-02 4.81E+12 OS191 1.55E-03 2.55E+12 

MN54 2.07E+00 5.93E+14 W182 2.92E+01 Stable IR192 7.89E-04 2.68E+11 

MN55 5.28E+02 Stable W183 2.57E+01 Stable IR194 9.19E-07 2.87E+10 

MN56 7.35E-03 5.91E+15 W184 6.39E+01 Stable    

MN57 5.96E-08 4.52E+12 W185 1.60E+00 5.58E+14    

MN58 4.92E-10 5.42E+10 W186 3.27E+01 Stable TOTAL 1.08E+05 1.66E+16 

Table 37 (continued). 
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ACCELERATOR BEAM PIPE 

Isotope 
Mass 

(g) 
Activity 

(Bq) 
Isotope 

Mass 
(g) 

Activity 
(Bq) 

Isotope 
Mass 

(g) 
Activity 

(Bq) 

H1 7.73E-02 Stable MN55 4.36E+01 Stable W184 5.33E+00 Stable 

HE4 6.91E-02 Stable MN56 1.13E-03 9.09E+14 W185 1.48E-01 5.14E+13 

SC47 2.27E-07 6.98E+09 MN57 7.49E-08 5.68E+12 W186 2.44E+00 Stable 

SC48 1.73E-07 9.55E+09 MN58 7.77E-10 8.56E+10 W187 3.59E-03 9.33E+13 

TI47 1.74E-02 Stable FE53 8.06E-08 4.19E+12 W188 8.85E-05 3.28E+10 

TI49 5.55E-02 Stable FE54 4.52E+02 Stable RE184 1.02E-04 7.03E+10 

TI50 8.89E-03 Stable FE55 6.43E+00 5.95E+14 RE185 3.44E-01 Stable 

TI51 8.95E-09 2.12E+11 FE56 6.90E+03 Stable RE186 4.72E-03 3.25E+13 

V49 1.37E-03 4.08E+11 FE57 1.98E+02 Stable RE187 1.14E+00 Stable 

V50 1.45E-01 Stable FE58 2.46E+01 Stable RE188 1.98E-03 7.19E+13 

V51 1.49E+00 Stable FE59 3.11E-02 5.66E+13 RE189 2.94E-06 7.43E+10 

V52 1.58E-06 5.64E+13 CO58 1.25E-05 1.47E+10 OS185 4.76E-05 1.32E+10 

V53 2.96E-08 2.42E+12 CO59 2.06E-01 Stable OS186 1.78E-01 Stable 

V54 1.31E-09 1.85E+11 CO60 1.76E-02 7.34E+11 OS187 2.94E-02 Stable 

CR49 1.72E-07 5.78E+11 CO61 2.49E-08 2.87E+10 OS188 5.82E-01 Stable 

CR50 4.93E+01 Stable TA182 1.05E-03 2.42E+11 OS189 7.65E-02 Stable 

CR51 1.16E-01 3.96E+14 TA183 4.81E-05 2.49E+11 OS190 3.81E-02 Stable 

CR52 9.41E+02 Stable TA184 6.73E-08 4.88E+09 OS191 2.40E-04 3.93E+11 

CR53 1.07E+02 Stable W179 2.09E-09 2.19E+09 IR192 1.36E-04 4.62E+10 

CR54 2.89E+01 Stable W180 1.05E-02 Stable IR194 2.31E-07 7.22E+09 

CR55 4.68E-07 1.67E+13 W181 3.97E-03 8.74E+11    

MN53 1.72E-02 1.15E+06 W182 2.17E+00 Stable    

MN54 1.18E+00 3.37E+14 W183 2.10E+00 Stable TOTAL 8.77E+03 2.63E+15 

Table 37 (continued). 

 

Concerning the physical magnitudes having a possibly considerable impact in the 

disposal facility, EVOLCODE2 has provided the list of isotopes (for all the considered 

waste streams) and the associated value of the thermal power and radiotoxic inventory. 

This isotope list was required to be as complete as possible due to the different 

reprocessing hypothesis applicable to each element. For the case of the ADS, different 

reprocessing factors were to be applied to actinides, noble metals, noble gases, some 

volatiles elements, Zr from the fuel matrix, etc. Details can be found in reference [88]. 

 

The contribution to the thermal power of the entire isotope list managed by 

EVOLCODE2 is shown in Figure 76 for a total cooling time of 50 years, which is when 

HLW universal canisters are supposed to be sent to the final disposal in the reference 

scenario (only the HLW coming from the ADS are considered here). The diagonal wide 

band of light blue markers represents all isotopes for which a certain value (even close 

or equal to zero) has been obtained (more than 3300 isotopes), not showing their correct 

value according to the scale. It can be seen that indeed the fission products 
90

Sr (half-life 

of 28.8 yr, Z=38 and N=52), 
90

Y (with very short half-life at secular equilibrium with 
90

Sr, Z=39, N=51), 
137

Cs (half-life of 30.07 yr, Z= 35 and N=82) and 
137m

Ba (with very 

short half-life at secular equilibrium with 
137

Cs, Z=36, N=81) are the largest 

contributors to thermal power at a cooling time of 50 years. For a total cooling time of 

500 years, the contribution of the fission products becomes lower than the contribution 

of the actinides (as displayed in Figure 77). It should be noted that the total thermal 

power is approximately two-three orders of magnitude inferior to the thermal power at 

50 years of decay cooling time. At this time, unstable fission products with short and 

medium half-life have already decayed and only the contribution of the long-lived 

fission products remains significant. 
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Figure 76. Thermal power of ADS HLW after 50 years of cooling time per isotope (in W/UC). 

The diagonal wide band of light blue markers represents all isotopes for which a certain value 

(even close to zero) has been obtained (more than 3300 isotopes), not showing their correct 

value according to the scale. 

 

 
Figure 77. Thermal power of ADS HLW after 500 years of cooling time per isotope(in W/UC). 

The diagonal wide band of light blue markers represents all isotopes for which a certain value 

has been obtained (more than 3300 isotopes), not showing their correct value according to the 

scale. 

 

With this information, it has been possible to obtain very accurately the thermal power 

of the HLW generated per TWhe in Scenarios A1 (reference, the open cycle) and B2 

(the double-strata described above) as a function of time, identifying the contributions 
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from fission fragments (FP in the figure) and actinides (the fuel impurities activation 

contributions are always negligible), Figure 78. The total heat load contribution from 

the three different HLW UC existing in Scenario B2 have been taken into account, 

considering the number of waste packages per TWhe generated in each different reactor 

of the nuclear park. 

 

This figure shows that the larger contributions at the first years of cooling time come, in 

both scenarios, from the fission products. For Scenario A1, in this period of time, the 

contribution of the actinides is also considerable, creating the difference between the 

total values for both scenarios (the same amount of fission products per TWhe are 

created in both scenarios because it is supposed that both LWR and ADS have the same 

efficiency of 33%). After several decades of cooling time, when the contribution of the 

fission products is decreasing due to their shorter half-life, actinides become the largest 

contribution to the total heat emitted in Scenario A1 (more than three orders of 

magnitude regarding fission products). As a consequence, the evolution of HLW 

thermal power is rather slow and takes about 500 years to reduce by a factor 10 and 

about 10000 years for a reduction factor 100, with respect to the 50 years reference 

disposal time. 
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Figure 78. Thermal power of the HLW streams produced in both Scenario A1 and B2. Values in 

this graph, for Scenario B2, include only reprocessing losses as waste. 

 

For Scenario B2, the contribution to the thermal power of the fission products also 

decreases with time, but it remains larger than the contribution of the actinides for a few 

hundreds of years, due to the very small amount of actinides remaining in the waste 

packages. After this period of time, the contribution of the actinides becomes larger but 

by then both contributions become rather small and a hundred times smaller than in 

Scenario A1. The total thermal power for this scenario is reduced by a factor 10 in only 

100 years and by more than a factor 100 at year 300 after unloading. 

 

As a conclusion, the total heat load per TWhe from scenarios with full Pu and MA 

recycling, such as B2, at 50 years after unload are approximately half of the open cycle. 

At 150 years, the heat from this advanced scenario is about 7 to 9 times smaller than in 

the reference cycle. After several hundreds of years (and later) Scenario B2 has about 

100 times smaller heat emission than Scenario A1. 

 

The obtained results also show the possibility, for scenarios with full Pu and MA 

recycling, of even larger gains in the reduction of the thermal load to the deep repository 
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and on its associated capacity, reduction factors would range from 13 to 40, by delaying 

the disposal time 100 to 200 years more or by separating Cs and Sr from the main HLW 

stream [12]. 

 

These reductions in the thermal power imply a reduction in the required gallery length 

of the HLW in the repository. Gallery length reduction factors range from 1.5 to 6 

depending on the specific geologic formation of the repository. In the particular case of 

a deep repository in granite [102], at the reference disposal time of 50 years of cooling 

time, the required gallery length for the open cycle is 8.89 m/TWhe. The total required 

gallery length for Scenario B2 with fully recycling of Pu and MA is 4.49 m/TWhe 

(relative reduction factor equal to 2), also considering the reference disposal time and 

this specific host formation. 

 

The reduction in the gallery length required by the HLW long-term storage leads to a 

reduction in the number of final deep geological repositories or in their individual size. 

This result provides additional potential benefits of the Partitioning and Transmutation 

strategy contributing to the long-term sustainability of nuclear energy. On one hand, 

environmental advantages can be gained in an scenario with a smaller amount of final 

repositories. On second hand, economical benefits can be achieved in case that less final 

repositories are needed (transport, O&M, management) or in case that their individual 

size is small (construction costs, interest rates, etc.). On the other hand, a reduction in 

the number of the final repositories can improve the social perception of nuclear waste 

management, improving the public and decision makers opinion towards nuclear 

energy. 

 

 
Figure 79. Radiotoxic inventory of ADS HLW after 50 years of cooling time per isotope (in 

Sv/UC). The diagonal band of light blue markers represents all isotopes for which a certain 

value has been obtained (more than 3300 isotopes), not showing their correct value according to 

the scale. 
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EVOLCODE2 has also provided the radiotoxic inventory (radioactive ingestion hazard 

according to ICRP 72 publication [103]) of the HLW coming from the ADS after a total 

cooling time of 50 years. Values for the entire isotope list appear in Figure 79, 

normalized to the mass of waste included in one universal canister. Again, fission 

products 
90

Sr and 
137

Cs are the largest contributors at this time. For a total cooling time 

of 500 years (see Figure 80), the contribution of the short- and medium-lived fission 

products has disappeared and the actinide radiotoxic inventory becomes the largest. 

 

 
Figure 80. Radiotoxic inventory of ADS HLW after 500 years of cooling time per isotope (in 

Sv/UC). The diagonal band of light blue markers represents all isotopes for which a certain 

value has been obtained (more than 3300 isotopes), not showing their correct value according to 

the scale. 
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Figure 81. Radiotoxic inventory of the main HLW streams produced in both Scenario A1 and 

B2, and ILW for Scenario B2. 

 

Taking into account the radiotoxic inventory of each single isotope, it has been possible 

to reconstruct the radiotoxic inventory flux released for Scenarios A1 and B2. It is 

displayed in Figure 81. The same rationales can be done for this magnitude that those 
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for the thermal output of the waste. The larger contribution for the radiotoxic inventory 

in the Scenario A1 comes from the actinides, excepting the very first years. For 

Scenario B2, the fission products play a more important role until the radioactive decay 

of the short- and medium-lived isotopes at a few hundreds of years. After several 

hundreds of years of cooling decay, when the main fission products contributors have 

decayed, Scenario B2 has about 100 times smaller radiotoxic inventory than Scenario 

A1. 

 

Finally, since EVOLCODE2 has provided a detailed list of the isotope masses in the 

different waste streams, it became possible for the collaboration partners to make an 

accurate calculation of the activity, thermal power, dose and radiotoxic inventory 

released to the environment from the long lived ILW packages. 

 

Estimations made for the different scenarios (such as the isotopic composition of the 

structural material or the ratio of each element that is released to the environment during 

reprocessing) have been done as best estimate [88]. However, these hypotheses have 

been applied not including the long lived ILW. For the ILW, hypotheses have been 

usually implemented in a conservative manner so these waste masses are not expected 

to be the real content but upper limits in many cases. It will be necessary, for future 

ILW studies, to diminish the uncertainties related to these initial hypotheses, as they 

may have a large impact in the final calculations. 

 

Isotope/Element Source 
Mass in waste (g/TWhe) 

HLW ILW 

U Fuel 2000 530 

Np Fuel 6.0 1.3 

Pu Fuel 107 30 

Am Fuel 25 6.9 

Cm Fuel 4.9 0.9 

Fission products
31

 Fuel 104000 192000 

C-14 Activation of fuel matrix nitride 3.1 0.1 

Cl-36 Activation of Cl fuel impurities 0.04 0.6 

Sr-90 Fission 513 1.2 

Nb-94 Activation of structural Nb 0.7 21 

I-129 Fission 6.9 9.3 

Cs-135 Fission 2340 6.5 

Table 38. Mass of fission products, activation products and actinides in HLW and ILW. 

 

The mass of the main contributors to the long lived ILW coming from Scenario B2 

appears in Table 38, where also the main sources of each relevant isotope are shown. In 

this table, actinides and HLW contents also appear for comparison reasons. In this 

study, it has been assumed as a conservative hypothesis that the fuel matrix of the ADS 

is not recycled so the activated matrix is considered as ILW. Due to the application of 

this conservative hypothesis, significant amounts of long lived ILW mass and volume 

are found. As a comparison with the open cycle, the total volume of HLW in Scenario 

A1 is 3.87 m
3
/TWhe (there is no generation of ILW in this scenario). For Scenario B2, 

the total HLW volume is 1.41 m
3
/TWhe, and the ILW volume is equal to 3.33 

m
3
/TWhe. 

 

                                                 
31

 Including the Zr of the ADS fuel matrix in the ILW. 
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The radiotoxic inventory of the long lived ILW generated in Scenario B2 is shown in 

Figure 81, where a comparison with the radiotoxic inventory of the HLW of this scenario 

can be seen. Approximately, the long lived ILW radiotoxic inventory is two orders of 

magnitude smaller than the HLW value up to 100 years of cooling decay, and almost 

one order of magnitude smaller for larger cooling times. 

