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Resumen 

En este trabajo se han cubierto diferentes asuntos del diseño neutrónico y  aspectos 

radiológicos de las dos instalaciones del proyecto HiPER. El proyecto HiPER es un 

proyecto europeo concebido en el marco del programa ESFRI (European Scientific 

Facilities Research Infrastructure). Está destinado al desarrollo de la energía de fusión 

nuclear inercial mediante el uso de láseres y el esquema iluminación directa. 

Consecuentemente, se trata de una instalación con fines exclusivamente civiles. Se divide 

en dos fases, correspondientes con dos instalaciones: HiPER Engineering y HiPER Reactor. 

La instalación HiPER Engineering desarrollará las tecnologías implicadas en la ignición de 

alta repetición de cápsulas de DT por iluminación directa. La instalación HiPER Reactor 

será una planta demostradora que produzca electricidad haciendo uso de las tecnologías 

desarrolladas durante la fase HiPER Engineering. 

El HiPER Engineering se centrará en las tecnologías relevantes para las igniciones a 

alta repetición de cápsulas de DT usando la iluminación directa. El principal esfuerzo de 

desarrollo tecnológico se hará en todos los asuntos directamente relacionados con la 

ignición: láseres, óptica, inyector, y fabricación masiva de cápsulas entre otros. Se espera 

una producción energética de entre 5200 MJ/año y 120000 MJ/año dependiendo del éxito 

de la instalación. Comparado con la energía esperada en NIF, 1200 MJ/año, se trata de un 

reto y un paso más allá en la protección radiológica de este tipo de instalaciones. En este 

trabajo se ha concebido una instalación preliminar. Se ha evaluado desde el punto de vista 

de la protección radiológica, siendo las personas y la óptica el objeto de protección de este 

estudio. Se ha establecido una zonificación durante la operación y durante el 

mantenimiento de la instalación. Además, se ha llevado a cabo una evaluación de la 

selección de materiales para la cámara de reacción desde el punto de vista de gestión de 

residuos radiactivos. El acero T91 se ha seleccionado por, siendo un acero comercial, 

presentar el mismo comportamiento que el acero de baja activación EUROFER97 al 

evaluarse como residuo con el nivel de irradiación máximo previsto para HiPER 

Engineering. Teniendo en cuenta los resultados obtenidos para la instalación preliminar y 

las modificaciones de la instalación motivadas en otros campos, se ha propuesto una 



instalación avanzada también en este trabajo. Un análisis más profundo de los aspectos 

radiológicos, así como una evaluación completa de la gestión de todos los residuos 

radiactivos generados en la instalación se ha llevado a cabo. La protección radiológica se ha 

incrementado respecto de la instalación preliminar, y todos los residuos pueden gestionarse 

en un plazo de 30 sin recurrir al enterramiento de residuos. 

El HiPER Reactor será una planta demostradora que produzca electricidad basada 

en las tecnologías de ignición desarrolladas durante la fase HiPER Engineering. En este 

fase, el esfuerzo de desarrollo tecnológico se llevará a cabo en los sistemas relacionados 

con la generación de electricidad en condiciones económicas: manto reproductor de tritio, 

ciclos de potencia, vida y mantenimiento de componentes, o sistemas de recuperación de 

tritio entre otros. En este trabajo la principal contribución a HiPER Reactor está relacionada 

con el diseño de la cámara de reacción y sus extensiones en la planta. La cámara de 

reacción es la isla nuclear más importante de la planta, donde la mayoría de las reacciones 

nucleares tienen lugar. Alberga la primera pared, el manto reproductor de tritio y la vasija 

de vacío. Todo el trabajo realizado aquí ha pivotado en torno al manto reproductor de tritio 

y sus interacciones con el resto de componentes de la planta. Tras una revisión profunda de 

la bibliografía de los diseños recientes de cámaras de reacción con características similares 

a HiPER Reactor, se ha propuesto y justificado un esquema tecnológico innovador para el 

manto reproductor de tritio. El material fértil seleccionado es el eutéctico 15.7 at.% Litio – 

84.3 at.% Plomo, LiPb, evitando el uso de berilio como multiplicador neutrónico mientras 

se garantiza el ajuste online de la tasa de reproducción de tritio mediante el ajuste en el 

enriquecimiento en 6Li. Aunque se podría haber elegido Litio puro el LiPb evita problemas 

relacionados con la reactividad química. El precio a pagar es un reto materializado como 

inventario radiactivo de Z alto en el lazo de LiPb que debe controlarse. El material 

estructural seleccionado es el acero de baja activación EUROFER97, que estará en contacto 

directo con le LiPb fluyendo a alta velocidad. En este esquema tecnológico, el LiPb 

asegurará la autosuficiente de tritio de la planta mientras el propio LiPb extrae del manto el 

calor sobre él depositado por los neutrones. Este esquema recibe el nombre de manto de 

Litio-Plomo auto-refrigerado (SCLL por sus siglas en inglés). Respecto de los conceptos 

SCLL previos, es destacable que no se requieren componentes del SiC, puesto que no hay 

campos magnéticos en la cámara de reacción. Consecuentemente, el manto SCLL 



propuesto para HiPER presenta riesgo tecnológicos moderados, similares a otros 

dispositivos de fusión magnética, como el HCLL, e incluso inferiores a los del DCLL, 

puesto que no se requiere SiC. Los retos que se deben afrontar son el control del inventario 

de Z alto así como las tasas de corrosión derivadas de la interacción del LiPb con el 

EUROFE97. 

En este trabajo se abordan ambos aspectos, y se presentan los respectivos análisis, 

junto con otros aspectos neutrónicos y de activación, tales como la protección de la vasija 

de vacío por parte del material fértil para garantizar la re-soldabilidad de por vida en la cara 

externa de la vasija. También se propone y se estudia un ciclo de potencia de Brayton de 

Helio para dos configuraciones diferentes de refrigeración del sistema primera pared-manto 

reproductor. Las principales conclusiones de estos estudios son: i) el inventario de Z alto 

puede controlarse y es comparable al que se encuentra en dispositivos de fusión similares, 

ii) la vasija de vacío requiere una mayor protección frente a la radiación neutrónica y iii) las 

tasas de corrosión son demasiado altas y la temperatura media de salida del LiPb es 

demasiado baja. Tiendo en cuenta estos resultados junto con otras consideraciones 

relacionadas con el mantenimiento de componentes y la viabilidad constructiva, se ha 

propuesto una evolución de la cámara de reacción. Las evoluciones más destacables son la 

introducción de un reflector neutrónico de grafito, la modificación de la configuración de la 

óptica final, la forma y el tamaño de la cámara de vacío y una nueva subdivisión modular 

del manto. Se ha evaluado desde el punto de vista neutrónico, y su análisis y posterior 

evolución queda fuera del objeto de este trabajo. 

Los códigos utilizados en este trabajo son: 

 CATIA para la generación de geometrías 3D complejas 

 MCAM para la traducción de archivos de CATIA a formato de input de 

MCNP 

 MCNP para el transporte de la radiación (neutrones y gammas) y sus 

respuestas asociadas 

 ACAB para la evolución del inventario isotópico y sus respuestas asociadas 

 MCNP2ACAB para acoplar MCNP y ACAB para el cómputo de dosis en 

parada usando la metodología R2S no-automatizada basada en celda. 



 Moritz para visualizar los resultados de MCNP 

 FLUENT para llevar a cabo cálculos de fluido-dinámica 

Para llevar a cabo este trabajo, han sido necesarias ciertas destrezas 

computacionales. Las más relevantes utilizadas son: generación de geometrías 3D 

complejas y transmisión a MCNP, diferentes técnica de reducción de varianza como 

importancia por celdas y weight windows basado en malla, metodología Rigorous-two-

Steps basada en celdas para el cálculo de dosis en parada y la modificación del código 

ACAB para el cálculos con múltiples espectros en la misma simulación. 

Como resumen, la contribución de este trabajo al proyecto HiPER son dos diseños 

conceptuales de instalación: una para HiPER Engineering y otra para HiPER Reactor. La 

primera se ha estudiado en profundidad desde el punto de vista de protección radiológica y 

gestión de residuos, mientras que la segunda se ha estudiado desde el punto de vista de 

operación: seguridad, comportamiento neutrónico, vida y mantenimiento de componentes y 

eficiencia del ciclo de potencia. 

  



Abstract 

In this work different aspects of the neutronics design and radiological aspects of 

the two HiPER Project facilities have been covered. The HiPER project is a European 

project conceived in the European Scientific Facilities Research Infrastructure (ESFRI) 

program. It is devoted to the development of the inertial fusion energy using lasers and 

direct drive approach. Consequently, it is a facility with exclusively civil goals. It is divided 

into two phases corresponding to two facilities: HiPER Engineering and HiPER Reactor. 

The HiPER Engineering facility will develop the technologies involved in the high 

repetition rate ignition of DT pellets by direct drive approach. The HiPER Reactor will be a 

power producing demonstrator plant based in the technologies developed during the HiPER 

Engineering. 

The HiPER Engineering will be focused in the development of relevant 

technologies for the high repetition rate ignitions of DT pellets using the direct drive 

approach. The main technologies development effort will be made in all the directly related 

issues to the ignition: lasers, optics, injectors, massive target fabrication among others. The 

expected fusion yield is between 5200 MJ/yr and 120000 MJ/yr depending on the success 

of the facility. Compared to the expected yield in NIF, 1200 MJ/yr, it represents a challenge 

and a step forward in the radiological protection. In this work, a preliminary facility has 

been conceived. It has been evaluated from the radiological standpoint, being the persons 

and the optics the subjects to be protected. It has been established a radiological 

zonification during operation and maintenance. Furthermore, an evaluation of the material 

selection for the reaction chamber has been made from the waste management standpoint. 

The T91 steel has been selected, which, being a commercial steel, shows similar 

radiological performance as the low activation steel EUROFER97 when evaluated as waste 

for the HiPER Engineering irradiation level. Taking into account the results obtained for 

the preliminary facility and facility modifications motivated by other fields, an advance 

facility has been proposed also in this work. A deeper analysis of the radiological aspects 

and a full facility waste management assessment has been carried out. The radiological 



protection is increased compared to the preliminary facility, and all the radiological wastes 

generated in the facility can be managed in 25 years with no burial. 

The HiPER Reactor will be a power producing demonstration plant based in the 

ignition technologies developed in the HiPER Engineering phase. The technological 

development effort will be made in the power producing related systems in economical 

sound conditions: tritium breeding blanket, power cycle, components lifetime and 

maintenance schemes, and tritium recovery systems among others. In this work, the main 

contribution to HiPER Reactor is related to the reaction chamber design and its extension in 

the plant. The reaction chamber is the most important nuclear island in the plant, where 

most the nuclear reactions take place. It hosts the First Wall, the tritium breeding blanket 

and the vacuum vessel. All the work carried out here has pivoted around the tritium 

breeding blanket and its interactions with the rests of components of the plant. After a deep 

review of the literature in the recent reaction chamber with similar characteristics to HiPER 

Reactor, an innovative technological scheme for the tritium breeding blanket has been 

proposed and justified. The breeding selected has been the 15.7 at.% Lithium – 84.3 at.% 

Lead eutectic LiPb, avoiding the use of beryllium as neutron multiplier while guaranteeing 

an online Tritium Breeding Ratio adjustment by means of the 6Li enrichment tuning. 

Although pure lithium could have been chosen, the LiPb avoids chemical reactivity threats. 

The price to pay is a challenge in the form of high-Z inventory in the LiPb loop which must 

be controlled. The structural material selected for the blanket is the low activation steel 

EUROFER97, which will be in direct contact with the LiPb. In this technological scheme, 

the LiPb will assure the tritium self sufficiency while it will extract itself the heat deposited 

by the neutrons on it. This scheme receives the name of Self Cooled Lithium Lead (SCLL) 

blanket. With respect to previous SCLL concepts, no SiC components are required, as there 

is no magnetic field in the reaction chamber. Consequently, the SCLL blanket proposed for 

HiPER reactor presents moderate technological risks, similar to other magnetic fusion 

devices, such as the HCLL, and even lower than that of the DCLL, as no SiC is required. 

The challenges that it has to face are the control of the high-Z inventory generated in the 

LiPb and the corrosion rates derived from the interaction of fast flowing LiPb with bare 

EUROFER97. In this work, both aspects are tackled, and respective analysis of both are 

presented here, together with other neutronics and activation aspects, such as the breeder 



protection of the Vacuum Vessel to guarantee the lifetime reweldability in the external 

surface of it. Also, a helium Brayton power cycle is proposed and studies for two different 

cooling configurations of the First Wall – blanket system. The main conclusions are: i) the 

high-Z inventory can be managed and it is comparable that found in other similar fusion 

facilities, ii) the Vacuum Vessel requires higher protection against neutron radiation and iii) 

the corrosion rates are too high and the averaged outlet temperature of the LiPb is too low. 

Taking into account the results of these studies together with other considerations related to 

the components maintenance and constructability, an evolution of the reaction chamber is 

proposed. The most remarkable evolution are the introduction of a graphite neutron 

reflector, the modification of the final optics configuration, the Vacuum Vessel shape and 

size and the blanket modular subdivision. It has been evaluated from the neutronics 

standpoint, and its analysis and further evolution is out of the scope of this work. 

The codes used in this work are:  

 CATIA for complex 3D geometry generation 

 MCAM for translation from CATIA files to MCNP input format 

 MCNP for radiation (neutron and gamma) transport 

 ACAB for the inventory computations 

 MCNP2ACAB to couple MCNP and ACAB for cell-based R2S shutdown 

dose rate computation 

 Moritz to visualize the MCNP results 

 FLUENT to carry out the fluid-dynamics computations 

To carry out this work, remarkable computational skills were required. The most 

relevant skills used are: 3D complex geometry generation and transmission to MCNP, 

several variance reduction techniques like cell importance and mesh-based weight 

windows, cell-based rigorous-two-steps methodology for shutdown dose rate computation, 

ACAB inventory code modification for multiespectra irradiation in the same run. 

As a summary the contribution of this work to HiPER reactor are two facility 

conceptual and preliminary designs: one for HiPER Engineering and the other for HiPER 

reactor. The first one has been deeply studied form the radiological protection and 



radioactive waste management, while the second has been studied from the plant operation 

standpoint: safety, components performance, lifetime and maintenance and power cycle 

efficiency. 

 



1. Introduction 

In the following pages it is presented the work done for HiPER project in the period 

between October 2009th and December 2012th by Rafael Juárez in the mixed research 

institution Instituto de Fusión Nuclear. It stands for a PhD. research carried out between the 

Universidad Politécnica de Madrid under the supervision of José Manuel Perlado, and the 

Universidad Nacional de Educación a Distancia under the supervision of Javier Sanz. 

1.1 Context 

The HiPER project is a European project devoted to the development of the laser 

fusion energy as a power source. The project context justifies its development for three 

considerations: 1) The European 20/20/20 engagement related to the CO2 emissions, 2) the 

Fukushima nuclear accident social consequences and 3) The ITER project overrun and NIF 

successful completion on time and cost. 

In 2010, it was adopted the Europe 2020 Strategy. The third point of it states: “(3) 

the "20/20/20" climate/energy targets for a 20% reduction greenhouse gas emissions, 20% 

share of renewable energy and 20% energy efficiency improvement should be met 

(including an increase to 30% of greenhouse gas emissions reduction if the conditions are 

right)”[1]. Consequently, the European Union has adopted the compromise of reducing the 

CO2 emissions, what has an impact in the power producing mix. Fossil fuels for power 

producing, such as natural gas or coal should reduce their weight in the power producing 

system. Their replacement is expected to be done with renewable resources as solar or wind 

power production. But the nuclear fusion energy it also called to play a major role in this 

long-term strategy, as it is stated in the interest shown by Europe in the ITER experiment. 

The nuclear fusion offers a safe, clean and high availability power source with zero CO2 

emissions. 

By the time of the start of this work, 2009, there was expected a nuclear fission 

reborn. Several fission power plants were in construction world-wide, precisely as a 

consequence of the engagements reached in Kyoto or Copenhagen climate conferences. 

The fission power produces no CO2 emissions. However, in February 2011th, a violent 



earthquake with a consequent tsunami struck Japan. In the Fukushima region a nuclear 

accident happened. As a consequence of the tsunami, the active cooling of four nuclear 

cores was lost. Partial melting took part in some of them, and significant amounts of 

radioactive inventories, such as Cs-137 were released. Even when there was no casualty 

directly attributable to the nuclear accident, the repercussions of the accident world-wide 

were severe. Most of the countries temporarily stopped their fission power plants 

developments. The anti-nuclear movement arose with special relevancy in Europe. 

Germany, Switzerland and Italy decided a nuclear definitive shutdown, and the rest 

European countries suffered a switching back of the public opinion against the nuclear 

fission energy. However, the consequences of the nuclear definitive shutdown, more likely 

than ever in Europe, cannot be mitigated with the implementation of fossil fuels, for the 

20/20/20 engagement. There doubts of the capacity of the renewable energies to take the 

major weight in the power producing systems in Europe, given the current efficiencies and 

their weather dependent changing availability. The nuclear fission shutdown represents 

another impulse to the nuclear fusion development in Europe as power source. 

Finally, another relevant fact of the context of the HiPER project is the overrun of 

the ITER project and the NIF finalization on time and cost. The ITER project is the most 

relevant experiment of magnetic fusion energy, the main competitor to the laser fusion 

energy in terms of research funding. It was originally conceived to cost 10000 M€. 

However, after some years, the budget has raised to 15000 M€, a significant increase in the 

context the world-wide economic crisis, especially severe in Europe. In addition, ITER is 

an experiment, and as so, it could fail in achieving the ignition. In contrast the National 

Ignition Facility (NIF), which could be considered to be the analogue to ITER in terms of 

plasma ignition, was finished by 2011, in budget and time. There is a similar facility to the 

NIF in France, Laser Mega Joule (LMJ), expected to be finished by 2017. This has obliged 

the fusion European community to pay more attention to the laser fusion energy. 

These three arguments are the most representative of the context in which the 

European Union decided to start a research program for the conception of a power reactor 

based in the laser fusion energy. 

1.2 HiPER project 



The HiPER project is part the ESFRI program [2] of the European Union. Its name 

stands for High Power Laser Energy Research. It is conceived to demonstrate the viability 

of the laser-based nuclear fusion energy production [3]. 

The HiPER project consists in two research facilities devoted to the development of 

the nuclear fusion as energy source and with exclusively civil applications. Precisely, it 

makes use the so-called inertial confinement fusion. It will be the most relevant experiment 

of Europe in this field, as its objectives related to energy are more ambitious than that of 

LMJ in France. To emphasize the exclusively civil purpose of the facility, the ignition 

schemes explored will operate with the so-called direct-drive approach. This makes the 

HiPER project unique, as the largest facilities world-wide related to the inertial fusion 

confinement (National Ignition facility in the US, Laser Mega Joule in France) are both 

conceived for dual purpose research (civil and military) making use of the indirect-drive 

approach to the ignition. The HiPER project is divided in two sequential facilities: HiPER 

engineering and HiPER reactor. 

The HiPER engineering facility will be dedicated to the development of high 

repetition rate technologies of direct drive ignition of Deuterium-Tritium (DT) pellets. It 

will be the equivalent facility to NIF or LMJ for direct drive approach to the ignition. Thus, 

there will be many similarities to those infrastructures, although fundamental differences 

related to the direct drive approach will also be present. During this phase, the most active 

research lines will be directly related to the ignition: different direct drive ignition schemes 

(central hot spot, fast ignition and shock ignition), lasers development, or target injector and 

manufacturing. The indirectly relevant technologies for ignition (First Wall, reaction 

chamber, optics, maintenance,…) will be modifications for adaptation of already developed 

ones. It is remarkable for the work presented here that, although the total energy yield will 

be higher than that in NIF or LMJ, it will not operate in a 24/7 regime, but will be an 

experimental device with a very low availability (<5%) 

The HiPER reactor facility will be a reactor for power production based on the 

reasonable extension of the ignition technologies developed during the HiPER Engineering 

facility. For this reactor which will operate in 24/7 regime with a high availability (close to 

the 90%), the research efforts are re-oriented from the ignition technologies to the power 



producing technologies. Then, attention will be paid to the design and development of 

systems for power extracting, transport and conversion to electricity in wide safety 

conditions. A special attention should be paid to the economics of the conceived plant. The 

tritium self-sufficiency will be the core of the reactor design. In addition, a simple and 

easy-to-build design is required and it should present a reliable operation and a fast and 

robust components maintenance scheme. In definitive, it should be a power producing 

reactor in economical sound conditions based on the extension of the technologies 

developed during the operation HiPER engineering facility. 

1.3 HiPER specifications 

When the work presented here started, the HiPER project specifications were three: 

direct drive ignition approach, dry wall as first wall technology, and the optical 

arrangement of 48 beam lines using refractive optics as final optical element. These 

guidelines will be detailed along the next sections. Schematically shown in the figure 1 

following the path of the neutron radiation, the HiPER design work carried out in this work 

is related to the reaction chamber and the shielding for the HiPER engineering phase, and 

exclusively focused in the reaction chamber for the HiPER reactor phase. 

 

 

 

 

 

 

 

Figure 1: Facility components in which this work has been focused are framed with solid line. The 
presentation of components is sequential with the neutrons path, being born in the ignition and dying in the 
shielding. 
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The physical conditions to reach the ignition of the DT plasma fuel are expressed as 

the Lawson’s criteria in the way of 

                     , 

where n is the particles density of the plasma and  is the confinement time. 

This explanation is partially based on the book [4]. There have been two main 

technological approaches to the conditions of the Lawson’s criteria, the magnetic and the 

inertial confinements, summarized in the table 1. The magnetic confinement approach 

seeks to confine the DT plasma at low densities (1014 cm-3) during long periods of time (10 

s) making use of complex and intense magnetic fields. The inertial confinement approach, 

on the other hand, seeks to confine the DT plasma in a very compressed state, with 

extremely high density (1026 cm-3) during very short times (10-11 s). In order to reach the 

condition for thermonuclear ignition, it makes use of the delivery of a high energy intensity. 

The energy driver may be laser pulses or ions beams (both light and heavy ions are 

considered). During some years, both approaches were under strong development, but 

eventually, the lasers approach prevailed over the ion beams approach. 

Table 1. Magnetic and inertial approaches conditions for satisfying the Lawson’s criteria 

Confinement Density (cm-3) Confinement time (s) n·s·cm-3
 

Magnetic 1014 10 1015 
Inertial 1026 10-11 1015 

The use of lasers as energy drivers requires a deep knowledge of a key discipline: 

the laser-matter interaction. This discipline, still under development, has been under study 

from the 1960-1970s by the IFE scientific community. At the beginning, it was though that 

all the driver energy could be easily transferred from the driver to the fuel, in such a way 

that the ignition would be achieved soon [5]. However, it was verified that the energy 

transfer from the driver to the fuel suffered from losses and low efficiencies in many energy 

transfer mechanisms, and consequently, the driver energy should be increased and the 

losses must be minimized.  



One of the most limiting phenomena for achieving the ignition is the Rayleigh-

Taylor instabilities, which are macroscopic processes that strongly affect a key step of the 

ignition: the compression phase. The difference of temperatures between the inner and the 

outer part of the target during the compression starts a mixing of the fuel which leads to an 

undesired cooling of the hot plasma (see figure 2, taken from [6]). These instabilities may 

be produced in the direct-drive approach by insufficient number of laser beams, for 

example, although many other aspects affect to this phenomena [4]. The indirect-drive 

approach makes use of a holraum. It consists on a high-Z material capsule containing the 

DT fuel pellet. It is typically a 10 mm long, 6mm diameter and 30 m of thickness 

hollowed cylinder. The laser hits onto the inner part of the holraum, heats it, and the 

holraum re-emits the laser energy in X-rays form. The efficiency of this process may be 

around 70-80% [4]. The X-rays energy deposition onto the pellet surface is more 

homogenous than the laser energy direct deposition onto the pellet. A picture representation 

of the laser arrival to the pellet is shown in figure 3. 

 
Figure 2: Final stages of the implosion, and subsequent ignition and burn of a capsule with multi-mode 
perturbation. The figure shows grey-scale density maps and selected ion temperature contours. The fuel 
ignites at t approx. 300 ps and releases about 70% of the 1D yield. Taken from [6]. 

Thus, indirect-drive approach is less sensitive to these phenomena than direct-drive 

approach. It is more suitable with experimental purposes, for being easier to reach the 

ignition. The most advanced experiments regarding with the physical conditions close the 

Lawson’s criteria make use of this indirect approach, NIF and LMJ. However, in a IFE 

reactor, a high repetition rate of ignitions (approx. 10Hz) poses questions on the viability of 

the indirect drive for a maintained operation of using the indirect-drive approach [7]. To be 

precise, two main limitations are the lower energy gain of the ignition using the indirect-

drive, and the massive fabrication (approx. 108/year) of holraums, related to the 



consumption and recycling of high-Z materials (gold, lead or uranium are materials under 

considerations for the holraum fabrication) [8],[9]. 

The choice of indirect or direct drive approach strongly affects the facility design 

(being an experimental or a reactor device). As shown in figure 3, the illumination scheme 

differs from one approach to the other. Corresponding to the indirect drive approach, it is 

found a “polar illumination scheme”, and corresponding to the direct drive approach, it is 

found a “uniform illumination scheme”. This naïve distinction, in the heart of the ignition 

viability, imposes restrictions on the arrangement of the optical elements, on the reactor 

chamber size, the laser layout in the plant, and it may ultimately affects to the maintenance 

of components. As will be shown in Chapter 3, attention should be paid to this fact, because 

high availability will be a must in the IFE reactor design. 



 
Figure 3: Laser beam arrival to the target. In the upper picture it is shown the indirect drive approach where 
the lasers impact the holraum. In the lower picture it is shown the direct approach, where the lasers directly 
impact the DT pellet. 

With independence of the mechanism for energy transfer from the driver to the fuel 

pellet (indirect or direct drive), there are different sequences of heating and compressing to 

reach the ignition of the DT plasma. The optical properties of the matter are strongly 

affected by the density, and in particular the extreme density matter optical properties are 

still under study. As research advanced on different processes of the phases to reach the DT 

ignition, new and more sophisticated proposals of how to compress the fuel to the 

Lawson’s criteria conditions have risen, trying to reduce the energy transfer inefficiencies 

and losses. In the chronological order of proposal, the main ones are: volume ignition, 

central hot spot ignition, fast ignition and shock ignition. None of them has yet achieved 



ignition; they present advantages and disadvantages, and the choice of the optimal solution 

has not yet been made: 

 The volume ignition. The first approach to the ignition considered that the whole 

fuel had to be compressed to fusion conditions at the end of the compression 

phase. This concept is named volume ignition, and it was abandoned because it 

would require unrealistic high driver energies (around 60 MJ versus the approx. 1 

MJ achievable nowadays) [10]. 

 The central hot spot ignition. This approach makes use of two key points, as 

expressed by [4]: “(1) it takes more energy to heat fuel than to compress it and (2) 

the compression of hot material is more energy-consuming than for cold material. 

[…]. In this approach the fuel moves inward with increasing velocities as the 

driver deposit its energy. The result of this acceleration is that the inner part of the 

fuel is compressed into a higher temperature adiabat (approx. 5-10 KeV) than the 

outer part of the fuel (approx. 1 KeV)”. In the center of the compressed capsule, 

the density is the lowest, but the temperature is the highest. Consequently, the 

ignition starts in the inner hot part, and the thermonuclear burn propagates to the 

exterior part through the more dense outer part. “Because less material needs to be 

heated in the hot-spot scheme, it is more efficient than the volume ignition 

(approx. 1-2 MJ driver energy)”. This approach has been the dominant concept 

during the 1980s and 1990s, when the most relevant ignition experiments (NIF and 

LMJ) up to now were conceived.  

 The fast ignition. This ignition scheme was proposed in [11]. In this approach, the 

plasma is compressed with a conventional laser up to the pre-implosion conditions 

(it does not ignite at this point), and then, after boring a hole in the coronal plasma, 

a high intensity laser ignites the hot central region. The main advantage of this 

method is that the decoupling of compression and heating allows for a higher mass 

compressed to a lower density, allowing a higher burn than in the central hot spot 

(there is no need for lower density in the center region). Therefore, the expected 

energy gains are between X and Y, higher than in the central hot spot scheme. The 

open question is the viability of transporting the igniting energy of the second laser 

through the coronal plasma efficiently. 



 The shock ignition. This ignition scheme was presented in [12]. It combines the 

advantages of central hot spot (single laser driver) and the fast ignition (decoupling 

of compression and heating). It operates with two compression phases. In the first 

one, the laser compresses the plasma to the pre-ignition conditions, and then a 

final compression spike is delivered with the same laser driver. The gains expected 

with this method are between X and Y, and very high burn-up fractions are viable 

 

Figure 4. Schematic picture of the temperature and density as function of the radius in the a) volume ignition 
concept, b) hot spot ignition concept and c) fast ignition concept. Taken from [4]. 

In the years when this work was carried out, the indirect drive approach was much 

more advanced than the direct drive approach, as NIF and LMJ, the most promising and 

advanced experiment for IFE ignition, made both use of the indirect drive approach. Both 

facilities will host dual purpose experiments, with civil and military applications. And the 

military studies require the indirect drive approach. However, it does not necessarily mean 

that the indirect drive approach is the optimal for the civil ignition of targets. 

 



Figure 5. Schematic laser pulse shape for shock ignition (solid curve) relative to that for conventional indirect 
or direct drive (dashed line). Taken from [13] 

HiPER is conceived to be based in direct drive ignition. In the HiPER engineering 

facility, the high repetition rate technologies of direct drive ignition will be developed, 

being the direct-drive equivalent facility of NIF or LMJ. The HiPER reactor will exploit the 

direct-drive technologies development of the HiPER engineering facility in a reactor 

producing energy. Although direct drive is a fixed condition for HiPER, it is not yet 

decided, when this work is being performed, the ignition scheme to be used. For the 

moment central fast ignition is priority and shock ignition is under consideration [14], [15]. 

The laser system will consist in 48 laser beams arranged in 6 rings, distribute as 

shown in the table 2 [16], [14], and in the figure 8. 

Table 2. Angular distribution of the laser beams for HiPER project. Ni corresponds to the number of beams 
the ith-ring. i corresponds to the polar angle of the first beam of the ith-ring; the rest of the beams of the ring 
are uniformly distributed. i corresponds to the azimuthal angle of the first beam of the ith-ring. The rings 4,5 
and 6 are equatorial projections of rings 1, 2 and 3, with an extra azimuthal angle of 23.36º. Taken from [14] 

Ni i (º) i (º) 
4 21.23 0.00 
8 47.03 23.36 
12 74.95 29.83 

1.3.2 First Wall technologies 

The chamber conditions necessaries for the ignitions to take place are pretty 

demanding, and three aspects require special attention: target cryogenic conditions, laser 

propagation and First Wall material survivability. The two first conditions impose a high 

quality vacuum during the target injection, travel and ignition; in the same time it will also 

take place the laser propagation; the non-ignited fuel of the target together with the 

sputtered material from the First Wall has to be evacuated from one shot to the next in 

order to restart the vacuum conditions. For a single-shot machine, as NIF or LMJ, it is not a 

serious threat given two operational characteristics: the material pouring from the First 

Wall to the chamber is reduced, as low yields (1 MJ?) are expected, and the time between 

shot is quite long (one shoot every two weeks?). However, in a reactor, these conditions are 

more threatening, as high yield (150 MJ) and high repetition rates are expected (10 Hz), 



what requires the vacuum to be restarted in fractions of second. But even for a reactor there 

are foreseen solutions to his point [17]. 

The First Wall survivability is not, on the other hand, an already solved problem, 

being the most technological limiting aspect of the chamber design nowadays. From the 

nuclear fusion reaction, there arise neutrons (14.1 MeV) and alpha particles (3.5 MeV). In 

addition, debris of the pellet and X-Rays generated in different phases of the ignition are 

present in the chamber after every ignition. All these resulting particles may represent a 

very intense flux of threatening particles, carrying a high energy in several drivers with 

different physical properties. The neutrons, being penetrating particles, will deposit their 

energy along some tens of centimeters of thick steel-like materials. On the other hand, the 

ions and the X-rays will deposit all their energy (estimated to be around the 30% of the 

fusion power) in the first microns of the first layer of material that they find along their 

travel out. In a 3GW reactor, the First Wall will withstand a maintained flux of 1 GW in the 

way of ions and X-Rays.  

As the First Wall will operate in very demanding scenarios it will be a primordial 

component, as it will guarantee the integrity of the reactor. The ions and X-rays reach the 

First Wall at different times, and the physical mechanism derived from their arrival are also 

different. X-Rays will raise the temperature of the material, being the state change a big 

threat. The ions, in addition to the raise of temperature, will modify the internal structure of 

a solid material if it is the case, and the surface properties. Mechanical defects and failures, 

such as cracks and sputtering, will be then induced if the ions flux is high enough. For 

deeper explanation of threats, see [18],[19], [20]. 