 

The dose to the average member of the critical group is shown in Figure 82 for Scenarios 

A1, B1 and B2, including the contributions coming from the HLW and from the long 

lived ILW. It has been assumed in this study that the long lived ILW is not conditioned 

in a stable matrix, but directly exposed to leaching after closure of the repository
32

. As a 

consequence, present dose estimations are dominated by the more mobile fission 

fragments and activation products. Special attention should be put in the case of 
14

C, 

generated as ILW as an activation product of the fuel matrix nitride (in the case of 

Scenario B2) or of the large structural materials in the GEN IV fast reactor in Scenario 

B1. This isotope presents a significant peak after 20000 years of cooling decay, mainly 

for Scenario B1, due to the application of conservative values of nitrogen impurities in 

the structural material. 
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Figure 82. Total dose to the average member of the critical group due to HLW+ILW for some 

RED-IMPACT scenarios. 

 

This study shows that whereas P&T reduces the heat source term and the radiotoxic 

inventory, it will not change the dose from the normal evolution scenarios of the 

geological repository. In any case, the total dose from the waste remains, for all 

scenarios, several orders of magnitude smaller than the regulatory allowed dose and 

largely smaller than the dose induced by natural radioactivity. 

 

Within the RED-IMPACT project, transitions scenario studies have also been 

accomplished with the main objective of the assessment of the mass and composition of 

the fuel contained in each nuclear facility in a time-dependent fuel cycle scenario [104]. 

This included the evolution with time of every reactor, reprocessing and storage facility 

and waste legacy, highlighting the different key stages of a complex fuel cycle scenario. 

The calculations concerning transition Scenario B2 were also made using 

EVOLCODE2 and the obtained results can be found in the reference. 

 

                                                 
32

 No special engineered barriers have been introduced in the repository design to account for the long 

lived ILW. 
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6.3.5. Discussion 

 

EVOLCODE2 has been applied in the framework of the RED-IMPACT project to 

compute the transmutation potential of the ADS, the isotopic composition of the 

different ADS waste streams and the evolution in time of the values of different nuclear 

parameters. Some special features have also been estimated regarding the specific issues 

of the activation of structural materials and the waste production in every spallation 

module section of the subcritical system. This information has been used by the RED-

IMPACT collaboration to assess the impact of the application of a double-strata strategy 

to the deep underground repository. 

 

The thermal output of the waste packages has a strong impact in the deep geological 

repository dimensioning because of the temperature limitations in the studied hard rock 

host formations. For scenarios with full Pu and MA recycling, such as B2, fission 

fragments dominate this thermal output during the first 200-300 yr in the HLW stream. 

In fact, in these kind of P&T strategies, the HLW short-term thermal power (<200 yr) is 

mainly dominated by the fission products 
90

Sr and 
137

Cs (and decay daughters), both 

with a half-life close to 30 years. As a consequence, the total thermal power of the waste 

packages for these advanced scenarios is reduced by a factor 10 in only 100 years and 

by more than a factor 100 at year 300 after unloading. These reductions show the 

possibility, for scenarios with full Pu and MA recycling, of large gains in the reduction 

of the thermal load to the repository (and hence on its associated capacity) by delaying 

the disposal time 100 to 200 yr. Similar reduction on the HLW thermal power can be 

gained at shorter times by separating the Sr and Cs from the HLW stream, although a 

special waste management strategy should be developed to the separated stream. 

 

Advanced partitioning and transmutation technologies can also provide large (> 100) 

reduction factors in the radiotoxic inventory per TWhe after a cooling time of a few 

hundreds of years. Apart from its intrinsic values, this has an impact in the human 

intrusion scenario, where a future human being inadvertently interferes with the 

radioactive material. 

 

Concerning the impact of P&T in the deep repository, the reduction in the thermal load 

of the HLW universal canisters due to this strategy leads to reduction factors from 1.5 to 

6 in the required gallery length, depending on the specific host formation. Even larger 

reduction factors ranging from 13 to 40 can be achieved by delaying the disposal time 

100 to 200 years more or by separating Cs and Sr from the main HLW stream. The 

reduction in the gallery length needed in the deep repository leads to the necessity of a 

smaller number of deep repositories for the total waste, largely delaying the operation 

start-up for the second and successive deep repositories or even avoiding their 

construction. 

 

Finally, the need of studies concerning ILW has recently appeared as a natural 

consequence of studies estimating the impact of the whole nuclear fuel cycle to the 

environment. In the near future, it is foreseen that more detailed calculations concerning 

the ILW should be done, including the activation of fuel impurities and structural 

material or the spallation waste. New calculations should use more realistic estimations 

of impurities and detailed composition of structural materials and fuel matrices to obtain 

realistic assessments (not upper limits) of the ILW consequences. 
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6.4. Phase-out studies 

6.4.1. Introduction 

 

The transition from current open or partially closed fuel cycles to fully closed advanced 

fuel cycles is a matter of concern in many countries. This transition offers two different 

possibilities to countries and regions throughout the world: the long-term use of nuclear 

energy or the phase-out situation (progressive decreasing until disappearance of the 

nuclear power park). Different countries will have different strategic reasons for 

adopting either an advanced nuclear fuel cycle or other. These different objectives can 

impact technology choices and the performance expected from such systems, so the 

largest knowledge of each option is necessary. In the international context, the WPFC 

Expert Group on Fuel Cycle Transition Scenario Studies of the NEA/OECD (with 

participation of CIEMAT) has been devoted to this work [105], with the objectives of: 

assembling and organising institutional, technical, and economics information critical to 

the understanding of the issues involved in transitioning from current fuel cycles to long 

term sustainable fuel cycles or a phase-out of the nuclear enterprise; and providing a 

framework for assessing specific national needs related to that transition. 

 

In the phase-out scenarios, several new considerations have to be taken into account. In 

particular, the management of the high level waste arises as one of the main issues to 

answer. Partitioning and Transmutation strategies can be applied as an assistance to the 

solution of the waste management problem, minimizing the transuranic (TRU: Pu and 

MA) inventory in the final storage and eventually simplifying that final storage. The 

objective of these strategies are to evaluate the possible reductions on TRU mass, the 

isotopic composition of the final waste, the time required to achieve that reductions, the 

need and time profile of resources (new ADS or reactors, reprocessing capacity, 

fabrication capacity, etc.) and finally the financial implications. The optimization of the 

TRU minimizing strategy can be achieved once the transmutation potential of the 

nuclear reactors is well known. EVOLCODE2 has been used to perform a detailed 3D 

simulation of the transmutation plant, providing the previous result, with special focus 

in the isotopic composition of Pu and MA to be reprocessed and sent to the final 

storage. 

 

The P&T studies usually concentrate on equilibrium mode scenarios with a fixed global 

infrastructure and constant mass flows. These studies have resulted in a large 

understanding of the potential of P&T in nuclear waste reduction issues. Nevertheless, 

although this knowledge is extremely valuable, the nature of the transition from current 

cycles to a final equilibrium or phase-out scenario makes necessary further technical 

analysis. 

 

6.4.2. Background 

 

The research on transmutation strategies has first concentrated on the detailed 

evaluation of country specific phase-out scenarios with limited stock of TRUs, based on 

fast neutron lead alloys cooled ADS systems with inert matrix fuels. Both, a direct TRU 

elimination scheme and several variants of the double strata fuel cycle have been 

considered. 
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The case of a phase-out direct TRU transmutation strategy, consisting on several phases 

with an evolving deployment of the reprocessing and transmutation plants, was studied 

in the framework of the NEA/OECD Expert Group [106]. In these studies, we used the 

first version of EVOLCODE [41] to perform detailed ADS calculations combined with 

a scheme for the transmutation plant and reprocessing facilities deployment. Several 

stages or phases were performed in this phase-out study to reach an important reduction 

on the accumulated radiotoxicity by transmutation. In this strategy, the scenario basic 

stages are: 

 

 Start-up: Loading the transmutation plant (TP) cores with a pseudo-equilibrium 

mixture of Pu and MA from a separated reprocessing of the LWR spent fuel. 

 Phase 1: Recycling the TP fuel with addition of TRU from the LWR spent fuel, 

until these are exhausted. To accommodate for the cooling time between 

discharge, reprocessing, fabrication and reloading, two independent cores (set of 

fuel elements) are used in each TP. 

 Phase 2: Progressive reduction of the number of TP using the fuels of the 

stopped TP to top-up the active TP. Two subphases are considered: the first still 

with two cores per TP and the second with a single core per TP. 

 Phase 3: Use of the residual TRU fuel in the last TP, followed by its eventual 

reduction using an external source to sustain the irradiation neutron flux. 

 

A hypothetical amount of 100 tons of TRUs (with an approximately amount of 86% Pu 

and 14% MA) coming from a PWR with an average burn-up of 40 GWd/tHM are 

considered as the initial amount of nuclear waste to transmute. This waste is assumed to 

be produced during 50 years of a LWR operation (40 years at full power and 20 years in 

a linear decreasing until zero power) with a maximum total installed power of 23.5 

GWth. 

 

The detailed description of the ADS can be found in Section 6.3, although with some 

differences as the ADS inert matrix fuel for this evaluation is based on ZrO2. Only 2.87 

tons of initial HM are charged in a fuel core and a burn-up of 140 GWd/tHM is 

assumed.  

 

In the start-up phase, the only available source of fuel is the spent fuel of the LWR 

(TRU-LWR). This fuel has an isotopic composition very different from the adequate for 

ADS fuels (different transmutation and reprocessing plants should be needed). This 

problem can be minimized in the approach to the equilibrium operating conditions 

building a pseudo-equilibrium fuel (TRU-SUP) by separating the TRU streams from the 

LWR spent fuel and then recombining the streams but with a fraction of MA respect to 

Pu larger than that found in the spent fuel. This will improve the breeding ratio and the 

neutron multiplication drop during the large burn-up cycle. The same TP design can be 

used along the full phase-out process. A mixture of 60% Pu and 40% MA has been 

studied. The start-up fuel discharge after a full burn-up (TRU-BUP) is approximately 

similar to the initial pseudo-equilibrium composition. After the burn-up, 2.5 tons of 

TRU-BUP are left. 

 

After loading the TP park with the start-up fuel, it will be operated with multiple 

reprocessing cycles. In these Phase-1 cycles, the remaining LWR TRUs are used to 

prepare the reload fuel, mixed with the recovered TP spent fuel (TRU-MIX). This phase 



Development of a computational tool for the simulation of innovative transmutation systems 

  -172- 

  

will be finished when the TRUs from the LWR spent fuel are exhausted. The main 

magnitudes to calculate are the period of time needed to consume all the TRU from the 

LWR and the TRU inventory left afterwards. The main parameters to choose are the 

Power Installed fraction of TP, respect to the installed power of the LWR, and the 

specific power in the TP. A 20% ratio between the average nuclear energy production 

by LWR and the average production during the transmutation stages has been assumed. 

With this parameter, the resulting number of TP is five for phase 1. 
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Figure 83. Mass of TRU (TRU-LWR) that must be produced from the LWR spent fuel 

reprocessing for each Transmutation Cycle, to fabricate TRU-SUP and TRU-MIX fuels. 

 

This election of parameters allows limiting the required processing capacity of the LWR 

reprocessing plant, as shown in Figure 83. The maximum reprocessed TRU-LWR mass, 

less than 9 tons/cycle, is required in the firsts ten cycles (17 years). At this time Start-up 

of the TPs and Phase 1 coexist. The other cycles are working with TRU-MIX (Phase 1), 

requiring less than 0.34 tons/cycle of TRU from LWR reprocessing. However, the 

difference on initial and average reprocessing capacity can be further reduced if the 

reprocessing is started much earlier than the phase-out P&T operation. A total of 35 

reloads are needed on each TP, during a total of 60 years, taking into account the two 

cores per TP. The total amount of TRUs left on the TP final cores after reprocessing 

rises to 25.2 tons. 

 

Phase 2 begins with a reduction of the number of TP (and the installed power) when the 

LWR spent fuel is exhausted. The only source of fuel for the ADS in this phase is the 

spent ADS cores, having a capacity of 10 reloads on each TP (with a total duration of 

18 years and reducing the total residual mass of the TP spent cores to 17.5 tons). The 

number of TP is set to three in this phase. The second stage is characterized by the 

utilization of only one core in each TP. In this scheme, 12 reloads are needed on each 

TP. The duration of these reloads vary with the fuel fabrication scheme between 22 and 

42 years. The total amount of TRU leaving in the residual cores reduces to 9.1 tons. 

 

The last phase of the transmutation strategy consists in the irradiation of fuel in a much 

reduced number of TPs, finally only one. Phase 3 requires 22 reloads, leaving 2.75 tons 

in the last remaining core. The total time required by this phase depends on the 

optimization but it lasts more than 40 years and might extend well beyond 60 years. 

 

Figure 84 shows the proposed installed power for this phase-out scenario. Until year 



Chapter 6. Application to fuel cycle problems 

  -173- 

 

zero, all the power is due to the LWRs. After that, the different phases can be seen in 

the figure: the start-up as the increasing slope; the first phase as the plateau until year 

60; Phase 2, in which some TP are closed or there is only one core per TP; and finally 

Phase 3, beyond year 110, when only one TP is remaining until the exhaustion of the 

ADS spent fuel of Phase 2. 
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Figure 84. Installed power in the country specific phase-out scenario. 

 

As a summary, this work focuses on the possibility of a TRU reduction using a 

partitioning and transmutation strategy. With this concept, it is possible to irradiate the 

TRUs in a series of phases using always the same ADS design as TP, although the 

isotopic composition could vary from a phase to the following. This effect is reduced by 

the use of pseudo-equilibrium fuel. Results show that it is possible to reduce the total 

amount of TRUs coming from a LWR-based scenario as follows: 

 

 25% (a factor 4) in 60 years. 

 18% (a factor 5.5) in 78 years. 

 9% (reduction factor 11) in 100-120 years. 

 3% (a factor 33) in 140-180 years. 

 

According to these results, large factors in TRU reduction need a very long operation 

time, nearly as long as three times the period of LWR spent fuel generation. The 

operation time is difficult to reduce in this scenario due to different factors: The peak 

LWR reprocessing capacity; the delay introduced in the availability of TRU from the 

ADS reprocessing; and the progressive reduction of ADS installed power needed to 

reach large reduction factors (as a consequence of the remaining last cores of each 

ADS). In the calculation of these factors, the reprocessing losses have not been taken 

into account, rising to a total amount of 0.95 tons of TRU sent to the repository. 