 For an experimental facility such as NIF or LMJ, with low energy yields and low 

availability (<5%), the current materials technology offers solutions to withstand the energy 

fluxes [21]. However, for facilities conceived as HiPER engineering and reactor, more 

attention has to be paid, as problems become more relevant as the total yield increases. 

In the case of HiPER engineering, the threat comes from the high yield shots (150 

MJ) with a high repetition rate (10 Hz). The thermal impact and the mechanical properties 

deteriorate from the ions impact threat the First Wall integrity. Fortunately, the low 



availability of the machine relaxes the conditions to which the FW will be exposed, and it is 

foreseen a viable solution as extension of the current technologies [22],[23]. 

In the case of the HiPER reactor, in addition to the high yield and high repetition 

rate, a high availability (>90%) is necessary, what severely affects the viability of the 

reaction chamber. The easiest and more immediate approach to the First Wall design is a 

solid resistant material (armor) mounted on a structural solid component (substrate). 

However, this scheme is foreseen to fail under certain conditions, what lead to the study of 

another approach: liquid first walls. General comparisons of both technologies are found in 

[24][25], [26]. As it was the case of the ignition technologies, it is out of the scope of this 

work a deep explanation of the characteristics of these systems. A short overview is given. 

Dry wall: As mentioned, this approach consists on an armor mounted on a 

substrate. Threats and performance of this kind of First Wall may be found in studies such 

as [27], [28], [25], [19], [29], [30], . When the vacuum is maintained inside the space 

delimited by the FW, it is the case of the so-called “unprotected dry wall”. It has been 

recently used, for example, in the FALCON-D reactor, [31], [32]. However, given the 

unlike survivability of this FW in some demanding scenarios, it has been studied the 

possibility of introducing a very low pressure and high-Z buffer gas (for example Xenon) 

inside the chamber to cushion the impact of ions and X-Rays in the solid FW; this approach 

is called “gas protected dry wall”. This approach has been recently used in LIFE project, 

[33]. Attention should be paid in this case, to the compatibility of the buffer gas with the 

target cryogenic conditions and laser propagation. 

Liquid wall: Another perspective to deal with the FW survivability was the 

changing from solid wall to liquid wall. The motivation this is that liquid do not suffer 

mechanical properties deterioration, and the thermal impact is mitigated by material 

evaporation. However, this technologies are limited by the restarting of the ignition 

conditions, and there are problems associated to the liquid movement along the wall. Deep 

studies of these walls are found in [25], [34], [35], [36]. The liquid wall may be 

arrangement in two ways: thin and thick walls. In the case of thin walls, the wall material is 

poured through a porous solid structural material. Thus, a thin layer of liquid covers the 

structure to protect it; however, it is hard to properly cover the whole solid structure, and 



there are concerns about the dripping inside the chamber. Aerosol formation could also 

affect the laser mitigation. This approach has been followed in the KOYO reactor,[37]. 

Other way of using the liquid walls has been the use of a thick1 liquid wall, where the liquid 

simply falls as a shower. This approach could mitigate many problems, including also the 

neutronics  mechanical properties of the structural materials, but it is the one requiring 

more R&D development. This approach has been followed in facilities such as HYLIFE-II 

[38], [39][40]. 

In the HiPER project, the selected approach has been unprotected dry wall,[22], 

[23]. In the case of HiPER engineering, it has been fixed an internal radius for the 

chamber of 5m. In the case of the HiPER reactor, it has been fixed an internal radius of 

6.5m. For the reactor conditions, it is still under study the viability of such approach, and 

further modification may happen, such as the radius increase of the introduction of a buffer 

gas. Further details are offered in chapter 3. 

1.3.3 Optical arrangement 

The direct drive ignition scheme requires a careful and precise illumination to 

control the Rayleigh-Taylor instabilities, as mentioned in subsection 1.3.1. Differently to 

the indirect drive approach, where the beams reach the target through the poles (polar 

illumination), the direct drive scheme imposes that the beams reach the target 

homogeneously (homogeneous illumination). The laser system reaching the target consists 

in 48 beams, distributed angularly as shown in the table 2, [16] [14]. The representation of 

both polar and homogeneous target illumination is pictured in the figure 3. 

                                                 
1 A thick wall is that affecting notably to the neutron flux spectrum, total value or both. 



 

Figure 6: Scheme of the distribution of optic elements along the beam line. From the ignition, the first optic 
group is the renewable lenses, and the second the FOA. 

The optical system to transmit the laser from the switchyards to the reaction 

chamber is depicted in the figure 6. It is based in refractive optics for focusing the beam. 

The final optics assembly is placed at 8 meters from the center of the reaction chamber, 

where the ignitions will take place. It is a short distance, and the lenses will quickly 

deteriorate [41], [42][43]; this is why they are conceived as “renewable lenses” or 

“disposable lenses”, made of fused silica. At 16 meters from the ignition, where the beam 

presents minimum opening, a pinhole shield will be placed to protect the rest of the optical 

components. The team leading the optical design requires the optics not to be the final 

vacuum barrier, as multiple-function components should be avoided. Thus, it is necessary 

to place the whole optical equipment for the beam transport inside beam pipes of beam 

tubes for which vacuum is kept inside. 

This optical arrangement is proposed to be the same for HiPER engineering and 

HiPER reactor. However, its viability still should be demonstrated in terms of survivability 

of all the optical components, specially the FOA, in terms of dose rates control and reaction 

chamber constructability. The work presented here partially covers these radiation-related 

issues. 

Alternative components to fused silica FOA could be, for example the Grazing 

Incident Liquid Metal Mirrors (GILMM) [44], [45], [46].  

1.4 Work done for HiPER project 



The HiPER project pretends to be a double step facility for the development of an 

European IFE power plant based on direct-drive ignition and dry wall technology. Nothing 

else was a priori fixed when this work started. For the HiPER engineering facility, the work 

performed in this study is related to the design and evaluation of shielding against neutron 

and gamma both in operation and during shutdown, and to protect people and optic 

elements. In addition, waste management assessments were conducted to support materials 

choice and to quantify the implications of the facility from this standpoint. Regarding with 

the HiPER reactor, the work is articulated around the proposal, evaluation and evolution of 

a reaction chamber form the neutronics , activation, fluid-dynamics and power cycles 

standpoint. To carry out the work presented here for both facilities, it is equally important 

to undertake a methodology revision and extension in different fields mainly based in the 

selection and implementation of computational tools. Consequently, the work done for 

HiPER project involves studies of shielding, neutronics , activation fluid-dynamics and 

power cycles, with its corresponding methodological development. 

1.4.1 Work done for HiPER engineering 

The contributions of this work to this facility were divided into two categories: 

methodology & design. But both categories were oriented to the development of a layout of 

the facility taking into account the minimization of the following radiological hazards: dose 

rates to people and optics during the operation and the shutdown of the facility, and 

radiological waste generation. 

At the beginning of this work, it is desired to reach a facility layout. As mentioned 

before, it was defined the ignition scheme, the First Wall technology and the optical 

arrangement. As can be checked for other facilities as NIF [47] or LMJ [48], the facility 

layout is strongly affected by the radiological protection criteria. 

Once defined the direct drive ignition approach and the optical arrangement [14], 

the next step is to define the reaction chamber and the associated rooms, using for it the 

previously explained methodology. For the HiPER engineering facility, as no power 

production is expected, the only functions requested to the reaction chamber are: to 

maintain the conditions for repetitive ignitions (vacuum), and to offer protection against the 



resulting ignition yield. The ions and X-Rays will impact onto the First Wall; the 

technology chosen to face this threat is unprotected dry wall, probably a tungsten armor of 

1 mm [22]. The rest of the yield, the neutrons are the main threat to be solved and they will 

define the facility layout from the radiological standpoint. 

The expected neutron yield in NIF is 960 MJ/yr (1200 MJ/yr total fusion yield). NIF 

shielding is designed considering the prompt dose rates. The assumed limit for workers 

exposures in the occupied areas is 0.3mSv/yr[47]. The reaction chambers consist in 10 cm 

thick Al-5083. After the reaction chamber, there is a 40 cm thick chamber shield made of 

borated concrete (gunite)[49]. Then there is a free room named “Target area” where optical, 

diagnostics and target equipment will be placed. The target area is cylindrical, with 30.48 m 

of diameter and 1.83 m thick walls. Its height is 36.5 m[50]. Despite the shielding provided 

by the wall, there will be high doses outside the target area due to streaming of neutrons 

and gamma through the penetrations for beam lines, utilities and personal. The space 

outside the target area is called the switchyard, and it still requires additional walls of 0.84-

1.14 m thickness to provide enough shielding to workers[47]. 

For HiPER engineering is expected to operate with a neutron yield between 120000 

and 5200 MJ/yr, between 125 and 5 times more neutrons than NIF. For this neutron yield, it 

is necessary to propose a facility layout and analyze it in similar terms than those of 

radiological protection of NIF, taking into account the features of HiPER.  

First of all, it is necessary to design the reaction chamber. The neutron fluency 

expected for HiPER engineering is not enough to represent a significant threat due to 

structural damage of dpa accumulation. However, Aluminum alloys may not withstand the 

thermal load of the HiPER engineering irradiation. Thus, steels are explored as building 

material for the reaction chamber. A critical criterion when selecting the reaction chamber 

material is the waste management [23]. As the reaction chamber will be, together with the 

First Wall, the most neutron exposed component, its composition has to be carefully chosen 

to avoid the generation of a radioactive waste with expensive or even undefined 

management [51]. From the design phase, it has been fixed the need of a definitive waste 

management option of the reaction chamber viable within the first 50 years after the facility 



decommissioning. The considered options are: Clearance, recycling and Shallow-land 

Burial. 

There are many steels considered and extensively used in nuclear engineering [52], 

[53], [54][55][56][57][58][59]. Commercial austenitic and ferritic/martensitic steels share 

many advantages, such as cost, availability, or service experience; RAFM have a better 

surface heat capability, they suffer irradiation embrittlement at temperatures < 250ºC, and 

their upper temperature window is 600ºC at most; they also present limitations in terms of 

fabrication [60]. However, all the disadvantages of the RAFM respecting tot eh austenitic 

steels are compensate by the neutron activation performance, lower for the RAFM. But 

they could be foreseen scenarios where even the RAFM suffer from intolerable neutron 

activation. From the 80s, there has been under development reduced-activation versions of 

martensitic steels to further reduce the activation problems [61], mainly oriented to fusion 

reactors applications, not to experimental facilities such as HiPER engineering (examples 

are EUROFER [59], F82H [62] or CLAM [63]). They are based on the replacement of Mo 

and Nb by W and Ta, and a significant reduction and control of the impurities level. 

Once selected the material for the reaction chamber construction, it starts an 

iterative process of proposal of shielding, computing of prompt doses, modification of 

shielding, computation of prompt doses, and so on, for radiological zoning of the different 

areas of the facility. The shielding of the facility will be designed, in this stage, to protect 

workers from the neutrons and gamma during the operation of the facility. The quantity 

selected for computing the dose is the Ambient Dose Equivalent [64]. This process will 

require a fast and reliable geometry modification methodology for systematic radiation 

transport in changing geometries. The HiPER engineering neutron yield is higher than that 

for NIF or LMJ (1200 MJ/yr NIF, at 5200 MJ/yr for HiPER engineering), but it is far from 

a reactor yield (a 3GW reactor generates approx. 1·1011 MJ/yr). Then, the initial shielding 

proposal for further modifications and analyses will be based on NIF or LMJ decisions 

[47], [65], no significant modifications are expected. The shielding definition will make up 

the facility layout, for which it will be further necessary to analyze other radiological 

quantities: the prompt dose rates to the optics, the residual dose rates to workers and optics, 



and the waste management of the main components. Other aspects of interest for the 

radiological protection are out of the scope of this work. 

The neutron yield of the HiPER engineering facility will induce the activation of the 

different components. When the facility is not operating and there is no neutron yield, the 

main contribution to the radiation field arises from the gamma disintegration of the 

activated materials; it is an induced residual dose rate, affecting to workers, which has to be 

taken into account as it could represent a threat for legal purposes. This dose rate will 

hinder into the maintenance schemes, and it may force the remote maintenance if the 

radiation exposition limits for workers are exceeded. 

The radiation fields of concern for workers are also of concern for the optical 

components. Specially exposed to this radiation field is the Final Optics Assembly (FOA), 

which will directly face the ignitions at 8 meters of distance. The radiation field can 

deteriorate the optical properties of these components by several mechanisms: thermal 

deformation, mechanical rupture for heating/cooling cycles, color centers formation, loss of 

transparency, etc. [42]. Thus, it is necessary to properly compute the energy deposition by 

the neutron and gamma field during the operation of the facility, and the residual gamma 

energy deposition during the time between burst. With this information, it will be possible 

to determine the FOA life cycle along the facility lifetime, and also determine if any facility 

layout change associated to this fact is necessary. 

In the iterative process to determine a preliminary facility layout taking into account 

the radiological standpoint, the radioactive waste management should also be considered. 

The waste minimization from the design stage presents many advantages with no extra cost. 

Materials selection can significantly reduce the wasting if considered on time. 



Summary of the problem. On one hand, it is necessary to analyze from the waste 

management standpoint representative austenitic, martensitic and low activation 

steels to support the mechanical analyses of the material selection for the reaction 

chamber of HiPER Engineering: SS316 and SS304 as austenitic steels, HT9 and T91 

and ordinary martensitic steels, and EUROFER97 as low activation martensitic steel. 

On the other hand, it is necessary to propose and analyze the shielding to protect the 

workers during the operation of the facility. This will determine, along an iterative 

process, a facility layout, whose performance will also be evaluated in terms of 

residual dose rates to workers, prompt and residual dose rates to optics, and 

radiological waste management. 

1.4.2 Work done for HiPER reactor 

The contributions of this work to the HiPER reactor facility is oriented to the 

proposal and analysis of a reaction chamber, and specifically, the proposal and analysis of a 

tritium breeding blanket for an IFE reactor operating based on reasonable extensions of the 

technologies developed during the HiPER engineering phase. 

The HiPER reactor, thus, would ignite 100 MJ fusion yield pellets at 15Hz. The 

difference to HiPER engineering will be the 24/7 operation, rather than some short bursts 

per year. It will deliver 1500 MW of fusion power. Another extension of technologies is 

related to the First Wall. It is assumed that the developments done during the construction 

and operation of the HiPER engineering will allow the selected unprotected dry wall 

technology to withstand a 24/7 operation regime. The optical arrangement will be the same 

for HiPER engineering than that for HiPER reactor, as the laser technology for the reactor 

will be a 24/7 operation regime extension of that developed for the experimental facility. 

These three assumptions are the starting point for designing the HiPER reactor when this 

work started. 

As will be commented in the section 4.1, an IFE reactor has a complex reaction 

chamber with different tasks: keeping the conditions necessary for a maintained high 

repetition of high yield ignitions, the recovery of the fusion yield energy transported by 

neutrons, ions and X-Rays, and convert it into heat, breeding the tritium consumed in the 



reactor, provide shielding for the rest of the facility, accommodate optical components; in 

addition, it should be designed to allow a fast and reliable maintenance of all its 

components, as they will be the most radiation exposed components of the facility, and they 

will deteriorate. The reaction chamber will have different components, integrated among 

them or not, such us the First Wall, the tritium breeding blanket or the vacuum vessel. 

This work is focused in the proposal, evaluation and evolution of a reaction 

chamber for HiPER reactor. Assuming nothing but an unprotected dry wall technology for 

the First Wall, it is necessary to propose a preliminary reaction chamber and study its 

general performance. There have been recent examples of reaction chambers proposal 

based in dry wall technologies for IFE reactors, such as LIFE [33], FALCON-D [31] or 

HAPL [66]. After a revision of the literature, a preliminary proposal for the reaction 

chamber is made and studied. A self-cooled lead lithium blanket with an EUROFER97 

structure, and a EUROFER97 vacuum vessel are selected to conform the reaction chamber. 

In this blanket proposal, the 15.7 at.% lithium – 84.3 at.% lead (LiPb) is the tritium breeder 

and the blanket coolant. 

The main subject of study of the reaction chamber in this work is the tritium 

breeding blanket and its interfaces with the other two components of the reaction chamber 

the first wall and the vacuum vessel. The preliminary reaction chamber is studied from the 

following fields: neutronics and activation, fluid-dynamics and power cycles. These 

studies, present a double purpose. On one hand, they pretend to be an assessment of the 

suitability of the selected technologies and the performance viability of the chamber 

proposal. And, on the other hand they are intended to support decision making on a priori 

open questions of the preliminary chamber design. 

Neutronics. In the reactor, DT reactions take place; however, T does not naturally 

occur in nature, and it has to be bred to maintain a sustained supply of fuel to the reactor. 

The tritium is bred in the part of the reaction chamber named "Tritium Breeding Blanket". 

In this part, the fusion resulting neutrons interact with Lithium and the generate T. The 

Tritium Breeding Ratio is the number of tritium nucleus generated by neutron created in the 

reaction chamber. As one neutron is generated in every DT reaction, the TBR should be at 

least 1 to assure the T availability. However, for technological considerations, it is 



convenient to design the TBB with TBR>1 [67]. Most of the recent blanket design impose 

a theoretical TBR>1.1, also adopted for HiPER reactor. The LiPb pass through the TBB 

and gets irradiated; after that, it exits and pass through different systems: tritium recovery 

system, heat exchanger, .... And then it enters back the blanket. This cycle, in the case 

under study in this work, will be repeated more than 105 times per full power year. 

The fulfilling of the TBR=1.1 can be reached with the SCLL blanket in two ways: 

with a thin breeder operating at high 6Li enrichment, or with a thick blanket operating at 

low 6Li enrichment. Both options are studied and compared under the neutronics and 

activation perspective to support the selection of one of them. These studies are divided 

into three categories: operational, radiological safety related and vacuum vessel protection 

quantities. The operational quantities are the TBR, TBR margin as a function of the 6Li 

enrichment and the blanket energy gain. The safety related quantities are the total 

inventories of tritium, 210Po and 203Hg in the LiPb, which correspond to the most 

threatening radioactive isotopes of the LiPb based blankets. The main target is to avoid the 

requirement of an external evacuation plan in case of accident. In addition, the tritium 

inventory and partial pressure is studied for different tritium permeator efficiencies. And 

the vacuum vessel protection quantities are the neutron damage and the accumulated 

helium production in the vacuum vessel for both blanket options. The damage should not 

be a threat for the structural integrity of the vacuum vessel in the whole lifetime. The 

accumulated helium production should low enough to guarantee the reweldability of the 

external surface of the vacuum vessel along the facility lifetime, as it must be a lifetime 

component and replacement is expected. After the comparison of the thick and the thin 

blanket in these terms, one is selected for further design evolution with its weak points 

identified and quantified. 

Fluid-dynamics. The fusion power of 1500 MW is carried by X-rays, ions and 

neutrons. The ions and X-rays, carrying the 25% of the fusion power, 375 MW deposited 

their energy in the First Wall; the neutrons, carrying the 75% of the power, 1125 MW, 

deposit most their energy in the blanket. The preliminary reaction chamber proposal offers 

to ways of evacuating the FW and blanket heat. The most simple is the Integrated First 

Wall – Blanket configuration (IFWB) where the LiPb of the blanket extracts the heat of the 



First Wall and the heat of the blanket altogether. The other option is to conceive a helium 

independent cooling circuit for the First Wall, and cool the First Wall and the blanket 

separately: Separated First Wall – Blanket configuration (SFWB). Both cooling 

configurations are compared in terms of: maximum local temperature, averaged outlet LiPb 

temperature, maximum local corrosion rate and total corrosion rates for the blanket. 

The EUROFER97 has an operation window limited to 550ºC. Above this limit, it 

suffers from creep rupture threat. Thus, the blanket must be below this limit in every point. 

To guarantee this requirement, the mass flow may be adjusted. However, the mass flow 

required to fulfill this limit impacts the average outlet temperature, which is desirable to be 

close to 450ºC. This outlet temperature is a compromise between the power cycle 

efficiency and corrosion rates in the blanket [68], [69]. Whether this temperature is reached 

or not and its implications are evaluated for both cooling configurations. The temperature 

distribution in the blanket is responsible for a corrosion rate distribution in the blanket. The 

LiPb shows a corrosive behavior in direct contact with the EUROFER97 [70], [71], [68], 

[72],[73], which depends exponentially on the LiPb temperature. The local corrosion rates 

must be kept low enough to not remove more than the 10% of the blanket structure 

thickness in the blanket lifetime (5 years) [69]. In addition, the total corrosion rates must be 

minimized, as the eroded material is activated steel, representing a radioactive movilizable 

inventory in case of accident. 

Both IFWB and SFWB cooling configuration are compared in those terms, and one 

of them is selected for further design development, with its weak point to improve 

identified and quantified. 

Power cycles. From the power cycles standpoint, the IFWB and the SFWB present 

a significant difference. The IFWB has a single heat source, and it operates in the range of 

350ºC – 450ºC. The SFWB has two heat sources. The first one, the blanket, operates, as the 

IFWB between 350ºC and 450ºC. However the First Wall could be constructed of ODS-

EUROFER, and allow the second heat source to operate between 350ºC and 650ºC. 

Although this heat source only represents the 25% of the total fusion power, the 

temperature raise can impact in the cycle efficiency.  



A helium Brayton power cycle is selected for being the most common approach to 

the LiPb circuits. The helium does not chemically interact, and it is not toxic or corrosive. 

As it does not imply any safety threat, it can be introduced in the reaction chamber to 

separately cool the First Wall in the case of SFWB configuration. In the design of the 

power cycle, re-heating and intercooling stages are considered, and a real performance of 

the components (compressors, heat exchangers,…) is considered, assuming losses and 

given efficiencies. Both cooling configurations are compared in terms of power cycle 

efficiency, and one is selected for further evolution design with its weak points identified 

and quantified. 

Taking account the obtained results in the fields of the neutronics and activation, 

fluid-dynamics and power cycles, and some additional considerations on the 

constructability and maintenance of the preliminary reaction chamber, an advanced reaction 

chamber is proposed and assessed. The shape of the blanket and the vacuum vessel is 

modified, the distance from the ignitions to the vacuum vessel in increased, the optical 

arrangements are changed, and a neutron graphite reflector is introduced between the 

blanket and the vacuum vessel. 

Summary of the problem. After a revision of the literature, a preliminary reaction 

chamber for HiPER reactor is proposed based in a self-cooled lead lithium blanket. It 

is evaluated in the fields of neutronics and activation, fluid-dynamics and power 

cycles. Open questions of the design are tackled, such as the decision of using a thick 

or a thin breeder, and whether to cool the First Wall together with or separately from 

the blanket. Taking into account the obtained results, and some additional 

considerations, an advanced reaction chamber is proposed and assessed. 

1.4.3 Work done in the methodology development 

Different computational tools and coupling procedures between them were 

necessaries to carry out many of the desired tasks of the HiPER project. They are presented 

into two chapters, chapter 2 and chapter 3, corresponding to the HiPER engineering and 

the HiPER reactor. Along the text corresponding to the HiPER engineering and reactor 



there will be methodology briefings, remembering the most relevant information of this 

text. 

HiPER engineering 

The methodology contribution is based on the implementation of detailed 3D 

radiation transport. Similar radiological design objectives than those pursued in this work 

were achieved before for different facilities, being the most important those for NIF and 

LMJ, for obvious reasons. However, when these facilities were conceived, the radiation 

transport codes capacities for 3D generation were very limited. This fact may be observed 

in the works [48], [74], [47], where simplified models were necessaries for simulation. 

The radiation transport code MCNP has a strong reliability, given the long during 

which it has been under use, what makes it a suitable code for solid analysis, and it has 

been selected to conduct the radiation transport calculations of this work. It is one of the 

most reputed and well established codes in fusion neutronics.. In MCNP, the geometry 

generation is done by word-defining Boolean operations of simple surfaces (up to second 

order equations: planes, spheres, cylinders, torus...). They represent a wide variety of body 

definitions for simplified and approximated models, quite valid for exploratory studies and 

rough estimations. However, when studying big facilities, and many complex geometries 

are considered, if detailed information is required, the geometry generation capabilities of 

this codes is very limited. This has motivated in the last years, the development of specific 

tools to deal with the problem of the detailed 3D geometry generations among which the 

most relevant are: DAGMC [75], McCAD [76] and MCAM [77], [78]. All the three allow 

to running MCNP in a 3D complex geometry generated with a special software developed 

to it, being CATIA [79] the main one. 

The DAGMC approach consists in a MCNP code extension which replaces the 

original routine for particles tracking. Instead of reading the geometry equations from the 

input to perform the particles tracking, this radiation transport operation is performed 

directly onto the CATIA file, and then the results are returned to MCNP to continue with 

the simulation. It is a very powerful tool, as it works, a priori, with any kind of geometrical 

body. When working with this approach MCNP makes use an input file with no geometry 



information, which is externally provided by the new routine and the CATIA file. However, 

as indicated in[75], it is the slowest approach to the problem. Thus, DAGMC, being the 

most powerful approach, is the slowest one, what is not suitable for a design process, where 

several re-design steps are foreseen. 

The McCAD and MCAM codes use a different scope of the problem. Using these 

codes, the particle tracking is performed with the original MCNP routine, and geometry 

information is consequently read from the input file. What McCAD and MCAM do is an 

automated translation from CATIA files to geometry cards valid to be inserted in the 

MCNP input. These codes make use of a pre-processing step, where the original arbitrary 

geometry is simplified to surfaces able to be read by MCNP (this is, second grade 

equations). The result of using this approach is an ordinary input file, although a significant 

part of it is dedicated to the geometry definition. As shown in [75], both McCAD and 

MCAM are faster than DAGMC. Although they are not as powerful as DAGMC in terms 

of geometry capabilities, they cover by far the needs for HiPER project current design 

status. MCAM is faster than McCAD [75], and there existed a free version when this work 

started, differently to McCAD.  

Summary of the problem. The selected methodology for implementation in the 

HiPER engineering phase is the detailed 3D radiation transport using the following 

codes: MCAM – MCNP. 

HiPER reactor 

To cover all the already mentioned studies, it was necessary to extent the 

computational methodology implemented for HiPER engineering. It is shown in the figure 

7 all the codes and pretended interactions between them. 

There are three main extensions of the methodology implemented for HiPER 

engineering done during the HiPER reactor: 

1. The implementation of CATIA for advanced and complex 3D design 

2. The automatic double coupling MCNP - ACAB – MCNP, the so-called cell-

based Rigorous two steps (R2S) method: MCNP2ACAB 



3. The coupling of MCNP and FLUENT: Specific case-dependent 

programming 

 

Figure 7. Computational methodology implemented to carry out the studies of HiPER reactor 

For the HiPER engineering facility, the 3D geometries were generated making use 

of MCAM, the tool which translates itself the geometry to MCNP. This was viable as the 

geometries found there were not extremely complex. However, it is not the case of HiPER 

reactor, and the 3D generation capabilities of MCAM resulted to be insufficient. Thus, 

CATIA was implemented for the 3D design of all the reactor components to be studied of 

the HiPER reactor. 

During the period where the work related to HiPER reactor was carried out, the 

CATIA software for 3D complex geometries generation was implemented and applied to 

HiPER reactor. There was, also a methodological work on how to couple MCNP and 

FLUENT. Eventually it was done "manually" with case specific programming. 



Summary of the problem. During the period where the work related to HiPER 

reactor was carried out, the CATIA software for 3D complex geometries generation 

was implemented and applied to HiPER reactor. In addition, a deep work in the field 

of manual coupling of different codes was carried out and applied to HiPER. The first 

one is the manual double coupling between MCNP – ACAB – MCNP making use of 

the before mentioned tool MCNP2ACAB. The second one is the coupling for 

information translation from MCNP to FLUENT. It required the programming of a 

specific heat source problem-dependent which imported the heat data from the 

MCNP to FLUENT. 

1.4.4 Conferences and publications 

The work carried out for the HiPER project and presented in this text has been 

mostly presented in international conferences and meeting and published in proceedings 

and JCR indexed international reviews.  

The work done for HiPER engineering has been presented in the following table: 

Conferences 26th Symposium on Fusion Technology 2010, Oporto, Portugal: Poster 
contribution 

19th Technologies of Fusion Energy 2010, Las Vegas, USA: Poster 
contribution 
23rd Fusion Energy Conference 2010, Daejon, Korea: Poster contribution 

7th Inertial Fusion Science and Applications 2011, Bordeaux, France: 
Poster contribution 

HiPER 
meetings 

HiPER fellow meeting in Prague, 2010: Poster contribution 

Safety HiPER meeting, Oxford, UK: Poster contribution 

JCR indexed 
publications: 

R. Juárez, J. Sanz, J.M. Perlado, B. Le Garrec, "Dose rates evaluation of 
HiPER facility", Fusion Engineering and Design 86 (2011) 694-698 



J. Sanz, R. Juárez, F. Ognissanto, J.M. Perlado "Waste management 
assessment of candidate materials for HiPER reaction chamber" Fusion 
Science and Technology 60 (2011) 579-584 

R. Juárez, J. Sanz, J.M. Perlado "Advances in neutronics and radiological 
protection of HiPER 4a", Fusion Engineering and Design 87 (2012) 336-
343 

Proceedings: 
 

R. Juárez, J. Sanz, J.M. Perlado, "Overview on neutronics, safety and 
radiological protection", FEC2010, IFE/P6-22 

A. Rivera, D. Garoz, R. Juárez, R. Gonzalez-Arrabal, J.M. Perlado, Proc. 
SPIE 7916, High Power Lasers for Fusion Research, 79160S (February 18, 
2011);  doi: 10.1117/12.876163 

 

The work done for HiPER reactor is presented in the following table: 

Conferences 10th International Symposium on Fusion Nuclear Technologies 2011, 
Portland, Oregon: Poster contribution 
 
7th Inertial Fusion Science and Applications 2011, Bordeaux, France: Talk 
contribution: "Studies of a Self Cooled Lead Lithium Blanket for HiPER 
reactor" 
 
27th Symposium on Fusion Technologies 2012, Liege, Belgium: Poster 
contribution 
 
1st Conference Laser Inertial Fusion Energy: Poster contribution 
 

HiPER 
meetings 

HiPER fellow meeting in Bordeaux, 2012: Conference contribution: Self 
Cooled Lead Lithium blanket and reactor for HiPER. Award of best PhD. 
contribution to HiPER project 
 

JCR indexed 
publications 

R. Juárez, J. Sanz, J.M. Perlado "Neutronics and activation of the 
preliminary reaction chamber for HiPER reactor based in SCLL blanket", 
submitted to Fusion Engineering and Design, under revision 
 
C. Sánchez, R. Juárez, J. Sanz "Design and analysis of helium Brayton 
power cycles for HiPER reactor", Fusion Engineering and Design (2013), 
In press 
 



D. Garoz, R. Gonzalez-Arrabal, R. Juárez, J. Álvarez, A. Rivera "Silica 
final lens performance in laser fusion facilities: HiPER and LIFE", Nuclear 
Fusion 53 (2013),013010. 

Proceedings R. Juárez, J. Sanz, J. Hernández, C. Sánchez, C. Zanzi, J.M. Perlado 
"Studies of a Self Cooled Lead Lithium blanket for HiPER reactor" 
IFSA2011 proceedings. 
 
R. Juárez, J. Sanz, J. Hernández, C. Sánchez, C. Zanzi, J.M. Perlado 
"Evolution of the self cooled lead lithium blanket for HiPER reactor" 
CLIFE proceedings 
 

 



2. Methodology 

In this chapter, it is explained the methodology used to carry out the studies 

contained in this document. It is described here the computational tools features, the 

timeline for their implementation. Also the quantities of interest of the different sections are 

explained. 

The radiation nature and fluxes in laser fusion depend on the type of target. In this 

work it has been followed the study of direct targets carried out in the frame of ARIES 

project. Thus, it has been used the spectrum of the ARIES direct drive target with a yield of 

154 MJ [80], with a total yield re-scaling depending on the study. 

2.1 Computational methodology 

The carry out the studies contained in this work, a certain computational 

methodology was implemented, briefly depicted in the subsection 2.1.1.  

2.1.1 Flowchart description 

 

 

 

 

 

 

Figure 8. Computational tools used in the presented work 

The methodology shown in the previous flowchart is one the most reputed and 

accepted procedures worldwide for fusion neutronics and design. The cited codes together 

with their interactions represent the state-of-the-art, as can be deduced from the fact that 

F4E requires similar capabilities for the ITER design framework contracts. 

CATIA MCAM 

 
 CATIA 

MCNP 

ACAB 

FLUENT 

MCNP2ACAB 



CATIA V5R19 is a CAD (Computer Assisted Design) tool developed by Dassault 

Systems in France. It is widely used in aeronautics and other industrial fields for designing 

complex components and studying them under different scopes. In this work CATIA has 

been used to design 3D mock-ups which will later be used as geometry input for other 

computational codes. 

MCAM [78] stands for Monte Carlo Automatic Modeling, and it has been 

developed by FDS team in China. The main use of this tool is to translate CATIA files into 

geometrical inputs valid for radiation transport code, and specifically for this study, for 

MCNP. It also allows some other tasks, such as the pre-processing of the CATIA files and 

the 3D direct design avoiding CATIA, although its 3D modeling capabilities are more 

limited than those of CATIA. 

MCNP [81] is a radiation transport code. It is an old and well established code, 

and nowadays it presents two development pathways: MCNP6 and MCNPX, with slight 

differences. It is one of the reference codes world-wide for the computation of neutron and 

gamma transport and all the associated magnitudes of interest: fluxes, doses, nuclear 

heating,… 

ACAB [82] is an evolution inventory code. It was developed at UNED, Spain. It is 

based in SCALE/ORIGIN code and it is specially conceived for fusion relevant 

computations. It has been benchmarked within the IAEA framework , and it has been used 

in the dose computations and materials selection of the National Ignition Facility (NIF) in 

the Lawrence Livermore National Laboratory (LLNL), in the US. It is the most relevant 

inertial fusion energy facility ever built. 

FLUENT is computerized fluid-dynamics (CFD) code distributed by ANSYS. It 

is a reference code for the fluid studies worldwide used in many different fields of the 

engineering. In the field of nuclear fusion, it is one of the reference codes demanded by 

F4E for analyses of European ITER tasks. 

MCNP2ACAB is a computational script for manual coupling of MCNP and 

ACAB. It has been using to transfer the neutron fluxes information for computation of the 



activation. Its extent its limited to cell based calculation, it is not valid for mesh based 

calculations. The residual dose rates presented in this work were performed with this code. 

2.1.2 Computational skills 

The computational methodology depicted in the subsection 2.1.1 makes use of 

different codes under strong development, which are not coupled. In addition, it is used to 

solve an unconventional problem in terms of the physical problems faced. The work carried 

out here can be considered to be part of the advanced engineering design. Then, in the use 

of this methodology, some troubles arose, which required the acquirement of certain 

computational skills by the author, explained here. 

Computational skills acquired for MCAM 

As it has been mentioned, MCAM is a tool translating CATIA generated geometries 

into MCNP valid formats. However, this is not an automated process, even more for 

complex geometries as those found in HiPER project. Three major skills were developed to 

successfully accomplish the use of MCAM for HiPER project: the geometry pre-

processing, the voids definition and the geometry slicing. 

Geometry pre-processing. The implementation of CATIA in the depicted 

methodology is not automatic, even when it was the original intention of the MCAM 

conception: an automatic coupling of CATIA and MCNP. However, it has been found that 

this process requires the user's contribution in some key processes. First of all, the CATIA 

design must avoid the use SPLINES, a geometrical expression of lines. MCAM can deal 

with some of them, but MCNP cannot at all. The only geometry that MCNP is able to deal 

with must be expressed as combination of macrobodies or quadratic curves, such as 

cylinders, spheres, torus,... But in addition to this advice, a pre-processing step driven by 

the user is generally required to adapt and prepare the CATIA geometry for a correct and 

efficient MCNP geometry translation. A list of common pre-processing operations 

identified along this work is provided here: 

1. It is usually required to generate with MCAM the complementary geometry of that 

of interest. This is because CATIA only works with bodies with physical entity. 



However, MCNP requires to be provided the vacuum definition itself, in order to 

properly perform the ray tracing, a Monte Carlo procedure operation. The 

complementary geometry must be subdivided to reduce its complexity. This 

subdivision must be tricky to not complex the translation and the computations. It is 

a very user-dependent operation. 

2. The geometry of interest can be very complex, even when the use of SPLINE was 

avoided. In some cases, it is necessary to subdivide the geometry of interest, to 

allow the translation to take place. Again, this subdivision must be tricky to avoid 

unnecessary complexities in the geometry. 

3. Sometimes it happens that the original CATIA design presents tiny gaps between 

surfaces theoretically in contact. During the preprocessing, this must be addressed, 

mainly when these gaps do not arise in the complementary geometry definition. 

MCAM has conceived an option to this end, named "Heal". It searches for really 

close cells and modifies their equations to define the contact: they must share 

exactly the same surface in the contact points. 

4. In the translation from CATIA to MCNP geometry files, several surfaces may be 

required for relatively complex geometries. With the aim of ordering the geometry 

section of the input file, it is usual to translate the whole geometry in bunches of 

cells. Eventually, this implies that some surfaces are repeated, they appear more 

than once, with the same definition, but different number and belonging to different 

cells. It was found a maximum limit of repeated surfaces with which MCNP can 

deal, above which a "fatal error" occurs, and it might be necessary to modify the 

MCNP source code to increase that value. 

Voids definitions. When working with 3D design tools, like CATIA, the user is 

usually concerned about the "material" bodies. This is, the solid, and, exceptionally, the 

liquids present in the problem. The gases, infrequently, and the voids always are left out of 

the 3D cell definition. This is of particular concern when the 3D is used for Monte Carlo 

analysis, as it is the case of MCNP. In MCNP, all the regions of the universe must be 

defined, both void and materials cells; otherwise, the code will fail when tracking the 

particles along the simulation.  



As the CATIA models do not use to include the voids and/or gaseous cells, their 

definition must be done with MCAM. This new cells are defined in Boolean geometry as 

the complementary of the "material" cells, and fulfilling the universe. But this definition 

must be done carefully. Otherwise, cells containing a huge number of cells will result in 

this process. The cells containing large numbers of surfaces slow down the MCNP 

computations, what can be a severe limitation in some problems. In addition, if the cell is 

too complex, MCAM may not to translate it properly, giving rise to errors. The voids 

definition with MCAM has to be done taking into account this fact, and depending on the 

geometry it can be significantly time consuming. 

Geometry slicing. Sometimes it happens that the cells to translate to MCNP are so 

complex that MCAM fails (both the void cells of the "material" cells). In that case, it is 

require a cell subdivision to allow the translation. This also improves the computational 

times, as the number of surfaces in each cell is reduced. However, in some cases the 

required subdivision can be very extent, and, in addition to the time consumption in the 

subdivision, the resulting MCNP input may be hard to handle for having a large number of 

cells. The optimal subdivision of cells is that which allows the proper translation of the 

geometry maintaining a balance between number of cells and number of surfaces per cell. It 

is very geometry dependent, and only the expertise can lead to it. 

Computational skills acquired for MCNP 

MCNP is the radiation transport code used for the calculation of neutron and gamma 

fluxes and their associated quantities. It is a wide code, with several capabilities (nuclear 

medicine diagnostic simulation, in example). The command of all of them is out of the 

scope of this work. But, even when only limited capabilities of the code are to be used, 

three important computational skills had to be acquired by the author of this work: the 

geometry verification, different variance reduction techniques and the nuclear data 

selection. 

Geometry verification. Once MCAM has successfully finished the geometry 

translation, it is necessary to verify it with the MCNP visualization tool. It happens that, 

even when MCAM interprets a proper translation, the MCNP runs "loss" particles. This is 



related to geometry error, undefined regions of the universe of overlapping of cells. The 

MCNP visualization tool is more restrictive than MCAM to explore geometry errors. This 

is because it operates as the MCNP run would do. Consequently, if the MCNP run losses 

particles, the MCNP visualization tool will identify geometry errors, and vice versa. The 

identification of errors is expressed by a red dotted line, but no more information is offered. 

Once the error is located, it is necessary to carry out a detailed inspection of the geometry 

definition. After the error is identified, it is normally required to go back to MCAM and 

modify the geometry consequently. Only in simple geometries it is possible to repair the 

geometry directly in the MCNP input. Once again, only the accumulation of experience can 

guarantee a efficient geometry verification. 

Variance reduction techniques. When the geometries under study are very large, 

and/or the mediums are very particle absorbing the Monte Carlo technique shows 

limitations. The number of "histories" in the simulation required to obtain an acceptable 

statistical error is very large, to the point that the calculation could be unviable. Firstly, the 

computational time required could be unaffordable in the project timescale. But it could 

even be the case that the code presents a maximum limit of histories to compute, which 

could be insufficient to get satisfactory statistics in the results. This is the case of HiPER, 

were geometries of up to 25 m side are used, and several shielding are simulated. To face 

this situation, different variance reduction techniques were implemented in MCNP. They 

can be used to make viable a computation, but also to speed a simulation and save time. In 

this work, two of them has been used: 

1. Cell importance. This is the most immediate variance reduction technique. It 

consists in manually assigning a "particle importance" to every cell. The 

more important a cell is, the higher computational effort is employed in the 

cell. Then, high importances must be assigned to cells were the fluxes are 

attenuated if they are relevant for the problem, while low importances are 

assigned to cells were the particles population is high or if they are not 

relevant of the problem. It consists in a population management, to not to 

compute in excess regions with low interest, in benefit of regions of interest 

with low populations. 



2. Mesh-based weight windows. The philosophy of this technique is also a 

population management. But the main differences respect to the cell 

importance is that the management is not done on the geometry cells, but on 

a superimposed mesh of arbitrary size; and the importance assignment is 

automated in the code. Two main facts are derived from this difference. The 

first one affects to the spatial resolution. As the mesh size is arbitrary, the 

importance adjustment in very absorbing media can be refined, while the 

cell importances are limited to the cell sizes. The second one is that in 

complex geometries, the cell importances manual assignment is not intuitive. 

In fact, it could be impossible for inputs consisting in more than thousand 

cells with many neutron streaming channels. The mesh-based weight 

windows are the most powerful variance reduction technique in MCNP, and 

in some case it is the only one which could be used. However, its use 

requires a solid expertise in cell importance use, and in other minor variance 

reduction techniques, like the exponential transform, which are all required 

to properly introduce the weight windows in a problem. 

Nuclear data selection. The challenges of the radiation transport are not only 

related to the Monte Carlo technique implementation in the code. The nuclear data is 

crucial aspect of these computations. There are different cross-sections libraries under 

development. They group experimental values and interpolation of the cross-sections of 

most of the nuclear reactions happening for most of the particles happening. Evidently, it is 

an Herculean and likely sterile task to join all of them in the same library with high 

accuracy. Apart from the enormous task, the huge volume of data would make it 

unpractical. Consequently, the different cross-section libraries are specialized for different 

fields, discarding or relaxing the data accuracy of the isotopes and reactions which are not 

relevant in a specific problem. In this work, fusion relevant cross-section libraries are used: 

JEFF-3.1.1 [83] and FENDL-3 [84] for neutron transport, EAF-2010 [85] for activation and 

ENDF/B-VII [86] for radiation damage production. For photon transport, the library 

MCNPLIB04 is used. 



Computational skills acquired for ACAB 

The ACAB code is used for the computation of the radioactive inventory and all the 

associated quantities. This code has been benchmarked at international level in two main 

frameworks: the IAEA [87] and the Department of Energy of the US. In fact, ACAB code 

was selected as the reference code for the NIF inventory calculations [88], [74], [50], [49]. 

When applied to HiPER, two main computational skills were acquired by the author: the 

work with a high number of cells and the irradiation of the flowing LiPb, which, in fact, 

required the modification of the code to allow the multi-spectra irradiation in the same run. 

High cell number irradiation. In the HiPER engineering facility there is a high 

number of cells (more than 200). To accomplish the activation of all of them required an 

high organization in the management of files (inputs, neutron fluxes,...). Fortunately, the 

code MCNP2ACAB [89] allowed to do this automatically. In fact it was fundamental to 

compute the residual dose rates of the HiPER engineering facility. 

Modification for multi-spectra irradiation. As it will be explained in the 

subsection 2.3.2, in order to simulate the irradiation of the LiPb inside the tritium breeding 

blanket, the irradiation of it were assumed to happen in two steps. The first step 

corresponded to a short irradiation with a high neutron flux, while the second one 

corresponded to a long irradiation at a lower level of neutron flux. And different spectra 

were used in every step. When this problem was tackled, the ACAB code require two 

different runs, one per irradiation step, each one taking about 1 minute. This is not a major 

challenge, when this two-steps cycle must be repeated some times. However, given the 

problem to study, this cycle had to be repeated more than 105 times per full power year 

simulated. The scope of the work required to simulate the irradiation of the LiPb for about 

40 years of full power irradiation. It was clear that this was an unaffordable task. In the 

mentioned simulations of 1 minute, most of the time is consumed in the reading of data. 

Then, ACAB was modified to allow a multi-spectra simulation in the same run. The 

strategy of this modification is that the data is loaded only once, and the irradiation cycles 

are repeated more than 105 but always in the same run. As the data does not need to be 

reloaded, this run takes no more than 10 minutes.  



2.2 HiPER Engineering. Quantities of interest 

Once described the methodology used in this work, here it is specifically explained 

how this methodology is used for the in the HiPER engineering phase of HiPER project to 

compute quantities of interest. Here it is given the definition of quantities and the 

computational procedure to calculate them. The justification of the interest of those 

quantities and their description is done along the chapter 2. 

The main subject of study in the work for the HiPER engineering phase is the 

radiological protection. Then, the most important quantities to be computed are dose rates. 

In addition, it was also carried out a study on the waste management assessment of different 

candidate materials for the HiPER engineering reaction chamber to select an suitable 

material among the candidates. Equally, a general waste management of the rest of the 

components of the facility was carried out. Those studies involved parameters relevant for 

the waste management: contact dose rates, waste disposal rate and clearance index. 

2.2.1 Biological dose rates: operation and shutdown 

The first class of dose rates considered in this study is the biological dose rates. The 

precise dose rate magnitude selected for this study was the Ambient Dose Equivalent [64], 

developed by the International Commission of Radiological Protection (ICRP). Its 

definition is: “Ambient Dose Equivalent. Denoted as H*(d), at a point in a radiation field 

is the dose equivalent that would be produced by the corresponding expanded and aligned 

field in the ICRU sphere at a depth, d, on the radius opposing the direction of the aligned 

field. The unit of ambient dose equivalent is joule per kilogram (J kg-1) and its special name 

is Sievert (Sv)”. It has been selected for being a conservative estimation of the dose rates 

received by a human. It is an overestimating evaluation of the effective dose, recommended 

for prospective dose calculation in design phases. 

The limit selected for exposure of one worker is 20 mSv/yr, which translates into 10 

Sv/h for a standard work calendar. The limit for the public exposure is 1 mSv/yr, which 

translates into 0.5 Sv/h. Both limits are taken from [90], ICPR recommendations. This 



limit is expressed for effective dose rates, but using the limit with the Ambient Dose 

Equivalent overestimates the effective dose, what represents extra safety. 

As it has been partially mentioned, there are different computational procedures for 

the calculation of dose during the operation, from now operational dose rates, and dose rate 

arising from the activation of the materials, from now residual dose rates, even when 

considering the same magnitude, Ambient Dose Equivalent. The dose rates are obtained 

multiplying the neutron or photon fluxes by flux-to-dose conversion coefficients. The 

difference between the operational and the residual dose rate computation arises in the 

computation of the neutron or photon flux. The operational dose rates require a single 

radiation transport with MCNP to determine the flux of interest, because the radiation 

source is known: the ignitions. However, in the case of the residual dose rates, it is 

necessary to compute the activation radiation source. For this, it is required to compute the 

neutron flux in the cells which will undergo activation, with MCNP. It is obtained with 

Vitamin-J energy structure for further activation computations. Then, the neutron flux in 

the components is used to carry out the calculation of the time evolution of the inventory, 

with ACAB. Once the time evolution of the inventory is known, it is selected a desired time 

for which the residual dose rate is to be calculated. For that time the decay photon spectra 

and activity is read from the output of ACAB. With this information a photon source is 

prepared as input for a new MCNP simulation, using this activation source, and from which 

the residual dose rates are obtained. This process, known as Rigorous-two-steps 

methodology, was done manually for the HiPER engineering phase.  

The cross-sections libraries used in the transport calculations with MCNP are the 

JEFF-3.1.1 [83] and FENDL3 [84] depending on the availability for specific isotopes. For 

the photon transport it was used the EAF-2010 [85]. The visualization of mesh presented 

results was done with Moritz. This information was used to assess and improve the initial 

shielding proposal for HiPER engineering, and to establish a radiological zonification both 

during operation and shutdown. 

2.2.2 Absorbed dose rates: operation and shutdown 



Respect to the previous subsection, here the dose magnitude is different; the 

absorbed dose rate does not take into account any biological effect, and it is simply defined 

as the energy deposited by the radiation per mass unit. It has been computed using the 

heating numbers of the corresponding cross-section library. This information has been used 

to assess the optical degradation of the silica lenses subjected to neutron and gamma 

radiation fluxes [41], [42], [43]. 

Except for the change of quantity (absorbed dose rate instead of Ambient Dose 

Equivalent), the computational procedure is exactly the same as it was for the biological 

dose rates. The operational rates are computed with MCNP, and the residual dose rates are 

computed using a manual R2S method with MCNP2ACAB, "manually". 

2.2.3 Waste management assessment 

It has been widely recognized in the fusion community the necessity of minimizing 

the generation of radioactive waste generation from the design phase. It is likely to select 

all the materials which will be exposed to radiation after assessing their activation. The 

management pathways for fusion radioactive wastes assumed for this study are the 

following: Clearance, recycling and storage in a shallow land burial. This strategy aims to 

avoid the deep geological burial or long-term storage, main concern of fission power 

generation. If clearance is not likely, recycling is tried, and if not, shallow land burial is 

evaluated as most likely end of the waste. To implement this strategy, the following 

relevant quantities are computed: Clearance index for clearance; contact dose rate, decay 

heat, and specific activity for the recycling; and Waste Disposal Rate [91] for the shallow 

land burial.  

The unconditional clearance viability is evaluated with the Clearance index, which 

has been defined by the IAEA and recommended for legal inclusion in the waste 

management system of the countries with nuclear power generation. It is defined as: 

"    
  

  

 
 ". The coefficients Bi are obtained from [92], while Ai is the concentration of the 

isotope ith. This index indicates that, if Ci<1, the waste can undergo an unconditional 

clearance; this means that the radioactive waste can be managed as a conventional waste, 



because its radiological concerns are negligible. It is an effort to reduce the total volume of 

very low activity wastes. 

If Ci>1, unconditional clearance is not viable, and recycling is then the desired 

strategy for the management of the radioactive waste. The recycling viability relies, as 

derived from [93], on two quantities: specific activity (mainly for steels) and decay heat. In 

addition, the handling process for recycling is defined by the contact dose rate depending 

on the value: hands-on or remote. 

The specific activity of a steel piece must be < 1000 Bq/cm3 to allow its 

processing in foundries. If this limit is not fulfilled, the recycling of this steel component is 

not viable. The next condition for recycling must be fulfilled by steel components fulfilling 

this specific activity limit or by component not built of steel. For those, it is required that 

the decay heat is below 2000 W/m3 to allow the recycling strategy. This limit stands for 

the avoidance of active cooling requirement of the waste. If that limit is not fulfilled, 

recycling is not allowed, although the specific activity limit was fulfilled. If recycling is 

viable, the Contact Dose Rate, CDR, will give an idea of the handling procedure. It is used 

as an estimator of the dose rate delivered from a given activated component with general or 

undefined purposes. If the CDR<10 Sv/h, Hands-on handling is possible, otherwise 

remote handling will be necessary for the manipulation of the waste. 

In the case that clearance and recycling are unviable, there are two options: one 

could be to wait a period of time until some or both of them are viable, or to explore a 

burial option. In the US, the class C wastes are stored in Shallow Land Burials, which are a 

not very aggressive burial and do not present a strong public opinion rejection. Even when 

this is not currently an alternative in Europe, it is explored to classify the HiPER 

radioactive wastes if none clearance nor recycling were possible. To allocate wastes in a 

shallow-land burial, the Waste Disposal Rate [91] (WDR) is the relevant index. It is 

defined as: "    
  

  

 
 ". The coefficients Bi are obtained from [91], while Ai is the 

concentration of the isotope ith. The index indicates that, if WDR<1, the waste can be 

finally allocated in a Shallow Land Burial;  



To compute the waste management quantities, it is first necessary to determine the 

neutron flux in the cells. With the neutron fluxes, ACAB computes the time evolution of 

the radioactive inventory, and all the quantities mentioned above: clearance index, specific 

activity, decay heat, contact dose rate and waste disposal rate. 

2.3 HiPER reactor. Quantities of interest 

As it was shown in the chapter 3, a preliminary reaction chamber for HiPER reactor 

was proposed and evaluated. From the neutronics standpoint, it is interesting to compare 

two blanket options for this chamber: thin blanket and thick blanket. In addition, from the 

cooling standpoint, it is of interest to compare two blanket-FW cooling configurations: 

Integrated First Wall blanket (IFWB) and Separated First Wall-Blanket (SFWB) This last 

comparison is made in terms of temperatures, corrosion rates and power cycle efficiency. In 

this subsection, the reactor relevant quantities are defined and the computational 

methodology for their computation is explained. The relevance of these quantities is not 

justified here, but in the chapter 3. 

2.3.1 Operational neutronics quantities 

The operational quantities characterize the performance of the reactor. They are the 

TBR, the energy amplification factor and the energy deposition. 

 The Tritium Breeding Ratio (TBR) is defined as the tritium atoms produced in the 

breeder per nuclear fusion reaction or source neutron: 

    
  

     
 

where NT is the number of tritium atoms and Nnsrc is the number is the number of 

source neutrons from the fusion. 

 The energy deposition is the total energy deposited in the breeder and available for 

power production after transfer to a secondary loop. It is a relevant information for 

the subsequent fluid-dynamics computations. And it is also important to compute 

the energy amplification factor. 

 The energy amplification factor b is defined as the energy deposited in the 

blanket divided by the neutronic energy entering the blanket. Consequently, it 



highlights the exothermic reactions induced by the neutrons which rise the 

available energy for power producing: 

   
  

     
 

 where HB is the heat deposited in the blanket, and Hnsrc is the heat carried the source 

 neutrons. 

All these quantities are computed with MCNP. The TBR arises mainly from the 
6Li(n,t)4He and 7Li(n,n’t)4He reactions. The TBR is then computed with MCNP obtaining 

the (n,t) and (n,n’t) reactions in the breeder with the JEFF-3.1.1 cross-sections library. 

These reactions correspond to the ENDF/B-VII [86] nomenclature MT=105 and MT=33 

respectively. The energy deposition is computed with the heating numbers, using the F6 

tally of MCNP. The heating numbers found in the library JEFF-3.1.1 have been used. And 

the energy amplification factor automatically obtained by dividing the energy deposition in 

the blanket by the neutronics source energy. 

2.3.2 Activation: 203Hg and 210Po inventories and LiPb flowing 

The inventories of 203Hg and 210Po are, from the conceptual standpoint nothing but 

two more inventories in the list of radioactive inventories generated in the irradiation of the 

LiPb. Thus, its computation requires a MCNP run to know the neutron flux in the LiPb, and 

an ACAB run to determine the inventories. But it is remarkable here the complexity of 

modeling of the flowing LiPb irradiation. An example of previous work this issue can be 

found in [94]. 



 

Figure 9: Dimensions of the SCLL blanket for the preliminary reaction chamber. 

The exact LiPb flowing is explained in detail in subsection 4.3.3. From the 

computational standpoint, it has been modeled as it follows: the LiPb enters the blanket 

through a thin duct in which it will spend a t1 time under a neutron flux 1; then it will enter 

a thick duct from which it will get out after t2 seconds having undergone an irradiation of 

the neutron flux 2. It will then spend 3 times t1+t2 outside the blanket without irradiation, 

up to time T, and then it will enter back the blanket. This cycle, lasting some hundreds of 

seconds (see details in table 20) is repeated hundred thousand times a day. This information 

is schematically shown in figure 60. The flux and time information is shown in table 20. 

The source term is 1500 MWth; from this energy, the 75% is carried by the neutrons, and 

the rest by the ions and the X-Rays. The spectrum distribution is taken, as said before, from 

[80]. It corresponds to a distribution very peaked at 14.1 MeV, and with an averaged energy 

of 12.3 MeV. 

Table 3: Irradiation information of the LiPb in the thin and thick blanket options 

 Thin blanket Thick blanket 
1 (n/cm2·s) 1.61·1015 2.634·1015 
2 (n/cm2·s) 6.15·1014 8.66·1014 
t1 (s) 7 7 
t2(s) 42 75 
n.cycles/yr 160898 105120 



  

Figure 10: Irradiation modeling of the LiPb inside the blanket. 

It is remarkable that in order to carry out this irradiation history repetitively it was 

required to modify ACAB code. The problem found was that ACAB did not allow to model 

the irradiation with two different energy spectra in the same run. It was successfully 

modified and the irradiation history was carried out for 160898 times/fpy in the case of thin 

blanket, and 105120 times/fpy, in the same run, reducing considerably the computational 

time. The alternative was, whether to carry out two runs per cycle, or a simplified 

irradiation history. The first one represents unaffordable computational times, and the 

second one is a loss of relevant information for rude simplification. 

2.3.3 Damage: Dpa and He transmutation 

The dpa is computed making of the NRT model. The NRT model gives the total 

number of displacement atoms produced by a Primary knock-on atom (PKA) with kinetic 

energy EPKA as: 

         
         

    
  

where   
  is an average displacement threshold energy. Td(EPKA) is called the damage 

energy and is a function of EPKA. The damage energy is the amount of the initial PKA 

energy available to cause atomic displacements, with the fraction of the PKA’s initial 

kinetic energy lost due to electronic excitation being responsible for the difference between 



EPKA and Td. The threshold displacement energy,   
 , is typically 20 to 40 eV for most 

metals. Further details for the theoretical background and justification, see [95]. 

The damage energy is computed making use of the ENDF/B-VII [86] library with 

damage cross-sections. By multiplying the neutron fluxes obtained with MCNP by these 

cross-sections, the damage energy for a given neutron spectrum in a given material. Once 

the damage energy is obtained, it is introduced in the NRT model to obtain the dpa. 

 The helium transmutation rate is computed directly with MCNP making use of the 

cross-section data from the library JEFF-3.1.1 for the reactions (n,3He) and (n,). In the 

ENDF/B-VII [86] nomenclature, used by MCNP, they correspond to the reaction numbers 

MT=106 and MT=107 respectively. 

2.3.4 Temperature and corrosion rates 

There are two remarkable points from the methodological standpoint here: 1) the 

transference of information from MCNP to FLUENT, and, 2) the computation of local 

corrosion rate maps. 

The CFD code FLUENT requires as input the heat deposition. The 3D geometrical 

resolution of the heat deposition is a crucial aspect of this magnitude, as the temperature 

gradients affect the flow patterns, for example. The question of transferring detailed 3D 

information of heat deposition computed in arranged in mesh form (Cartesian, cylindrical 

or spherical) with MCNP to tetrahedral meshes valid for FLUENT is a complex problem. It 

was not found an available methodology easy to implement and freely distributed. 

Consequently, it was decided to transfer the information by specific programming. The 3D 

volumetric deposition was obtained in spherical shells in the breeder with MCNP. Then, a 

heat source for FLUENT was programmed in C++ making an interpolation of the MCNP 

results. It was also computed the total heat deposition in the steel sheets, and it was 

introduced in FLUENT as superficial sources. 

The computation of the corrosion rates was done implementing in FLUENT the 

following expression [70] of the corrosion of flowing LiPb in contact with martensitic steel: 

                                        



where  is the corrosion rate expressed in m/yr, T is the absolute temperature in K,  is the 

LiPb velocity in m/s and d is the hydraulic diameter expressed in m. 



3. HiPER Engineering 

3.1 Facility objectives 

As mentioned in the section 1.2, the HiPER project is a double step facility. The 

first step, the HiPER engineering facility, is devoted to develop the ignition technologies 

required for a reactor. The goal is to develop and operate the high repetition rate 

technologies involved in the direct drive ignition scheme. Systems as the injector, the 

diagnostics and the lasers will operate in the way they would in a reactor, but in burst 

mode, during short periods of time. No more than 100 ignitions are foreseen in a single 

burst. It represents the demonstration of the ignition technologies required to produce 

electricity. The technologies developed and tested should be easily extensible to the 24/7 

regime of a reactor. From the ignition of the plasma standpoint, the HiPER facility could be 

considered the IFE equivalent to ITER. Two irradiation schemes were considered in this 

study phase. The first one was very aggressive and it corresponded to the initial conception 

of the HiPER engineering facility, the preliminary facility. Different studies were carried 

out considering that irradiation history (sections 3.2 and 3.3). However, an irradiation 

scenario significantly lower was proposed for the HiPER engineering facility after taking 

into account different systems development state; this latest is corresponds to the advanced 

facility. With this second and lower irradiation scenario, the same studies were carried out 

again and some were widened, as those related to the waste management (section 3.4). 

This facility could be considered, from the radiological standpoint, as an 

intermediate step between a single shoot facility, as NIF, and a demonstrator reactor. 

Consequently high levels of direct radiation and residual radiation are expected during 

operation and shutdown, without the high level shielding requirements of a reactor. The 

initial approach is to consider the NIF and LMJ shielding arrangement proposal, and to 

improve it in terms of thicknesses if necessary. All the materials compositions with their 

impurities are found in Appendix A. 



Methodology briefing. The results presented here have been obtained with the 

computational tools MCAM, MCNP and ACAB. The cross-section libraries used are 

JEFF-3.1.1 for neutron transport, and EAF-2010 for the activation. 

3.2 Preliminary facility 

This study is focused on the target bay with a preliminary shielding proposal agreed 

with Bruno Le-Garrec, CEA-Le Barp. The target bay is considered to be the space inside 

the bio-shield. It has to be understood as that part of the reactor building where the 

radiation level demands special attention. In the target bay the radiation levels are high 

enough to usually ban the people access and to threat some of the equipments. 

3.2.1 Irradiation scheme 

The irradiation scenario expected for the HiPER engineering preliminary facility 

consisted in 100 MJ ignitions, grouped in 100 ignition burst at 10 Hz of ignition rate. A 

burst would take place every month. This stands for 120000 MJ/yr. The lifetime of the 

HiPER engineering preliminary facility is 20 years. This stands for two orders of 

magnitude respect to the NIF irradiation scenario, were a total yield of 1200 MJ/yr is 

expected [88]. This irradiation scenario is assumed for the calculation of shielding of the 

preliminary design (section 3.2) and also for the selection of material for the reaction 

chamber from the waste management assessment standpoint (section 3.3). 

 



Figure 11: HiPER engineering preliminary facility burst. 100 ignitions at 10 Hz. One burst would take place 
every month. 

3.2.2 Basic components of the target bay 

The basic components of the target bay, at this conceptual design stage, are the 

reaction chamber, the optical elements and the vacuum tubes to transport the laser beams. 

The shielding is described after. The reaction chamber is the closest component to the 

ignitions. A 10cm thick, 10 meters of inner diameter spherical shell, it is assumed to be 

built of stainless steel SS304L because its good equilibrium between neutron activation, 

thermo-mechanical properties and economics. The material selection will be object of study 

further. There would be 48 beam penetrations in the reaction chamber, distributed into six 

rings, with the angular distribution specified in table 3. There are only three rings described 

since the lower part of the chamber is a specular reflection on the plane z=0, and rotated 

23.36 degrees. The penetrations are 40cm radius rims. Diagnostics penetrations are not 

considered in this study. 

 

Figure 12: HiPER engineering reaction chamber in the left picture, and chamber with chamber shield in the 
picture of the right. 

Table 4: Number of rims per ring and angular coordinates of one rim. The rest of the rims are distributed 
uniformly in the ring 

Ni θi(deg) φi(deg) 
4 21.23 0.00 
8 47.03 23.36 
12 74.95 29.83 



 

In order to accomplish the inertial laser-driven fusion D-T reactions, the laser 

should be entered into the chamber from the laser bay. The laser beams are transported 

inside the beam tubes, where vacuum is maintained. The beam tubes have a squared section 

of 1m long side. The tubes wall thickness is 1 cm, and they are assumed to be also built of 

SS304L stainless steel. The beam tubes host the optical elements which are built of fused 

silica SiO2. There are two optical groups repeated in 48 beam lines. From the center of the 

reaction chamber, the first group is a renewable lens, devoted to focus the beam before 

entering the reaction chamber through the rims. This lens is a 75 cm side squares with 5cm 

of thickness. This group will get damaged quickly, so it is expected to be removed 

frequently. They are called the renewable lenses. 

The second optical group is made up of six different elements with their own 

functions (frequency converters, mirrors, and focusing lenses). The thickness of these 

elements varies from 1cm to 5cm. They are also 75cm side squares. This group is called the 

FOA, and it is a very sensitive part of the reactor to be protected from the radiation 

[96][42][43], as they are not expected to be changed frequently. Although this study is not 

committed to protect this optics, the absorbed dose rates are computed in FOA during the 

operation. 