 

6.4.3. Regional approach 

 

The phase-out studies have been usually performed considering an independent country, 

employing its own facilities and TRUs, case of section 6.4.2. This fact makes the 

process to be very long to achieve large reduction factors in the TRU content of the 

nuclear waste. One alternative to explore is the possibility of a regional collaboration 

between countries with different policies respect to nuclear development in order to 
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minimize the waste production and optimize the use of resources. This is the case of a 

country in phase-out of nuclear energy employing the facilities of, and exchanging 

“equivalent TRUs” with, a country utilizing plutonium for energy production with a 

fully Pu closed fuel cycle. The main objective of this scenario is to reduce the phase-out 

time, but respecting reasonable hypotheses on the deployment of the facilities. 

 

In the new proposal, the regional collaboration between a country in a phase-out 

strategy (Ph) and another country with a large nuclear installed power park, user of 

advance reprocessing for Pu utilization (PUC), presents significant advantages: 

 

 The reprocessing of the LWR spent fuel of the phase-out country can be 

performed in the PUC facilities (paying for the service). 

 Constrains regarding delay in spent ADS fuel to reprocess and progressive 

reduction of ADS installed power are eliminated by exchanging equivalent 

amounts of TRUs between Ph and PUC. 

 Additional Pu is available to PUC for starting its fleet of fast reactors. 

 

The present study evaluates only the technical possibilities of the proposal, however the 

large legal and political difficulties should be evaluated somewhere else. There could 

also be non negligible difficulties associated with the transport and storage of sensible 

materials between different components of the scenario but they are beyond the 

objective of this study. 

 

The main hypothesis of the regional scenario is the principle of TRU equivalence. This 

principle can be declared in two forms. In the soft form, it means that the TRU 

contained in the LWR spent fuel of both countries (Ph and PUC) can be exchanged if 

the LWR fuel has been irradiated in similar conditions (similar reactor and burn-up), 

although different time periods could apply for them. In the strong form, this principle 

means that even TRU from different reactors and burn-ups (LWR and ADS), having 

different isotopic content, can be exchanged respecting the total mass, if both countries 

can profit from the exchange and there is some kind of correspondence in the quality of 

the TRU. In the present study, both the strong and soft TRU equivalences are assumed: 

 

 In the first stages of the phase-out, this principle allows the use of the TRU from 

the PUC spent fuel as if it was from Ph, without the need to wait for the actual 

reprocessing of the Ph spent fuel. 

 In the middle of the phase-out period, MA from PUC are used to complete the 

reloads of the ADS. At the same time some Pu from Ph is returned to PUC (as 

some kind of payment for the MA). 

 At the end of the phase-out, the remaining Pu and MA, contained in the last 

transmutation ADS cores, are returned to PUC. 

 

The phase-out is considered finished when the total amount of TRU converted in fission 

fragments reaches the total amount of initial TRU from Ph LWR. Globally, MA from 

the PUC LWRs are exchanged for a mixture of Pu from Ph LWR, and Pu and MA from 

the ADS last cores. Figure 85 shows the detailed scheme of this process. 
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Figure 85. Details of the proposed regional phase-out scenario. The location of the intermediate 

zone between Ph and PUC should be decided (or negotiated) to minimize transport problems. 

CTS refers to an Interim Storage. 

 

The scenario basic hypotheses are basically similar to the ones of the phase-out study 

performed over an independent country. A total hypothetical amount of 100 tons of 

TRUs have been produced from a LWR total installed power of 23.5 GWth during 50 

years equivalent with a load factor of 80%, reaching a total burn-up of 40 GWd/tHM. 

The transmutation of this total amount of TRUs is the goal of the scenario. The ADS is 

similar to the one employed in the study with an independent country. The ADS 

installed power has been chosen taking into account some hypotheses: 

 

 As high installed power as possible by other constrains. 

 A transmutation ADS plant lifetime close to 60 years. 

 A continuous progressive reduction of the total nuclear installed power. 

 

To ensure the viability of the ADS design, EVOLCODE2 has been used to perform 

detailed calculations. A pseudo-equilibrium composition of the ADS fuel (60% Pu and 

40% MA) is supposed to be applicable to every stage of the process due to the principle 

of TRU equivalence. In this study, only a simulation of ADS by EVOLCODE2 has 

been necessary, providing the total amount of Pu and MA consumed in the nuclear 

system. 

 

6.4.4. Results 

 

Once the transmutation potential of the ADS is known, the number of TP determine the 

duration of the phase-out process and the theoretical capacity of the required facilities. 

After the irradiation, from the initial 2.83 tons of TRUs (1.7 tons of Pu and 1.13 tons of 

MA), approximately a 15% of the nuclear fuel has been converted into energy. The final 

amount of TRU is ~2.40 tons (1.51 of Pu and 0.883 tons of MA). The Pu/MA ratio, 

initially fixed to 60/40, has changed because of the irradiation, reaching a final value 

equal to 63.18/36.82. A total amount of 0.184 tons of Pu and 0.250 tons of MA will be 
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necessary to create the new ADS fuel for the following irradiation cycle, keeping the 

pseudo-equilibrium composition. 

 

The total number of ADS TP has been fixed to seven in this study, with three 

interleaved cores each, having each ADS a lifetime of 58 years and starting operation 

every three years. This leads to a total number of 33 ADS cycles to transmute the initial 

100 tons of TRU. As the duration of each cycle has been fixed in 1.75 years (642 

irradiation days), the total period of the phase-out process rises to 78 years. 

 

Figure 86 shows the installed power of the nuclear scenario, where the ADS 

contribution is the 25% of the maximum LWR installed power. Year zero is considered 

to be the year when the first TP starts operation (with progressive deployment of ADS 

during 18 years, and with each ADS operating for 60 years). 
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Figure 86. Installed power in Ph for the regional phase-out scenario. 

 

The TRU needs by year to load in the TP can be found in Figure 87. This result is 

shown as „TRU in‟ in the figure and it is the addition of the amounts of Pu and MA, 

displayed respectively in the figure as „Pu in‟ and „MA in‟. It should be taken into 

account that the total spent fuel needed to reprocess the TP fuel is larger than these 

values, because of the different Pu/MA ratio between the LWR spent fuel (86/14) and 

the ADS initial fuel (60/40). The total amount of TRU-LWR necessary to extract the 

TRU needed to upload the ADS is also shown in the figure as „TRU-LWR‟. 

 

0

2

4

6

8

10

12

14

16

0 10 20 30 40 50 60 70 80

T
R

U
-L

W
R

 n
e
e
d

s
 (
t/

y
r)

Time (yr)

TRU-LWR

PU in

MA in

TRU in

 
Figure 87. TRU needs by year to upload the ADS. 
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In the first 20 years approximately, there is a larger need of Pu in the fuel mainly 

because of the greater ratio of Pu (60%) in the first cores. After this period of time, 

without new first cores, TRUs are only needed for refuelling and the ratio of MA to 

refuel is larger (the ADS consumes in ratio more MA than Pu as formerly indicated). 
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Figure 88. Reprocessing proposal for the TRU-LWR needs. The difference in both reprocessing 

strategies only affects to results before year 23. Beyond that date, both curves are equal. 

 

In order to avoid the peaks in the TRU-LWR needs, an anticipated reprocessing strategy 

can be performed. Figure 88 shows the reprocessing proposal. If advanced PUREX 

reprocessing is started 11 years before the start of the first TP, the required LWR 

reprocessing capacity is limited and maintained constant at nearly 7.2 tons of TRU/year, 

which is smaller than the present La Hague plant yearly capability. A similar TRU mass 

pyroprocessing capacity of 9.6 tons/year is needed. 

 

To produce the initial cores and all the top-ups of the reloads as previously described, a 

total of 74.3 tons of Pu and 76.2 tons of MA must be obtained from the LWR spent 

fuels. This corresponds to a total of 553.7 TRU tons extracted (477.5 tons of Pu and 

76.2 tons of MA because of the larger Pu ratio in the LWR spent fuel), divided in 100 

tons from Ph and 453.7 from PUC. This latter value means that the minimum installed 

power in PUC must be, at least, 4-5 times the Ph installed power. 

 

Figure 89 and Figure 90 display the time evolution of the TRU balance. The first one 

contains the information regarding the time generation of the TRUs in the Ph LWR: the 

total accumulated amount of TRUs generated (during the 40 years of constant LWR 

installed power and 20 years of linearly decreasing power) and the accumulated amount 

of TRU, Pu and MA sent to PUREX from Ph (finally 100 tons of TRUs, with an 

approximately amount of 86% of Pu and 14% of MA). The reprocessing proposal 

shown in Figure 88 has been used to calculate the TRUs sent to PUREX from Ph, 

therefore the delivery of TRUs begins 11 years before year zero. Another consequence 

of the employed reprocessing proposal is the accumulation of separated Pu, stored at 

PUREX while waiting for the fuel fabrication (no date of fabrication before delivery to 

the ADS has been established). The accumulated quantity of separated Pu is also shown 

in Figure 89. 
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Figure 89. Time evolution of the TRU balance related to Ph. 
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Figure 90. Time evolution of the TRU balance related to PUC. 

 

The second figure shows the accumulated amount of TRUs sent to PUREX from PUC. 

It is necessary to use the PUC TRUs since two years before the start of the first plant so 

as to provide the required quantity of TRUs for the ADS fuel fabrication. Two lines 

show this information, one of them with the actual value and other with this 

accumulated amount of TRUs divided by 4, with the purpose of showing its evolution in 

the same figure scales than the other lines. As above-mentioned, the total value of TRUs 

sent to PUREX from PUC (in year 78) is 453.7 tons. It is also displayed the 

accumulated amount of MA sent to fabrication from PUC. In this sense, an accumulated 

total of 62.4 tons of LWR MA are borrowed from the PUC LWR to produce the ADS 
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fuel. These figures also show the accumulated quantities of TRUs (Pu and MA) 

returned to PUC. They are returned as: 

 

 12.0 tons of Pu from Ph LWR spent fuel. 

 31.8 tons of Pu from the last cores of the ADS transmutation plants. 

 18.5 tons of MA from the last cores of the ADS transmutation plants. 

 

Figure 90 also shows the total amount of TRUs returned to PUC, which, at the end of 

the phase-out, is equal to the total quantity of MA sent to fabrication from PUC (and 

borrowed). From the 477.5 tons of Pu separated in the PUC LWR reprocessing, only 

74.3 tons have been used by Ph. The remaining Pu and the Pu returned by Ph (a total 

sum of 435 tons of Pu) can be used by PUC for electricity production. According to 

these results, only a 10.1% of the Pu employable by PUC is under the applicability of 

the principle of TRU equivalence in its strong form. 

 

6.4.5. Conclusions 

 

The study of the impact of Partitioning and Transmutation in the reduction of the 

content of TRUs from a country in phase-out can be performed employing proper 

simulation tools and calculation methods, obtaining mainly the reachable reduction and 

the time needed to achieve that reduction. The regional collaboration of a country 

performing phase-out and a country with sustainable nuclear energy and Pu utilization 

could provide interesting advantages. The main hypothesis used in the regional 

collaboration strategy has been the principle of TRU equivalence. If this principle is 

accepted, then: 

 

 The possible TRU mass reductions can be above a factor 100 in less than 80 

years, depending on the efficiency on partitioning. 

 The maximum ADS installed power proposed is 25% of the maximum LWR 

installed power. 

 The minimum installed power of the country with a large nuclear installed 

power park, PUC, must be 4-5 times larger than the installed power of the 

country in phase-out, Ph. 

 A limited advance PUREX capacity is needed, being comparable (but smaller) 

to the present La Hague plant yearly capabilities. 

 Limited Pyro-reprocessing capacity requirements. 

 

The principle of TRU equivalence, in its strong form, applies only to a 10.1% of the Pu 

employable by PUC and also implies a reduction by a factor larger than 3 (with change 

in the isotopic composition) in the amount of PUC MA. 

 

Non negligible legal and political difficulties need to be solved before implementing 

this type of collaboration. Moreover, minimization of transport of separated materials 

needs special attention when selecting sites of different facilities. 
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6.5. Discussion on the use of EVOLCODE2 

 

The objective of this chapter was to test the capabilities of EVOLCODE2 when applied 

to actual problems of P&T strategies for the long term sustainability of nuclear power. 

To do it, several international projects have been chosen because of their unique 

characteristics. The PDS-XADS project was our first choice. EVOLCODE2 has 

simulated this ADS design using a fully detailed 3D geometry, with the special 

constraint of estimating the isotopic evolution for only a limited amount of 

transmutation targets, consisting of minor actinides or fission products. Besides, the 

explicit isomer treatment has allowed a correct simulation of the Am target, since 

significant amounts of 
242

Am and 
242m

Am are created by neutron capture during 

irradiation. 

 

The second project, SAD, focused in the task of assessing the different aspects of the 

ADS target such as the neutronic properties (neutron flux intensity and spectrum) and 

the spallation products production and distribution. The use of an adequate tool to 

perform straightforward and accurate simulations has shown to be crucial for a correct 

design of the facility. EVOLCODE2 results have highlighted the necessity of using 

extended libraries for the simulations of the spallation products generation in the target. 

Without this code and the extended libraries, a significant underestimation of the fuel 

cycle relevant magnitudes (more than an order of magnitude) could have been done. It 

has also been proven that EVOLCODE2 is flexible enough to get full advantage of such 

update of the nuclear databases, to create one-group cross sections for this particular 

spallation neutron spectrum and to handle more than 3300 actinides and reaction 

products (fission, activation and spallation products) as individual nuclides. 

 

An accurate tool, capable of obtaining a thorough list of the different isotopes coming 

from very different waste streams, has been necessary to accomplish the objectives of 

the RED-IMPACT project. The whole 3D design of the ADS has been simulated by 

EVOLCODE2 for the study of the homogeneous transmutation of the fuel, obtaining the 

isotopic composition of the high and intermediate level waste coming from the reactor 

and reprocessing operations. Besides, EVOLCODE2 has been able to calculate the 

spallation products generation as well as the activation of the structural materials. 

 

EVOLCODE2 has also participated in fuel cycle studies for the optimization of the 

waste management in a policy of phase-out of nuclear energy. To obtain adequate 

results in this field, again reliable simulation tools with reasonable hypotheses have to 

be used. In this study, the simulation code EVOLCODE2 has been used to perform a 

detailed 3D simulation of the transmutation plant, providing the transmutation potential 

of the ADS, that is, the isotopic composition of actinides and particularly the total 

amounts of Pu and MA converted into energy during the irradiation. 

 

In each and every of these tasks, EVOLCODE2 has successfully obtained the required 

results with good accuracy, proving itself to be a very useful tool for the simulation of a 

high variety of nuclear systems. 