 

Figure 13: Basic components and shielding arrangement scheme. 

3.2.3 Shields 

To protect the facility against radiation and maintain the dose limits to workers 

close to the recommendations, several concrete shields are added. Those are a prospective 

proposal for further improvements. Concrete has been chosen for being a standard shielding 

material in the presence of neutrons and gammas. 

As may be seen in figures 9 and 10, there are four concrete shields. From the center 

of the reaction chamber, they are the chamber shield, the pinhole shield, the FOA shield 

and the bio-shield. The reaction chamber shield is a 40 cm thick borated gunite concrete 

spherical shell, adopted from NIF design [97]. This shield is pursued to reduce the dose rate 

between bursts due to the activation of the chamber as well as reducing the total amount of 

neutrons which activate the whole facility. From 15 to 17 m from the center of the reaction 

chamber, there is a spherical shell shield, called the FOA shield. Despite its name, it has 

consequences in many aspects: it mainly protects the FOA against high doses in operation, 

it helps to reduce the total dose rates delivered outside the target bay and reduces the dose 

rates between bursts after it. This shield creates two different areas inside the target bay and 



allows certain manual maintenance in the external one. It has been modeled as a spherical 

shell because this geometry improves the efficiency of the Monte Carlo modeling and 

simulation. In order to explore different thicknesses, it was thought to be the best approach. 

Once the shield thickness is decided according to dose limit criteria, this shield will adopt 

another form, with better constructive and structural properties. 

The rims, the beam tubes and the penetrations in FOA shield represent a free way 

for the neutrons to spread out, and in order to protect the FOA, there is a cylindrical shield 

placed inside the beam tubes. As the beam travels, it adopts a variable focusing profile. 

Where the beam is focused (minimum spot size), at 16 meters from the center of the 

chamber, the center of this shield is placed, presenting a 5mm radius pinhole to allow the 

beam to pass through. It is a 2 meters long, 1 meter diameter cylinder which lies in the final 

optic shield, in the transition between one tube and its prolongation after the final optic 

shield. Other materials for the pinhole shield different to concrete will be tested in further 

studies. Finally, as high neutron yields are expected, it has been added a 2 meter thick bio-

shield at 25 m from the center of the reaction chamber. Its aim is to definitely separate the 

target bay from the rest of the facility.  

Inside the target bay there are two different rooms, called area 1 and area 2; (see 

figure 10) the two first meters of air outside the bio-shield, i.e., the exterior of the target 

bay, are referred as the area 3.  



 
Figure 14: HiPER design to study neutronics and activation, performed with MCAM. 

3.2.4 Dose rates 

The HiPER engineering facility irradiation scenario is not still decided. The most 

demanding one, up to the moment, has been thought to consist of 1.2·105 MJ of neutron 

yield per year. The D-T ignitions could achieve 100 MJ of fusion (14.1 MeV peaked 

distribution) neutron yield. Distributed in bursts, up to 100 ignitions could take place in an 

only sequence, with a repetition rate of 10 Hz. A burst could be performed every month or 

less. This high neutron yield makes necessary the study of the radiological implications of 

the operation of the facility. The workers are exposed to neutron and gamma yields. The 



final optics assembly (FOA) is one of the most sensitive parts of the facility to the 

radiation. Even when the shields are designed to protect the workers, it is mandatory to 

compute their effect on the dose rate delivered to the FOA for further considerations. 

Methodology briefing. When referring to the dose for workers, it is the quantity the 

Ambient Dose Equivalent, or ADE [64]. This has been adopted for representing a 

conservative estimation of the biological dose received by a human. It is used in the 

design of facilities where general dose rates are computed as no preferred position is 

still defined. The dose rates are compared to the recommendations given in 

ICRP60[90], 20mSv/yr for workers (10μSv/hr distributed in eight hours of work 

during 50 weeks). The dose rates in the optics are the absorbed dose rates computed 

with the heating numbers. 

During the operation, it is computed the absorbed dose rate in the FOA and the 

Ambient Dose Equivalent (ADE) to workers inside the facility. Then, considering the 

resulting activation of the components, it is calculated the ADE delivered to the workers 

between bursts. Dose rates during operation and between bursts are computed as 

independent. With this information the different shields are evaluated and 

recommendations on the maintenance procedures are made. 

Assumptions 

The source neutrons have been assumed to born according to a direct drive inertial 

fusion ignition spectrum [80]. With regards to ADE to workers during the operation, there 

is no preferred position inside the target bay, as long as there is no foreseen a mandatory 

presence of workers. Thus it makes no sense measuring specific places, and the average 

gives a reasonable estimate. The ADE to workers is averaged over any of the three possible 

areas of the facility (see figure 10). Concerning with the dose rates between bursts, as there 

is no specific procedure for the maintenance up to now, the general idea of what happens in 

every area is given by the average ADE in that area. Outside the target bay, the ADE is 

averaged in the first two meters of air, representing the closest position of a person to the 

bio-shield. 



It has to be kept in mind that the average dose rates represent no more than 

estimates. In order to compute the accurate dose rate received by the workers it is necessary 

to know the whole activity, the place where it is carried out and its duration. 

The absorbed dose rate to the FOA has been averaged in the whole group of lenses 

in order to increase the efficiency of the simulations. So, the results are average dose in all 

the lenses. When further decisions were made on the design, a more precise calculation will 

be carried out in every single component.  

Results and analyses 

The presence of the FOA shield affects significantly to the absorbed dose rate in this 

group of lenses during operation. It is computed the absorbed dose rate in the FOA every 

year considering the absence and presence of the FOA shield, being present in both cases 

the pinhole shield. 

Table 5: Prompt Dose Rate delivered to the FOA considering the absence and presence of the final optic 
shield. 

 No-shield 
Gy/yr 

Shielded 
Gy/yr 

Ratio 

Neutrons 571 34.1 16.7 
Gamma 891 14.2 62.7 
Total 1460 48.2 30.3 

 

The results, in table 4, show that this shield reduces in a factor of 30.3 the total dose 

delivered to these components. If those levels of irradiation result to be unacceptable in the 

FOA, further protection will be added. 

The ADEs to workers (table 5) indicate that entrance is not allowed area 1 and area 

2 during the operation of the reactor. The exterior of the target bay fulfills the conditioning 

of representing a dose rate below the limit to workers. 

Table 6: Prompt Dose Rates to workers averaged in areas 1, 2 and 3 

 Area 1 
Sv/yr 

Area 2 
Sv/yr 

Area 3 
Sv/yr 

Neutrons 3.46·105 32.9 1.69·10-7 



Gamma 8.70·103 0.63 1.88·10-6 
Total 3.55·105 32.6 2.05·10-6 

 

The high radiation level present inside area 1, and even in area 2, makes necessary 

to carefully design and protect the electronics which could be present in these areas during 

the operation of the reactor. The time evolution between bursts of the ADE to workers is 

depicted in figure 11. The cumulative effect of long-live radioisotopes makes the residual 

dose rate to increase in up to a factor of 4 between the first and the last burst. 

The contributions between bursts of every activated component to the total ADE to 

workers in areas 1 and 2 are depicted in figures 12 and 13 respectively. The residual dose 

rate in area 3 is exclusively due to the activation of the bio-shield. 

The entrance in area 1 is forbidden also between bursts. There are several activated 

components which represent an ADE much higher than 10μSv/hr during the whole month. 

Thus, in case that maintenance were necessary, robotics would be essential. From one hour 

after the shutdown to the next burst, the main contributors to the dose rate are the beam 

tubes, the optical shield and the rims. However, due to the high dose rate, it is not 

worthwhile to try to reduce it. 

It is not the case for the area 2. Around 36 hours after the first burst, the ADE falls 

below the 10μSv/hr limit, and workers could enter eight hours per day. However, two facts 

must be kept in mind. The first one is that the average dose is an estimate, and in order to 

make decisions on the maintenance, it is necessary to know the activity to be carried out, 

the position, and the exposure time. The second fact is that even when workers could not 

stand inside the area 2 for 8 hours per day, collective dose planning could allow manual 

maintenance. 



 

Figure 15: Residual Dose Rate in the three different areas after the 1st and the 239th burst. The red line stands 
for the hands-on maintenance, 10 μSv/hr 

Another alternative is to act on the second beam tubes, as they are the main 

responsible for this dose rate after some minutes. Different strategies are: to shield the tubes 

against neutrons, to shield the workers against the gamma that they emit or choosing 

another material with lower activation at these time scales. 
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Figure 16: Contribution of different components to the residual dose rate in area 1 

The area 3 is below the recommend limit for the public and the workers, so, it 

stands for the exterior of the target bay. 

 



Figure 17: Contribution of different components to the residual dose rate in area 2 

Conclusions of the preliminary facility studies 

The shielding requirements for a preliminary HiPER engineering design have been 

analyzed. The absorbed dose rate during operation in the FOA reaches values of 1460 Sv/yr 

in the absence of FOA shield. The FOA shield reduces this quantity to 48.2 Sv/yr, a 

reduction of a factor 30.3. 

During the operation, workers are not allowed to enter in areas 1 and 2, while the 

area 3 fulfils the recommendations to workers regarding with dose rates. Between bursts, 

maintenance inside area 1 must be strictly remote. Inside the area 2, it is expected manual 

maintenance after some considerations, planning and likely modifications of the design. In 

area 3, manual maintenance is recommended. 

3.3 Materials for the reaction chamber of the preliminary facility 

One of the issues in the HiPER project is to select the material for the reaction 

chamber. The HiPER engineering reaction chamber of the preliminary facility will deal, as 

mentioned, with a neutron yield environment that could reach up to 1.2·105MJ/yr. This 

represents two orders of magnitude higher compared to NIF [88]. This difference strongly 

questions the performance of a NIF-like reaction chamber under the HiPER engineering 

irradiation environment. In addition to higher temperatures and levels of radiation damage 

in the HiPER chamber materials, the resulting neutron-induced radioactivity would be 

significantly higher if the same material than in NIF were used.  

In NIF, an aluminum alloy is used as chamber structural material, but here for 

HiPER engineering, it has been decided to explore the possibility of using steels for the 

reaction chamber because of their better thermo-mechanical properties. Steels, which have 

been widely used in power plants and other industries under high operational requirements, 

have been considered from the beginnings of fusion technology as one of the most 

promising candidate structural materials for inertial and magnetic fusion energy (IFE and 

MFE) reactor chambers[98],[40],[99],[100], [101], [102][54][103],[59], [104]. As 

continuation of the ARIES-IFE study [104], an extensive activation analysis in selecting 

steels for the HYLIFE-II chamber qualifying for successful waste management was 



performed[105]. Different commercial austenitic and Cr-Mo ferritic/martensitic steels, as 

well as some MFE-intended reduced-activation steels were studied. Real compositions, 

including existing and technologically achievable chemical content of impurities, were 

considered. The impact of activation cross-section uncertainties on the waste management 

assessment was also investigated, exploring their effect on the identification of the critical 

alloying and impurity elements as well as in the eligibility of the steels.  

In this work a similar study is intended to be done but using the irradiation scenario 

of the HiPER engineering preliminary facility; and an updated approach regarding waste 

management strategies in fusion has been followed [106]. The possibility of selecting 

commercial steels rather than reduced activation ferritic steels as an acceptable option with 

respect to waste management is one of the important issues addressed in this study. The 

quantities studied here for the waste management assessment are the contact dose rate, the 

waste disposal rate and the clearance index. Why they are selected, what they mean and 

how the wastes are classified is found in the chapter 4. The irradiation scenario used in this 

study is the same than that for the shielding computation for the HiPER engineering 

preliminary facility, and it is found in subsection 3.2.1. 

3.3.1 Candidate materials: Commercial and Reduced Activation Ferritic 

Steels  

Representing the commercial austenitic steels, it has been selected: i) SS 304, 

nominal 18Cr-10Ni-2Mn-0.08C, which was proposed for HYLIFE-II [40], [99], and ii) a 

specific SS316 selected as structural material in the ITER project, nominal 18Cr-12Ni-

2Mn-2Mo-0.02C [100], [101].  

Regarding with commercial ferritic/martensitic steels, it is investigated the 

activation of HT9 and mod.9Cr-1Mo (T91), steels considered for different nuclear –fusion 

and fast reactors- applications [102],[54]. Sandvik HT9, nominal 12Cr-1Mo-0.3V-0.5W-

0.5Ni-0.2C was used for the IFE LIBRA reactor concept [98]. The composition of T91 

ferritic steel, nominal 9Cr-1Mo-0.2V-0.07Nb-0.06N-0.1C, is taken from [102].  



Concerning reduced activation ferritic steels, the MFE DEMO reactors studies 

PPCS [103] and ARIES-CS [107] recommend EUROFER97 and F82H, respectively. 

Given the similar composition of these steels, here only EUROFER97 [59] is investigated. 

Methodology briefing. The relevant quantities for the waste management assessment 

carried out here are the contact dose rate (CDR), the waste disposal rate index (WDR) 

and the clearance index. The CDR accounts for the possibility of hands-on or remote 

recycling of the waste. The WDR indicates whether the waste could be stored or not 

in a shallow land burial, and the clearance index indicates if the waste could undergo 

a unconditional clearance. 

3.3.2 Waste management assessment of the candidate materials 

The steels SS304, SS316, HT9, T91, and EUROFER97 have been analyzed from 

the waste management standpoint. The study has been performed considering real heats 

with measured impurities concentrations. In table 6 a summary of the waste management 

assessment of the different reaction chambers is presented for a service time of 30 years. 

For each different class one single steel alloy has been selected as representative: the SS316 

for austenitic commercial steels, HT9 for ferritic/martensitic commercial steels and 

EUROFER97 for reduced activation ferritic steel. It has been also included T91 to remark 

its behavior. 

Table 7: Summary of waste management assessment for different steels 

Steel Years to HoR 
limit 

WDR<1 Clearance (500 
years) 

SS316LN ITER grade 65-70 7.53·10-3 No 

HT9 55-60 3.39·10-3 No 

T91 40-45 7.28·10-3 No 

EUROFER97 40-45 5.31·10-5 No 

The WDR are all well below the unit limit, so that all the steels here considered can 

be qualified as shallow-land burial class C wastes. In table 6 it is found also the cooling 

times necessary to reach HoR and if Clearance is allowed after 500 years. This time limit 



has been chosen to point out that this strategy is not suitable for any alloy, so that the most 

reasonable approach is to select the material that needs the shortest time to get the HoR 

limit.  

3.3.3 Nickel and Cobalt as critical elements 

From the study of the waste management assessment there arise come to two 

conclusions about the Hands-on Recycling: Nickel and Cobalt are identified as critical 

elements, while the traditionally undesired Molybdenum and Niobium elements for 

reduced-activation steels are not troublesome in the HiPER engineering scenario.  

When the contact dose rate meets the HoR limit, the main contributors to the dose 

are 54Mn and 60Co: 54Mn arises mainly from the iron present in the steel alloy, and 

consequently its contribution cannot be diminished, the 60Co derives from Nickel and 

Cobalt, where the first one is an intended element for the steels SS304 and SS316 and for 

HT9 while the second one is an impurity in all the steels studied. The presence of Cobalt is 

intrinsically bounded to that of the Nickel [107], so if the last one is reduced less cobalt 

would be present, bringing down problems derived from both the Ni and the Co impurity. 
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Figure 18: Time evolution of Contact Dose Rate of a pure Iron matrix with different concentrations of Nickel. 

To show the influence of Nickel, it has been computed the contact dose rate time 

evolution for a pure iron matrix with a content of 12.0%, 0.5% and 0.0% of Nickel, 

representing austenitic, ferritic, and reduced activation ferritic steels or T91, respectively. 

As it is shown in Fig. 1, the cooling times to reach the HoR limit are 35, 18 and 8 years 

respectively. It is possible to conclude that depending on the real heat considered the time 

HoR limits can vary between about 40 and 70 years, and if the Nickel content is zero, no 

more than 10 years are required. An analogous study has been carried out related to the 

Cobalt and it is presented in the subsection 3.3.6.  

In the HiPER engineering irradiation scenario, it seems to be a reasonable objective 

reaching the HoR limit in 25 years of cooling time. The maximum allowed Nickel and 

Cobalt concentrations are computed in order to satisfy this condition. Assuming a pure iron 

matrix of steel density mixed with the elements under exam, it is obtained a 0.3w% of 

Nickel or 6wppm of Cobalt.  

Considering the lowest nominal Nickel concentration the best candidates are T91 

and EUROFER97 since they have 0% nominal Ni. The Cobalt concentration is mainly a 

matter of impurities control. 

3.3.4 Molybdenum and Niobium requirements 

In the reduced-activation steels for magnetic DEMO, Molybdenum and Niobium 

play a very important role in the impurities control. In the HiPER engineering scenario, 

however, they are not troublesome.  

In Fig. 2 it is shown the time evolution of the contact dose rate of EUROFER97 and 

T91. Two main differences can be observed. Before reaching the HoR limit, the 187W 

derived from the W contained in the EUROFER97 generates higher contact dose rates than 

those found in the case of T91. After crossing the HoR limit, the content of Niobium in the 

T91 is responsible for a contact dose rate two orders of magnitude higher than in the case of 

EUROFER97: it is remarkable that having already crossed the HoR limit, this fact does not 

affect the conclusions in the comparison of the two materials. As both steels present similar 

concentrations of Cobalt and Nickel, they both reach the HoR at the same time. 



 

Figure 19: Comparison of Contact Dose Rate of T91 and EUROFER97 

It can be seen in table 6 that the WDR is very low for both: still with an increase of 

three orders of magnitude in Molybdenum and Niobium concentrations it stills happens that 

WDR=1. Therefore from the WDR point of view using a reduced activation ferritic steel is 

unnecessary.  

The restrictions on the Molybdenum and Niobium contents traditionally adopted in 

the magnetic fusion community become more relaxed in the case of HiPER engineering 

reaction chamber. The upper limit concentrations of Molybdenum and Niobium for having 

25 cooling years at most to reach the HoR have been calculated for the HiPER engineering 

preliminary scenario, following the same method adopted for Cobalt and Nickel. The pure 

iron matrix shows no restriction in Molybdenum content in contrasts with the EUROFER97 

requirements for MFE, and Niobium is limited to 0.4w% that is a much higher 

concentration than the 10wppm limitation for the EUROFER97 [59]. It must be noticed 

that although Niobium is limited regarding with Hands-on Recycling, the current 

concentrations in T91 are enough to guarantee a reasonable waste management assessment.  

From the contact dose rates standpoint it is concluded that in the scenario 

considered the commercial steel T91 behaves slightly better than EUROFER97. In relation 

to WDR both steels may be easily stored in Shallow-land burials. 
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3.3.5 Waste Management Assessment of T91 

The T91, among the analyzed steels, reveals to be the best choice regarding to waste 

management assessment. The effect of Cobalt as impurity is studied in this material 

repeating the calculations assuming a concentration of 0% of Cobalt in the real heat. It is 

shown in Fig. 3 the result for the contact dose rate, together with the case of the intended 

T91 and with hypothetical 0% of Nickel and Cobalt contents. It can be observed that the 

absence of Cobalt would reduce the cooling time for the HoR from 45 years to 20 years and 

if both Nickel and Cobalt were absent the cooling time would be further reduced at around 

10 years. The WDR for the real heat is well below the unit, ~10-3, therefore a Shallow-land 

burial is allowable. Clearance is not possible before 500 years in any case, so it is 

abandoned as target for the reaction chamber waste management assessment. 

For what concerns the uncertainties analysis it has been calculated the probability 

distribution for the contact dose D together with the relative errors E=(D-D0)/D0, where D0 

is the dose rate calculated without uncertainties. Then it has been computed the relative 

error at 95% of confidence, that is the value E95, for which the relative error is equal or 

smaller with a probability of 95% (i.e., P(E≤E95)=95%). 
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Figure 20: Time evolution of Contact Dose Rate for T91, T91 with no Cobalt, and T91 without Cobalt and 
Nickel. 

The results are resumed in Fig. 4. Three regions can be identified: from about 3 

hours after the shutdown until about one year the E95 is <10%, then it increases until a 

maximum that corresponds to 37% at 16 years, and finally it assumes a constant value of 

about 35%. For each of these regions there is one isotope whose production essentially 

contributes to the uncertainty and they also result to be the dominant contributors to the 

contact dose in the respective regions. These radionuclide are: 54Mn at lowest cooling time, 
60Co and then 94Nb. In the plot their correspondent half-life and contributions to the total 

dose at the half-life time (in %) are indicated.  

From these results it is concluded that the uncertainties introduced by the activation 

cross-sections do not change the final preference for the T91 among the studied steel. 

 
Figure 21: Contact dose for the T91 steel during the cooling time together with the relative error at 95% 
confidence level, E95. 

3.3.6 Conclusions 

All the activated steels have a WDR much lower than the unit, so that they will 

qualify as Class C shallow-land burial waste. 



Regarding recycling, 54Mn and 60Co are the main contributing isotopes to the 

contact dose rate when the HoR limit is met. 54Mn is generated from the iron so that its 

production cannot be reduced in steels. 60Co derives from both Cobalt and Nickel. Lower 

contents of these elements enable to reach the HoR dose limit at shorter times. The 

maximum allowable concentrations in a pure iron matrix compatible with reaching the HoR 

limit at 25 years of cooling time is 0.3 w% for Nickel and 6 wppm for Cobalt. 

Niobium is not a troublesome impurity in steels for the HiPER engineering chamber 

neutron environment, while its performance in a MFE DEMO scenario is of very high 

concern, this is due to the different total irradiation level. For HiPER engineering, the 

allowed percentage of Niobium to reach HoR in 25 years is 0.4w%. Molybdenum presents 

no restriction in this irradiation scenario for Contact Dose Rate and for Waste Disposal 

Rating, while its content is also very limited in the case of MFE environments. 

The steels containing Ni as part of the specified composition are not the most 

attractive option for the HiPER reactor chamber. This is the case of the austenitic steels. It 

is selected the T91 ferritic/martensitic steel as the best choice: it has a similar contact dose 

rate performance (even slightly better) to the EUROFER97 reduced activation steel with 

the advantage of being a commercial one. 

Regarding with the waste management assessment of a real heat of T91 with 

impurities, it is found that the HoR dose limit is reached between 40 and 45 years of 

cooling time and the WDR is far below one. The clearance is not allowed, since cooling 

times longer than 500 years would be necessary. 

It is studied the effect of the presence of Nickel and Cobalt impurity elements in a 

real heat of T91. If there were no Cobalt in the heat, the cooling time for HoR would be 

reduced to 20 years, and with the absence of Nickel and Cobalt, to less than 15 years. This 

means that the impurities effect is not very relevant, since its presence does not require 

advanced control to allow a reasonable waste management. 

The effect of activation cross section uncertainties is not of practical significance to 

determine eligibility of the considered steels for HIPER engineering reaction chamber in 

order to ensure an acceptable waste management performance. 



3.4 Advanced facility 

Taking account the results obtained for the HiPER engineering preliminary facility, 

and some new considerations, the HiPER engineering advanced facility has been proposed 

and studied in this work. The most relevant change is derived from the interaction with 

Stephen Sanders, from Oxford Technologies. It is the company responsible for the design 

of the remote handling schemes. The advanced design of HiPER engineering, integrates the 

main systems of the target bay: optical systems, remote handling infrastructure, and 

shielding requirements. The different systems and their configuration are briefly explained 

in this section. The figures 18 and 19 are devoted to explain this design.   

 

Figure 22: General view of the advanced design of HiPER engineering. 

Centered in the origin, there is the reaction chamber. It has an inner radius of 5 

meters, and 10 cm of thickness. It is built of T91 commercial steel [102]. The chamber 

presents 48 penetrations for the laser beams. The beams are brought to the chamber through 

48 beam tubes which keep the vacuum inside. These tubes are also made of T91 steel. They 



have a squared section of 1 meter per 1 meter. The wall thickness of the beam tubes is 1 

cm. At 8 meters from the origin and inside the beam tubes, there are 48 focusing lenses. 

They are called the “renewable optics”, and they are placed in front of the ignitions with no 

shield to protect them against the resulting radiation. The renewable optics are squared 

lenses of 75cm side and 5cm of thickness. At 19 meters from the origin, also inside beam 

tubes, there are 48 groups of optical elements, named the Final Optics Assembly (FOA). 

These groups consist of 6 optical elements with different functions (mirrors, focusing 

lenses and frequency converters). All the elements are squares of 75 cm side, with 

thicknesses varying from 1 to 5 cm. They are also made of pure silica.  

 

Figure 23: Detailed view of the main optical systems: renewable lenses, final optics assembly, pinhole shield 
and beam tubes. 

Four shields in the target bay are proposed to protect both the workers and the 

optics. The first one is placed against the reaction chamber and it is called the chamber 

shield. It consists of a spherical shell of 80 cm of thickness, made of borated concrete. 

Given the efficiency of shielding close to the source, its thickness has doubled from the 

previous design. It is pursued a general reduction of the neutron spreading with this 

decision. At 16 meters from the origin, and outside the beam tubes, there is the FOA shield. 

It is a 2.5 meters thick shield made of standard concrete. To improve the previous situation 

between bursts in some areas regarding waiting time for workers entrance, its size has 



increased from 2 to 2.5 meters from the previous design, and its shape has changed from 

spherical to a double cylinder, because of remote handling systems requirements. At the 

same position, but inside the beam tubes, there are the pinhole shields. They are 48 concrete 

cylinders, with 50 cm of radius and 2.5 meters long, placed inside the beam tubes, 

presenting a conical perforation to allow the beam go through. Finally, there is a cylindrical 

shell shaped bio-shield of 25 meters of inner radius and 2 meters of thickness. This shield 

has not been optimized, as beam penetrations sizes have not been defined and a lot of 

machinery has still to be defined. However, it is expected that this bio-shield will be the 

final barrier against radiation during the operation of the facility. This distribution of 

shields defines 4 areas which need a radiological classification with regards to the workers 

access both during operation and during the maintenance. The interior of the chamber is 

well defined, and requires no special name. The space between the chamber shield and the 

FOA shield is called area 1. The space between the FOA shield and the bio-shield is called 

the area 2; the space outside the bio-shield is called area 3. It is only assumed the presence 

of workers in the facility, thus no reference is made to public. 

The remote handling systems requirements have forced the FOA shield to change its 

shape from spherical to double cylinder. Attached to this shield, there are four rails, from 

which the robots will access to the beam tubes, renewable optics and to outer part of the 

reaction chamber. The rails are made of steel alloy BS970-817M40 [108]. The remote 

maintenance in the interior of the reaction chamber does not impose restrictions on the 

shields, but on the chamber material. As it will be necessary for the chamber to exert some 

structural functions, aluminum alloys are definitively abandoned as candidate materials for 

the reaction chamber in benefit of steel alloys. Commercial T91 steel has been selected 

from the previous study for waste management considerations. 

In this study it is presented a dose rate and waste management assessment of the 

advanced design of HiPER engineering target bay, integrating optical systems, remote 

handling infrastructure and shielding requirements. It is pursued to characterize the 

radiological performance and justify the materials choice for this design. The study is 

divided in three stages of the lifetime of the facility: burst operation, period between bursts, 

and decommissioning. This study is interesting to make decisions on many aspects, such as 



materials choice, placement of equipments, systems configurations or remote maintenance 

design. 

3.4.1 Irradiation scheme 

For the HiPER engineering advanced facility, the irradiation scenario is relaxed in 

terms of total yield per year. Two types of shots are expected. Some shots of the burst 

would ignite, and some others would not. Thus, they would be still 100 shots burst at 10 

Hz, but only five shots in the whole burst would ignite; this is one ignition every 20 shots. 

In addition, the ignition would be of 20 MJ. One burst would take place every week. This 

stands for 5200 MJ/yr, 4.3 times higher than NIF expected scenario. The lifetime of the 

HiPER engineering advanced facility is 30 years. 

Figure 24. HiPER engineering advanced facility burst. 1 ignition every 20 shots in a 100 shots burst (5 
ignition in every burst). One burst would take place every week. 

3.4.2 Study scope 

The radiation presence offers a natural division in three stages in the time of interest 

for this study: the burst operation of the facility, where important neutron and gamma dose 

rates levels are reached during short periods of time; the time between bursts, where 

gamma dose rates resulting from the activation of the facility can be high enough to 

preclude the access of worker to certain areas; and the decommissioning, the period after 

the definitive shutdown of the facility when cooling times are spent for different waste 



management strategies for the activated components. All the materials have been studied 

considering a real or reasonable impurities concentrations, and their effect on the activation 

behavior has been taken into account. 

Burst operation 

While ignitions happen, there is a neutron spreading. A lot of these neutrons interact 

and generates gamma rays, which also spread through the target bay. The combination of 

neutron and gamma fluxes gives rise to high dose rates which affect to the workers and to 

the optical systems. Regarding to the workers, it is computed the Ambient Dose Equivalent 

[64], and take into consideration the limit for workers 20 mSv/yr [90]. A dose rate map of 

the target bay is performed. With regards to the optical elements, the absorbed dose is 

computed, via the deposited energy, by neutrons and gamma separately, in the renewable 

lenses and in the FOA.  

The dose rates map during operation offers a radiological evaluation of the different 

rooms inside the target bay. This map is useful for several reasons. It is assigned different 

classifications to rooms where the dose rates are above the limit during operation to the 

areas where workers could stand. An idea about the cold and hot regions inside every room 

is obtained. For example, if certain equipment may remain during the ignitions in any area, 

where to place it is an important information. This map represents an evaluation of the 

proposal of shielding. If necessary, further modifications to the shielding scheme will be 

made if, for example, better shielding is necessary for the optical systems, or electronic 

devices are defined to be placed in hot areas. The damage to optical systems induced by the 

irradiation is a complex phenomenon requiring a study apart. The group called “renewable 

lenses” is troublesome in this design, and its survivability is not clear due to the impact of 

ions and X-rays. However, the FOA is properly protected against short penetration 

radiation, and its survivability is assumed. The important damage for the FOA is induced 

by the neutrons and gammas. It is assessed the delivered dose rates to FOA during the burst 

operation. That value is compared against what would be obtained in the case of absence of 

FOA and pinhole shield. This comparison stands for an evaluation of shields. 



Period between bursts 

Due to the neutron spreading during the ignitions, the components inside the target 

bay get activated. The resulting gamma irradiation gives rise to residual dose rates. These 

doses may affect to the workers and optical elements. Regarding to the workers, in the 

period between bursts, the manual maintenance is not possible in some areas. As no 

specific task has yet been defined, the computed residual dose rates will be averaged on the 

whole space between shields. For workers It is computed the Ambient Dose Equivalent. 

With regards to the optics, the absorbed dose on the elements is calculated. For both 

calculations, it is also studied the partial contribution of the different elements to the 

residual dose rate, to identify potential responsible components. This information could be 

useful to reduce the residual dose rate by acting the specific troublesome components. 

Decommissioning 

It is expected that after 30 years of operation, the facility had completed its lifetime. 

The components inside the target bay that have been exposed to neutron irradiation may 

have become radioactive and require a special consideration as wastes. A Waste 

Management Assessment (WMA) of all the components inside the target bay is performed 

to support the decision making on the choice of materials and also to estimate and show 

general trends about the management of the activated material. This study of the WMA is 

the continuity of the study for the HiPER engineering preliminary facility, in the previous 

section 3.3, where it is evaluated the behavior of different steels for the reaction chamber. 



Methodology briefing. The Waste Management assessment of the advanced facility 

is more complex than the previous one, as materials different than steel are 

considered. In this evaluation of the waste management, the following strategies are 

considered: Clearance, Recycling and Burial, with this order of preference. The 

preferred one Clearance as the most attractive approach to the problem. The 

Clearance is allowed when the Clearance index (CI) is below unity [92]. If Clearance 

is not possible, Recycling is the second best approach. Depending on the material, the 

criteria for recycling is the specific activity or the decay heat. If the material is a steel 

alloy, the adopted upper limit for recycling is 1000Bq/g. Above this limit, steels may 

not be melted in foundries. If steel alloy is not the material to be recycled, the decay 

heat seems to be the only limitation for recycling. Thus, it is adopted 2000 W/m3 

[93], the active cooling limit as the upper limit for recycling. However it could be the 

case that none of these paths is possible, thus it also evaluated the viability of 

Shallow-Land Burial. This last path depends on the Waste Disposal Rate index, 

which should be below unity to allow a SLB. Independently of the waste 

management strategy, it also evaluated how to handle the material, remote or hands-

on manipulation. Mean the Contact Dose Rate, it is adopted a 10 Sv/h limit for 

hands-on manipulation and assess the contact dose rates against this limit 

3.4.3 Results 

In this subsection, the results are presented, and after that, their implications are 

assessed, and different variations of the baseline design which could improve the found 

behavior are explored. 

Burst operation 

During the operation, the neutron spread and the subsequent gamma production give 

rise to high dose rates that affect both the workers and the optical systems, and, when 

defined, to the electronic machinery and diagnostics. To evaluate the impact of the burst 

operation on the workers, it is computed a dose rate map of the Ambient Dose Equivalent. 

In this map it is also possible to find information about how the radiation is distributed in 

the target bay, and where are the most and least dose exposed locations in this design. It is 



also computed the absorbed dose rate into the FOA to evaluate how important is the FOA 

Shield. 

Dose to workers 

In the figure 20 there is the dose rate map of the Ambient Dose Equivalent during 

the operation. It is assumed that a worker would stand in the facility during all the ignitions 

taking place in a year. It is seen that the area 1 is well above the limit of 20 mSv/yr, thus 

workers are not allowed to stay there during the operation. The area 2 is mostly below the 

limit, but there are some locations which are above. The pinhole in the FOA shield 

represents a way out for the neutrons and gammas which projects a straight line of dose rate 

level above the limit.  

In fact, the pinholes are the main responsible for the dose rates in the area 2. In the 

figure 21, it is computed two dose rate maps. On the left side of the figure 21, it is 

presented a dose rate map corresponding to the FOA shield with no penetrations. The dose 

rates are well below the limit for workers, and are close to 10-7 Sv/yr. On the right side of 

the figure 21, however, it is computed the resulting dose rate map exclusively due to the 

particles spreading through the pinholes; any particle coming out through other component 

is not considered for this calculation. The dose rates in any location of the area 2 (figure 20) 

are very close to those found in the right hand side of figure 21. It is concluded that the 

dose rates in area 2 are mainly due to the spreading of particles through the pinholes. It is 

found unacceptable the simplification of no-pinhole FOA shield to assess the prompt dose 

rates, as there is a difference of up eight orders of magnitude. It is important to note that the 

prompt dose rate may not be reduced by increasing the thickness if the FOA shield. There 

is a minimum dose rate during the burst operation in this design, which corresponds to the 

particles coming through the beam penetrations. 



 
Figure 25: Prompt dose rates maps assuming the presence of a person in all the ignitions of the year. Ambient 
Dose Equivalent to workers. The Bio-shield has been considered in the simulation. 

Obviously, this situation will be altered when roofs and floors are taken into 

account, as they will deflect the particles, and the dose rates in this area 2 will result more 

homogeneous and perhaps lower than the limit of 20 mSv/yr. However, two options could 

be explored to handle these locally high dose rates. The first one is the use of “dose 

stoppers” such as water tanks or polyethylene blocks placed in front of the pinholes outside 

the beam tubes. Other option could be a “dose tube”, what is a tube made of a neutron 

reflecting material. Nothing would be inside these tubes, and dose rates outside would be 

attainable. 



 
Figure 26: Left: prompt dose rates map due to all the particles except those crossing the pinhole. Right: 
prompt dose rates map due exclusively to the particles crossing the pinhole. Ambient Dose Equivalent to 
workers. The Bio-shield has been considered in the simulation. 

Considering the results of the previous design, together with the obtained results, it 

can be concluded that outside the Bio-shield, workers may stand during the operation of the 

facility. In effect, it was already a free-exclusion area in the previous design, and in the 

current design, there are bigger shields. Furthermore, it is seen in figure 20 that, with the 

exception of the pinhole projections, the area 2 is close to the limit. Then, 2 meters of extra 

shield, the Bio-shield, will protect the workers. 

Dose to optics 

As mentioned, the optical systems can be deteriorated in the presence of neutron 

and gamma irradiation in several ways [42]. In the current design of HiPER engineering 

there are two groups of optical elements: the “Renewable lenses” and the “Final Optics 

Assembly”. The main threat for the renewable lenses is the short-term survivability. They 

are placed at 8 meters from the center of the reaction chamber, and there is no shield 

between them and the particles and radiation resulting from the fusion ignitions. Ions and 

X-rays will quickly melt and deteriorate the lenses. Some systems and special materials are 



being explored in the project to improve this situation, but nowadays, it is considered that 

damage in these lenses will be high enough to imply frequent renovations.  

However, there is another group, the Final Optics Assembly, placed at 19 meters 

from the center of the reaction chamber, which is composed by different optical 

components (mirrors, frequency convertors and focusing lenses). This group is very 

important and is protected in this scheme of Target Bay. The first protection, an indirect 

one, is the chamber shield, which reduces the amount of neutrons escaping from the 

chamber. The other two protections are direct shields devoted to decrease the damage in 

this group of lenses: i) the Final Optics Assembly Shield, acting as a contention barrier 

limiting the end of area 1 and the beginning of area 2; and ii) pinhole shield, decreasing the 

total amount of particles coming out through the penetrations in the FOA shield (see figure 

19). 

The damage generation in the lenses requires a study apart. However, it has been 

assessed the average absorbed dose rates in all the components of the Final Optics 

Assembly to evaluate the impact of the shields on this group of lenses. In separate 

contributions, it is depicted in table 7 the average absorbed dose rate derived exclusively 

from the particles spreading through the pinhole (direct particles) and, on the other hand, 

the averaged absorbed dose rates due to the rest of the particles (indirect particles). These 

contributions are subdivided in neutrons and gammas contributions. To assess the impact of 

the shields in the protection of the FOA, the results are compared, in the table 8, with the 

average absorbed dose rate in the absence of FOA and pinhole shields. 

Table 8: Averaged absorbed dose rate in FOA for HiPER engineering advanced design and different 
contributions 

 Gy/yr Contribution 

Direct n 5.18·10
-4

 88.5% 

Direct  6.67·10
-5

 11.4% 

Indirect n 4.49·10
-10

 Negligible 

Indirect  1.27·10
-7

 0.1% 

Total 5.85·10
-4

 100% 

 



Table 9: Averaged absorbed dose rate in FOA for HiPER engineering advanced design with the absence of 
FOA shield and pinhole shield, and contributions. 

 Neutrons 
Absence of 
shields 

Gamma 
Absence of 
shields 

Total Ratio 

Gy/yr 14.1 37.7 51.8 88547 

The first point to note is the important reduction of absorbed dose rates in burst 

operation regime in the Final Optics Assembly compared to that in the previous design, 

section 3.2. This is due to the reduction of total neutron yield (120000 MJ/yr in the 

previous irradiation scheme, 5200 MJ/yr in the current one) plus the increment of thickness 

in the chamber shield, FOA shield and pinhole shield. 

It is observed that absorbed dose rates arise mainly due to the particles coming out 

through the pinhole (99.9 % of the total absorbed dose rate). Then, an increase of the FOA 

shield thickness cannot reduce the induced damage in this group of lenses. However, the 

presence of FOA and pinhole shield makes a considerable difference with the situation of 

absence of shields. The averaged absorbed dose rates are reduced by almost six orders of 

magnitude. 

Period between bursts 

Due to the neutron spreading during the ignitions of the burst regime operation, the 

materials in the target bay get activated. The resulting decay gammas account for the 

residual dose rates which will affect both to workers and FOA. 

There is no maintenance plan and no task definition to be performed in the target 

bay, thus it is not computed a dose rate map. Instead of it, it is computed the time evolution 

of the averaged dose rates between bursts (1 week period). It is also computed the 

contributions of the different components to the dose rates (both to workers and FOA) and 

its time evolution. In this way, the following information is offered: regarding to workers, 

the time evolution of the Ambient Dose Equivalent averaged in whole areas is presented. 

Together with it, it is also presented the main contributors to the dose rates in that area, and 

its time evolution. With regards to FOA, it is presented the time evolution of the absorbed 



dose rates averaged in all the components and the time evolution of the main contributions 

to this quantity. 

Dose to workers from decay gammas 

In the period between bursts, certain tasks might be done in the target bay. The 

residual dose rates will impose the necessity of remote handling in some areas of the target 

bay, as manual handling will be possible in some others. It is evaluated this situation by 

means of computing the averaged Ambient Dose Equivalents in the following areas: inside 

the reaction chamber, and areas 1, 2. Considering the study in the previous design, it is 

concluded that area 3 does not present any trouble related to activation, and no further study 

is made here. 

In figure 22, it is presented the time evolution of the averaged residual dose rate 

from the end of a burst up to the beginning of the next one (one week of period between 

bursts) for the different rooms. As it is concerned to workers, it is calculated the Ambient 

Dose Equivalent. It has been found no accumulative effect between bursts. In the period of 

one week, the dominating isotopes to the residual dose rate are short-life isotopes. The 

information that it is presented, is referred to the period after 30 years of irradiation, but it 

is verified that it is the same that after the first burst. 
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Figure 27: Averaged residual dose rate between bursts to workers inside the chamber, in area 1 and area 2. 
Ambient Dose Equivalent to workers after the last burst 

Inside the chamber and in area 1, remote handling is necessary, as the limit of 10 

Sv/h is not fulfilled between bursts. This behavior is not altered from the previous design. 

However, in area 2, manual maintenance is possible from the end of the burst. In the 

previous design, it was necessary to spend 36 hours of cooling time before the limit was 

reached. Then, there is no motivation for exploring alternatives to reduce the residual dose 

rate in area 2. This change is due to the increase of shields and the reduction of total 

neutron yield, as the amount of neutrons reaching this area 2 has decreased significantly. 

A deeper analysis of the situations inside the chamber and area 1 is required, as they 

are the troublesome rooms in the period between bursts. Inside the chamber, the 

contributions to the residual dose rate are found in figure 23. 

 
Figure 28: Contribution of target bay components to residual dose rates inside the chamber. Ambient Dose 
Equivalent to workers. 

From the shutdown to one hour, the chamber and the rims contributions increase 

from a 15% to a 95%, decreasing the contribution of the chamber shield. This is also their 

contribution at the time of one week, when the next burst starts. The residual dose rates 

arising from the chamber and rims at the time of one week are mainly due to 106Agm 

(7.8%), 110Agm (25.7%) and 54Mn (46.2%). The two first isotopes derive from the Ag initial 
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concentration in the T91 steel alloy, being an impurity. The 54Mn derives from the Fe, main 

intended element of the steel alloy. 

In the area 1, the contributions of the different components to the residual dose rate 

are depicted in figure 24. 

 
Figure 29: Contribution of target bay components to residual dose rates in area 1. Ambient Dose Equivalent to 
workers. 

The pinhole shield and FOA shield dominate (90% of the total contribution) from 

the shutdown to one hour. After one hour, the situation is inverted (< 30% of the total 

contribution) in benefit of the tubes and rails. At one week, the main contributions are in 

table 9. 

Given the specific contribution of the components, the most important isotopes at 

that time in the area 1 are 46Sc and 54Mn. 46Sc derives from Sc in the concrete; 54Mn is 

produced in the Fe of the T91 steels alloy of the tubes. Replacing the materials for the tubes 

or exploring the viability of zero presence of Scandium in the concrete could result in the 

reduction of the dose rates. These changes represent a factor 9 of reduction of the dose 

rates, they would be enough, as a reduction factor 24 is necessary to allow manual handling 

in area 1 before 1 week. 
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Table 10: Main contributing isotopes to residual dose rate in area 1 at one week. 

Component Contribution Main isotopes 
Rims 4% 106Agm(4.9%), 

110Agm(41.8%), 
54Mn(32.1%) 

Rails 5% 58Co(10.4%), 60Co(29.7%), 
59Fe(26.8%), 54Mn(26.5%) 

Pinhole Shield 25% 46Sc (94.6 %), 24Na(5.0%) 
Tubes 1 27% 106Agm(9.4%), 

110Agm(18.6%), 
54Mn(49.9%) 

FOA shield 40% 46Sc(83.3%), 24Na(9.1%) 

If manual maintenance is mandatory in this area 1, further strategies will be 

necessary. It could be suggested, timetable planning for exposures, different shielding 

configurations and alternative materials for FOA and pinhole shielding. 

Dose to optics from decay gammas 

The FOA is a very important group of optical elements. This group focuses the laser 

beam, it converts its frequency, and extracts a part of it to do diagnostics. It is then 

important that the damage due to the irradiation does not alter its optical properties. 

During the burst operation, a combined irradiation of neutrons and gammas reaches 

this group of lenses during very short periods of time. In the period between bursts, this 

group is exposed to continuous gamma irradiation, much lower in intensity, but for 

significantly longer times of exposures. The integrated deposited energy over a year could 

give rise to a source of damage similar to that of burst operation. Thus, it is computed the 

absorbed dose rate during the period between bursts. 

In figure 25, it is shown the time evolution of the residual dose rate in the FOA. It is 

seen that integrating the dose rates over the whole year, this term of dose is in the order of 

magnitude of 10-3 Gy/yr, what is higher than the integrated dose rate deposited in a year due 

to burst operation. Thus, if the absorbed dose rates during the burst operation (neutron and 

gammas, table 7) were considered to be troublesome, the integrated residual dose rate (only 

gamma) also has to be taken into account as a source of damage, as they are similar in 

magnitude. 



 

Figure 30: Residual dose rate to FOA. Averaged absorbed dose rate in all the components. 

End of life 

The estimated lifetime for the facility HiPER engineering is 30 years. The waste 

management of the facility after the irradiation is mandatory from the design phase, to 

minimize the volume, and plan the decommissioning. The management strategy is focused 

on avoiding the burial or long-term storage. Thus, they are explored the two following 

strategies: Clearance and Recycling. It is also computed, as a guide the WDR index, to 

know if the waste could be allocated in a Shallow-land burial, as last alternative if 

Clearance and Recycling were not possible. The quantities are evaluated for activated 

materials after 30 years of irradiation. 

To perform the evaluation of Clearance, it is followed the Clearance index. If this 

CI index is below the unit, the Clearance of this material is possible. This option is the 

preferred solution, as the components would undergo declassification as radioactive 

material. However this strategy is very demanding and it is not always possible. Regarding 

to recycling, the procedures given in [93] are followed. If the material to be recycled is 

steel, it is necessary to reach a specific activity below 1000 Bq/cm3; this permits to process 

the steel alloy in foundries. If it is not steel, the only restriction for recycling has to do with 

the decay heat. Below 2000 W/m3, active cooling is no longer necessary, and recycling is 
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possible. Furthermore, the evaluation of the Contact Dose Rate (CDR) indicates whether 

the material may be manually handled or if remote handling is necessary for the 

manipulation. Further information is given in the chapter 4. 

In table 10 it is presented the evaluation of the different indexes for all the 

components of the target bay. The appearing order in the table is done by materials: steels, 

concretes and silica. The steel selection for the reaction chamber is deeply studied in 

section 3.3. 

In general, the components made of steel do not easily fulfill clearance limits (with 

the exception tubes in area 2), and they require less than 30 years to be recycled in 

foundries and less than 20 years to allow manual handling. The components made of 

concrete can undergo clearance with few years of cooling time (with the exception of the 

chamber shield, which requires 70 years). They can be recycled from the shutdown, given 

their low residual heat, and require some months to allow the manual handling. The optical 

components, which will not be probably exposed to radiation the 30 years of lifetime of the 

facility, can undergo clearance and be recycled manually from almost the shutdown. 

Table 11: Waste Management Assessment summary for the target bay components. 

Component Clearance Recycling Manual Handling 
Chamber NO 26 years 20 years 
Rims NO 20 years 15 years 
Tubes1 45 years 15 years 5 years 
Tubes2 always always 0.5 hour 
Rails 30 years 5 months 2 weeks 
Chamber shield 70 years Always 3 months 
Pinhole shield 5 years always 1 month 
FOA shield 3 years always 6 months 
Bio-shield always always always 
Renewable lenses 3 days always 2 hours 
FOA always always 0.5 hours 

 

It is also evaluated the WDR for Shallow-land burial (SLB) as Class C wastes[91]. 

It is not necessary because the components can be managed with no radiological waste 

disposal (Clearance and Recycling), but it was estimated important to offer this information 

for comparing with DEMO reactors, were SLB is an important alternative. It was found that 



the WDR is orders of magnitude below the limit for SLB, thus, the whole target bay could 

be allocated in a Shallow-land Burial if necessary. 

There is however another issue in connection with the WMA, related to the residual 

dose rate emitted by all the components. It is critical to decide if remote operation is 

necessary to extract the components from the target bay. Certain tasks of pre-processing for 

the waste management (cutting, packing, cleaning…) might be done in-situ. It has been 

then computed in the figure 26, the time evolution of the residual dose rate inside the 

reaction chamber and in area 1 from 1 week to 100 years, together with the time evolution 

of the contributions of the components.  

 
 

Figure 31: Averaged residual dose rate after the final shutdown inside the chamber and in area 1. Ambient 
Dose Equivalent to workers. 

It is necessary to spend 3 years to allow the entrance in the area 1, and 7 years to 

allow the entrance inside the chamber. After this time, and fulfilling the restrictions 

imposed by the CDR of the components inside the rooms (table 4), manual manipulation is 

allowed. This option is an advantage because it avoids the necessity of certain equipment to 

prepare the waste management of the components. 
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The contributions of the different components to the residual dose rates inside the 

chamber are the same from 1 week to 7 years (see figure 23). Inside the chamber the 

responsible components for the dose rates are the chamber itself and the rims. In the area 1, 

the time evolution of the contributions from 1 week to 4 years is shown in figure 27. 

 
 

Figure 32: Contribution of target bay components to the residual dose rate after the final shutdown in area 1. 

It is seen that from 6 months to 4 years, the tubes are the main responsible for the 

residual dose rate in area 1. Around 4 years, the main isotopes contributing to it are 60Co 

and 54Mn. The first one derives from both the Ni and Co impurities in T91, and the second 

one derives from the Iron. Impurities control could improve the situation reducing the dose 

rate at that time. Other strategy would be replacing the tubes and rails material; the cooling 

time to allow the entrance in area 1 could be shorter by means of lower activation materials 

for tubes 1 and rails as they account for the 55% of the contribution to the dose rates around 

4 years of cooling time. 

3.4.4 Conclusions 

It has been performed an overview of the radiological response of the facility 

divided in three stages: burst operation, period between bursts and decommissioning. The 
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HiPER engineering model is divided in rooms occupying the space between shields: 

between the chamber shield and the FOA shield it is found the area 1. Outside the FOA 

shield and inside the Bio-shield the area 2 is found. The space outside the Bio-shield is the 

area 3. 

In the burst operation, the entrance in area 1 is forbidden. In area 2 there are some 

places where workers could stand, but it is recommended a deeper analysis, taking into 

account future details definitions in the design such as roofs, floors, doors, equipment 

penetrations, etc. In area 3 the entrance is allowed with no exception. Regarding to the 

computation of ambient dose equivalent, it has been found that more than 99.99% of the 

doses to workers in any location of area 2 are due to particles coming through the pinholes. 

It is has been found unacceptable the simplification in the modeling of a no-pinhole FOA 

shield. With regards to the final optics assembly, in this new design, it has been found that 

the absorbed dose rates have significantly decreased compared to the early design, given 

the increase in the chamber shield, FOA shield, and pinhole shield thickness. The 99.9% of 

the dose rates in FOA are due to particles coming through the pinhole. It has also been 

assessed the impact of the presence of the FOA shield and pinhole shield in the FOA 

absorbed dose rate. It has been estimated that the presence of these shields reduces into 

almost six orders of magnitude the absorbed dose rate in FOA. 

The calculation of Ambient Dose Equivalent in the period between bursts indicates 

that the entrance is forbidden inside the chamber and in the area 1. The main responsible 

components of the target bay for the residual dose rates inside the chamber and area 1 have 

been identified together with the most contributing isotopes. Inside the chamber at one 

week, the chamber and rims are the responsible components for the dose rates, and 106Agm, 
110Agm and 54Mn the responsible isotopes. The two first derive from the Ag in the T91, an 

impurity. The last one derives from the Fe, main intended element is the steel alloy. In the 

area two, the responsible components for the dose rates ate one week are the tubes 1, the 

pinhole shield and the FOA shield. The main responsible isotopes are 54Mn and 46Sc. The 

first one derives from the Fe of the tubes steel T91, and the second one is created from the 

Sc present in the concrete of the shields. The area 2 and the area 3 are free of restrictions 

from the end of the burst. In the previous design, the area 2 needed 36 hours to allow the 



entrance, but the increment of shields thicknesses changed this situation. With regards to 

absorbed dose rates in FOA in the period between bursts, it is found that the year-integrated 

residual dose rate and the year-integrated prompt dose rate in the FOA are of the same 

order of magnitude. 

The waste management evaluation shows attractive alternatives in the short and 

mid-term. All the components, with the exception of the chamber, the rims, the chamber 

shield and the tubes of area 1, fulfill the clearance limits before 30 years. Those 

components which cannot undergo a clearance in 30 years may be manually recycled 

before 30 years. Thus, It is concluded that in 30 years, the whole target bay may be 

managed as a waste with no burial needs. It has been also evaluated the residual dose rate 

inside the chamber and in area 1. This information is important to make decisions on the 

kind (remote or manual) of in-situ pre-processing (cutting, packing, cleaning…) for the 

waste management of the components. It has been found that after 3 years, the entrance is 

allowed in area 1, while 7 years are necessary to access the interior of the reaction chamber. 

The results have been obtained considering impurities in commercial materials. This means 

that the impurities effect is not very relevant, since its presence does not imply advanced 

control to allow a reasonable waste management. 

3.5 Summary 

Two different facilities of HiPER engineering have been studied under the 

radiological protection scope. The first one, the preliminary facility was a primitive 

proposal of basic components (reaction chamber, vacuum pipes and optic elements) with 

four different shields extrapolated from NIF and LMJ proposal (chamber shield, pinhole 

shield, FOA shield and Bio-shield). For the preliminary facility two studies were carried 

out. The first one was oriented to a rough evaluation of the shielding proposal related to the 

doses imparted to the optic elements and the workers. For the FOA it was evaluated the 

impact of the FOA shield, and for the workers, averaged dose rates were assessed during 

operation and between bursts. The absorbed dose rate during operation in the FOA reaches 

values of 1460 Sv/yr in the absence of FOA shield. The FOA shield reduces this quantity to 

48.2 Sv/yr, a reduction of a factor 30.3. During the operation, workers are not allowed to 

enter in areas 1 and 2, while the area 3 fulfils the recommendations to workers regarding 



with dose rates. Between bursts, maintenance inside area 1 must be strictly remote. Inside 

the area 2, it is expected manual maintenance after some considerations, planning and 

likely modifications of the design. In area 3, manual maintenance is recommended. The 

other study was a selection of steel to build the reaction chamber of the preliminary facility 

from the waste management assessment standpoint. The commercial ferritic/martensitic 

steel T91 was selected for presenting,, together with the low activation steel EUROFER97, 

the best waste management assessment. Being a commercial steel, it presents obvious 

economic advantages over the EUROFER97. 

The second facility of HiPER engineering studied was the advanced facility. The 

first change is related to the irradiation scheme. From 120000 MJ/yr, the total yield is 

reduced to 5200 MJ/yr. The steel of the reaction chamber has been fixed, the FOA shield 

changes its shape from spherical shell to a double-cylinder shell. All the shields are 

increased, and maintenance rails are introduced attached to the FOA shield. For this facility 

dose rates during operation and maintenance are computed. During the operation, it is 

computed a dose rate map, in which it is stated that most of the dose rates arising outside 

the FOA shield is due to the neutron streaming through the pinhole in the pinhole shield. 

Between bursts, it is computed a averaged dose rate, as it is computed the contribution of 

every facility component to it in every area defined by the shields. A waste management 

assessment of all the facility components is also performed for a 30 years lifetime. 

In the burst operation, the entrance in area 1 is forbidden. In area 2 there are some 

places where workers could stand, but it is recommended a deeper analysis, taking into 

account future details definitions in the design such as roofs, floors, doors, equipment 

penetrations, etc. In area 3 the entrance is allowed with no exception. Regarding to the 

computation of ambient dose equivalent, it has been found that more than 99.99% of the 

doses to workers in any location of area 2 are due to particles coming through the pinholes. 

It is has been found unacceptable the simplification in the modeling of a no-pinhole FOA 

shield. With regards to the final optics assembly, in this new design, it has been found that 

the absorbed dose rates have significantly decreased compared to the early design, given 

the increase in the chamber shield, FOA shield, and pinhole shield thickness. The 99.9% of 

the dose rates in FOA are due to particles coming through the pinhole. It has also been 



assessed the impact of the presence of the FOA shield and pinhole shield in the FOA 

absorbed dose rate. It has been estimated that the presence of these shields reduces into 

almost six orders of magnitude the absorbed dose rate in FOA. 

The calculation of Ambient Dose Equivalent in the period between bursts indicates 

that the entrance is forbidden inside the chamber and in the area 1. The main responsible 

components of the target bay for the residual dose rates inside the chamber and area 1 have 

been identified together with the most contributing isotopes. Inside the chamber at one 

week, the chamber and rims are the responsible components for the dose rates, and 106Agm, 
110Agm and 54Mn the responsible isotopes. The two first derive from the Ag in the T91, an 

impurity. The last one derives from the Fe, main intended element is the steel alloy. In the 

area two, the responsible components for the dose rates ate one week are the tubes 1, the 

pinhole shield and the FOA shield. The main responsible isotopes are 54Mn and 46Sc. The 

first one derives from the Fe of the tubes steel T91, and the second one is created from the 

Sc present in the concrete of the shields. The area 2 and the area 3 are free of restrictions 

from the end of the burst. In the previous design, the area 2 needed 36 hours to allow the 

entrance, but the increment of shields thicknesses changed this situation. With regards to 

absorbed dose rates in FOA in the period between bursts, it is found that the year-integrated 

residual dose rate and the year-integrated prompt dose rate in the FOA are of the same 

order of magnitude. 

The waste management evaluation shows attractive alternatives in the short and 

mid-term. All the components, with the exception of the chamber, the rims, the chamber 

shield and the tubes of area 1, fulfill the clearance limits before 30 years. Those 

components which cannot undergo a clearance in 30 years may be manually recycled 

before 30 years. Thus, It is concluded that in 30 years, the whole target bay may be 

managed as a waste with no burial needs. It has been also evaluated the residual dose rate 

inside the chamber and in area 1. This information is important to make decisions on the 

kind (remote or manual) of in-situ pre-processing (cutting, packing, cleaning…) for the 

waste management of the components. It has been found that after 3 years, the entrance is 

allowed in area 1, while 7 years are necessary to access the interior of the reaction chamber. 

The results have been obtained considering impurities in commercial materials. This means 



that the impurities effect is not very relevant, since its presence does not imply advanced 

control to allow a reasonable waste management. 

 



4. HiPER reactor 

4.1 Reactor and reaction chamber requirements 

The HiPER reactor facility pursues the demonstration of power production in 

economical sound conditions, based in the extension of the technologies developed during 

the HiPER engineering phase, explained in chapters 1 and 2. It has to be built in the short-

term (30 years), and it should present a wide improvement margin relaying in the 

reasonable and expected R&D advances for the next 50 years. 

Any source of energy has to reach, to the extent possible, a balance of three 

conditions to compete in the energy market in favorable conditions: 

1. Security of energy supply 

2. Economic competitiveness 

3. Safety and environmental impact 

All the energy sources present intrinsic characteristics affecting to these conditions. 

For example, in the case of the coal, the reserves are placed mainly in the most energy 

consuming countries, it is the cheapest source of energy, and it emits high amounts of CO2. 

But in addition to the intrinsic characteristics, there are some others linked to the 

technological exploitation of the energy source, which can equally affect to the three 

conditions. For example, the coal mining industry is severely unsafe in China, and a safe 

activity in the US. The scheme of intrinsic and technological characteristics of an energy 

source is also valid for the nuclear fusion. It will be mandatory to deal with the intrinsic 

characteristic of the source and it will be necessary to take advantage of a given 

technological exploitation. 

The security of energy supply for the nuclear fusion relies in the lithium and other 

key materials abundance, together with a suitable tritium self-sufficiency of the reactor and 

a high plant availability. While the first one is an intrinsic characteristic of the nuclear 

fusion, the second and third ones are highly design-dependent. Given that tritium does not 



naturally occur, the high reactor consumption2 and the difficult tritium confinement, it is 

necessary that every reactor generates its own tritium demand at the consumption rate and 

in situ. There will be, consequently, systems devoted to breed the tritium, to extract it, 

process it and make it available for its consumption in the reactor, at an appropriate rate. 

The result of the integration of the systems devoted to this end is the so-called tritium self-

sufficiency of the reactor. Several technological options have been proposed to guarantee 

the tritium self-sufficiency of the reactor, each one implying some demands and advantages 

in other fields, such as the safety or the R&D needs. Regarding with the plant availability, 

it is necessary to minimize both the expected and unexpected stops of the plant; in addition, 

it is required to guarantee the tritium self-sufficiency, which has also a relevant impact in 

the plant availability. 

The economic competitiveness of the nuclear fusion is mainly driven by the capital 

costs, the plant availability, the efficiency of the systems and the costs of the key materials. 

Except the last one, all of them are design-dependent. The plant availability plays a major 

role. The longer the plant operates, the cheaper the electricity results; more power is 

generated for a given capital cost. In addition to the plant availability, the efficient 

performance of the systems is very important for turning profitable a given investment in 

capital costs. And finally, the capital costs, which are also partially design-dependent, 

represent a reference point to analyze the economic competitiveness. The simplicity of the 

design, an appropriated selection of materials, the construction costs and the safe operation 

are elements imposed by a given design, which impacts on the capital costs. 

The safety and environmental impact of the nuclear fusion are partially intrinsic and 

partially design-dependent. As the nuclear fusion reactors will be intrinsically radioactive 

facilities, safety threats will arise from the presence and manipulation of radioactive 

inventories, and radioactive wastes will be equally generated. However, the choice of 

certain technologies for the reactor design will imply different dangerousness and volumes 

of the radioactive inventories and wastes. 

                                                 
2 In a nuclear fusion reactor, 55.6 kg of tritium will be burnt every year per GW, 55.6kg/GW·fpy. 

The recovery rate of the CANDU reactors, one of the main sources of industrial tritium, is 1.7 kg/yr. 
Consequently, the fusion reactors must foreseen a tritium breeding mechanism to generates their own 
consumption. 



The reactor design requirements fixed for the HiPER reactor are the following: 

tritium self-sufficiency, high plant availability, high systems efficiency, reduced capital 

costs, no need for external evacuation plan and radioactive waste management conceived 

from the design. Some of these requirements are vague statements, and they are to be 

understood as design guidelines, rather than final requirements. 

The object of study of this work is the design of a reaction chamber for the HiPER 

reactor. The reaction chamber is the nucleus of the power plant in the sense that it hosts all 

the nuclear reactions delivering the power that will be former transformed into electricity. 

For this reason, the reaction chamber requirements will be those demanded to the reactor 

and previously exposed. 

4.2 Recent IFE reaction chambers 

From now, special attention is paid to the blanket technologies, for being the central 

issues of the work presented here. The implications of the use of the different breeders is 

deeply exposed in the next sections. Also, some comments on the implications of certain 

first wall and vacuum vessel technologies are given to frame the exposed studies. In this 

subsection it is anticipated a summary of the most important IFE recent projects having 

developed a reaction chamber concepts based in dry wall technologies, as HiPER: HAPL, 

LIFE and FALCON-D. It is also anticipated the HiPER reactor choice for preliminary 

reaction chamber: unprotected dry wall, self-cooled lead lithium blanket with EUROFER97 

structure. In the next sections this choice is justified. 

The High Average Power Laser (HAPL) was led by the Naval Research Laboratory 

in USA, was a coordinated effort to develop an IFE reactor with the same characteristics of 

HiPER: direct drive ignition, unprotected dry wall chamber. Instead of focusing and 

deepening in a given reaction chamber technology, three main alternatives were explored 

conceptually: Self-Cooled Lithium blanket, Dual Coolant Lead-Lithium blanket and 

Li4SiO2 solid blanket. It represented an assessment of the different possibilities to 

accommodate a consistent reaction chamber to the reactor requirements. It may be used as 

starting point for deepening in different concepts, as the most elementary parameters of 

some viable reaction chambers were calculated. 



The Laser Inertial Fusion Energy (LIFE) reactor, led by Lawrence Livermore 

National Laboratory in USA is contemporary with HiPER project. It pursues the delivery of 

a commercial power plant concept by 2020 based on the NIF researches. Thus, it is based in 

indirect drive ignition, main difference with HiPER. The FW technology is gas-protected 

dry wall, using Xenon gas. The LIFE reaction chamber has been proposed to use a Self-

Cooled Lithium blanket. 

The Fast ignition Advanced Laser fusion reactor CONcept - Dry wall version 

(FALCON-D) is a reactor developed in Japan. It is based in the cone guided fast ignition, 

and unprotected dry wall. Similarly to HAPL and HiPER, it makes use of a tungsten armor 

mounted on a low activation ferritic steel substrate, F82H in this case. The FALCON-D has 

been proposed to use a solid breeder blanket, Li2TiO3 as breeder, cooled with water. It is an 

extrapolation of an ITER TBM. 

As it is explained in detail in the next section, HiPER is a direct drive, unprotected 

dry wall reactor, common points with HAPL. The subject of study here is a proposal of 

reaction chamber based on a self cooled lead lithium blanket with EUROFER97 structure. 