 

Equation Chapter (Next) Section 1 
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Chapter 7 
        

 Conclusions 
 

 

 

 

New facilities and reactors in the frame of advanced fuel cycle strategies will be a key 

element on the long term sustainability of nuclear power. In particular, closed fuel 

cycles with Partitioning and Transmutation (P&T) has been receiving increased 

attention for its potential to provide optimized solutions for fuel availability and waste 

management. The current role that P&T has in the research programs from global and 

local standpoints has motivated, as described in Chapter 1 of this document, the 

development of an accurate and reliable code for the simulation of innovative nuclear 

systems. 

 

In the framework of this Ph. D., we have successfully responded to this challenge, 

achieving our two main objectives: developing an advanced neutronic simulation tool 

with the required capabilities; and the realization of computational research on the new 

global strategies with fully closed fuel cycles using this computational tool. Along this 

thesis, we have proven that the new simulation tool is reliable, flexible, accurate, 

understandable and competitive. 

 

The mathematical basis for the physical laws describing the burn-up problem is based 

upon the neutron transport equation and the burn-up evolution equations that, together, 

form a non linear integro-differential equations system that cannot be analytically 

solved excepting in the most trivial cases. We have rigorously described the 

approximations based on the physical rationales of the nuclear systems that have been 

used to solve this non-linear system. These approximations lead to the development of a 

solid method consisting in an iterative procedure of calculating the neutron flux for the 

material densities at a given time and later the evolution of these materials densities, 

using the previously calculated neutron flux. This can be found in Chapter 2. The 

separated calculation of the neutron transport and the evolution of the materials are 

currently performed by MCNPX (any version of MCNP and MCNPX is allowed) and 

ORIGEN2 (versions 2.1 and 2.2 for thermal or fast reactors can be used), respectively. 

 

The ideal solution, i. e., computing the burn-up evolution at each point of the reactor 

and for each time, is not achievable due to the limitations in the computational power. A 

discretization of the nuclear system is hence required. Due to this, some approximations 



Development of a computational tool for the simulation of innovative transmutation systems 

  -182- 

  

have to be implemented in the problem definition. On one hand, the geometry model 

has to be divided into a number of cells (with the approximation of homogeneous 

neutron flux and materials inside them) and, on the other hand, the whole cycle length 

has to be divided into partial irradiation periods (with constant neutron flux along 

irradiation). A computational approximation has also been introduced in EVOLCODE2, 

calculating the reaction rates outside MCNPX to reduce the time and resources needed 

but maintaining the required accuracy. 

 

We have shown that the implementation of these approximations may risk a lack in the 

results accuracy, since the user might define relatively large cells or long irradiation 

periods, compromising the approximations validity. However, we have evaluated the 

effects of the approximations and implemented methodologies in EVOLCODE2 that 

guarantee the optimization of the results accuracy and of the use of the computer 

resources as shown below. First, the geometrical approximation, implying that the 

nuclear system has to be divided into a number of cells, results in the dependence of the 

final inventory accuracy on the cell size. Using the methodology described in Chapter 3, 

the code allows the user to find an adequate size of the evolving cells (optimizing the 

computational requirements) for a target accuracy in the results or to optimize the 

accuracy given fixed computational resources requirements, by means of selecting the 

optimum spatial discretization of the nuclear system. 

 

Second, for the time approximation, we have proven that large burn-ups and large 

variations in the thermal power along the irradiation can generate significant deviations 

in the estimation of the final isotopic compositions. We have implemented a 

predictor/corrector method to overcome this effect. On one hand, the burn-up is better 

estimated using this method thanks to a proper renormalization of the neutron flux (the 

agreement of the simulation burn-up with regard to the desired value is around one 

order of magnitude better). On the other hand, by limiting the variation on the thermal 

power, the cycle length is automatically fixed to the longest irradiation period 

maintaining the validity of the approximation, avoiding unnecessary recalculations of 

the reaction rates and optimizing the computational resources while maintaining the 

target accuracy.  

 

And third, EVOLCODE2 contains a methodology to calculate the one-group effective 

cross sections outside MCNPX. We have shown that for realistic nuclear systems, this 

methodology is around 30 times faster with EVOLCODE2 than a direct MCNPX 

estimation. This means that we can achieve in days the results that other burn-up codes 

based on the Monte Carlo method can get in months. And this gain is obtained without 

losing quality in the results. This method reaches the same precision that MCNPX 

(deviations well below 1%) if the MCNPX statistics is good enough and the energy 

spectrum of the neutron flux is described with a sufficiently detailed number of energy 

divisions (around 30000), since the number of energy divisions is as large as the number 

of pointwise cross section values at the database. Again, flexibility is boosted since the 

user can choose between a much faster calculation with optimized computational 

requirements or a more accurate calculation using all the available computer power.  

 

To make this possible, a complete rewriting of the previous EVOLCODE version has 

been performed including old and new features with an enhancement of their 

understandability. With an extension of about 8000 source lines of code included in 47 

subroutines and four functions, EVOLCODE2 has used advanced object-oriented 
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programming concepts, as described in Chapter 4: Modularization and cohesion, where 

modules are organized by well-defined tasks in such a way that the output from one of 

them is used as input in the following one, have been used for increasing reliability and 

understandability; abstraction has been extensively used to avoid unnecessary 

duplication of code; and encapsulation, where the data manipulation of the fields of an 

object can only be done by the own methods of the particular object, has been used for 

improving robustness. With this structure, occasional debugging or the replacement of 

one of the basic codes would have a limited and affordable impact, since only a well 

defined limited part of the code would have to be rewritten. Portability is other main 

aspect of the EVOLCODE2 programming. The code compilation and execution has 

been successfully verified in three different computational environments. 

 

Code validation against real experiments is essential to trust a simulation tool. Hence, 

the predictive capabilities of EVOLCODE2 have been validated against the 

experimental data published for two different PWR irradiations. In the first validation, 

the high burn-up Siemens experiment, a single PWR fuel pin model was chosen to 

simulate the rim effect by means of estimating the radial profile of the Pu build up. 

Comparisons of the EVOLCODE2 results with experimental data have shown that our 

code is capable of reproducing very well the profiles of the burn-up, the plutonium 

content and the neodymium content even after a very high burn-up beyond 100 

GWd/tHM, as described in Chapter 5. 

 

The second validation involved the simulation of the ICE experiment. Values obtained 

with EVOLCODE2 were compared against the experiment published results, that 

included the absolute amount of many actinides and some production ratios of fission 

products after an irradiation of 30 GWd/tHM (which is low compared with currently 

existing burn-ups). The agreement found between calculated and experimental data was 

excellent for actinides, with an accuracy around 1% for 
235

U and better than 5% for the 

other relevant actinides (even 
244

Cm, with an accuracy of 5.8%, thanks to the 

EVOLCODE2 isomer branching ratio handling, since the formation chain of this 

nuclide includes two isomers). The agreement was also considerably good for most of 

the fission products, with accuracies smaller than 20% for the studied ratios. 

 

As a benchmarking exercise, results from the KAPROS module KARBUS regularly 

used by FZK for this type of systems were compared with the EVOLCODE2 results for 

the ICE experiment, finding that our code agrees better with experimental data, 

generally with a deviation close to two times smaller for the actinides. For the studied 

fission products, both codes show the same trends, although the agreement with 

experimental data is usually slightly better for EVOLCODE2. 

 

The second objective for this Ph. D. was to apply the simulation code to current nuclear 

problems of worldwide interest in the frame of advanced fuel cycles. EVOLCODE2 has 

participated in a series of well documented international projects or activities, related to 

the study of the transmutation potential of advanced nuclear reactors or of waste 

management issues for the sustainability of nuclear energy. The large variety of 

applications allows us to demonstrate the real and competitive capabilities of 

EVOLCODE2, and provide important results for nuclear energy sustainability that are 

worth discussing by themselves (see Chapter 6 for details). 
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The first project was the PDS-XADS, where EVOLCODE2 was in charge of the study 

of the heterogeneous transmutation in different local moderation conditions of some 

actinides and fission products. The full 3D geometry was simulated implementing 

explicitly the advantages of managing the burn-up without the need of fissile material 

(for the case of fission products) and taking into account each actinide and fission 

product individually. Additionally, the EVOLCODE2 explicit isomer treatment and the 

branching ratio handling made possible a good simulation of the Am case. The main 

achievements of this study revealed that the transmutation rates are highly enhanced 

when ZrH2 local moderation takes place instead of fast MOX spectrum (a factor close to 

15 for actinides and 2-3 for the fission products). Nevertheless, the final isotopic 

composition for actinides transmutation in thermalized ZrH2 spectrum is dominated by 

high mass Cm isotopes and 
249

Cf. 

 

The participation of EVOLCODE2 in the SAD project was oriented to the assessment 

of the production of residuals in a spallation system, taking into account different 

nuclear models describing the spallation process. EVOLCODE2 solved the special 

difficulties presented by this task: on one hand, isotope generation was directly 

produced by the proton beam during the transport calculations and, on the other hand, 

the one-group effective cross sections libraries were calculated by EVOLCODE2, using 

the neutron spectrum existing in the spallation target. Additionally, the flexibility of the 

code was again demonstrated, since it naturally managed the introduction of the 

extended libraries (with the information of more than 1900 additional isotopes) needed 

to avoid a large underestimation of the fuel cycle relevant magnitudes (more than an 

order of magnitude in decay heat) appearing when using the reference libraries. 

Differences in the results provided by the different nuclear models used should be 

understood as calculation uncertainties because it is difficult to select the correct nuclear 

model among others for this specific nuclear problem, being then recommendable to 

select the most conservative result. 

 

The full potential of EVOLCODE2 for the calculation of the isotopic composition of a 

whole nuclear reactor after a high burn-up was used in the RED-IMPACT project. The 

whole 3D geometry of the ADS has been simulated for the study of the homogeneous 

transmutation of the fuel, obtaining the fully detailed isotopic composition of the high 

and intermediate level waste coming from the reactor and reprocessing operations, 

including the actinides and fission products of the fuel, the activation of the fuel 

impurities, the spallation products generation and activation, and the structural materials 

activation. This information was used by the collaboration to find that the total thermal 

power of the waste packages for the advanced scenarios including P&T is reduced by a 

factor 10 in only 100 years and by more than a factor 100 at year 300 after unloading. 

This offers the possibility of severely reducing the number of deep repositories required 

in a region or decreasing their size, which is a very important result from the standpoint 

of the social aspect of nuclear energy sustainability. The detailed calculation by 

EVOLCODE2 of each different waste source also showed that the ILW might play a 

significant role in the final repository since their contribution to the dose or repository 

space requirements may be, in some extreme cases, even larger than the dose of the 

HLW. It is foreseen that more detailed calculations with more realistic concepts to 

handle the ILW in the repository, or somewhere else, should be done in the near future. 

 

Last but not least, the EVOLCODE2 system has participated in fuel cycle studies for the 

optimization of the waste management in a policy of phase-out of nuclear energy, 
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demonstrating that this simulation system can also be used for fuel cycle applications. 

The simulation code EVOLCODE2 has performed a detailed 3D simulation of the 

transmutation plant, providing the transmutation potential of the ADS. Using this result, 

it could be concluded that the regional collaboration of a country performing phase-out 

and a country with sustainable nuclear energy and Pu utilization is necessary for the 

phase-out country to get all benefits of P&T. In particular, the possible TRU mass 

reductions can be above a factor 100 in less than 80 years if the minimum installed 

power of the country with a large nuclear installed power park is 4-5 times larger than 

the installed power of the country in phase-out. 

 

EVOLCODE2 has been successfully applied to these international projects, proving to 

be a very useful tool for the simulation of a large variety of nuclear systems, giving 

accurate and reliable results. These exercises have shown the importance of the special 

capabilities of this simulation system: 

 

 Simulation of the fully detailed 3D geometry of a nuclear system. 

 Calculation of the burn-up detailed evolution of the isotopic composition of a 

nuclear reactor fuel and transmutation targets. 

 Computation of the burn-up effect in the neutronic parameters of the system. 

 Implementation of multiple methodologies for optimizing the results accuracy. 

 Capability of creation of one-group effective cross sections libraries from the 

pointwise cross sections databases in a very fast procedure. 

 Individual treatment of each isotope included in a transmutation chain or created 

by fission, spallation or activation of materials. 

 Explicit isomer treatment for the correct simulation of the transmutation and 

decay chains. 

 Detailed calculation of the residuals appearing in the target of a spallation 

process. 

 Treatment of a number of different particles in addition to neutrons. 

 Calculation of the activation of structural materials due to irradiation. 

 Fuel cycle scenario analyses for both equilibrium and transition scenarios. 

 

EVOLCODE2 has been, and will continue being, the main code system used by the 

CIEMAT Nuclear Innovation Unit for the study of advanced nuclear reactor concepts 

and fuel cycles. The code has allowed us to provide one of the best quality results in all 

the international projects where we have collaborated, maintaining the competence and 

international competitiveness of this CIEMAT group. 
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Chapter 8 
          

 Outlook 
 

 

 

 

In this work, we have demonstrated that EVOLCODE2 is a powerful tool for the 

simulation of nuclear systems, providing accurate results with an optimized use of the 

computational resources. However, the nuclear field demands a continual upgrading of 

the simulation tools, since more and more accuracy is requested in the results as new 

problems involving more complex physics are continually appearing. This is the case of 

the ADS and its special coupling of a particle accelerator to a subcritical core. 

EVOLCODE2 has been able to successfully simulate such a nuclear system, although 

with limitations imposed by ORIGEN. In particular, ORIGEN includes only six 

different nuclear reactions, although ENDF libraries contain information about many 

more (like (n,d), (n,t), etc.), that could have a significant probability of occurrence in 

these new nuclear systems. For EVOLCODE2 to take advantage of these different 

reaction channels, it would be necessary to replace the base code ORIGEN2 by a new 

and more modern code including this improvement. 

 

Other limitation also related to the ADS (but also applicable to other reactors with fast 

neutron spectrum like the FR) is the limited amount of fissionable species that ORIGEN 

can explicitly handle. This amount rise to a maximum of eight nuclides in ORIGEN2: 
232

Th, 
233

U, 
235

U, 
238

U, 
239

Pu, 
241

Pu, 
245

Cm and 
252

Cf. The other isotopes are adjusted to 

a nearby actinide with explicit fission yields. These are in fact the isotopes that fission 

in a nuclear reactor with thermal spectrum for the thorium or uranium fuel cycle. 
245

Cm 

and 
252

Cf were included as spontaneous fission sources. However, for nuclear reactors 

with fast spectrum, fuels might consist of large amounts of minor actinides, so accuracy 

is compromised since a large fraction of the fissions are simulated by means of an 

adjustment to a nearby actinide with explicit fission yields. Again, an improvement in 

this sense would require the replacement of ORIGEN2 by a code that could process the 

information of the ~60 isotopes with explicit fission yields included in the basic 

databases. 

 

Although EVOLCODE2 provides only best estimate results, we can make an educated 

estimation of the results accuracy accounting for the geometrical, time and 

computational approximations made by the code. However, up to now, the propagation 

of the cross sections uncertainties have not been taken into account in this code but have 
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shown to be an essential capability to actually estimate the results accuracy accounting 

for the uncertainties in the basic databases. A third point of improvement of this code 

would be to implement into the EVOLCODE2 system the capability of calculating the 

propagation of cross section uncertainties from the basic database information in the 

inventory of actinides and fission products. The impact of cross section uncertainties on 

relevant fuel cycle parameters could also be calculated using this improved tool. 

 

For the implementation of these new improvements and capabilities, we are currently 

addressing the possibility of replacing ORIGEN2 by the depletion code ACAB. This 

task would have a significant impact in the programming of EVOLCODE2, but this 

work will be affordable due to its large modularization: changes will be only needed in 

a limited part of the source code. The depletion code ACAB can handle with 20 nuclear 

reactions involving neutrons plus fission, and seven sequential charged particles 

reactions types. Additionally, isomer treatment is guaranteed since both the target and 

the daughter nucleus of the reaction can be in the ground, first or second isomeric state. 

Besides, ACAB explicitly accounts for more than 60 fissionable nuclides, only limited 

to the availability of database information for each particular fissionable isotope. The 

depletion code ACAB also include a Monte Carlo method to deal with the problem of 

cross section uncertainties propagation. Considering that the main computational 

algorithm of ACAB is based on that of the ORIGEN code, these extra capabilities make 

ACAB to be a very recommendable tool for its implementation in the EVOLCODE2 

system. 

 

Other point for improvement is the implementation of the method of calculation of the 

reaction rates outside the transport code. This method is intended to largely reduce the 

computational resources while reaching the same accuracy that MCNPX. However, a 

small deviation is still present between both codes in some cases because EVOLCODE2 

still does not have implemented the processing of the unresolved resonance range 

probability tables as MCNPX. Although this deviation in the one-group effective cross 

sections is smaller than 1% is most cases, its implementation is planned as future work. 

 

Last but not least, parallel processing require a special attention. We have shown that 

the computer time spent with a single processor in the calculation of the reaction rates is 

much smaller if the method of calculating them outside the transport code is used. 

Parallel processing would significantly reduce the computer time spent in the MCNPX 

calculations, although not affecting critically to the current computing speed gain by the 

use of this method. However, with the expected increase in processor cluster power and 

number of available parallel processors, the serial part of the calculation will eventually 

dominate the computer time, reducing significantly this gain. It is hence planned as 

future work the parallelization of EVOLCODE2 so this code can also get advantage of 

computer speed improvements. 
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Chapter 10 
         

 Resumen en español 
 

 

 

 

En la última década, los códigos neutrónicos y de evolución isotópica han tratado de 

mejorar sus capacidades en un esfuerzo por solucionar los nuevos problemas 

relacionados con los sistemas nucleares innovadores. Estos códigos han de ser lo 

suficientemente versátiles como para simular diferentes reactores con características 

muy diversas. Debido a esta demanda, he desarrollado, validado y mejorado una 

herramienta con estas características, llamada EVOLCODE2, como parte de mi trabajo 

en la Unidad de Innovación Nuclear del CIEMAT, donde comencé en el año 2002. 

 

EVOLCODE2 es una herramienta que acopla cálculos neutrónicos con evolución 

isotópica del combustible nuclear. Los resultados obtenidos por los códigos en los que 

se basa se combinan siguiendo una metodología basada en la física del problema. El 

código estima una gran variedad de parámetros de reactor, tales como la evolución de la 

composición isotópica del combustible, o constantes de criticidad en función del 

tiempo. EVOLCODE2 es aplicable a reactores nucleares con diversos espectros 

neutrónicos, con diferentes tipos de combustible, etc., tanto para sistemas nucleares 

críticos como subcríticos. 

 

Los dos objetivos principales de esta tesis son, en primer lugar, presentar esta 

herramienta, describiendo su funcionamiento y las metodologías para su 

implementación, con su correspondiente validación, y, en segundo lugar, analizar los 

resultados que proporciona en un conjunto de estudios, realizados en el marco de 

proyectos internacionales, que cubren buena parte de los aspectos más novedosos para 

el desarrollo sostenible de la energía nuclear, usando reactores y ciclos del combustible 

avanzados. Las metodologías desarrolladas e implementadas, la validación del código y 

su participación en los diferentes proyectos internacionales constituyen una serie de 

aportaciones originales. 

 

La tesis comienza con una descripción del estado actual de la producción energética 

nuclear global, destacando los problemas relacionados con la gestión de los residuos 

nucleares y especialmente el combustible irradiado. Como posibilidad complementaria 

al almacenamiento geológico profundo, muchas instituciones están actualmente 

focalizando sus esfuerzos de investigación en los conceptos de Separación y 
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Transmutación (S&T) del combustible nuclear, incluidos en los ciclos avanzados de 

combustible. Esta problemática se describe en el Capítulo 1, a la vez que se muestra la 

relevancia tanto internacional como local de la investigación en este campo y se destaca 

la necesidad de una herramienta de simulación capaz de realizar los complejos cálculos 

asociados a esta investigación. 

 

El segundo capítulo de esta tesis contiene un análisis de las ecuaciones que describen 

los problemas del transporte neutrónico y de la evolución del combustible en un reactor 

nuclear: la ecuación de Boltzmann para el transporte neutrónico y las ecuaciones de 

Bateman para la evolución isotópica. El conjunto de las dos ecuaciones es un sistema 

integro-diferencial de ecuaciones para el flujo de neutrones y el inventario de 

materiales. En este sistema, la ecuación de transporte es no lineal cuando los materiales 

cambian con la irradiación neutrónica, dado que existe cierta dependencia de las 

secciones eficaces macroscópicas con el flujo de neutrones. Una no linealidad similar 

puede encontrarse en las ecuaciones de Bateman, dado que el flujo de neutrones varía 

con el cambio en las densidades y composición isotópica de los distintos materiales del 

reactor. 

 

Para solucionar este sistema no lineal de ecuaciones se hace una serie de 

aproximaciones basadas en la física de los sistemas nucleares, teniendo en mente que 

resolver el sistema significa calcular el flujo de neutrones ( , , )r E t  y las densidades de 

los materiales ( , )in r t  para cada celda (representada por r ) y para cada tiempo t. El 

símbolo E representa la dependencia energética. Generalmente, estas ecuaciones se 

suelen referir sólo al periodo de irradiación, entre 0 y T. En el Capítulo 2 se muestra la 

metodología desarrollada para solucionar este sistema de ecuaciones, explicando las 

aproximaciones necesarias. 

 

A lo largo de la irradiación, el flujo de neutrones cambia en su forma y valor. Sin 

embargo, en un reactor nuclear que funciona bajo condiciones constantes, este cambio 

es relativamente lento. Por lo tanto, en lugar de calcular la función flujo de neutrones 

completa (para cada t a la vez), es posible realizar un cálculo independiente del tiempo 

para un periodo parcial de irradiación entre 0t   y .t t   Se ha de suponer que t  es 

lo suficientemente pequeño como para considerar constante el flujo de neutrones 

durante este intervalo. Esta hipótesis es estrictamente correcta al principio del periodo 

parcial de irradiación y se desvía con el quemado progresivamente (conforme los 

materiales cambian). Durante cada periodo parcial se asume que el reactor está en 

equilibrio (no en transitorio) por lo que se utilizan las ecuaciones de transporte 

independientes del tiempo. La evolución del flujo neutrónico resulta del cambio 

progresivo de las secciones eficaces macroscópicas por la evolución de la composición 

isotópica de los materiales. 

 

Con este procedimiento, es posible desacoplar el sistema de ecuaciones, puesto que el 

flujo de neutrones independiente del tiempo puede resolverse por separado para unos 

valores fijos (para un tiempo dado 0t  ) de las densidades de los materiales, 

obteniéndose ( , ,0).r E  Los valores de las densidades de los materiales evolucionarán 

de ( ,0)in r  a ( , )in r t  en este periodo parcial de irradiación. Por lo tanto, para este valor 

constante asumido del flujo de neutrones ( , ,0),r E  las ecuaciones de Bateman se 

pueden también resolver por separado, obteniendo la evolución material de las 

densidades a lo largo de este periodo parcial de la irradiación. 
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La segunda iteración del proceso es aplicable al periodo parcial de irradiación entre 

t t   y 2· .t t   El valor ( , ,0)r E  ya no representa una buena estimación del flujo 

de neutrones para el nuevo periodo parcial de irradiación, puesto que la composición 

isotópica ha cambiado levemente. Dado que los valores de ( , )in r t  previamente 

calculados son unas buenas estimaciones de la composición de los materiales en el 

intervalo [0, Δt], ( , , )r E t   puede ser obtenido como el resultado de resolver la 

ecuación del transporte de neutrones independiente del tiempo para la composición 

material ( , ).in r t  La nueva iteración para la composición de los materiales 

( , )in r t  (entre t t   y 2·t t  ) se obtiene como resultado de resolver el sistema de 

Bateman para un nuevo valor constante del flujo de neutrones igual a ( , , ).r E t   Estas 

funciones se toman como la solución final para el periodo parcial de irradiación en el 

intervalo [Δt, 2·Δt]. 

 

Este proceso se ha de repetir varias veces, hasta que los valores del flujo de neutrones y 

de la composición isotópica de los materiales se calculen para cada t. De este modo, la 

solución del sistema de ecuaciones se define como una función a trozos tanto para el 

flujo de neutrones como para la composición de los materiales, correspondientes a cada 

periodo parcial de irradiación. 

 

La tarea de calcular el flujo de neutrones y la evolución de la composición isotópica en 

cada celda se realiza a través de la ejecución de códigos base, cuyos resultados son 

incorporados a EVOLCODE2. Para el cálculo del flujo de neutrones, el código utilizado 

es MCNPX, mientras que para el cálculo de la evolución de los materiales se emplea el 

código ORIGEN. 

 

Las aproximaciones realizadas para "linealizar" la solución del sistema transporte-

evolución, que se describen detalladamente en el Capítulo 3, son de tipo geométrico (el 

flujo de neutrones y el material se aproximan como homogéneos dentro de la celda), 

temporal (el flujo de neutrones se aproxima como constante durante cada ciclo parcial 

de quemado) y en la discretización y promediado de las dependencias con la energía de 

las secciones eficaces. En ese capítulo, se muestra que estas aproximaciones permiten 

resolver el problema de forma realista pero que es necesario respetar criterios y 

procedimientos descritos en la tesis para evitar degradar excesivamente la exactitud de 

las simulaciones: por ejemplo, el usuario del código podría definir celdas geométricas 

demasiado grandes o periodos de irradiación demasiado largos, comprometiendo la 

validez de las aproximaciones. También se han desarrollado metodologías que facilitan 

la optimización de la precisión en los resultados para una potencia computacional 

disponible. 

 

En primer lugar, la aproximación geométrica implica que el sistema nuclear ha de ser 

dividido en un número limitado de celdas. Esta discretización espacial del sistema da 

lugar a que la precisión del inventario final depende del tamaño de la celda. Cuanto 

mayor sea el número de celdas (y menor su volumen), la precisión será mejor, pero 

también serán mucho mayores los recursos computacionales requeridos. Usando la 

metodología descrita en el Capítulo 3, el código permite que el usuario encuentre un 

tamaño adecuado de las celdas con evolución (optimizando así los requisitos de 

computación) para una precisión deseada en los resultados, o que la precisión sea 

óptima para unos recursos computacionales determinados. 
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En segundo lugar, para la aproximación temporal, se ha demostrado que los periodos de 

irradiación largos y las variaciones considerables en la potencia térmica a lo largo de la 

irradiación pueden generar incertidumbres significativas en los valores de la 

composición isotópica final. Para superar este efecto, se ha desarrollado un método 

predictor/corrector. Por un lado, el quemado se estima de forma más precisa usando este 

método, gracias a una renormalización apropiada del flujo de neutrones. Por otra parte, 

limitando la variación de la potencia térmica, la longitud del ciclo se fija 

automáticamente al período más largo de irradiación que mantiene la validez de la 

aproximación, evitando el recálculo innecesario de las tasas de reacción y optimizando 

los recursos computacionales mientras que se mantiene la precisión requerida. 

 

Y en tercer lugar, EVOLCODE2 contiene una metodología para calcular las secciones 

eficaces a un grupo fuera del código de transporte neutrónico MCNPX. Se ha 

demostrado que, para sistemas nucleares realistas, esta metodología permite el cálculo 

de las tasas de reacción alrededor de 30 veces más rápido que con un cálculo directo 

usando MCNPX. Esto significa que EVOLCODE2 permite alcanzar en días los 

resultados para los que otros códigos de quemado basados en MCNPX necesitan meses. 

Además, este aumento de velocidad de computación se obtiene sin perder precisión en 

los resultados, pues se ha demostrado también que este método alcanza la misma 

precisión que MCNPX (desviaciones muy por debajo del 1%) si la estadística de 

MCNPX es suficientemente buena y el espectro energético del flujo de neutrones se 

describe con un número suficientemente detallado de divisiones en energía (alrededor 

de 30000). Además, la flexibilidad del código permite elegir entre un cálculo más 

rápido con recursos computacionales optimizados o un cálculo más exacto usando toda 

la potencia computacional disponible. 

 

Adicionalmente, este capítulo incluye también la descripción del uso óptimo de las 

bases de datos para isómeros y rendimientos de fisión, introducidos para incrementar la 

robustez y precisión del código para la resolución de problemas lo más generales 

posible. 