This concept was not studied before, as the HAPL concept is dual coolant with Helium, and 

the MFE SCLL concepts make use of SiC material, introducing a significant technological 

risk. 

In the table 11, it is shown a summary of the recent IFE dry wall reaction chamber 

technologies. In some sense, the HAPL project represented an update and a revision of the 

viability of different reaction chambers in the nowadays technological status of lasers 

development and dry wall FW proposals. The pure lithium option has been deeply 

developed by the LIFE project; the solid breeder proposal has been deeply developed by the 

FALCON-D project. The LiPb option, had not, up to this work, an updated and deep 

development for a dry wall reactor, further than the HAPL initial approach. 

 

 

 



Table 12: Summary of the reaction chamber technologies chosen for the recent IFE dry wall reactor design. 

 HAPL-1 HAPL-2 HAPL-3 LIFE FALCON-D HiPER 

Ignition Direct Direct Direct Indirect Fast 

ignition 

Direct 

First Wall FS - 

Tungsten 

FS - 

Tungsten 

FS - 

Tungsten 

FS - Gas 

protected 

FS - 

Tungsten 

FS - 

Tungsten 

Breeder Pure Li LiPb Li4SiO2 Pure Li Li2TiO3 LiPb 

N.Multiplier - Pb Be - Be Pb 

Structure F82H F82H F82H F82H-

ODS?? 

F82H EUROFER97 

Coolant Self 

cooled 

breeder 

Dual 

cooled 

breeder - 

He 

Helium 

 

Self cooled 

breeder 

Water Self cooled 

breeder 

 

4.3 Preliminary reaction chamber for HiPER reactor 

There have been different concepts of reaction chambers along the past decades. For 

the HiPER reaction chamber, in this study it has been selected the approach of decoupling 

components of the reaction chamber to be physically independent from one another. This 

philosophy, also followed by LIFE in LLNL, is based in the fact that quite different tasks 

are to be performed under different extreme conditions by the reaction chamber. It is more 

difficult to design a single multi-tasking component than multiple single-tasking 

components. In addition, if a single multitasking component fails in one task, it has to be 

fully substituted, with economical penalization. The multiple single-tasking components 

approach shows a superior performance in terms of maintenance of the reaction chamber. 



Three main components are defined for the HiPER reaction chamber: the First Wall (FW), 

the Tritium Breeding Blanket (TBB) and the Vacuum Vessel (VV). 

The First Wall is the system which will directly face the ignitions. Its operation 

conditions are very demanding, as it will have to withstand a maintained and high flux of 

ions and X-rays which are deposited in the first microns of the material. It will quickly 

deteriorate, and it will be often replaced. In addition to resist the impact of these two 

important fluxes and protect the rest of the chamber from them, it will also have to allow 

the extraction of the energy carried by these fluxes and deposited onto the first layer of the 

system. 

The tritium breeding blanket task is mainly related to the neutrons generated in the 

fusion ignitions. The TBB must recover the energy carried by the neutrons, while breeding 

as much tritium as that consumed in the reactor (55.6 kg/fpy). In addition to this principal 

task, it must also allow an efficient extraction of the deposited energy by the neutrons, and 

offer the neutron shielding necessary to guarantee the Vacuum Vessel integrity during the 

whole facility lifetime. The blanket structural integrity is threatened by the damage induced 

by the neutron irradiation, and it will also have to be replaced along the reactor lifetime. 

The vacuum vessel task is to maintain the required vacuum conditions previous to 

the ignition of the target, and to restart them before the next ignition takes place. Given the 

dimensions of this component, it must be designed as a lifetime component, differently to 

the FW and the TBB. 

The three reaction chamber components must be integrated to guarantee the correct 

operation of the reaction chamber with an availability as high as possible. And, at the same 

time, they should be arranged in such a way that they do not difficult the maintenance and 

replacement from one another. In this study, the TBB is deeply studied, as it is the main 

nuclear component of the reaction chamber. The FW and the VV are also studied, from the 

radiation damage standpoint. 

 

 



4.3.1 Selection of technologies 

Along the years, different technological approaches have been proposed for the FW, 

TBB and VV, offering partial solutions and implying specific concerns. 

First-wall and Vacuum Vessel 

Most of the technological aspects of the First Wall of the HiPER reactor are out of 

the scope of this study. The only interesting point for this work is the cooling of the First 

Wall, as it may be shared with that of the blanket, and they will define the main cooling 

circuits of the reaction chamber. 

The technology chosen for the HPER reactor was fixed by the project leader team. 

The HiPER reactor, as extrapolation of the HiPER engineering technologies, will make use 

of dry wall technology. Whether the chamber will operate unprotected or gas-protected is 

still an open issue, which, in any case does not affect to the chamber design but to the First 

Wall materials. It is then the starting point: dry wall technology. 

The dry wall FW suffers a very high deterioration[28][24], [25], [19], [30]. The ions 

and the X-rays fluxes deposit a huge heat in the first microns of the material facing the 

ignitions. This has strong implications in the survivability of the material. From the thermal 

standpoint, it will probably melt; from the atomistic standpoint, there will be an accelerated 

erosion and sputtering process. The FW design approach followed with the time has been to 

decompose the FW into two different subcomponents: the armor and the substrate. The 

armor will be a very resistant material (nowadays, materials such as tungsten are considered 

for armor). Its function will simply be to stop the ions and X-Rays maintaining its 

mechanical integrity along the time. The armor will be mounted on the substrate. This 

substrate will not undergo the stressing conditions of the armor, and thus it can be made of 

some other less resistant and cheaper material. Its function will be to hold the armor and to 

host the cooling circuit to evacuate the deposited power on the armor. However, as it will 

withstand a maintained high energy neutron flux, it has to be built of a low activation 

radiation resistant material. 



The armor definition relies on other research groups of HiPER, placed in Instituto 

de Fusión Nuclear, Universidad Politécnica de Madrid (UPM). In this study, the armor has 

been assumed to be made of 1mm of thick tungsten [22], [23], [29]. It is given as an input 

for this work, its viability is not under study here. The substrate definition is also 

responsibility of UPM First Wall team; here it is assumed that the substrate will be made of 

2 cm of thick EUROFER97 or EUROFER-ODS; both are under consideration for different 

reasons. In the following section different aspects of these two structural materials will be 

given. The substrate is the interface of the FW and the rest of the chamber, and as so, 

although being responsibility of the UPM First Wall team, it requires the interaction with 

the reaction chamber design team. In this study, where the main field of study is the 

blanket, and its cooling performance among others, the FW is studied under the scope of 

heat removal. Whether the FW substrate is cooled together with the blanket or with its own 

cooling circuit will be the main subject of FW related studies of this work. Always that the 

armor withstand the maintained high fluxes conditions, the FW will be often replaced given 

the neutron radiation damage suffered by the substrate. The substrate lifetime will be of the 

order of that of the inner blanket surface, as they are exposed to similar neutron fluxes. 

Regarding with the Vacuum Vessel, it has been decided to be lifetime component. 

Three implications are derived from this decision: 

1. Reweldability must be always guaranteed in the external surface of the 

Vacuum Vessel to allow the maintenance. 

2. Its structural integrity has to be guaranteed for the facility lifetime, 40 years. 

Thus, it must be properly shielded against the neutron flux arising from the 

ignitions to limit the radiation damage induced in the material. In addition it 

has to be built of a radiation resistant material. 

3. It has to be built of a reduced activation material. Otherwise, after 40 years 

of maintained neutron irradiation it could become a radioactive waste with 

difficult justification. 

From these three implications, it has been made the decision of choosing 

EUROFER97 as structural material for the vacuum vessel; it combines an upgraded 



radiation resistance compared to commercial materials with a reduced activation 

performance [59]. 

Tritium breeding blanket 

It is necessary to propose a blanket concept compatible with the FW and VV 

capable to guarantee the tritium self-sufficiency, to extract the neutronic energy from the 

fusion yield and to provide enough shielding to the VV. The lithium is the only tritium 

breeder which can guarantee the tritium self-sufficiency of the reactor. The starting point 

for the blanket design is the selection of the chemical form under which the lithium is 

present. This will determine the necessary technologies associated to the blanket to fulfill 

the plant requirements, and it will make a choice on the future R&D developments. The 

breeders (Lithium compounds) have been developed during the last 50 years and they are 

still under strong development. It worth to remark that there is not nowadays a fully 

satisfactory breeder material absent of threats. 

The aggregation matter state in which they operate is found to be the most natural 

choice to classify the breeders. The first category is the solid breeders. The most 

developed solid breeders are LiAlO2, Li2TiO3, Li2ZrO3, Li4SiO4, Li2O. 

The use of the solid breeders in blankets has been set out both in static or in moving 

beds concepts. They present some advantages among which the most relevant are: 1) The 

fact that they are chemically inert components and the fact that they would, at most, move 

slowly, eliminate the corrosion problems with the structural materials, as it happens with 

the pure Li or LiPb and the ferritic steel, for example [109], 2) they are more 

technologically advanced at industrial scale. 

However, they present a serial of limitations and disadvantages that makes 

unsuitable their selection for HiPER reactor: 1) They generally present a lower TBR than 

liquid breeders; they generally need Beryllium as neutron multiplier to reach the reactor 

tritium self-sufficiency [67]. Beryllium is a toxic, dangerous and limited resource [110]. In 

addition, the high tritium inventory in the Be is a safety concern especially if chemical 

reactions with air or water cannot be excluded [111]. 2) Static solid breeder blankets do not 

allow an online TBR adjustment without extraordinary facility complexity; and moving bed 



solid breeder blankets can do it with a costly and complicated procedure [112]. The online 

TBR adjustment is a must for the first fusion power plants [67]. 3) The solid breeders suffer 

from radiation structural damage [113], and the mechanical properties of the blanket have 

to be deeply studied. 4) There are severe issues related to the tritium extraction from the 

ceramics and the tritium inventory control in the tritium extraction system using the same 

fluid as coolant/tritium purge gas, given that those processes may need contrary 

atmospheres in the same gas, as it is the case of the concept HCPB [114]. To solve these 

issues complex blanket designs are required, separating the coolant from the tritium 

extraction atmosphere. 5) Static solid breeder blanket require a high modularity for the 

maintenance, as the modules cannot be drained and they are moved filled with the breeder 

and the neutron multiplier. 

The second category of breeders corresponds to the liquid breeders. The liquid 

breeders are presented in two chemical forms: molten salts (FLiBe, FLiNaK) and liquid 

metals (mainly pure lithium and LiPb). Although they differ among them in certain critical 

aspects, they present as common advantages: 1) They allow an immediate online TBR 

adjustment via 6Li enrichment in the flowing liquid, what is a key feature, as pointed in 

[67]. 2) Liquids do not suffer from radiation damage, 3) the blanket modules can be 

drained, what results in an easier maintenance of big blanket modules. 4) With the 

exception of the FLiBe molten salt, the use of other neutron multipliers as lead allows to 

reach a high TBR with the liquid breeders with no use of Beryllium [67].  

However, the liquid breeders also present some disadvantages: 1) There are 

incompatibilities between some liquid breeders and some reference structural materials. 

The most relevant ones are the corrosive behavior of pure lithium and LiPb with the steels 

[109]. 2) The liquid metals are chemically reactive. The pure Li is highly reactive with 

water, concrete and air, what implies several safety measures that complex the plant design 

[115]. And although the LiPb was conceived to mitigate this big limitation of the pure Li, it 

still requires attention to be paid to the interactions with the water [116], [117]. 

After a detailed study of all the likely options, it has been preferred to select a liquid 

metal as breeder for two main reasons: 



1. The online TBR adjustment has been evaluated as mandatory. Following 

the reasoning found in [67], a 1% variation in the TBR translates into 1-2 kg of 

T per FPY for a 2-3 GW fusion plant. This can represent a serious storage (T 

excess) or availability (T shortage) problem. This variation may very easily arise 

from design tools limitations, or by lithium burn-up [118]. Thus, the fine tuning 

of the TBR (<1%) is a must for a blanket design. The 6Li enrichment of a liquid 

breeder allows it with lower plant complexity than moving bed solid breeder 

blankets or modules replacements for static solid breeder blankets. 

2. For safety reasons, it has been adopted the decision of excluding beryllium 

as a blanket component. As mentioned in [110], the use of beryllium in a large 

fusion device implies a substantial effort in terms of infrastructure, facilities, 

organization and manpower. The most developed concepts of solid breeder 

blankets make use of Beryllium as neutron multiplier, being thus discarded. 

Molten salt FLiBe is discarded for the same reason, in addition to some other 

disadvantages reflected in [119], a low breeding potential [67]. Liquid metals, 

precisely pure Li and LiPb fulfill this requirement. 

By selecting the liquid metals as breeder for the HiPER blanket, it will be necessary 

to pay attention to the materials compatibility. And depending on the choice (pure Li, 

LiPb), different safety issues will have to be addressed. The comparison between this two 

liquid metals as breeders in this study is done by engineering capacities rather than 

enumeration of advantages/disadvantages. This is motivated by the fact that, as liquids, 

their general performance is qualitatively similar. But in addition, it happens that one 

breeder presents advantages in the field where the other shows disadvantages; they perform 

complementary. The discussion is thus clearer in these terms. 

Safety is the most important field to compare them. The safety aspects of the liquid 

metals are the most relevant ones when deciding between them. It is their main limitation 

when compared to the solid breeders: the lithium required to breed the tritium is present 

chemically free, very reactive chemically. The pure lithium aggressively reacts with water, 

air and concrete. It results into fire and very high temperatures, up to 1000ºC. Several 

design features are imposed by the use of pure lithium, such as inert atmospheres in the 



rooms where leaks could occur. The use of steel liners to prevent the concrete to contact the 

lithium all around the lithium loops, and the avoidance of water circuits in the vicinity of 

lithium loops are very restrictive aspects of the use of lithium as breeder. It has been argued 

in the LIFE project that the operation with pure lithium, although hazardous, is a known 

technology, and contingency measures are developed and available in the US. However, the 

risk of fire, with the resulting smoke and possible releases of radioactive components has 

been evaluated as intolerable facing the European public opinion, markedly antinuclear. 

Overall, impacting images should be avoided in the case of accident in a IFE plant; 

otherwise, the safety perception of the nuclear fusion will be unavoidable compared to that 

nuclear fission. 

This is the main reason why the eutectic lead lithium was developed. Although it is 

still chemically reactive, the consequences of the contact of it with water or concrete are 

strongly mitigated because the lithium content per volume is roughly one sixth compared to 

pure lithium[116]. In addition, it presents mild reactions with air and nitrogen. The design 

advantages derived from this fact have imposed the LiPb as priority in the R&D of MFE 

related to liquid metals in many countries. However, the operation with LiPb is not exempt 

of hazards. Precisely, the introduction of lead, a high-Z element, gives rise to a serial of 

activation problems. On one hand, the residual heat generated in the LiPb after the reactor 

stop has to be considered when analyzing the possible accident evolutions, although it is no 

way similar to a fission plant. On the other hand, under the neutron irradiation, two risky 

elements are generated: 203Hg and 210Po; both are volatile and highly radioactive isotopes 

deserving special attention when operating with LiPb. 

 Tritium-related issues are also capital field for comparison. The different tritium 

aspects could be framed in the safety concerns, but its relevancy deserves special attention. 

The basic difference related to the tritium between the pure lithium and the LiPb eutectic, is 

the extraordinary hydrogen affinity of the pure lithium, in strong contrast with the low 

hydrogen solubility of the LiPb. Both liquid metals present challenges to face and 

advantages to be exploited in the design. The most affected functions of the facility are the 

tritium recovery and the safety. 



The pure lithium, as mentioned, strongly retains the tritium generated after the 

neutrons irradiation. As the lithium exits the blanket it has to be driven to a heat exchanger 

to extract the recovered energy. Given the high chemical reactivity, it is usual to use an 

intermediate loop between the lithium loop and the working fluid loop. There are a number 

of coolants under discussion for the intermediate loop: organic coolants, molten salts... This 

fact makes the plant more complex. But in addition, it is necessary to extract the tritium 

from the lithium; the most advanced method to do it was proposed by Maroni [120]. It 

makes use of a molten salt loop, what is an extra complexity in the plant. It is still under 

demonstration whether tritium recovery rate will be high enough to guarantee the tritium 

self-sufficiency. However, there is a huge advantage in such high tritium retention; the 

tritium spreading over the plant is negligible, and no tritium spreading control systems are 

required. 

The LiPb eutectic naturally expels the tritium; the hydrogen solubility on it is very 

low. Thus, the tritium extraction at an adequate recovery rate is much more plausible than 

that for pure lithium. There are several methods under development, depending on the 

tritium concentration (dependent on the liquid velocity) [69]: cold trapping, bubble towers 

and permeators against vacuum, a passive method. The disadvantage is that the tritium 

spreading over the plant becomes a safety issue. Depending on the LiPb velocity, the 

tritium buildup concentration will be different, giving rise to different scales of threats. As 

common contingency measures, all the designs considering LiPb include the use of double 

piping, with vacuum or molten salt between pipes, and the use of online tritium extraction 

systems as efficient as possible in order to dramatically reduce the tritium concentration. 

Although it is necessary to control the tritium inventory with safety purposes with higher 

emphasis in the case of LiPb, the situation does not extremely changes, as the tritium 

inventory in the LiPb is to be controlled in any case for operation sustainability purposes. 

Another field of comparison is the thermal properties. The breeder will recover the 

power carried the neutrons. In the case of liquid metals, it will heat up, and it will have to 

transport the energy to a heat exchanger, where a working fluid will extract it to use it into 

a power cycle to generate electricity. The liquid metals can perform the dual function of 

breeding tritium and transporting both the tritium and the energy outside the blanket, what 



significantly simplifies the blanket design (no need for a priori heat exchanger inside the 

blanket, not tritium circuits inside the blanket).  

The thermal properties of the liquid metal will impact on how these functions are 

performed. The heat transfer properties of pure Li and eutectic LiPb are not similar, and the 

lithium is clearly superior. As pointed by [116], in absence of turbulences, "to obtain the 

same T, the LiPb has to flow four times as fast as lithium. With the same velocity, the 

alloy could cool only half the surface heat flux". The lower density of Li results in lower 

hydrostatic pressures and stresses [33]. But it results in an a disadvantage for the 

recirculation systems if one-stage rotatory pumps are to be used, contrary to the LiPb case. 

However, if electromagnetic pumps are used, the higher electrical conductivity of Li results 

in a higher efficiency of the pumps than that for LiPb [116]. Finally, the lower melting 

point of Li results in a wider temperature operation window than LiPb, and in a reduction 

of the freeze-up risk, which has to be considered for both liquid metals, as their melting 

point is higher than room temperature. 

The waste management of both breeders will be markedly different. There are still 

studies on whether the liquid metals may be recycled indefinitely from one fusion power 

plant to the next one. Theoretically, it is possible, as the only physical characteristic change 

in the breeder along the time the isotopic concentration, what can be re-adjusted. But there 

is also the necessity of cleaning the liquid metals, as they carry impurities from the 

corrosion of structural materials, which can be activated and give rise to threatening 

radioactive wastes. An adequate design minimizing the corrosion rates can mitigate this 

situation. 

But in the case of LiPb eutectic, there exit at least one extra waste generation 

stream. The lead present in the eutectic, for being a high-Z element, give rise to several 

radioactive isotopes, and some of which must be extracted online to guarantee a safe 

operation in terms of threatening radioactive inventory in the plant. This is a waste stream, 

which is increased, in the decommissioning phase with the initial composition restart of the 

LiPb (isotopes concentration and cleaning up of impurities and undesired elements). This is 

not the case of the pure lithium, which, in the case of total absence of impurities for both 

liquid metals, is considered to be a low activation material when compared to LiPb. 



The neutronics performance of both liquid metals is extraordinary. Very high 

TBRs are attainable with both of them. Nevertheless, the pure lithium offers a higher TBR 

for the same 6Li concentration in the lithium what is an economical advantage over the 

LiPb. However, while a 6Li enrichment close to the 90 at.% is present in most of MFE 

designs, in the IFE reactors can be close to the 20 at.%, as will be shown in the sections 4.3 

and 4.4, what is not as economically shocking as the 90 at.%. In addition, the 6Li 

enrichment is the most advanced proposal to control the TBR online, what relaxes the 

limitations of the LiPb: in any case, it is necessary to develop the technology for the 

isotopic enrichment of lithium in economical sound conditions, and it is equally mandatory 

to hold a certain 90 at.% 6Li enriched lithium to take advantage of the TBR online 

adjustment possibility. 

The materials compatibility is a key aspect in the breeder selection, especially 

when using steel as structural material; this is a very common approach for the short- mid-

term blanket designs. Firstly, the corrosion may reduce the lifetime of the component, and 

even threat the structural integrity of the components if too much material is removed. This 

can be mitigated by thickening the components if it is mechanically and economically 

viable. But in addition, the eroded steel from the blanket is activated, and it is deposited in 

cold regions of the circuit. The deposited material can block the circuit, and it represents a 

radioactive movilizable inventory in case of accident, being a threat for the safety. For these 

two main reasons, the corrosion of the liquid metals with the steel has to be minimized. 

The corrosion of the pure lithium with the steel can be totally controlled if the 

lithium is kept in a relatively pure state (e.g. <100 wppm of nitrogen. Differently, the 

corrosion between the LiPb eutectic and the steel is driven by the liquid metal temperature 

[70], rather than chemical composition. This corrosion has been deeply studied at different 

flowing rates and in the presence and absence of magnetic fields [72], [121], [73]. The most 

interesting steel regarding with the short-term available reaction chamber is the 

EUROFER97. The corrosion rate of the flowing LiPb in direct contact with EUROFER97 

is expressed as [70]: 

                                       , 



Where  is the corrosion rate expressed in m·yr-1, T is the temperature of the LiPb 

expressed in K, v is the LiPb velocity expressed in m·s-1 and d is the hydraulic diameter in 

m. The exponential dependence of the corrosion with the temperature allows to primary 

mitigate it by means of a proper circuit where the temperatures are as homogeneous as 

possible avoiding to the possible extent hot regions, where the corrosion would raise 

considerably. 

After the discussion presented here, for this study the eutectic LiPb has been 

selected as breeder for the HiPER reaction chamber. The tritium self-sufficiency, 

particularly the possibility of online TBR adjustment, has been one of the main reasons to 

select liquid breeders over solid breeders. The rejection of the use of beryllium as neutron 

multiplier has been the other, and the one to rule out the molten salt FLiBe. Once decided 

the use liquid metals as breeder, the LiPb has been judged superior to the pure lithium for 

the HiPER reactor conditions; in particular, the safety problems associated to the chemical 

reactivity of pure lithium and the technological uncertainties associated to the tritium 

extraction. In addition, the selection of LiPb allows to establish synergies between MFE 

and IFE communities in Europe to exploit already funded researches, in a period of time 

strongly affected by a worldwide economical crisis, especially severe in Europe. 

Once the breeder is selected, it is still to be decided both the structural material and 

the cooling scheme for the blanket to completely define it. 

4.3.2 Previous LiPb Blanket concepts and technologies 

The majority of LiPb blankets have been designed for the MFE reactors and they 

are affected by one fact: when the LiPb is in direct contact with electric conductor (mainly 

with steel) under a magnetic field, its speed has to be limited to avoid high pressure drops 

causing a high mechanical stress which cannot be mitigated by increasing the thickness of 

the duct walls[109]. 

In the HiPER reactor, high magnetic fields are not expected, and this fact will be 

further exploited after analyzing the previous LiPb blankets proposals. 



Magnetic Fusion Energy LiPb based blanket concepts  

The most developed LiPb blanket concepts were proposed for MFE [69]; and those 

present in IFE reactors, like HAPL [66], are adaptations of those of MFE. In increasing 

order of technology risk, derived from the use of increasing technological risk materials, 

they are: water cooled lead lithium (WCLL), Helium Cooled Lead Lithium (HCLL), Dual 

Coolant Lead Lithium (DCLL) and Self Cooled Lead Lithium (SCLL). The higher the 

technological risk is, the wider temperature difference between entrance and exit for the 

LiPb results; and consequently, also the power cycles efficiency. 

The WCLL concept make use of water as coolant, EUROFER97 as structural 

material and LiPb as breeder. It has been used in the PPCS model A, .... The LiPb moves 

slowly and thus there is no MHD pressure drops because of the currents induced by the 

liquid metal in contact with the metallic structure under the intense magnetic field. The 

structure is hollowed to allow the water circulations, what is to insert the heat exchanger 

into the structure. This represents a constructability challenge. And there is the hazard of 

the circuit failing and safety problems associated to the contact of large volumes of LiPb 

and water. In addition, the tritium permeation from the LiPb circuit into the water circuit 

will form tritiated water HTO, undesirable compound for safety reasons. The temperature 

window of operation is 350ºC - 550ºC. The lower limit is imposed by the irradiation 

hardening of the EUROFER bellow it, and the upper limit is imposed by the creep rupture 

limit of EUROFER. The LiPb is the breeder, and it is fully cooled by the water. 

For these reasons, in a more advanced design, the water is substituted by the Helium 

as coolant into the HCLL. Although the heat exchanger is still hollowed into the structure, 

the Helium does not chemically interact with the LiPb, and there is no major hazard derived 

from the circuits failure. The tritium permeation does not generate HTO and the tritium and 

helium can be separated outside the reaction chamber. The technological challenges of this 

proposal are related to the design and fabrication of components to operate with high 

pressure helium. The temperature operation window is again 350ºC - 550ºC. And once 

again, the LiPb does not carry out cooling tasks. 



In the DCLL, flow channel inserts are introduced between the moving LiPb and the 

EUROFER structure. This FCIs are electrical insulators, and eventually thermal insulator. 

In this way, the LiPb may flow at higher velocity as there is no risk associated to the 

coupling of the magnetic field with the LiPb. The higher velocity of the LiPb than in the 

WCLL and HCLL allows a heat removal of the 50% of the deposited energy in the blanket. 

The other 50% is removed by the Helium in the integrated heat exchanger in the structure. 

It turns out into a smaller heat exchanger in the structure, as a smaller amount of heat is to 

be removed by the Helium, but the structure still needs to be hollowed. The FCI are 

proposed to be, in an early development stage, steel-alumina-steel sandwiches [69], and the 

operation temperature window would be 350ºC - 550ºC, as it is the case of the HCLL. At 

further development stages with the required R&D, SiC boxes could be used for the FCI, 

which is in addition to a electrical insulator, a thermal insulator; in this latter case, the 

temperature window of operation is widened to 350ºC - 750ºC, as the SiC FCI creates an 

thin duct of hot LiPb which is not in direct contact with the EUROFER structure, avoiding 

the creep rupture behavior above the 550ºC. The additional technological challenges of this 

proposal are related to the development the SiC FCI. The SiC presents a swelling problem 

under neutron irradiation which severely limits its lifetime. Thus, the DCLL is more 

advanced than WCLL and HCLL; and its main advantages are the increase in the outlet 

temperature and the reduction of the Heat Exchanger inside the blanket. 

The SCLL is the most advanced proposal. It makes use of SiCf/SiC fiber matrix of 

silicon carbide as structural material. As SiCf/SiC is not an electrical conducting material, 

there is no coupling of the LiPb and the magnetic field. This allows the LiPb to flow as fast 

as required to fully extract from the reaction chamber the energy deposited in the blanket to 

the heat exchanger outside the reaction chamber. There is no need for hollowing the 

structure, what significantly reduces the fabrication challenges. The temperature operation 

window is widened above 1000ºC, as the SiCf/SiC is postulated to not present any 

incompatibility nor irradiation problem. This opens the possibility of not generating 

electricity, but dissociating water to produce hydrogen in economic sound conditions. The 

SiCf/SiC is also a low activation material, showing a better waste management than 

EUROFER97. However, the SiCf/SiC is still far from being available at industry scale as 

structural material, being the main challenge of this blanket concept. The operation at high 



temperatures is also challenging, as refractory metals and advanced materials should be 

used. 

Adaptation to HiPER reaction chamber 

When adapting these concepts to HiPER reactor, first of all it is mandatory to 

remark the absence of magnetic fields. Thus, at first the only limitation to the LiPb is 

derived from the corrosion problems. But those can be mitigated by an adequate design of 

the flowing circuit. This justifies the new possibility of designing a Self Cooled Lead 

Lithium blanket using EUROFER97 as structural materials. Its technological risk is lower 

than that of HCLL, but its thermal performance is similar 350ºC-550ºC. The self cooled 

scheme eliminates the need of hollowing the structure, being a simpler concept than HCLL, 

with cheaper and easier fabrication. Special attention must be to the corrosion between the 

LiPb and the EUROFER97. But even if the circuit design could not solve it, there exist 

technological solutions under development, such as Al-coatings. No SiC nor SiCf/SiC is 

necessary, what is a significant reduction of technological risk compared to the DCLL and 

the SCLL of MFE. However, this does not mean that the materials development would not 

alter the performance of this concept. The materials technology development could be 

adapted to the concept to improve its performance with no extra complexity. If SiC FCI 

were developed, they could be implemented to widen the temperature operation window 

and to eliminate the likely corrosion issue. If SiCf/SiC is developed as structural material, 

the concept could be equally built of it. This would be an adaptation of the DCLL and 

SCLL development philosophy. But it must be mention that the materials development 

would be an advantage rather than a necessity for this blanket concept for the HiPER 

reactor, differently to DCLL and SCLL. 

It worth to remark that SCLL for HiPER reactor, based on EUROFER97 structure is 

a concept with lower technological risk than HCLL, with similar thermal performance. The 

evolution of the concept relies, as the HCLL case, in the development of SiC and SiCf/SiC 

as industry-scale available materials, but the cooling scheme would not change, not 

requiring a significant modification of the reaction chamber, differently to HCLL. Thus, it 

is blanket to be available in the short- and mid-term of time, with the same potentiality as 



HCLL, with a simpler performance improvement based in the same foreseen R&D 

developments of MFE materials. 

Structural materials 

There are several structural materials under development nowadays for use in 

nuclear fusion reactor with LiPb. All of them must fulfill the following minimum 

requirements of: present a reasonable waste management as activated material after its 

lifetime, guarantee the mechanical performance of the components as long as possible 

under an aggressive neutron irradiation environment and they must be made of abundant 

elements in earth. There are three main research lines promising to fulfill these 

requirement: Reduced activation steels, silicon carbide composites and vanadium alloys. 

RAFM steels were conceived during the 1980's, and developed since then [122]. 

The steels show an excellent mechanical performance and technological development. 

However, when exposed to maintained high energy neutron fluxes, their mechanical 

properties deteriorate, and they become activated to the point that they are "problematic" 

radioactive wastes. To adapt the steels to fusion energy demands, the strategy followed has 

been based in two modifications: 1) replacement of some intended elements originating 

concerning wastes after irradiation by other which, keeping the mechanical properties of 

the steel unaltered, offer better waste management after irradiation; and, 2) reduction of 

certain radiological concerning impurities to the least. This approach has been applied 

much more successfully to the ferritic/martensitic steels than to the austenitic steels[122]. 

The results of this are different reduced activation ferritic/martensitic (RAFM) steels 

worldwide with slight differences: EUROFER97 in Europe [59], CLAM in China [63], 

ORNL9 in the US [123], [124], and F82H in Japan [125]. They based in the experience 

with 8%-12%Cr-MoVNb steels developed for fission applications [122]. To achieve the 

reduced activation behavior, radiologically undesired elements such as Mo, Nb and Ni were 

replaced with W and Ta; a strict control of impurities is required in their fabrication. All 

these steels, which are the most developed fusion material up-to-date, suffer, however, from 

a severe deterioration of their mechanical properties under irradiation. Specifically, the 

accumulation of transmuted He and defects in the lattice create embrittlement of the 

material, after a range of irradiation of 100 dpas [122], [58], no more than 5 years of 



irradiation in a FW of a reactor. Their operation temperature window is 350ºC - 550ºC. The 

lower temperature 350ºC limit is due to problems arising when irradiating these steels at a 

temperature below. They suffer a radiation induced hardening and the Ductile-Brittle 

Transition Temperature (DBTT) increases. This may be of particular concern when the 

DBTT becomes superior to the room temperature, what happens at low irradiations (<8 

dpas when irradiating at 300ºC [59]). The superior temperature limit, 550ºC, arises from the 

creep rupture threat. The temperature window of 350ºC - 550ºC does not allow a high 

power cycle efficiency as desired. 

 To improve these limitations, the most promising evolution of these steels is based 

in the introduction of oxide nanoparticles, being the Y2O3, (yttria), the most relevant for the 

EUROFER97. Thus, the ODS-EUROFER microstructure result to be reinforced and they, 

for example, operate at 650ºC, instead of 550ºC. There are also other ODS steels under 

study[126], [122][56]. But quoting Tavassoli [60]: ".. it is unlikely that the ODS steels 

would satisfy structural integrity criteria for critical components in the near future. Their 

promising near term application is probably in association with conventional steels". 

Still quoting Tavassoli, [60] the vanadium alloys have studied extensively for 

fusion applications, arising the V-4Cr-4Ti as the favored allow composition. They are 

interesting due to their low activation and high surface heat flux capability. They also show 

a good compatibility with lithium up to 600ºC. The most likely application of vanadium 

alloys would be with low-pressure lithium. Their operating window could be 400-700 ºC 

provided fully adherent self healing insulator coatings can be successfully developed. 

However, the results reported at various European fusion program meetings show that 

several major obstacles still limit large-scale utilization of vanadium alloys. 

A more advanced concept of material is based in the silicon carbide (SiC). From 

the standpoint of activation, this material is quite advantageous. It would not present a 

major challenge as source of threatening inventory during the operation of the plant, nor as 

waste [122], . To reach a viable structural performance, it has to be arranged in fiber matrix, 

SiCf/SiC composites[127]. It is a thermal insulator, and it resists temperatures above 

1000ºC. This extraordinary performance, linked to the absence of compatibility problems 

with the Li and LiPb make the SiC to be a promising candidate as structural material for the 



long-term fusion reactors. However, under irradiation, its lifetime is excessively short, as it 

suffers severely from He embrittlement; and the thermal conductivity and strength suffer 

radiation-induced degradation [122]. Given its technological challenges, nowadays it 

should considered for the mid-term as thermal insulator (DCLL concepts) [69], and for the 

long-term as structural material (MFE SCLL concepts) [114]. 

Power cycles 

There are three main working fluids considered nowadays in the fusion reactors 

community: water, Helium and supercritical CO2, by increasing order of technological 

risks. The two last are a developments shared between the fusion reactors and the 

generation IV fission reactors (Gen-IV). 

The water power cycles are the most obvious solution from the technological 

development standpoint. They are very well known and developed as they have been the 

core of the power production in the XXth century. However, they present some 

disadvantages when adapted to nuclear fusion power plants. First of all, the chemical 

hazard of the contact of water and lithium imply the insertion of an intermediate loop 

between the power cycle and the breeder, with the consequent loss of efficiency and 

increase of complexity of the plant. In addition, it seems unavoidable that some tritium 

finally reaches the power cycle; and the tritium in contact with water form tritiated water, 

HTO, what is an undesirable radiological concern. However, very recent IFE designs, as 

LIFE, make use of a water power cycle, with a very high cycle efficiency, 47%. 

A consolidated alternative to the water for the power cycle is the Helium. It has 

been proposed in Gen-IV [128], [129] fission reactors and many fusion reactors [130], 

[131], [132]. It presents many advantages. It is an inert gas, avoiding problems of corrosion 

and chemical interactions with the Lithium. The helium used to cool the breeder can be 

directly used as working fluid in the turbine, eliminating the need for an intermediate loop 

and simplifying the plant. The tritium can be easily separated from the Helium, controlling 

the tritium emission, and the formation of HTO is avoided. However, it presents two 

disadvantages. First of all, in the expected range of temperatures for the first fleet of fusion 

reactors, the power cycle efficiencies are expected to be lower (below the 40%) than those 



for the water. And, in addition, development is still necessary to properly design the high 

pressure components to operate with Helium. As it is a very light gas, the design of 

components as the compressor is a major challenge. A solution to this point which is under 

study is the addition of Xenon gas to increase the gas density.  

The supercritical CO2 is also under consideration as working fluid for fusion as 

alternative to water and Helium [133]. Its major advantage is the increased efficiency of the 

resulting cycle respecting to the Helium equivalent in the fusion temperature range; and at 

the same time, it still avoids the HTO formation. Apart from potential compatibility 

challenges with steels and LiPb, the use of supercritical CO2 implies the use of complex 

heat exchangers due to the variation of its specific heat with the pressure. 

Safety concerns 

The safety concerns associated to the operation with LiPb are: the chemical 

reactivity with water, the generation of high-Z radioactive and/or toxic elements, and the 

tritium spreading. Being the last one a relevant feature of the operation blanket and 

accidents, it is analyzed apart in the tritium issues. The other two concerns are safety threats 

in accidental situations 

The interaction of water with LiPb may be troublesome when very large volumes of 

them interact, for example a LiPb spill in water pool. Thus, attention has to be paid to this 

interaction along all the design process to avoid to the extent possible, the vicinity of these 

circuits. And, when this results unavoidable, contingency measures must be provided, in 

the way of active and/or passive safety systems to mitigate the possible consequences. 

The primary concerns of the high-Z radioactive inventory are the 210Po and 203Hg, 

for being vaporizable elements and radioactive isotopes. The 210Po is -emitter with period 

of 138.3 days and the 203Hg is --emitter with 46.6 days of period. They have well-defined 

primary production pathways beginning with the 206Pb and 208Pb isotopes: 
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In addition to these two main production chains, there are some others starting in 

different Pb isotopes; and the impurities of Bi usually present in the LiPb eutectic also 

contribute to the generations of 210Po, as the 209Bi is the only natural isotope of Bi and it is 

two-step process to 210Po as shown in the chain. 

When the inventory of those concerning isotopes is above the limits for the 

exemption of need of evacuation plan, they must be controlled. The way of controlling their 

production is to introduce online purification systems for the concerning elements directly 

(Po and Hg) or for their precursors (Bi, as Pb cannot be removed from the LiPb by 

definition). The limitation of the inventories to a certain level is a guarantee from the safety 

standpoint; however, it generates an online radioactive waste stream. 

The limit inventory for those isotopes considered in this study has been taken from 

[94], as it is considered to be a reference work in the field. They have been derived to avoid 

the need of an external evacuation plan in case of accident. A dose limit of 10 mSv in a 

worst-case accident is recommended in the DOE Fusion Safety Standard [134]. In that 

work, the radiological dose calculations have been calculated with MACCS2 code for 

radionuclide release from a 100m stack for a 1km site boundary. The dose-to-release values 

were calculated using the meteorological conditions representative of the Idaho National 

Engineering and Environmental Laboratory assuming Pasquill-Gifford dispersion. The 

resulting limits are:  

210Po: 9.25 TBq 

203Hg: 9250 TBq 

Tritium issues 

The selection of LiPb as breeder has two major implications related to tritium 

derived from the low tritium solubility in LiPb, as mentioned before: on one the tritium 

spreading along the LiPb is a safety concern which must be mitigated, and on the other 

hand, the tritium extraction from the LiPb presents reduced challenges. 

The tritium spreading over the plant must be minimized to very low levels for 

safety reasons. The use of double pipes with vacuum or molten salts between them is the 



most advanced active measure to mitigate it. In addition there is a passive measure: if the 

LiPb flow is high, the tritium is bred in each cycle in extremely small quantities, and 

introducing an online tritium extraction system, the tritium concentration may be 

maintained significantly low (<30 mPa of partial pressure is suggested as non-worrying 

level [69], reducing the safety threat of the spreading.  

The tritium extraction is not expected to be a challenge in the case of the LiPb 

operation, but nevertheless the tritium extraction systems still have to be designed and 

tested at relevant operating conditions. There are, as mentioned, several tritium extraction 

methods proposed, such as cold trapping, bubble towers and permeators in vacuum. They 

differ in the range of tritium concentration for which they are effective; the permeator in 

vacuum is the most advanced concept given its simplicity, but it requires fast flowing LiPb, 

as it could only extract small quantities of T in each cycle[69]. 

Such a device could a bundle of tubes in a vacuum environment through which the 

LiPb with tritium flows. Along the tubes, the tritium is naturally expelled to the vacuum 

chamber permeating through the tube walls, and it would be further extracted from the 

vacuum chamber. Tubes of 5 m length and 10 mm of diameter, 0.5 mm of wall thickness 

made of Ta or Nb alloys. They could reduce the tritium concentration with a liquid velocity 

of 5 m/s down to a value of about 6 wppb, corresponding to a 30 mPa value. As it is shown, 

this method is only viable for small tritium breeding in each cycle, as it is the case of the 

SCLL. The longer the tubes are, the highest T amount it is extracted. Most of the 

permeators are being designed for DCLL concepts. For those concepts, the LiPb is at 700ºC 

when entering the permeator, and the tubes must be built of refractory metals, as mentioned 

(Ta or Nb alloys). The operation with refractory metals is complex, given their affinity with 

air. However, for HiPER SCLL, the LiPb would enter the permeator at 450ºC, as it will be 

explained in the subsection 4.3.3; this would allow to construct the permeator with steel. 

This represents a remarkable technological risk reduction[69]. 

 

 

 



4.3.3 Chamber description 

Arrangement & geometry 

The reaction chamber is decoupled into three independent components, as 

mentioned before: the First Wall, the tritium breeding blanket and the vacuum vessel. The 

chamber arrangement is shown in picture X. From the ignition, the first component found is 

the FW. Its sole function is to protect the rest of the reaction from the threatening ions and 

X-Rays arising from the ignitions. It is placed at R=6.5 m from the ignitions. This distance 

is common to some other dry wall designs [66]. It is built, as mentioned, by a 1mm 

thickness tungsten armor, and a 1 cm thickness EUROFER97 substrate. Whether this 

substrate is integrated or not in the blanket is assessed in the next subsection, "cooling". 

The FW follows the blanket segmentation. 

Immediately after the FW, it is the blanket. It also presents spherical shape. It is 

divided into two hemispheres, each one divided into 8 blanket modules. This 16 modules 

segmentation of the blanket is motivated by the laser symmetry. It has been judged to be a 

compromise between size and simplicity: there are only two different modules, symmetric 

one respect the other. The rest are repetitions of them. As shown in the figures 28, 29, 30 

and 31, both the FW and the blanket present laser beam penetrations of 40 cm of diameter. 

The EUROFER97 sheet is assumed to be of 1 cm thick in this first approach. As shown in 

the figures 28, 29, 30 and 31, each blanket module presents a thin and a thick duct through 

which the LiPb flows. The thin duct is 8 cm thick while the thick duct may vary from 42 

cm to 67 cm, always assuring a tritium breeding ratio of TBR=1.1, as will be explained in 

subsection 4.3.4. None the FW nor the blanket acts as vacuum barriers. 



 

Figure 33. Self Cooled Lead Lithium blanket for preliminary reaction chamber of HiPER reactor. In the left it 
is shown the whole blanket. In the right it is shown a section blanket module of the upper hermisphere. In 
orange it is shown the LiPb. 

The VV is assumed to be spherical in this first approach. Although the 

disadvantages of a spherical vacuum vessel are evident, the aim of this initial proposal is to 

assess different reactor responses rather than representing a final design. Specifically, 

related to the neutronics performance, core of this study, the spherical approach offers 

reasonable answers with simple computation. It is assumed to be built of EUROFER97, and 

the sheet thickness is determined in the neutronics studies to guarantee the reweldability of 

the external surface after 40 years of irradiation. Attached to the VV there are the beam 

tubes. The beam tubes have the mission of keeping the vacuum for the beam propagation. 

They are necessary because inside the HiPER project it was made the decision of not using 

the final lenses as final vacuum barrier. Multi-task components are to be avoided, although 

the beam tubes make the maintenance more complex. 



 

Figure 34: Detail of blanket module with the Vacuum Vessel section covering it with the renewable lenses 
and the vacuum tubes. In the left the laser beams entering the chamber are represented. 

 

 



Figure 35: A blanket module of the SCLL for the preliminary reaction chamber of HiPER reactor with the 
indications of the inlet and outlet temperatures of the LiPb in the thin and thick duct. 

 

 
 

Figure 36: In the picture (A) it is shown the blanket opened to shown the space where the ignitions take place, 
together with the lasers entering the chamber. In the picture B lasers are not shown. The pictures (C) and (D) 
correspond to the (A) and (B) with the addition of the Vacuum Vessel. 

Cooling 

The reaction chamber cooling is based in the cooling of the three components, the 

FW, the TBB and the VV. In this study there are tackled two FW cooling possibilities, in 

addition to the LiPb self cooling of the blanket. The VV cooling is not under the scope of 



this study, although similar reactor designs, such as HAPL, make use of cooled VV. The 

energy distribution of the fusion reaction emerging particles is: 25% carried by the ions and 

the X-Rays and mainly deposited in the FW, and a 75% carried by neutrons and mainly 

deposited in the blanket. HiPER reactor will be a 1500 MWth reactor, and thus, the FW 

will receive 375 MW, and the blanket will receive 1125 MW. This is represented 

schematically in the figure 32. 

Briefing of neutronics. It is necessary to remember here a key neutronics aspect of 

the blanket: the energy amplification factor. The neutrons arising from the fusion 

carry the 75% of the energy. The 75% of a 1500 MW reactor is 1125 MW, which are 

deposited in the blanket. But, while the neutrons deposit this energy in the blanket, 

some exothermic nuclear reactions take place, which, in fact, increase the total energy 

deposited in the blanket. Then, even when no more than 1125 MW arrive to the 

blanket with the neutrons, 1327.5 MW are deposited and finally extracted by the 

LiPb. This corresponds to an energy amplification factor of B=1.18. If the energy 

carried by the ions and X-rays and deposited in the FW is also taken into account, 

1702.5 MW are finally deposited in the reaction chamber and available for power 

production. 

The FW cooling configurations are dependent of the blanket cooling, and 

consequently, the blanket cooling is explained first. As mentioned, the TBB of this reaction 

chamber is a SCLL. It means that the LiPb is, apart from the breeder, the coolant of the 

blanket. Thus, the LiPb is flowing inside the blanket as it heats and breeds the tritium by 

means of exposure to the neutronic flux. It enters the blanket at 350ºC through the thin 

duct, as shown in figure 30. Once it reaches the equator, it turns and flow back through the 

thick duct; it exits the blanket at 450ºC. The lower temperature is due to the EUROFER97 

limitations explained in the subsection 4.3.2. The lower temperature, 450ºC is a 

compromise between the corrosion rates (exponentially dependent of the temperature, as it 

will be shown later) and the power cycle efficiency. This limit upper limit has been adopted 

before, as it is the case the HCLL blanket [68], [69] for MFE reactors. 

 The thin-thick ducts design obeys the following logic: the LiPb enters cold, and 

thus, the corrosion challenges are reduced; at the same time, in the first centimeters of the 



blanket there will be a high neutronic energy deposition, as it is shown in the figure 38. 

Thus, a thin duct implying a fast speed flow of the LiPb favors the cooling where required, 

with expected reduced corrosion rates given the low temperature of the LiPb. However, 

once in the equator, the temperature of the LiPb has been raised, and as so, the corrosion 

rates, while the neutron energy deposition will be smaller after the initial LiPb centimeters. 

Thus, a thick duct, favoring a slow speed flow could maintain the corrosion rates acceptable 

while still removing the deposited energy. All these statements are intuitive and will be 

verified later via computerized fluid-dynamics (CFD) analyses, to take into account the 

design details, such as the beam penetrations influence in the flow pattern. 

Regarding with the FW, as said, there are two configurations for the FW cooling. 

The simplest approach is to build the FW on the blanket inner face. The inner EUROFER97 

sheet of the blanket would be at the same time the FW substrate on which the tungsten 

armor would be mounted. This scheme is named "Integrated First Wall-blanket" 

configuration (IFWB). The 375 MW deposited in the FW would be transmitted to the LiPb 

by conduction, and they would be eventually evacuated in the LiPb together with the 

neutronic energy deposited in the blanket. It is shown in figure 32. 

Another approach is to build the FW as a physically independent component from 

the blanket. It would have its own independent EUROFER97 substrate. This scheme is 

named Separated First Wall-Blanket (SFWB) configuration. It opens the possibility of a 

FW cooling independent from the blanket cooling. The helium is the most suitable choice 

for this task for compatibility and chemical activity reasons. Although it is a more complex 

configuration, it presents several advantages. Independent components allow the 

replacement of one independently from the other. The presence of a second and 

independent cooling circuit is a safety advantage to face situations where the main cooling 

circuit is out of operation. The use of the helium cooling circuit of the FW as emergency 

cooling circuit could avoid the reaching of threatening temperatures (T>550ºC) in case of 

active cooling is lost. And it can be equally used to maintain the LiPb in liquid state inside 

the blanket in the cases where the reactor operation is stopped. As there is no corrosion 

between the He and the EUROFER, the outlet temperature of the He from the FW could be 

raised from 450ºC in the case of the blanket, to 550ºC (this new limit is imposed by the 



EUROFE97 creep rupture limit). And, in the case that the FW substrate could be built of 

ODS-EUROFER, the outlet temperature of the He would raise up to 650ºC. This 

temperature raise can be an advantage if the He cooling circuit of the FW is a branch of the 

secondary in the case of a Helium Brayton power cycle is used. The He temperature at the 

turbine inlet is thus superior than the case where the maximum He temperature is fixed by 

the LiPb maximum temperature. The impact of this temperature raise in the power cycle 

efficiency is studied in the subsection 4.3.6. 

 

Figure 37. In the upper part it shown schematically the energy carried by the particles impacting the First 
Wall and the blanket and how this energy is deposited in the FW-blanket system; in the left it is shown the 
Integrated First Wall - Blanket option, while in the right it is shown the Separated First Wall - Blanket option. 
In the lower part of the figure, they are shown the 3D representation of how the IFWB and SFWB are 
arranged. 

 

 

 



4.3.4 Neutronics and activation 

Methodology briefing. The studies presented here were carried out making use of 

the following tools: CATIA, MCAM, MCNP and ACAB. ACAB code was modified 

to take into account more than one spectrum in the same irradiation cycle. The cross-

section libraries used were the JEFF-3.1.1 for the neutron transport, the EAF-2010 for 

the activation, and the ENDF/B-VII for the damage computation.  

In this subsection, the neutronics and activation performance of the preliminary 

reaction chamber is assessed. The studies are to be performed for the IFWB scheme, for 

being the simplest approach. In any case, the neutronics performance of the IFWB and the 

SFWB are not expected to be substantially different; the only difference between them is 

the one cm thick FS sheet between the tungsten armor and the inner blanket surface present 

in the case of the SFWB. 

Three groups of quantities are tackled in this study: operational, radiological safety 

related and VV related quantities. The operational quantities are the tritium breeding ratio 

(TBR) and the blanket energy amplification factor b. The radiological safety related 

quantities are the total inventories of tritium, 203Hg and 210Po in the LiPb loop. The 

neutronics quantities relative to the VV are related to the damage induced by the 

maintained neutron irradiation of the VV: He transmutation and accumulated displacements 

per atom, dpa. All these quantities are studied for comparison of two different blanket 

thicknesses which justification will be given in the following text.  

Tritium breeding ratio and blanket energy amplification 

As mentioned before, the TBR of the blanket is the core of the tritium self-

sufficiency of the reactor. It is defined as: 

    
  

  
, 

where NT is the number of atoms of T generated in the breeder and Sn is the number of 

source neutrons generated in the ignition of the DT fuel. Thus, the TBR stands for the 



number of T atoms generated in the breeder per fusion reaction in the ignition (one neutron 

per reaction).  

In a nuclear fusion reactor, 55.6 kg of T will be burnt every year per GW. This is a 

huge amount of T, and current T-producing facilities cannot supply for a whole fleet of 

fusion reactors. And considering the safety concerns of operating with T, the most accepted 

concept for the T supply in the nuclear fusion reactors is the self-sufficiency of the facility. 

Making use of the "residual" neutrons of the ignitions, the T can be bred in the reactor for 

re-fuelling using lithium as T breeder. The fuel self-sufficiency requires that at least as 

much fuel is generated as burnt in every reactor. Thus a TBR=1.0 is the requirement for the 

tritium self-sufficiency. 

However, there are several reasons for which the TBR should exceed the unity in 

the design, and it should be flexible and allow and online adjustment. The most important 

are commented here, but a deeper study is found in [67]. 

In the calculation of the TBR there are diverse sources of uncertainties, as shown in. 

For a 2 GW reactor, a 1% of difference in the TBR stands for 1 kg of T per FPY. It is a 

relevant amount of T from the standpoint of safety, storage and supply. Thus, a reactor 

should be designed with a calculated TBR high enough to assure a real TBR=1.0 in the 

worse precision case; to take into account all the uncertainties sources, it has been assessed 

that a design TBR=1.1 is required given the current neutronics tools development.  

There are two key parameters directly affecting to the TBR which are free in the 

design stage: the breeder thickness and the 6Li enrichment of the LiPb; and they 

complementary: given a reference required TBR=1.1, the thicker the breeder is, the lower 
6Li enrichment is required. A priori there are several combinations of thickness and 6Li 

enrichment providing a TBR=1.1 as shown in the figure 33. It has been computed with 

following the methodology depicted in chapter 4, briefly summarized here: generation 

and/or modification of the geometry of the reaction chamber with CATIA, translation of it 

with MCAM to a input file valid for MCNP; with MCNP and the JEFF3.1.1 cross-sections 

libraries. 



 

Figure 38: Tritium Breeding Ratio of the SCLL blanket as function of the breeder thickness for different 6Li 
enrichments. 

It is clear that from the TBR standpoint, it makes no difference to select a thicker or 

thinner breeder, provided that the 6Li enrichment is properly tuned. Thus, two trends are 

selected for deeper neutronics and activation study to reach a selection criteria rather than 

TBR: 

1. Thick breeder: 75 cm of breeder, 25% 6Li enrichment 

2. Thin breeder: 50 cm of breeder, 75% of 6Li enrichment 

Both concepts, fulfilling the TBR=1.1 requirement, differ in other neutronics 

quantities, as will be shown in the next text. 

Apart from the TBR=1.1 itself, it is also important to quantify the TBR margins 

allowed by the 6Li enrichment tuning for both blanket options. This corresponds to the TBR 

value when 6Li enrichment= [90%, 10%] for both blanket options. It gives an idea of the 

viability and the flexibility of the online TBR tuning with the method proposed in[67]. And 

it is the justification of the statement made in subsection 4.3.1 to select liquid breeders over 

solid breeders. This value is shown in table 12. 
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The energy amplification factor b is the other operational quantity of interest in this 

study. It is defined as 

   
  

  
, 

where En is the energy carried by the source neutrons (80% of the fusion energy) and Eb is 

the energy deposited in the blanket. The b uses to be higher than 1 given that the neutrons 

induce exothermic reactions along the blanket, in addition to the deposition of part of their 

energy. This quantity finally impacts in the power cycle efficiency, and consequently in the 

economic competitiveness of the electricity generated in the facility. The values for the 

both blanket options are shown in the table 12. 

Table 13: Thin and thick blanket options neutronics answers 

 Thin blanket Thick blanket 
TBR 1.1 1.1 
Inner duct thickness 8 cm 8 cm 
Outer duct thickness 42 cm 67 cm 
LiPb volume 310 m3 475 m3 
blanket 1.10 1.18 
TBR range 0.66 – 1.21 0.89 – 1.36 

As required, the TBR=1.1 condition is fulfilled by both blanket options. While the 

thin blanket requires 310 m3 of LiPb, the thick blanket requires 475 m3, almost a 50% of 

weight increase. On the other hand the thick blanket operates at lower 6Li enrichment, with 

obvious economic advantages, plus a slightly higher energy amplification factor. However, 

those economic advantages could not be enough by themselves to compensate the dramatic 

increase in the blanket weight, from 3100 Tm to 4750 Tm. 

Radiological safety aspects 

The radiological safety objectives for HiPER reactor are, as mentioned before, to 

design the reactor such that the radiological concerns do not require an evacuation plan in 

case of accident. There are three isotopes identified as potential threads to this requirement: 

tritium 203Hg and 210Po. In this subsection, the inventory of all of them has been computed 

for the whole LiPb loop for both blanket options.  



The tritium as radiological concern is present in the whole facility, not only in the 

LiPb loop, differently to the 203Hg and the 210Po. This is because the tritium is extracted 

from the LiPb a processed to insert it into pellets as fuel and transported back inside the 

reactor. And, along this tritium cycle, the tritium spreading is quite relevant, given the high 

tritium permeation. Thus, it soaks all the materials it is in contact with, not only the LiPb 

loop. And from other studies [94], it known that the main tritium inventory will not be the 

LiPb. In fact, the LiPb will be the only part of the plant which an online tritium extraction 

system, what reduces its content in every LiPb cycle, until a buildup concentration is 

reached. The systems foreseen to be used for tritium extraction are tritium permeators, 

given the LiPb mass flow[69].  

 However, the computation of T inventories in the different components of the plant 

requires a methodology apart out of the scope of this study, and, in addition, it is not 

relevant to compare the two blanket thickness options. What is relevant to this end is the 

comparison of T inventories in the LiPb loop as a result of different flow speeds and LiPb 

volumes irradiated for both options. Obviously, the permeator efficiency will impact into 

the tritium buildup concentration. In the figure 34, it is shown the tritium buildup inventory 

for both LiPb loops assuming different permeator efficiencies. It is also shown the T partial 

pressure. The calculation of the tritium inventory is based in the TBR=1.1. The source term 

to which the blanket is exposed is 1500 MW of fusion power, resulting in 5.71·1020 n/s 

neutrons with an average energy of 12.3 MeV. The T partial pressure has been computed 

using the SIEVERT's law: 

         

where CH is the atomic concentration of tritium in the LiPb, KS is the Sievert's constant and 

PH is the tritium partial pressure in equilibrium. 

The first remarkable result is that both blankets present the same and relatively low 

tritium partial pressure in the LiPb, and consequently the same and limited tritium 

spreading problem. For high permeator efficiencies (>95%), the tritium partial pressure is 

around 1mPa; it is a very suitable operation condition, as the tritium spreading could be 

minimized in this way. However, it is still unknown how efficient the tritium permeators 



will be, and low efficiency permeators (20%<eff<90%) are taken into account in this study. 

For low efficiency permeators, the tritium partial pressure expected in the LiPb are from 10 

to 100 mPa, what is in the order of magnitude of DCLL reactors[69]. Consequently, even if 

the tritium permeators are not highly efficient in the tritium extraction, the technologies 

necessaries to control the tritium spreading derived from this design will be developed, at 

least in the framework of other programs. Proposed solutions are nowadays the use of 

double piping filled with molten salts or vacuum.  

 

 

Figure 39: Total Tritium inventory in the thick and thin blanket LiPb loops as a function of the tritium 
permeator efficiency. 

Regarding with the tritium spreading, the key fact of this chamber proposal is the 

high mass flow3, 6.3 m3/s, which does not allow for a large tritium breeding in each cycle, 

and keeps the total inventory low. Other reactor proposals with slower LiPb mass flow (e.g. 

HCLL) accumulate a larger quantity of T in each cycle, and the tritium spreading becomes 

a more serious concern [69]. The tritium spreading for this blanket proposal is a reduced 

threat with expected technological solution in the short- or mid-term. 

                                                 
3 The LiPb mass flow mentioned here,6.3m3/s, corresponds to the SFWB configuration. It has been 

computed as the average flow required to evacuate the heat deposition in the blanket increasing the LiPb from 
350ºC to 450ºC. 
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The second remarkable result is that the total tritium inventory in the loop is very 

low, even for low tritium permeator efficiencies (<30%). If the tritium permeator efficiency 

is high, the total T inventory in the LiPb loop of both blanket tends to be the same, and 

below 0.05 g. As the permeator efficiency decreases, the T inventory of both blankets 

differs and it can be above 2 g in the case of the thin blanket, and 3 g in the case of the thick 

blanket. Similarly to [94], both are a low tritium inventory compared to that accumulated in 

the structural materials or the FW, not representing a major threat except to the chamber 

accidental situations far from the chamber are considered. However, following the ALARA 

principle, it is to remark the thin blanket performance superior to the thick blanket 

performance in this field. 

There are, as said, two other radiological concerns related to the LiPb apart from the 

tritium: 203Hg and 210Po. This threatening inventory is generated in the Lead and its 

impurities. The limits of inventories to exclude the need of an evacuation plant have been 

taken from [94]. This work has been selected for being a representative study in the matter. 

These limits correspond to 925 TBq for the 203Hg and 0.925 TBq for the 210Po. The 

specific activity and total activity of 203Hg and 210Po are shown in the pictures 35 and 36. 

During an accidental situation a certain fraction of those isotopes inventories can be 

mobilized and released. The maximum fraction to be released fulfilling the mentioned 

limits will define the degree of radiological confinement (DRC) to be demanded to the 

facility design. If this DRC is not viable with the implementation of safety systems, a 

purification system will be introduced to limit the content of Po, Bi and/or Hg in the LiPb. 

In this way it is guaranteed the no emission of isotopes above the limit. 

As it was the case for the tritium, the aim of this work is to compare one blanket 

option to one another and get an estimation of the threat for the chamber proposal and a 

comparison of two blanket thickness options, rather than an exhaustive analysis of the 

safety issue. Thus, here it is computed the 203Hg and 210Po inventories and the radiological 

confinement degrees for both blanket options. The methodology used is depicted in 

subsection 2.3.2.  



 

Figure 40: In the left, the 203Hg specific activity for the thick and thin blanket options as a function of 
irradiation time. In the right, the 210Po specific activity for the thick and thin blanket options as a function of 
irradiation time. 

 

Figure 41: In the left, the 203Hg total activity for the thick and thin blanket options as a function of irradiation 
time. In the right, the 210Po total activity for the thick and thin blanket options as a function of irradiation 
time. 

Table 14: Summary of the safety related quantities of the thin and thick blanket options 

 Thin blanket Thick blanket 

T partial pressure in the LiPb (per=90%) 3 mPa 3 mPa 

Build-up T total inventory in the LiPb loop (per=90%) 54 mg 83 mg 

203Hg degree of radiological confinement @ 40 yr 11.6 12.3 

210Po degree of radiological confinement @ 40 yr 18110 4140 
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The T partial pressure in both cases is found to be exceptionally low when 

compared to, for example, DCLL concept: 3mPa for the HiPER SCLL blanket versus the 

35 mPa [69]. Being both reasonably low regarding with the tritium spreading safety threat, 

the current value reduces the threat to an attainable situation without dramatic efforts. 

However, although the T performance of the LiPb in HiPER SCLL concept has shown to 

be positive it does not allow a direct comparison between thin and thick concepts, as the 

differences from one to another are not remarkable. 

Other behavior has been found related to the generation of high-Z radioactive 

concerning inventory, and specifically to 210Po. First of all, the specific concentrations of 
203Hg and 210Po perform the contrary in the thin and thick blanket. More 203Hg in produced 

per cm3 in the thin blanket than in the thick blanket; and the reversed situation is found for 

the 210Po. Thus, in the case of an accidental liberation of a given and fixed volume of LiPb, 

the thin and thick blanket will suffer more markedly from one or other radiological threat. 

But the safety evaluation indicated in [94] is done in terms of total inventory. In that 

situation, the performance of both isotopes is equal. Less total 203Hg and 210Po is generated 

in the thin blanket than in the thick blanket. While this difference is not exceptional in the 

case of the 203Hg, in the case of the 210Po it is a factor 4 higher. From the high-Z radioactive 

safety, the thin blanket performance is superior. 

Vacuum vessel protection 

The high energy neutrons generated in the fusion reactions deposit a fraction of their 

energy in successive impacts in the solid materials. This causes different mechanisms of 

transformation of the microscopic structure of the material. In the macroscopic scale, they 

are manifested in deformations and loss of structural capabilities of those materials. Typical 

effects are embrittlement, hardening and DBTT displacement. 

The high neutron flux to which the FW and the blanket are exposed imply that they 

will have to be substituted several times along the lifetime of the plant. In this chamber 

proposal, the structural material is the EUROFER97 for both the FW and the blanket. In the 

bibliography, different limit values of accumulated dpa (displacement per atom) are found, 

always in the range between 100 and 200 dpa. Above this limit, it is assumed that the 



EUROFER will not properly perform its structural function. In this study we assume the 

limit of 100 dpa for being conservative, to compute the lifetime of the FW and the blanket 

modules. 

The Vacuum Vessel is assumed to be built also with EUROFER97, for a radioactive 

waste management motivation. However, this large component has been decided to be a 

lifetime component. Given its size and its steel content, it cannot be replaced a single time 

along the reactor lifetime. Thus, it has to be protected with two criteria: 

1. The 100 dpa limit cannot be reached in the 40 years of reactor lifetime, to 

guarantee the structural performance of the VV. 

2. The VV must be able to be repaired. Above a certain He content, 1 appm, 

the reweldability is no longer possible. The Vacuum Vessel should assure a 

high vacuum operation, and thus, at least the external surface of it should not 

present a total He transmutation of 1appm after the 40 years of reactor 

lifetime. 

Regarding with the VV, there will different responses as the blanket thickness offers 

neutronics shielding. The thick blanket is expected to better protect the VV than the thin 

blanket. The dpa limit is not expected to be reached, based on previous studies [66]. 

However, the He transmutation limit is expected to be reached in the current components 

arrangement. The strategy followed in this study, taken from[66], is to increase the VV 

thickness to reduce the He transmutation rate in the outer surface. This is, a self shielding of 

the VV. Thus, the VV thickness of the VV for both blanket options are computed in order 

to not reach the reweldability limit of 1appm of He accumulated along 40 years.  