 

Una vez sentadas las bases matemáticas y físicas, las características de programación de 

EVOLCODE2 se muestran en el Capítulo 4. El código ha sido totalmente reescrito, 

respecto a su primera versión, incluyendo características antiguas y nuevas, dando lugar 

a cerca de 8000 líneas de FORTRAN, repartidas en 47 subrutinas y cuatro funciones. Al 

mismo tiempo, se ha realizado un esfuerzo para mejorar la autodocumentación del 

código fuente. El estilo de programación ha sido seleccionado con el objeto de mejorar 

la mantenibilidad y trazabilidad del código, usando una estructura de datos basada en 

los paradigmas de la programación orientada a objetos: la modularización y la cohesión, 

donde los módulos son organizados por tareas bien definidas de una manera tal que la 

salida de una de ellas se utilice como la entrada en la siguiente, se han utilizado para 

aumentar la fiabilidad y comprensión; la abstracción se ha utilizado extensivamente 

para evitar la duplicación innecesaria del código; y el encapsulamiento, por el cual la 

manipulación de los campos de un objeto se puede hacer solamente por métodos 

incluidos en ese objeto particular, se ha utilizado para mejorar la robustez. Con esta 

estructura, la eliminación de errores de programación ocasionales o el reemplazo de 

alguno de los códigos básicos tendría un impacto limitado y asequible, puesto que sólo 

implica una parte bien definida del código. La portabilidad ha sido otro aspecto 
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importante en la programación de EVOLCODE2, cuya compilación y ejecución se ha 

verificado con éxito en tres entornos de computación diferentes. 

 

La validación del código contra experimentos reales es esencial para poder consolidar 

una herramienta de simulación. Las capacidades predictivas de EVOLCODE2 han sido 

validadas contra los datos experimentales publicados para dos irradiaciones diferentes 

en reactores de agua ligera. Una descripción detallada de estos experimentos, así como 

los resultados de la validación, se discuten en el quinto capítulo. 

 

En la primera validación, el experimento Siemens de alto quemado, se ha usado un 

modelo de una sola pastilla de combustible de un reactor de agua ligera, con elementos 

de geometría 15x15, para simular el efecto de borde por medio de la estimación del 

perfil radial de acumulación del plutonio. Las comparaciones de los resultados de 

EVOLCODE2 con los datos experimentales han demostrado que este código es capaz 

de reproducir muy bien los perfiles del quemado, del contenido en plutonio y del 

contenido en neodimio, incluso tras un quemado muy alto, mayor de 100 GWd/tHM. 

 

El segundo experimento consistió en la simulación del experimento ICE realizado en la 

central nuclear de Obrigheim. Los resultados publicados incluyeron la masa de varios 

actínidos y algunos cocientes de masa entre productos de fisión, tras una irradiación de 

30 GWd/tHM (valor similar, un poco bajo, a los quemados promedio actualmente 

utilizados por la industria). La proximidad entre los valores calculados y los datos 

experimentales es excelente para los actínidos: alrededor del 1% para el 
235

U y menor 

del 5% para otros actínidos relevantes (incluso para el 
244

Cm, con una precisión del 

5.8%, gracias a la gestión detallada en EVOLCODE2 de las fracciones de producción 

de isómeros en una reacción dada). El acuerdo ha sido también aceptable (mejor que el 

20%) para la mayor parte de los productos de fisión. 

 

Como ejercicio de comparación entre códigos, los resultados del módulo KARBUS del 

código KAPROS usado regularmente por FZK para la simulación de este tipo de 

sistemas se compararon con los resultados proporcionados por EVOLCODE2 para el 

experimento ICE. Se ha podido encontrar que EVOLCODE2 concuerda mejor con los 

datos experimentales, generalmente con una desviación cerca dos veces más pequeña 

que KAPROS para los actínidos. Para los productos de fisión estudiados, ambos 

códigos muestran las mismas tendencias, aunque el acuerdo con los datos 

experimentales es ligeramente mejor para EVOLCODE2 en la mayoría de los casos. 

 

La segunda parte de esta tesis se centra en el uso de EVOLCODE2 para el estudio de 

los problemas actuales relacionados con los ciclos avanzados del combustible, 

demostrando las capacidades reales del código de simulación y proporcionando unos 

resultados importantes por sí mismos en el marco de la sostenibilidad de la energía 

nuclear. El Capítulo 6 incluye una descripción de los proyectos internacionales 

principales donde se ha aplicado EVOLCODE2, con especial énfasis en el análisis de 

sus capacidades y de los resultados proporcionados por este sistema de simulación, así 

como en las conclusiones alcanzadas en estos estudios gracias a su participación. 

 

El primer proyecto ha sido PDS-XADS, donde se ha utilizado EVOLCODE2 para el 

estudio de la transmutación heterogénea de algunos actínidos y productos de fisión en 

diversas condiciones locales de moderación neutrónica. Se simuló una geometría 

completa 3D del reactor, mostrando explícitamente capacidades del código de 
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simulación como son la gestión del quemado de celdas con o sin material físil y la 

consideración de cada actínido y producto de fisión de forma individual. Además, el 

tratamiento explícito de los isómeros y la gestión de las fracciones de producción de 

isómeros ha hecho posible una adecuada simulación de los isótopos del americio y el 

curio. Los resultados principales de este estudio revelaron que las tasas de 

transmutación aumentan mucho cuando existe moderación local en ZrH2 en lugar del 

espectro rápido (un factor cerca de 15 para los actínidos y de 2-3 para los productos de 

fisión). Por otra parte, en el caso de la transmutación de actínidos en espectro 

termalizado por ZrH2, se constata que, aunque se alcanza mayor eficiencia, la 

composición isotópica final está dominada por isótopos de Cm de alto número másico y 

por el 
249

Cf, más difíciles de gestionar. 

 

La participación de EVOLCODE2 en el proyecto SAD ha estado centrada en la 

estimación de la producción de residuos en el sistema de espalación de plomo por 

impacto de un haz de protones. Tres modelos nucleares diferentes fueron utilizados para 

obtener una estimación de estos residuos. EVOLCODE2 solucionó las dificultades 

especiales que presentó esta tarea: por un lado, la generación de isótopos se producía 

directamente por el haz de protones durante el cálculo de transporte; y por otro lado, las 

secciones eficaces a un grupo fueron calculadas por EVOLCODE2, usando el espectro 

neutrónico existente en el blanco de espalación. Además, se demostró de nuevo la 

flexibilidad del código, puesto que manejó de forma natural la introducción de las bases 

de datos extendidas (con la información de más de 1900 isótopos adicionales) 

necesarias para evitar una subestimación considerable de las magnitudes relevantes del 

ciclo de combustible (más de un orden de magnitud en calor de decaimiento) que 

aparecían al usar las bases de datos de referencia. Las diferencias en los resultados 

proporcionados por los diversos modelos nucleares usados se deben entender como 

incertidumbres del cálculo, pues es difícil seleccionar los modelos nucleares correctos 

para este problema nuclear específico. 

 

Como parte del proyecto RED-IMPACT, EVOLCODE2 ha sido utilizado para el 

cálculo de la composición isotópica de un reactor nuclear completo tras un alto 

quemado. El reactor subcrítico (ADS) ha sido simulado empleando un diseño completo 

en 3D para el estudio de la transmutación homogénea del combustible. Este cálculo ha 

permitido obtener la composición isotópica completamente detallada de los residuos de 

alta y de media actividad, procedentes de la operación del reactor y del reproceso del 

combustible irradiado, incluyendo los actínidos y los productos de fisión, la activación 

de las impurezas del combustible, la generación y la activación de los productos de 

espalación en el blanco, y la activación de los materiales estructurales. Esta información 

ha sido utilizada, junto con los colaboradores del proyecto, para encontrar que la 

potencia térmica total de los paquetes de residuos a almacenar se reduce, en los ciclos 

avanzados que emplean S&T, en un factor 10 tras solamente 100 años y en más de un 

factor 100 tras 300 años tras la descarga del reactor. Esto ofrece la posibilidad real de 

reducir el número de los almacenes geológicos profundos requeridos en una región o de 

disminuir su tamaño a la hora de almacenar estos paquetes de residuos. Por otra parte, el 

cálculo detallado de cada fuente de residuos demostró que los residuos de actividad 

intermedia podrían desempeñar un papel significativo en el almacén definitivo puesto 

que su contribución a la dosis (o a los requisitos de espacio en el almacén definitivo) 

puede ser, en algunos casos extremos, incluso mayor que la correspondiente a los 

residuos de alta actividad. En un futuro próximo, se prevé que se realicen cálculos más 
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detallados, con hipótesis más realistas, referentes al impacto de los residuos de media 

actividad en el almacén definitivo. 

 

Finalmente, el sistema de simulación EVOLCODE2 ha participado en el estudio de 

ciclos de combustible para la optimización de la gestión de residuos en una política de 

eliminación progresiva del parque energético nuclear, demostrando que este entorno de 

simulación se puede también utilizar en tareas relacionadas con el ciclo de combustible 

nuclear. El código EVOLCODE2 ha realizado una simulación detallada 3D de la planta 

de transmutación, proporcionando el potencial de transmutación de los ADS. En este 

proyecto, se puede concluir que es necesaria la colaboración regional entre un país que 

elimina la energía nuclear y otro país con energía nuclear sostenible (y uso continuado 

del plutonio), para que el país con eliminación progresiva pueda conseguir todas las 

ventajas de la S&T. En particular, la cantidad de TRUs existentes en este país puede 

reducirse en un factor 100 en menos de 80 años si la energía instalada mínima del país 

con un parque nuclear sostenible es 4-5 veces más grande que la energía instalada del 

país en reducción progresiva. 

 

La tesis doctoral se completa con el Capítulo 8 que incluye las perspectivas de futuras 

mejoras a introducir en EVOLCODE2 y dos anexos con una breve descripción de los 

códigos básicos incluidos en EVOLCODE2 y de la física y los modelos nucleares del 

proceso de espalación. 
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A. Spallation reaction 

 

Nuclear reactions induced by relativistic light projectiles were detected for the first time 

in the 30‟s decade [A-1] in cosmic-ray experiments, as very extensive showers of 

particles causing coincidences between counters, even separated far distances from one 

another. 

 

Spallation reactions are defined as interactions between relativistic light projectiles 

(mostly hadrons) and heavy target nuclei which are smashed into many fragments 

[A-2]. This phenomenon can be described in two different stages. The first stage of the 

collision consists in the direct impact between the projectile at relativistic energies and 

the target nucleus. A considerable part of the projectile energy is transferred to the 

nucleus and the ejection of nucleons and other particles occurs. This fast event is called 

abrasion. As the excitation energy is distributed among the nucleus, an also fast 

sequence of nucleon-nucleon collisions called intra-nuclear cascade occurs inside the 

nucleus. In this stage, more nucleons (and other particles) may be ejected in a process 

called pre-equilibrium emission [A-3]. After it, the remnant nucleus, or pre-fragment, is 

in an excited state. 

 

The second stage of the reaction is characterised for the slow emission of additional 

particles in the de-excitation of the pre-fragment, or ablation. As it is in an excited state, 

this residual nucleus goes to a ground state of all its degrees of freedom mainly by 

evaporation (statistical de-excitation process) of nucleons (mostly neutrons). The 

excitation energy may also be dissipated by other processes, as fission or multi-

fragmentation (emission of several intermediate mass fragments). 

 

The complexity of the interactions between nucleons inside a nucleus makes it very 

difficult to extract any formalism derived from fundamental interactions. This has lead, 

during the evolution of nuclear physics, to the appearance of models describing the 

nature of nuclei. Models are very useful tools providing valuable information 

concerning the reaction mechanism and their predictive power have been increased by 

means of computer implementation. Each spallation stage can be simulated by different 

models, describing both or only one of them.  

 

This appendix is oriented to give a general idea of what spallation is and how it can be 

modelled, without trying it to be a complete compilation of the knowledge in this 

matter. 

 

A.1. Intra-nuclear cascade models 

 

The abrasion, the first stage of the spallation mechanism, can be reliably modelled by 

the so-called intra-nuclear cascade (INC) models. These models describe the interaction, 

at relativistic energies, as a sequence of two-body collisions between the projectile and 

the target nucleus. The collisions of the struck nucleons with the remnant nucleus are 

also considered as two-body interactions. The cascade is initiated when the projectile 

hits somewhere on the target sphere and is finished when some cut-off condition is 

fulfilled. 
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All these models have in common a relativistic classical mechanics treatment for the 

description of the positions and momenta of the particles, the Monte-Carlo techniques, 

and the time-like development.  

 

Typically there are two types of INC codes, depending on the treatment of the nuclear 

medium: the Bertini-like codes, where the nuclear density is considered continuous; and 

the Cugnon-like codes, where nucleons are treated individually from the beginning.  

 

The Bertini model was developed in the decade of the 60‟s [A-4][A-5]. In summary, it 

is based on the assumption that the nuclear reaction involving incident particles of high 

energy can be described by particle-particle collisions. On the basis of this assumption, 

it determines the life history of every particle that becomes involved in the individual 

collision occurring within the nucleus. 

 

In this model, the density distribution of protons and neutrons inside the nucleus varies 

with the distance of the nucleon to the nucleus centre in step-like three divisions, being 

uniform in the interior of each of them. For protons, the density distribution is 

proportional, in each region, to the average value of the continuous Fermi-type charge 

distribution. The neutron density is set equal to the proton density times the neutron-to-

proton ratio in the nucleus. 

 

To account for nuclear forces, single-particle negative potentials are assumed to apply 

separately to the neutrons and protons in each region. Their distributions are defined 

according to a zero-temperature Fermi energy distribution but the composite momentum 

distribution for the entire nucleus can be approximated by a Gaussian. 

 

The Bertini model gives reasonably accurate results for an energy projectile range of 

300-3000 MeV. The model is essentially free of parameters, and hence continuum-state 

interaction cross sections over broad energy ranges and target masses can be calculated 

on an absolute basis. 

 

The standard Liège INC model (INCL4 in the most modern version) is described in 

detail in Cugnon and Boudard references [A-6][A-7], although a brief introduction will 

be presented here. The collision mechanism is depicted as a succession of binary 

collisions (and decays) well separated in space and time. Particles move along straight-

line trajectories until a pair of them reaches their minimum relative distance. If it is 

small enough, the particles can be scattered. All the nucleons present in the target and 

the projectile are followed during all the INC process. Other characteristics of this 

model are: 

 

 The positions and momenta of the particles are taken using random methods, in 

agreement with conservation laws and experimental cross sections. The resulting 

position-momenta of the interaction are not allowed if the phase-space is yet 

occupied by another particle. The Pauli exclusion principle is the only quantum 

effect taken into account. 

 Inelasticities, and pion production and absorption are taken into account through 

the reactions NN N and ,N  in a similar way to the Bertini-like 

models. 
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 Isospin degrees of freedom are introduced for all types of particles and isospin 

symmetry is respected. 

 

One of the advantages of this model comes from straight-lines trajectories. At any time, 

any pair of particles can be checked and the time span necessary to reach their minimum 

relative distance of approach can be evaluated. As a consequence the next collision can 

be foreseen and particles can be propagated at once until the time of this encounter. 

 

A.2. Models for slow particle emission 

 

The second part of the spallation process, the de-excitation of the pre-fragment, can be 

described by numerical statistical models. Assuming that the pre-fragment resulting 

from the INC has no memory of events before its creation, the model deals with a 

compound nucleus [A-8] in statistical equilibrium. The nucleus may evaporate single 

nucleons as well as -particles, light nuclei, etc.; even fission or multi-fragmentation 

may occur. The statistical model assumes that the initial pre-fragment will undergo a 

sequence of decay (multi-step) processes until the final residual nucleus reaches its 

ground state. After each evaporation step, statistical equilibrium is again reached. 

 

This kind of models considers the first abrasion stage as an ensemble of macroscopic 

magnitudes: the mass number, the neutron excess and the excitation energy. This group 

of variables is set as input for the ablation model. With it, the probability of finding the 

nucleus in a modified state as a function of time can be calculated. The mean number of 

nucleons (and so the emitted particle) can be obtained for every evaporation level. The 

evaporation chain stops if the excitation energy falls below the lowest particle threshold 

of the residual nucleus. 

 

Monte Carlo techniques are usually used, in most of the relevant multi-step evaporation 

codes, to follow the decay of individual compound nuclei until the residual nucleus can 

no longer decay. This kind of methods has the advantage of the accurate prediction of 

energy spectra, angular distributions and multi-particle correlations. Among them, 

Dresner [A-9][A-10] and ABLA [A-11][A-12] are examples of standard de-excitation 

methods very used in the bibliography. 

 

Dresner model calculates the types, multiplicities, and energy distributions of particles 

evaporated from excited compound nuclei. The level density in this model is based on a 

modified Fermi gas model, considering an exponential term for the energy. For the 

calculation of these densities, some irregularities such as the total number of nucleons in 

the nucleus or whether the neutron and proton numbers are odd or even are introduced. 

 

The ablation model ABLA considers that the ratio of the different emission widths for 

protons, neutrons, and -particles can be approximated by the ratio of the level densities 

at the average excitation energies of the daughter nuclei, which depends on both the 

mother and the daughter nucleus. The emission widths characterize the emission 

probabilities and can be used to obtain the macroscopic magnitudes describing the state 

after one evaporation stage. 
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Most modern versions of this model consider other reactions such as deuteron/ and 

light clusters (for instance, 
6
Li) evaporation in addition to de-excitation, studying their 

relevance in comparison with several experiments. 

 

A.3. Combined cascade-evaporation models 

 

In addition to models describing only one of the two phases of the spallation reactions, 

some other codes have been developed describing the whole problem, considering the 

reaction also as several-staged. Among them, the Cascade-Exciton Model (CEM) 

[A-13][A-14] considers the nuclear reaction as proceeding through three stages, 

cascade, pre-equilibrium and equilibrium (or compound nucleus), where all of them will 

affect the creation of the final residue. 

 

In the first stage, a particle entering a nucleus can suffer one or several intranuclear 

collisions, giving rise to the formation of an excited many-quasiparticle state like a 

“doorway state”. Due to residual interaction, this state will evolve towards a more 

complicated one up to the formation of a compound nucleus. At each stage of this 

process one or more particles can be emitted. The behaviour of a primary particle and of 

those of the second and subsequent generations (if any) up to their capture or emergence 

from a nucleus is treated in the framework of the intranuclear cascade model, neglecting 

collisions between the fast (cascade) particles and the target-nucleus nucleons which 

have not yet been involved in the interaction (residual interactions). 

 

The second pre-equilibrium stage of the reaction is described by the exciton model 

[A-15]. The excited residual nucleus formed after the emission of cascade particles 

determines the initial particle-hole (referred to indiscriminately as excitons) 

configuration of the remaining excited nucleus, with an excitation energy defined by the 

conservation laws. This stage is characterised by the successive transitions between 

exciton states, caused by the residual interactions specifically treated in the exciton 

model. At such state, a small number of precompound decays occurs. 

 

The subsequent relaxation of the nuclear excitation is traced in terms of the exciton 

model as the equilibrium final evaporative stage of the reaction. 

 

The main characteristics of this method are: 

 

 The nuclear matter density is described by the Fermi distribution. In practice, the 

nucleus target is divided by concentric spheres into several zones. In each of 

them, the nuclear density is considered constant. 

 The energy spectrum of nucleons is estimated in the perfect Fermi gas 

approximation. 

 The Pauli exclusion principle at the cascade stage of the reaction is handled in 

the model. 
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A.4. Conclusions 

 

Spallation reactions have recently gained special interest, among other causes, due to 

their applications as coupled neutron sources in subcritical systems. A number of 

models have been developed in order to accomplish the two main aspects of this 

coupling: the energy spectrum of exiting neutrons and the radioactive waste created as a 

by-product of the particle generation. 

 

Although not shown here, whatever the material, diameter or length of the spallation 

target, or beam energy, the agreement obtained with the different combinations of 

abrasion/ablation models is usually high in terms of the exiting neutrons spectrum, with 

small and localized discrepancies (see [A-16] as an example). 

 

However, the reliability and predictive power of the present models implementation 

describing the creation of residuals from collisions at the intermediate and high energy 

range of interest (~ 20-1500 MeV) are still limited, with unacceptable discrepancies for 

some technological applications [A-2]. This has led to the necessity of benchmarking 

for the selection of the model or code most useful for ADS calculations and, if such a 

tool is not yet available, the indication of the main deficiencies of the existing ones. One 

of these benchmarks is being done within the NUDATRA domain of the IP-

EUROTRANS project [A-17] and, until the publication of its results, care should be 

taken when analysing the present models results. 
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B. Basic codes 

B.1. MCNPX 

B.1.1. The Monte Carlo method 

 

MCNPX is a multipurpose Monte Carlo radiation transport code that tracks numerous 

particles at energies up to few GeV in a general 3D geometry [B-1] [B-2]. This code has 

been developed at Los Alamos National Laboratory during the last nearly sixty years. 

Monte Carlo is a numerical method to solve mathematical problems that can be 

formulated by means of algorithms involving random variables. It can be used to 

emulate theoretically a statistical process (such as the interaction of nuclear particles 

with materials) and is particularly useful for complex problems, either with many 

variables or with very detailed geometry and boundary conditions. 

 

In a nuclear system, each neutron (or other particle) interacts sequentially from its 

creation to its “death” independently of the other neutrons (as long as thermal feedbacks 

and isotopic evolution can be ignored). The probability distributions governing each 

possible event that the neutron may suffer (fission, capture, elastic collision…) are 

statistically sampled using random numbers (analogous to throwing dice in a gambling 

casino). This is the origin of the name Monte Carlo. The method can be used in the 

“analog” mode describing hypothetical particle histories where the paths and events are 

randomly generated according to the actual probability distributions. The average 

behaviour of particles in the physical system is then inferred (applying the central limit 

theorem) from the statistical analysis of all these simulated particles. 

 

B.1.2. Physics 

 

The geometry of the nuclear system is built by means of cells. A cell is a zone described 

by a certain material, its density and the surrounding boundary surfaces. All the 

interactions of a neutron, i. e., the neutron history, can take place inside only one cell 

(creation and absorption) or involving several cells. A track is the path between 

collisions and it is the way MCNPX records the neutron history. The first track is 

created after the beginning of a history in a particle source. The length between 

collisions l (the track length) is estimated following the assumption of constant 

interaction probability. This results in an exponential probability density 
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where Σt is the macroscopic total cross section of the medium (probability of a collision 

per unit length). A random sampling using ξ on [0,1) can be used to generate the 

distance to the next collision l by integrating the probability density p(l) between 0 and 

l. Solving the integral we found that 
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The track length of the neutron in the cell is finally estimated as the minimum of the 

distance to collision, the distance to the trajectory crossing surface or the distance to 

different time or energy boundaries. Once the track length has been calculated, the 

system checks for special boundaries coming from loss to escape or special geometry 

definitions such as reflecting surfaces. If none of these special events occur, then the 

neutron undergoes a collision and the following sequence is applied: 

 

 The Monte Carlo code has to identify the collision nuclide. From the n different 

nuclides forming the cell material in which the collision has occurred, a random 

number ξ on [0,1) is sampled. The k-th nuclide is chosen as the collision nuclide 

if 

 

 
1

1 1 1

,
k n k

ti ti ti

i i i




  

        (B.3) 

 

where Σti is the macroscopic total cross section of nuclide i. 

 The thermal motion of the nucleus is taken into account using the free gas 

thermal treatment. Besides, it is assumed that, when thermal effects are of 

consideration, the elastic scattering cross section is independent of the neutron 

energy and that the reaction cross section is independent of the temperature. A 

special treatment involving the S(α,β) thermal scattering is invoked counting the 

effects of chemical bindings and crystal structure for incident neutron energies 

below about 4 eV if it is explicitly required and available. 

MCNPX adjusts the elastic cross section taking into account the sampled value 

of the velocity of the target by obtaining the relative velocity in a target-at-rest 

frame. 

 Photons are optionally generated for later transport (if coupled neutron/photon 

transport is requested) and banked in memory if the collision nuclide has a 

nonzero photon production cross section. 

 Neutron absorption is then modelled (neutron disappearance of any kind). For 

fissile nuclides, absorption includes both fission and capture reactions. 

Absorption is treated by one of two different ways: analog or implicit 

absorption. In the analog absorption, the neutron is killed by a probability σa/σT, 

where σa and σT are respectively the absorption and total cross section of the 

target nuclide at the incoming neutron energy. The implicit absorption uses the 

concept of particle weight (adjustment for deviating from a direct physical 

simulation of the transport process to reduce the variance of results), meaning 

that the contribution of the neutron is reduced due to the absorption process. 

 Whether the S(α,β) thermal scattering is available and invoked, the collision is 

modelled by the S(α,β) treatment. If not, either elastic scattering or an inelastic 

reaction (including fission) is selected and the new energy and direction of the 

outgoing track(s) are determined. The selection of an elastic collision is made 

with the probability 
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where σel, σin, σa and σT are, respectively, the elastic scattering, the inelastic 

(including any neutron-out process), the absorption and the total cross section. If 

the collision is determined to be inelastic, then the n-th type of inelastic reaction 

is sampled from  
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where ξ is a random number on [0,1), N is the number of inelastic reactions and 

σi is the i-th inelastic reaction cross section at the incident neutron energy. 

All outgoing particles are banked in memory for later transport. Their angular 

distributions and energies are determined by sampling data. The outgoing energy 

and angle of a particle may be correlated or not when the sampling takes place, 

depending on the type of energy law used. For inelastic collisions, emerging 

energy and scattering angle are not correlated so there is no correlation between 

different collision-outgoing particles. Hence, energy is not conserved in an 

individual reaction but the net effect of many particle histories is unbiased 

because, on the average, the correct amount of energy is emitted. 

 

Once this sequence has ended, transport continues and the system calculates again the 

distances to collision and to boundaries, unless the particle was killed by absorption or 

weight cutoff. In that case, the bank is checked for any remaining progeny. If any, the 

particle history is followed in a similar way. When there are no more particles in the 

bank, the neutron history finishes. 

 

In order to calculate the length between collisions and many of the collision 

characteristics, the nuclear code must have information about the macroscopic or 

microscopic cross sections of the cell material. This is obtained by processing the 

nuclear data tables, usually given in databases as pairs of energy-cross sections values. 

The ENDF system was developed for the storage and retrieval of evaluated nuclear data 

to be used for applications of nuclear technology [B-3]. This system includes several 

libraries developed by different international institutions and is maintained at the 

National Nuclear Data Center (NNDC), containing information about all neutron-

induced reactions, covering the entire range of incident neutron energies, for a large 

group of isotopes and elements. Nevertheless, evaluated data must be processed into a 

format appropriate for MCNPX. This task is accomplished by different codes, retaining 

the so-processed libraries as much detail as the original evaluation. 

 

Once the particle history has begun, tracks and interactions can be recorded in statistical 

form as the user desires. These records can be binned in different variables and are 

called tallies by MCNPX. They usually represent any quantity of the form 
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where Φ(E) is the energy-dependent fluence and f(E) is a product or summation of the 

quantities existing in the cross section libraries. Tallies required by EVOLCODE2 are 

the cell flux tally (both intensity and energy spectrum) and the energy deposition tally. 

The cell flux is estimated by MCNPX using 
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where W is the particle weight (W=1 if no variance reduction techniques are applied), V 

is the cell volume and Tl is the total or sum of track lengths of all neutrons crossing the 

volume. MCNPX estimates this integral by summing /lWT V  for all particle tracks in 

the cell, considering the whole time and energy range. This tally is known as a track 

length estimate of the flux and it is generally quite reliable because the number of tracks 

in a cell is much larger than the number of collisions, leading to many contributions to 

the tally. 

 

The energy deposition tally is recorded by MCNPX following the expression 
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where ρa and ρg represent, respectively, the atom and gram densities and H(E) is the 

heating response, summed over all the nuclides in the cell. The heating response can 

have different meanings, depending on context and particle type. For the particular case 

of neutrons, energy deposition can be recorded mainly by two different tallies: the track 

length estimate of general energy deposition tally and the track length estimate of 

fission energy deposition tally. The first type of tally records the energy deposition only 

where it is actually deposited by all the different particles. The heating response follows 

the expression 
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where σT(E) is the energy-dependent total neutron cross section and the Havg(E) is the 

heating number: 
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In this formula, pi(E) is the probability of reaction i, ( )
ioutE E  and ( )

i
E E  are the 

average exiting energy of neutrons and gammas, respectively, and Qi is the Q-value of 

reaction i. 

 

The track length estimate of the energy deposition is the most accurate manner of 

obtaining the prompt energy deposition as MCNPX estimates it while working with the 

exact values of every neutronic parameters (such as the energy of the incident neutron). 

With this tally, every reaction is taken into account, looking for the proper Q-value at 

the corresponding database entry. When a fission occurs, photons are transported and 

may deposit their energy elsewhere. Hence, the transport option has to be activated for 

neutrons and photons for an accurate counting of the energy deposition. 
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The second type of energy deposition tally records the energy liberated by fission alone. 

MCNPX considers that all the liberated energy by this reaction is deposited locally 

where the fission occurs. The heating response function is 

 

 ( ) ( )· ,fH E E Q  (B.11) 

 

where σf(E) is the energy-dependent total fission cross section and Q is the effective 

fission Q-value of the fissioning nuclide. This type of tally is an approximation of the 

energy deposition, as the energy of the photons liberated by the fission is deposited 

locally and photons cannot hence escape the nuclear system. Hence, only neutron 

transport is mandatory although the simulation may require the transport of more 

particles. For fissionable materials, the fission energy deposition tally is often larger 

than the general energy deposition tally even though it only includes the fission reaction 

instead of all reactions available. 

 

Fissioning 
actinide 

MCNPX 
v2.5.0 fission 

Q-value 
(MeV) 

ENDF/B-VI 
K+Enp+Eγp (MeV) 
for other libraries 

K(MeV) 
Enp 

(MeV) 
Eγp 

(MeV) 
K+Enp+Eγp 

(MeV) 
ENDF/B-

VII.0 
JEFF3.1 

U-235 180.88 169.12 4.79 6.97 180.88 178.90 180.88 

U-238 181.31 169.57 5.21 6.53 181.31 181.28 180.57 

Pu-239 189.44 175.78 5.90 7.76 189.44 188.36 188.59 

Pu-241 188.99 175.36 5.99 7.64 188.99 186.36 189.00 

Am-241 190.83 176.40 6.53 7.90 190.83 190.83 190.83 

Am-242m 190.54 182.37 4.05 1.17 187.59 187.59 195.76 

Table B.1. Comparison of the Q-values for the main fissioning actinides included in MCNPX 

v2.5.0 and for different databases. K, Enp and Eγp correspond to the kinetic energy of the fission 

fragments, the energy of the prompt neutrons and the energy of the prompt γ-rays, respectively. 

 

The fission Q-values are included in MCNPX as part of the code. However, very little 

information concerning which deexcitation modes are taken into account is contained in 

the user‟s manual of the different versions. Table B.1 shows these values for the main 

fissioning actinides and a comparison with the corresponding values of modern libraries 

such as the JEFF and ENDF/B databases. It appears that the information included in the 

fission Q-values correspond to the sum of the kinetic energy of the fission fragments, 

the energy of prompt neutrons and prompt γ-rays, coming from the ENDF/B-VI, 

although the source library may change from an MCNPX version to the following. 

Nevertheless, the fission Q-value of the 
242m

Am does not fit as well as the others to the 

ENDF/B-VI database. According to LANL, this erratum is a heritage of when the Q-

values were placed into the code [B-4] but the correct value has not been implemented 

yet. 

 

In order to verify the differences between both energy deposition tallies, we have 

simulated the irradiation of a very thin 
235

U metallic sheet by a 1 eV energy neutron 

beam. As a result of the narrowness of the sheet (0.2 μm), very few photons will be 

depositing their energy in the 
235

U and differences between both tallies will arise. 

Results of this simple calculation are shown in Table B.2, where it can be seen that the 

general energy deposition tally only takes into account the kinetic energy of the fission 

fragments when a fission occurs. 
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It should be taken into account that the 
235

U capture cross section is approximately one 

order of magnitude lower than the fission cross section at this energy. Nevertheless, 

neutron capture is followed by the emission of photons and very few deposit their 

energy in the sheet. 

 
Type of tally Tally result 

General energy deposition tally 7.339E+08 MeV/g 

Fission energy deposition tally 7.845E+08 MeV/g 

  

Ratio (Fission/general) 1.0689 

(K+Enp+Eγp)/K from ENDF/B-VI 1.0695 

Table B.2. General and fission energy deposition tallies for the irradiation of a 
235

U sheet. 

 

B.2. ORIGEN 

B.2.1. Introduction 

 

ORIGEN is a versatile point-depletion and radioactive-decay computer code for use in 

simulating nuclear fuel cycles and calculating the nuclide compositions and 

characteristics of materials contained therein [B-5] [B-6]. It has been written entirely in 

the FORTRAN language. The ORIGEN computer code was developed at the Oak Ridge 

National Laboratory (ORNL) and distributed worldwide in the early 1970s. Included in 

ORIGEN are provisions for incorporating data generated by more sophisticated reactor 

physics codes, a free-format input, and a highly flexible and controllable output; with 

these features, ORIGEN has the capability for simulating a wide variety of fuel cycle 

flow sheets. 

 

ORIGEN2 was developed in 1980 after upgrades of the reactor models, cross sections, 

fission product yields, decay data, decay photon data and the ORIGEN computer code 

itself. It was updated to 2.1 in August 1991 and successively updated or recompiled in 

the following years. Finally, it was updated to ORIGEN version 2.2 (referred to 

ORIGEN later in this document) in 2002. No new development is planned for ORIGEN. 

 

The main use of ORIGEN is to calculate the radionuclide composition and other related 

properties of nuclear materials. The materials most commonly characterized include 

reactor spent fuels, radioactive waste (mainly high-level waste), recovered elements (e. 

g., uranium, plutonium), uranium ore and mill tailings, and gaseous effluent streams (e. 

g., noble gases). 

 

B.2.2. The matrix exponential method 

 

The burn-up evolution of one isotope is given by the Bateman equation. In its general 

form, the equation for the concentration of an isotope ni reads as: 
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where λij are decay constants from isotope i to isotope j,   is the (space and time 

averaged and energy integrated) neutron flux and 
ij  represents the neutron-induced 

one-group cross section for the nuclear reaction transforming isotope i into isotope j. 

Since a certain number M of isotopes is being considered, there will be M equations of 

the same general form, one for each isotope. When Φ is assumed constant, these 

equations form a large system of coupled, linear, first-order ordinary differential 

equations with constant coefficients. 

 

In general, each isotope will have only a few parents so the system of equations can be 

solved using a representation of a scarce matrix, that is, where only a few values are 

different to zero (~0.2%), although with some very large and very small values. The 

method of solving the Bateman equation by means of a matrix representation is called 

the matrix exponential method. This method has been employed by several depletion 

codes to solve the equation system. 

 

The technique consists in determining the daughter of each nuclear transformation (and 

its transformation rate), after reading from databases the information concerning the 

half-lives, decay branching ratios, one-group cross sections and fission product yields 

from each parent. The identity of the daughter is then stored and the system searches for 

all the possible parents of each daughter nuclide, storing their identities and the 

transformation rates. Finally, counters are maintained to indicate array locations at 

which the transformations producing each daughter begin, considering which ones are 

decay transformations. The array of transformation rates is called the transition matrix 

and it is invariant for a given case. Using this representation, the equation system is 

,X AX  where X  is the time derivative of the nuclide concentration vector X and A is 

the transition matrix. The solution of this equation has a form 
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where X(t) is the vector of nuclide concentrations at a time t (ending of the user-

provided time step) and X(0) is the vector of initial nuclide concentrations. After 

calculating this expression accurately from the transition matrix, then the solution of the 

isotopic composition evolution with the burn-up will be solved. 

 

Nevertheless, the matrix exponential method is not used for the entire group of available 

nuclides. In fact, computational problems appear when trying to solve the equation 

system using a matrix with widely separated eigenvalues, which is the case, since the 

coefficients of the matrix range from half-lives of fractions of seconds to more than 

millions of years. To solve these problems, a composite solution procedure is 

implemented, using asymptotic versions of the analytical solutions to those isotopes for 

which the matrix exponential method is not usable. 

 

The concentration of the short-lived nuclides (removal time inferior to a 14.4% of the 

time step) with no long-lived parents (most fission products), is calculated before the 

implementation of the matrix exponential method by the simple asymptotic solutions 

since their equilibrium concentration is reached inside a single time step. 
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The second stage in the composite solution generates a reduced transition matrix taking 

into account only the long-lived nuclides of the full transition matrix. The reduced 

transition matrix is then solved by means of the matrix exponential method to obtain the 

concentrations of this set of nuclides. 

 

Finally, the concentration of those short-lived nuclides having long-lived parents is 

calculated after the application of the matrix exponential method, when the 

concentrations of the parents have already been calculated. Another set of asymptotic 

solutions to the differential equation are obtained through the application of secular 

equilibrium between progeny/parent pairs. These asymptotic solutions are solved using 

a Gauss-Seidel iterative substitution algorithm with fast convergence. 

 

B.2.3. Decay, effective cross sections and fission yields 

 

To operate ORIGEN requires a set of libraries with different information. This 

information includes the decay and photon database, a neutron induced effective cross 

section file and the fission products yields. The decay data library is used by the code as 

the list of nuclides to be considered, including their decay half-lives and modes, 

branching ratios (half-lives and branching ratios are used to define the transformation 

rates in the transition matrix), recoverable energies per decay, isotopic composition of 

the natural elements and concentration guides for continuous ingestion and inhalation. 

The decay modes available in ORIGEN are the β
-
 decay (to the ground state and to the 

first isomer state), the β
-
 decay followed by the emission of a neutron, the β

+
 decay or 

electron capture (to the ground state and to the first isomer state), the α decay, the 

internal transition from the isomer to the ground state and the spontaneous fission. If a 

certain reaction leads to an isotope not included in the decay list, its mass is lost and 

disappears from the model. All these libraries are subdivided in three different lists: 

activation products, actinides and fission products. 

 

The photon database provides information about the number of photons emitted per 

decay in 18 energy groups, including γ-rays, X-rays, conversion photons, (α,n) γ-rays, 

prompt and fission product γ-rays from spontaneous fission, and bremsstrahlung. 

Prompt gamma rays from neutron induced fission and neutron capture are not included. 

 

The cross section databases provide ORIGEN with the information of the neutron 

induced one-group effective cross sections and the fission products yields. Like the 

decay database, the cross section databases include three different lists of nuclides: 

activation products, actinides and fission products. This library contains the one-group 

effective cross sections of (n,γ) and (n,2n) to the ground state and also to the first isomer 

state (n,γ)* and (n,2n)*. In addition, for activation and fission products, the effective 

cross sections of (n,p) and (n,α) to the ground state are also included. For actinides, 

instead, (n,fission) and (n,3n) appear in the cross section database. The information of 

the fission products yields is incorporated to the fission products list for up to eight 

different fissionable species. The fissionable species explicitly available at ORIGEN are 
232

Th, 
233

U, 
235

U, 
238

U, 
239

Pu, 
241

Pu, 
245

Cm and 
252

Cf. ORIGEN also calculates the total 

fission rate of the other actinides that do not have explicit fission product yield library. 

Their fission product yields are adjusted to that of a nearby actinide that does have this 

information (called nearest connected actinide).  
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B.2.4. The total recoverable energy per fission 

 

ORIGEN has two different irradiation modes, at constant power and at constant flux, in 

addition to the radioactive decay mode. The expression that ORIGEN uses to relate the 

power density P to the instantaneous neutron flux Φ is 

 

 .
i fi i

i

P

n Q
 


 (B.14) 

 

In this expression, ni represents the atomic density, σfi is the microscopic fission cross 

section for isotope i and Qi is the fission Q-value, that is, the total recoverable energy by 

fission for nuclide i. 

 

As it was above-mentioned, the transition matrix is defined for each user-provided time 

step. However, the expression relating the power to the neutron flux includes the 

instantaneous neutron flux, instead of an averaged value for the time step. In order to 

obtain a representative averaged value, ORIGEN expands the neutron flux expression in 

a Taylor series through the second order terms, taking the atomic density as the time-

dependent variable. The average neutron flux during the time step is obtained by 

integrating this series over the time step and dividing by the time step. 

 

The total recoverable energy by fission was estimated by the first version of ORIGEN 

as a constant value equal to 200 MeV/fission for all the fissioning nuclides. For the 

current version, it was created a semi-empirical formula: 

 

 3 2 0.5( ) 1.29927·10 ( ) 33.12,iQ MeV fission Z A   (B.15) 

 

where Z and A are, respectively, the atomic number and the atomic weight of nuclide i. 

This semi-empirical formula was ideated to fit to the experimental results found in 

Unik‟s and Gindler‟s work [B-7]. Due to this reason, ORIGEN v2 has also inherited its 

physical meaning. According to Unik and Gindler, the average total energy directly 

released per fission is the sum of the average energies for each deexcitation mode as 

follows: 

 

 .f K np p nd dQ E E E E E E E   
        (B.16) 

 

Here, the different modes are the kinetic energies of the fission fragments EK, neutrons 

En, gamma- and X-rays Eγ, β particles Eβ, and antineutrinos E


. Indexes p and d 

correspond to prompt and delayed, respectively. 

 

In a reactor, one neutron of energy Ei is required to produce a fission, hence reducing 

the averaged total energy released to the net value 

 

 ' .f f iQ Q E   (B.17) 

 

Besides, antineutrinos are very unlikely to be absorbed in a nuclear reactor so the 

effective average total recoverable energy by fission becomes 
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 ' .eff fQ Q E


   (B.18) 

 

This study assumes that the heat produced is integrated to infinite time, so the energy 

released by β particles and delayed γ are taken into account in the calculations. 

Moreover, energy QC is liberated by the capture of the remaining average total number 

of neutrons emitted by fission, that is, 1,T   considering that leakage is negligible. 

Although this latter energy is dependent on the reactor materials, geometry, and the 

neutron spectrum, it is supposed by ORIGEN to be constant. Finally, the total energy QT 

released by fissions and absorbed in a nuclear reactor is given by 

 

 .T eff CQ Q Q   (B.19) 

 

Table B.3 shows the calculated values of the recoverable energies by fission for some of 

the main actinides. Using the semi-empirical formula, the recoverable energies by 

fission are within 1% of experimental data for nuclides between 
232

Th and 
242

Pu. 

 
Actinide ORIGEN Q-value (MeV) 

U-235 201.7 

U-238 202.8 

Pu-239 210.6 

Pu-241 211.3 

Am-241 215.2 

Am-242m 215.5 

Table B.3. Recoverable energies by fission calculated by ORIGEN following the semi-empirical 

formula. 

 

B.3. NJOY 

 

NJOY is a system of processing modules intended to convert evaluated nuclear data in 

the ENDF format into forms useful for practical applications [B-8]. Since currently the 

most complete sets of nuclear data are written in ENDF format, this code has been 

chosen to process these data. 

 

NJOY has been historically used to process the nuclear data into the ACE format, 

suitable for MCNPX. For this reason, it is desirable that NJOY is also used to process 

the cross section information for EVOLCODE2. We choose NJOY as library processing 

code with the aim of ensuring the consistence of results, by means of the constraint that 

MCNPX and EVOLCODE2 share the same evaluated data. 

 

EVOLCODE2 is not only able to use the same evaluated data processed by NJOY for 

MCNPX (transport libraries) but also other libraries (processed by NJOY too) with only 

activation information (activation libraries). These libraries cannot be used by MCNPX 

but provide very useful information about neutron-induced nuclear reactions. As an 

example, library JEFF3.0 provides 340 transport entries and the European Activation 

File (EAF4.1) includes the activation information for 763 isotopes. 
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