In the figure 37 it is shown the He accumulated as a function of the VV thickness 

for both blankets.  



 
Figure 42: Vacuum Vessel thickness required to guarantee the reweldability in the outer surface of the 
Vacuum Vessel after 40 years of irradiation. 

In the table 14, it shown, for both blanket options, the accumulated dpa in the VV 

and the accumulated He after 40 years of lifetime. 

Table 15: Summary of damage quantities studied for the Vacuum Vessel considering the thin and thick 
blanket options. 

 Thin blanket Thick blanket 

VV accumulated dpa @ 40 years 50 17 

VV thickness to keep He < 1appm @ 40 years 52 cm 39 cm 

 

The dpa limit is not reached in none of the cases. Consequently, the VV structural 

integrity is not threatened by the radiation damage. However, extraordinary VV thicknesses 

are required to guarantee the reweldability of the external surface. These steel sheet 

thickness is comparable to that found in submarines, and the requires technology is quite 

expensive. Although the thick blanket protects better the VV, 39 cm is considered to be too 

thick for the HiPER reactor, where 20 cm is the expected limit to not be overreached. As 

the radiation damage is not a threat for both and both options imply a VV thickness too 
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high, this part does not allow to compare at all one option to the other; but it identifies a 

major need: an additional shielding for the VV to guarantee the reweldability. 

Summary of comparison 

To compare both blanket options, it is shown in the table 15 a summary of all the 

results obtained on the neutronics studies carried out in this subsection. 

Table 16: Summary of neutronics and safety studies carried out for thin and thick blanket options. 

 Thin blanket Thick 
blanket 

TBR 1.1 1.1 

Inner duct thickness 8 cm 8 cm 
Outer duct thickness 42 cm 67 cm 

LiPb volume 310 m3 475 m3 

6Li enrichment 70 % 25 % 

blanket 1.10 1.18 

TBR range (10% - 90% 6Li enrichment) 0.66 – 1.21 0.89 – 1.36 

T partial pressure in the LiPb (per=90%) 3 mPa 3 mPa 

Build-up T total inventory in the LiPb loop (per=90%) 54 mg 83 mg 

203Hg degree of radiological confinement @ 40 yr 11.6 12.3 

210Po degree of radiological confinement @ 40 yr 18110 4140 

VV damage @ 40 years 50 dpa 17 dpa 

VV thickness for reweldability 52 cm 39 cm 

From the previous neutronics studies, different advantages of both blanket options 

are identified: 

Thin blanket: 



1. The volume of LiPb is significantly reduced, 310 m3 vs. 475 m3. This has 

obvious structural advantages over the thick blanket, although it still requires 

a structural analysis to determine its ultimate viability. 

2. The radioactive threatening inventory (T, 203Hg and 210Po) is lower, reducing 

the confinement requisites of the safety systems for accidental situations. 

Thick blanket: 

1. This blanket operates at lower 6Li enrichment, what is cheaper. 

2. The larger volume of LiPb offers extra radiological protection to the vacuum 

vessel. 

The advantages of the thin blanket has been judged to be superior to those of the 

thick blanket, as the safety the structural viability are more primary requirements than the 

operation cost. Thus, the thin blanket is selected as priority for further blanket evolution. 

And there arise a major challenge common to both options: The Vacuum Vessel, although 

it is better protected in the case of thick blanket, results be insufficiently shielded. A 

vacuum vessel thickness higher than 20cm is not considered to be viable for this study. 

Consequently, the vacuum vessel protection requires a deeper evolution in both blanket 

options. 

4.3.5 Fluid-dynamics 

All the work carried out in the field fluid-dynamics for the preliminary SCLL 

blanket for HiPER reactor has been the result of the collaboration of the author with Julio 

Hernández and Claudio Zanzi, from Departamento de Ingeniería Mecánica, Escuela 

Técnica Superior de Ingenieros Industriales, Universidad Nacional de Educación a 

Distancia.  



Methodology briefing. The work presented in this section was carried out making 

use of the computational tools: CATIA, MCAM, MCNP and FLUENT. The three 

first are used to compute the neutron related quantities, while FLUENT was used to 

compute the CFD calculations. The turbulence model used in the CFD calculation 

was the -. The cross-section library used was the JEFF-3.1.1 for the neutron 

transport. 

Even when from the neutronics standpoint, the thin blanket options has been 

selected over the thick blanket options for showing a better performance in the most 

relevant fields, the fluid-dynamics studies have been conducted for the thick blanket option. 

The reason for this is that different flowing patterns are expected in the thin and thick duct 

of the blanket, and they will show a higher contrast if their thickness differences are higher. 

The thick blanket is then more suitable for studying these differences. 

Two quantities are subject of study for the SCLL blanket of the preliminary reaction 

chamber: the temperature and the corrosion. As mentioned, the design objective is that 

the LiPb will enter the blanket at 350ºC thought the thin duct, and will exit at 450ºC 

through the thick duct, keeping the corrosion rates as low as possible. The LiPb flow rate 

corresponding to this temperature rise is 6.3 m3/s for the SFWB, and 8.5 m3/s for the 

IFWB, using the simplified equation of  

    
   

  
 

where cm is the volumetric heat capacity, m is the mass, P is the deposited power to be 

extracted, t is the time the fluid is receiving the power, and T is the temperatures 

difference after receiving the power P during a time t. 

In this subsection, these assumptions are to be checked, and the SFWB and IFWB 

configurations performances are to be compared. 

Heat deposition 

The power coming out the ignitions is 1500 MWth. The ions and the X-rays carry 

375 MWth, corresponding to the 25%. The neutrons carry 1125 MWth, the rest. The power 



carried by the ions and X-rays is fully deposited in the first microns of the First Wall. 

However, as the neutrons are more penetrating in the matter, pass through the First Wall, 

and deposit a big part of their energy in the blanket. In addition, the neutrons induce 

exothermic reactions. Then, the energy deposited in the blanket is 1327.5 MWth, although 

the neutrons only carry 1125 MWth. This withstands a blanket gain of blanket=1.18. 

Table 17. Neutron power deposited in different blanket stretches. 

Stretch Neutron power 
deposition (MW) 

LiPb volume (m3) 

Inlet pipe 1.13 1.69 
Thin duct 32.63 2.6 
Transition channel 1.99 0.4 
Thick duct 46.74 25.23 
Outlet pipe 0.15 0.9 
Total 82.65 30.82 

In figure 38 it is shown the neutron power deposition in a blanket module 

(EUROFER structure and LiPb), which is common to both IFWB and SFWB 

arrangements. In the table 16 it is shown the neutron power deposition in the different 

stretches of a blanket module. 

The difference in terms of heat deposition between the IFWB and the SFWB is that 

the IFWB will evacuate in the LiPb, in addition to the neutron power deposition, the heat 

deposited in the First Wall. In the table 18 it is shown the total power deposition in the LiPb 

of the thin and the thick duct of both arrangements. 

It is remarkable that the thin duct contains the 8.4% of the total LiPb volume, but it 

receives the 39.48% of the total neutron power deposition in the IFWB and the SFWB. In 

addition, in the IFWB it also receives the power deposited in the First Wall, receiving, then, 

the 52.84% of the total energy deposition in the system. This is the difference of power 

depositions that motivates this study. 

 

 



Table 18: Total power deposited in the thin and thick duct of the IFWB and SFWB configurations. 

Arrangement Thin duct (MW) Thick duct (MW) Total (MW) 

IFWB 56.06 46.74 106.08 

SFWB 32.63 46.74 82.65 
    

The heat deposition in the blanket, heat source for the CFD studies, is shown in the 

figure 38. 

 
Figure 43: Specific neutron power deposition in the blanket. 

Local and averaged temperature 

The temperature plays a major role in the blanket performance and viability. As 

mentioned before, the EUROFER97, structural material, cannot operate at temperatures 

above 550ºC[135], [136], the creep rupture limit. The mass flow has to be adjusted to 

guarantee a local maximum temperature below this limit. On the other hand, the averaged 

outlet temperature should be as close as possible to 450ºC, to assure a power cycle 



efficiency as high as possible. It was anticipated that the SFWB could perform potentially 

better than the IFWB, as the total power to retire is the 80% of that for the IFWB. Thus, the 

reference configuration for study is the SFWB. 

In order to not overcome a maximum local temperature of 550ºC, the mass flow for 

the SFWB has been fixed to 9685 kg/s, instead of the predicted 3800 kg/s or 0.4 m3/s 

initially predicted; it is to guarantee a maximum local temperature of 514ºC, well below the 

550ºC limit. This mass flow has been scaled by a factor of 1.25 (relation of total powers 

retired by the LiPb in IFWB and SFWB) to obtain a mass flow of 12106 kg/s, with which 

the thermal performance of both blanket configurations could be compared. In the figures 

39, 40, 41 and 42 it is shown the local temperature maps for the four sheets (inner and outer 

of the thin and thick duct) for the SFWB and IFWB. 

 
Figure 44: Local temperature map of the inner sheet of steel of the thin duct for the SFWB in the left and the 
IFWB in the right. 

 



 
Figure 45: Local temperature map of the outer sheet of steel of the thin duct for the SFWB in the left and the 
IFWB in the right. 

 



Figure 46: Local temperature map of the inner sheet of steel of the thick duct for the SFWB in the left and the 
IFWB in the right. 

 
Figure 47: Local temperature map of the outer sheet of steel of the thick duct for the SFWB in the left and the 
IFWB in the right. 

It can be seen that the most critical issue is found in the inner sheet of the thin duct. Just 

after the first laser beam penetration, it is created a recirculation area. It is originated by the 

combination of different factors: almost 2D flow pattern (thin duct), fast and decelerating 

LiPb flow (reduced but widening section) and the beam penetration obstacle. Where the 

recirculation takes place, the blanket is not properly cooled, and the maximum local 

temperature is 514ºC for the SFWB while it is 669ºC for the IFWB. The SFWB performs 

markedly better in this sense, as it does not overcome the 550ºC limit, while IFWB does. 

The rest of sheets are out the creep rupture risks. As a general overview, it worth to 

comment that in the thin duct, the planar mass flow implies a lower temperature mix than 

that found in the thick duct, where a more homogeneous temperature distribution is found. 

The rest beam penetrations are not perturbing too much the flow pattern because they are 

whether placed in a slower LiPb region or in the thick duct where the 3D flow pattern 

favors the temperatures mixing. 



The high mass flows required, impact negatively in the outlet averaged temperature, 

being 395ºC for both the IFWB and the SFWB. This a very poor temperature rise which 

would dramatically impact the power cycle efficiency. The power cycle requires a 

temperature close to 450ºC, but this will required the mitigation of the lack of mixing and 

the recirculation found. This will have to be taken into account in further design evolutions. 

Local and averaged corrosion rate 

The corrosion rates are an identified threat from the design phase, when LiPb was 

decided to be in direct contact with EUROFER97. It is pursued to quantify the threat in 

terms of maximum local corrosion rate and total volume of material eroded every year. The 

first one is a threat to the structural integrity of the blanket, and the second one to the safety 

of the facility. 

To guarantee the structural integrity of the blanket, no more than the 10% of the 

steel sheet thickness can be removed in the blanket lifetime [69]. As the blanket sheet 

thickness is 1 cm, a maximum of 200 m/yr is allowed assuming a 5 years lifetime. In the 

figures 43 and 44 it shown a map of the local corrosion rate in the inner and outer sheets of 

the thin duct of both the SFWB and the IFWB. 

 



Figure 48: Corrosion rates in the inner sheet of the thin duct for the SFWB in the left and for the IFWB in the 
right. 

 

Figure 49: Corrosion rates in the outer sheet of the thin duct for the SFWB in the left and for the IFWB in the 
right. 

The maximum local corrosion rate for the SFWB is 650 m/yr and 6800 m/yr for the 

IFWB both in the inner face of the thin duct. Once again, the SFWB performs markedly 

better than the IFWB; but both present intolerable local corrosion rates. This extremely 

high local corrosion rates are also a consequence of the recirculation induced by the first 

beam penetration. But in the outer sheet of the thin duct is also seen a generalized situation 

of very high corrosion rates, differently to what was found for the temperature map. This is 

a consequence of the exponential dependence of the corrosion rate with the temperature: 

small difference in the temperature may result in big difference in the corrosion rates. 

On the other hand, the total volume of steel removed will deposit in cold regions of 

the loop , and they could be interfere the normal operation of the LiPb loop as they could 

reach the exterior in case of accidental break-up. The steel of the blanket is under a high 

neutron flux irradiation, and thus it is radioactive. Consequently, the removed steel is a 

movilizable radioactive inventory which has to be minimized, even if the local corrosion 

rate were acceptable. The total removed steel volume is 28100 cm3/yr for the SFWB and 



129370 cm3/yr for the IFWB 4.6 times higher. The SFWB performs definitively better, also 

in terms of total steel volume removed. 

Finally, it worth to remark that the results presented here were obtained making use 

of a RANS turbulence model. It is an averaged model, which is normally satisfactory for 

most CFD applications. However, recent studies in the same field, HiPER blanket design, 

are showing that the use of a LES turbulence model gives rise to much more satisfactory 

performances. The use of LES is markedly more computer consuming, as it is a more 

precise an detailed model; consequently the results are significantly more realistic. It is not 

usual to find marked differences between these models. However, and given the high 

Reynold's number found in the HiPER SCCL blanket, there arise difference. The main one 

is related to the corrosion rates. While using the RANS model maximum local corrosion 

rates of 650 m/yr were found, the same input changing to LES model gives 130m/yr. 

This is a major difference, indicating a much better performance of the SCLL than 

expected. Further studies are being carried out at the time when this work was being 

written. 

Summary 

In the table 17 it is shown a summary of the obtained results. 

Table 19: Summary of the results of the fluid-dynamics studies 

 SFWB IFWB 
Mass flow (kg/s) 9685 12106 
Tmax (ºC) 514 669 
Tout (ºC) 395 396 
max (m/yr) 650 6800 
total (cm3/yr) 28100 129370 

The first result is relative to the comparison of the SFWB and IFWB cooling 

configurations. The SFWB performs markedly better in all the quantities of comparison, 

and thus, it is selected for further design evolution. In order to not overcome the 550ºC 

limit for maximum local temperature to avoid the creep rupture of the EUROFER97, the 

required mass flow for the SFWB is 2.5 times higher than the expected one. The 

consequence is a very low LiPb outlet temperature, 395ºC, instead of the expected 450ºC. 



In addition, there is a local corrosion rate threat in thin duct, which is local in the inner 

sheet and generalized in the outer sheet. All these bad performances of the SFWB, are a 

consequence of a LiPb recirculation generated after the first beam penetration in the thin 

duct. It is the result of a combination of factors: almost 2D flow pattern (thin duct), fast and 

decelerating LiPb flow (reduced but widening section) and the beam penetration obstacle. It 

gives rise to a region with very temperatures implying a very high mass flow and high 

corrosion rates, which depend on the temperature exponentially. 

Two considerations must taken into account for further design evolutions. The first 

one is that all these studies are a preliminary approach, and a simplified turbulence model 

for the LiPb has been assumed. Recent results making use of a more detailed turbulence 

model for the LiPb indicate that the found threats are not that extreme, although they are 

absolutely present. The second one is that the most worrying performance of the LiPb flow 

is derived from a situation which could be easily mitigated: thin duct must not be used in 

the design, and the FW must be independently cooled. 

4.3.6 Power cycles 

All the work carried out in the field of power cycles for the preliminary SCLL 

blanket for HiPER reactor has been the result of the collaboration of the author with 

Consuelo Sanchez, from Departamento de Ingeniería Energética, Escuela Técnica Superior 

de Ingenieros Industriales, Universidad Nacional de Educación a Distancia. 

The IFWB and the SFWB configurations will also perform differently from the 

power cycle efficiency standpoint. The key difference is, as mentioned before, that in the 

case of the SFWB there two heat sources at different temperatures for the cycle, instead of 

the sole one of the IFWB. The analysis carried out here is based in theoretical assumptions 

of temperatures. Ideal maximized temperatures windows are considered, even when the 

fluid-dynamics analyses has shown other situation. It then assumed that after modifications, 

the blanket will finally allow the maximum temperature window fulfilling the materials 

requirements. To compare both cooling configurations, the Helium Brayton power cycle 

has been selected. In addition to the reasons previously mentioned related to the 

technological development status, it has been selected for being the helium a chemically 



inert gas with no radioactive consequences after irradiation. This feature allow to introduce 

the helium inside the reaction chamber to independently cool the First Wall. 

In the IFWB, the LiPb receives and extract outside the reaction chamber all the 

energy deposited in the blanket and First Wall, 1702.5 MW. Thus, the cold and hot 

temperatures of the LiPb loop, 350ºC / 450ºC are the operation temperature window for the 

power cycle. It worth to remember the origin of these limits. When irradiating 

EUROFER97 bellow 350ºC, it suffers a radiation induced hardening and a DBTT shift 

above the room temperature. On the other side, above 450ºC, the corrosion rates o the LiPb 

with EUROFER may become unaffordable. If the corrosion rates were exempt, the upper 

temperature limit would be 550ºC. Above that, the EUROFER97 suffers from creep 

rupture; but this last is not the situation for the IFWB, where the upper limit is 450ºC. 

Briefing of neutronics. It is necessary to remember here a key neutronics aspect of 

the blanket: the energy amplification factor. The neutrons arising from the fusion 

carry the 75% of the energy. The 75% of a 1500 MW reactor is 1125 MW, which are 

deposited in the blanket. But, while the neutrons deposit this energy in the blanket, 

some exothermic nuclear reactions take place, which, in fact, increase the total energy 

deposited in the blanket. Then, even when no more than 1125 MW arrive to the 

blanket with the neutrons, 1327.5 MW are deposited and finally extracted by the 

LiPb. This corresponds to an energy amplification factor of B=1.18. If the energy 

carried by the ions and X-rays and deposited in the FW is also taken into account, 

1702.5 MW are finally deposited in the reaction chamber and available for power 

production. 

The SFWB configuration, as mentioned, makes use of a helium branch from the 

secondary circuit to cool the First Wall independently from the blanket. There are two heat 

sources. As shown in the figure 32, the First Wall receives the 25% of the fusion energy, 

and the blanket, the 75%. And, in addition to the heat magnitude difference, the heat 

sources operate at different temperature. The blanket temperatures is, as it was the case of 

the IFWB, 350ºC / 450ºC. However, the First Wall, being exempt of LiPb, does not present 

any corrosion threat. If it were built of EUROFER97, the upper temperature, 450ºC could 

be raised to 550ºC. And for this purposes, the use of ODS-EUROFER97 could be justified: 



the creep rupture threat of the ODS-EUROFER97 starts at 650ºC, and the radiological 

performance is the same as EUROFER97. It is remarkable that the ODS-EUROFER97 

makes sense as structural material only for an independently cooled First Wall, as the upper 

temperature in the blanket is limited to 450ºC for corrosion reasons. Then, in the SFWB 

configuration, there two heat sources: the first one is 375 MW operating at 350ºC / 650ºC, 

and the second one is 1327.5 MW operating at 350ºC / 450ºC. In this study, a very simple 

Helium Brayton cycle is designed, making use of the same cycle scheme for both 

configurations, in order to compare their power cycle efficiencies. 

The power cycles are shown in the figure 45, and the heat source data is found in 

the table 18. The following assumptions are made for the cycles: 

 Input data: 

o High helium pressure: 8 MPa [131] 

o Inlet helium temperature for both compressors: 30ºC[128] 

o The reactor thermal power and the coolant temperatures: table 18 

 Pressure drops are neither considered in the heat exchangers nor in lines 

 Changes in kinetic and potential energies in each component are negligible 

 The turbine isentropic efficiency has been assumed to be 95%, being 90% 

for the compressors [137] 

 The heat exchangers are considered to be adiabatic, with an effectiveness: 

95% 

 Mechanical losses are not considered for the turbo machinery, neither for 

power transmission Additionally, the generator efficiency is considered to be 

100%.  

Table 20: Heat source and cycle data 

 IFWB SFWB 
LiPb:  
Thermal power  
Inlet/outlet temperature  
Inlet/outlet specific heat  
 
Helium: 
Thermal power 

 
1,702.5 MWth 
350/450 º C 
0.1889/0.1884  
(kJ/kgK) 
 
---- 

 
1,327.5 MWth 
350/450 º C 
0.1889/0.1884 
(kJ/kgK) 
 
375 MWth 



Inlet/outlet temperature 
Pressure  

---- 
---- 

350/650 º C 
8 MPa 

 

 

Figure 50: IFWB and SFWB Helium Brayton power cycles. 

The cycles include regeneration and intercooling processes, and the operation data 

of the cycles is found in table 19. 

Table 21: Operation date of the cycles 

 IFWB SFWB 
rC 1.84 2.02 
rCH/rCL 1.44/1.27 1.44/1.40 
LiPb mass flow 93138 72566 
Helium mass flow 2083 1782 
Cooler thermal rating (MW) 636.6 591.23 
Intercooling thermal rating (MW) 374.7 454.16 
Cycle efficiency 0.375 0.386 
Net power output (MW) 638.0 657.1 

Then, for a common power scheme of a helium Brayton power cycle, the SFWB 

configuration show a better performance, with a cycle efficiency of 38.6%, when the IFWB 

power cycle efficiency is 37.5%. This fact more makes suitable the SFWB than the IFWB 

for further reaction chamber studies. This is a common conclusion with the fluid-dynamics 

study of the previous subsection. 



4.4 Advanced reaction chamber 

As a result from the studies carried out in the fields of neutrons, fluid-dynamics and 

power cycles and exposed before, some modifications of the reaction chamber are pursued 

and explained here. This advanced reaction chamber is presented as conclusion of the 

previous studies, and its further and deeper analyses are out of the scope of this work. No 

more than justified trends are presented here, aiming both to be consequent with the 

previous conclusions and to motivate the continuation of this work. 

The starting point for the modification of the preliminary reaction chamber is the 

conclusions of the studies carried out there:  

 The thin blanket option is preferred over the thick blanket option for 

safety and structural reasons. The price to pay is a high 6Li enrichment 

operation (expensive) and a low VV protection. 

 The SFWB configuration is superior to the IFWB for efficiency and 

safety reasons. 

Thus, it is clear that the advanced reaction chamber will make use of an independent 

He cooling for the FW being a branch of the secondary loop. At the same time, the blanket 

selection will be a “thin blanket”. There are however challenges to this starting point, which 

must be solved to reach an advanced reaction chamber. 

4.4.1 Motivations 

Among different challenges identified, here they are explained the most relevant, 

which guide the chamber evolution. 

First of all, and very important, it was identified a serious radiological threat to the 

VV. None of the two blankets offered enough radiological protection to the VV. It was not 

possible to guarantee the lifetime reweldability in the external surface making use of VV 

thickness below 40 cm. As the VV must be a lifetime component, this issue must be 

addressed to fulfill the design requirements. 



The selection of a thin blanket implies a high 6Li enrichment operation (>70%) of 

the LiPb. This situation is not suitable from the economic standpoint, and it penalizes the 

competitiveness of the reactor. An operation around the 20% of 6Li enrichment is much 

more comfortable. 

The LiPb circuit design showed a bad performance in terms of maximum local 

corrosion rates and averaged outlet temperature. It was found a bad cooled area in the 

thin duct, just after the first beam penetration. The combination of a widening thin duct 

with this obstacle in the flowing generates a recirculation region were the LiPb flows 

slowly, reaching comparatively high temperatures. In order to not exceed the maximum 

EUROFER97 operation temperature of 550ºC (creep rupture limit), the LiPb mass flow 

required are very high (~16m3/s) due to this recirculation. The consequence of this high 

mass flow is that the LiPb does not absorb as much energy as expected, and the outlet 

temperature in the case of the SFWB is 395ºC, well below the expected 450ºC. This 

severely penalizes the power cycle efficiency. And, in addition, in spite the increase of 

cooling of the recirculation with the high mass flow, temperatures around 550ºC with non-

stagnant LiPb give rise to too high corrosion rates, as corrosion depends exponentially of 

the temperature [70]. Thus, the LiPb thin duct design of the preliminary chamber design 

induces a recirculation which must be mitigated to avoid problems in the safety, structural 

viability and power cycle efficiency. 

The reaction chamber maintenance and logistics have been evaluated to be 

inefficient. The blanket assembly is a hard task, as the modules position does not allow an 

easy vertical structure to hold both hemispheres; its difficulty increases when considering 

the independent modules manipulation of different hemispheres. The spherical VV presents 

many challenges. The first one the construction: it is very expensive to fabricate a spherical 

steel sheet of 8 meters radius, with a thickness larger than 20cm and guaranteeing vacuum 

inside. But in addition to the costs there are other challenges identified. In the case of 

conceiving a viable structural support for the blanket, it has to be accommodated in a 0.5-

1m thick spherical shell (the gap between the blanket and the VV). The VV opening for 

maintenance of the blanket and the FW would require, in addition, the VV and the vacuum 

pipe cutting. Furthermore, it would require the movement of the FOA elements, and 



posterior replacement and re-alignment These operations significantly prolong and complex 

the maintenance. 

4.4.2 Modifications 

 

 



Figure 51: Different views of the First Wall and SCLL blanket for the advanced reaction chamber for HiPER 
reactor. The First presents its own cooling circuit, as this concept makes use of the SFWB configurations. The 
SCLL is presented in thin blanket option. 

Giving answer to the previous explained challenges, and starting, as mentioned, 

with the thin blanket options and SFWB configuration, it is presented here the advanced 

reaction chamber. 

 

Figure 52: In the picture of the left it is shown the LiPb loop, in the right picture is it shown the Helium loop 
corresponding to the First Wall cooling. 

In the figure 46 it is shown the new appearance. The introduction of a graphite 

neutron reflector between the breeder and the VV pursues a double function. On one hand 

it pretends to reduce the neutron fluxes reaching the VV to better protect it and guarantee 

the lifetime reweldability of its external surface. On the other hand, as the neutron reflector 

increases the neutron flux in the blanket, it allow to reduce the 6Li enrichment required to 

operate at TBR=1.1 with the thin blanket. The graphite is a light material, and it is 

relatively cheap. Even more, some authors have suggested using a graphite neutron 

reflector as a heat sink in accidental situations, increasing the blanket safety [138]. 

The LiPb circuit in the blanket is modified to a single-though top-bottom duct with 

no sense change at the equator. This single duct is wider than the thick duct of the thin 

blanket previously exposed. And, as showed before, the thick duct did not suffer from any 

recirculation area, and consequently this new duct design pursues to greatly mitigate the 

limitations found before regarding with corrosion and temperature. In effect, the single duct 

is wide enough to eliminate the two-dimensional movement restriction imposed by the thin 

duct. In the absence of this restriction, the beam penetrations does not dramatically alter the 



LiPb flowing and no permanent recirculation emerge in the blanket, as it was the case of 

the thick duct of the preliminary reaction chamber. Eliminating the recirculation the LiPb 

mass flow can be reduced and that would increase the outlet averaged temperature, together 

with a more homogenous distribution of the heat in the fluid, proper of the three-

dimensional mixing. This mixing and homogeneous temperature distribution is expected to 

limit the local maximum temperature below 500ºC, with a corresponding reduction in the 

local corrosion rates. In addition, the new shape of the blanket modules allows for a vertical 

structure holding the blanket modules and resting on the VV floor. This new design opens 

the possibility of independent modules maintenance. 

The VV of the advanced reaction chamber presents several changes. The most 

evident is the shape. From spherical changes to cylindrical. A cylinder is easier to 

construct. In addition, it offers marked advantages from the structural standpoint. With this 

shape it is easier to conceive a blanket structure to rest on the VV floor. Furthermore, the 

VV support on the VV basis is also facilitated in a plane rather than in a spherical surface. 

The new VV is also larger. From R=8m, now it presents 10m of the cylinder radius. This 

decision is motivated for different aspects: blanket structure gap, blanket and FW 

maintenance and VV protection. This larger gap, from 0.5-1m to 3 meters allows a more 

suitable blanket structure conception. The height of 10m in the cylindrical chamber allow 

the conception of a maintenance door in the chamber of 10mx10m through which the whole 

blanket and FW could be extracted at once if required, or by modules, by simple rails on 

the floor. And, the distance from the ignitions offer extra protection from the neutrons 

regarding with the threatening He production.  



 

Figure 53: Reflector thickness required to guarantee the reweldability after 40 years of irradiation of a 20 cm 
thickness vacuum vessel for different distances from the Vacuum Vessel to the ignitions. 

The neutronics impact of this decision is shown in the figure 48. There it is shown 

how the VV thickness to allow lifetime reweldability is reduced as the neutron reflector 

increases and the distance from the ignition increases. The final decision is a graphite 

neutron reflector of 20 cm thickness, operating at 20% of 6Li enrichment, 10 meters of VV 

cylinder radius and 20 meters height for the VV, and a VV thickness of 20 cm. 

However, in order to allow this new chamber modification, it is required to alter the 

optical systems, because, as said, the FOA were placed at 8m from the ignitions, and they 

must be out the VV. There, the first modification required in the optical scheme for the new 

chamber is the increase in the FOA distance to the ignitions from 8m to 10m. But, in 

addition, to allow the maintenance door to open avoiding the pipe cutting and favoring a 

huge maintenance dock outside the chamber, it is required to modify the thirds laser rings. 

As shown in figure 31, these laser rings as conceived up to now, interfere with the 

extraction of in-vessel components. Different VV architectures have been explored, and 

they are shown in the figures 49, 50 and 51.  



          

Figure 54: Two different possible arrangements of cylindrical vacuum vessel for the advanced reaction 
chamber of HiPER reactor. In the left is the direct extrapolation from the preliminary reaction chamber. In the 
right it is shwon the possibility of using the renewable lenses as final vacuum barrier and not connecting the 
vaccum tubes to the reaction chamber. 

The first VV alternative shown corresponds to the preliminary reaction chamber 

optical configuration. Its advantage is to maintain the proposed optical scheme. However, it 

is been identified a lack of space for systems fitting. Large systems such as the injector or 

the vacuum pumps are to be placed outside but close to the VV; the vacuum pipes interfere 

with those systems. In addition, the transport of blanket and FW components outside the 

VV is evaluated as unviable without pipe cutting. Some point must be modified in the 

preliminary reaction chamber optical scheme. The second alternative offers a big available 

space while the lasers are stopped. However, it requires the final optics to act as final 

vacuum barrier, what contradicts the requirement of avoiding multitasking components in 

optics imposed by the HiPER optic team (Bruno Le Garrec private communication). It 

would present a complex door opening in the VV for transportation of blanket and FW 

components outside.  

 



Figure 55: Cylindrical Vacuum Vessel proposal for the advanced reaction chamber for HiPER reactor. Very 
large Vacuum Vessel to allow a big vertical maintenance door in the chamber. 

The third alternative offers even larger available space for systems fitting and 

blanket and FW modules transportation. In addition, a maintenance door could be built in 

the VV to perform maintenance tasks without pipe cutting. But it is a huge VV (it would be 

larger than the largest VV ever built (Space Power Facility, NASA)), with an evident 

economic penalization. The optical viability of this proposal is doubtful, given the long 

distance required from the FOA to the ignition if the FOA is to be placed outside the VV.  

 

 

Figure 56: Cylindrical Vacuum Vessel proposal for the advanced reaction chamber for HiPER reactor. 
Introduction of mirrors as final optical elements in the ring allowing a big maintenance door with the 
reasonable Vacuum Vessel size. 

A common source of problems in the VV proposals made up to now is related to the 

third laser ring, at 75º. As it is not viable to modify this degree from direct drive ignition 

requirements4, the fourth and last alternative is to modify the optical elements of this ring, 

                                                 
4 The lasers arrangement, with the given rings grouping and laser beams per ring is a fundamental 

condition to optimize the achieving of the ignition in the selected direct-drive scheme. Any modification of 
the lasers arrangement could dramatically affect to the success of the targets ignition. 



keeping the incidence angle into the target. It offers many advantages: a huge equatorial 

maintenance dock, a huge free space for systems fitting, the system grouping by building 

all the vacuum pipes above the top and bellow the bottom of the chamber imply evident 

maintenance, operation and shielding advantages, it allows an easy door opening without 

any pipe cutting, and it presents a reasonable chamber size. The key for this proposal is the 

introduction of mirrors inside the chambers to divert the third laser ring. Keeping the 

incidence of the laser in the target at 75º, the corresponding pipes outside the VV are not 

distributed and that angle, freeing all the vertical space outside the VV between the pipes 

up and down. The mirrors deteriorate differently to lenses, and they can be more easily 

repaired by re-layering the surface of them. Their positioning requirements are not so strict 

as those for the lenses as they do not focus; consequently they can be moved for 

maintenance without huge time impact into the maintenance task. After sharing these 

alternative with the HiPER optic team (with Bruno Le Garrec, from CEA), the fourth 

alternative optical modification was approved within the HiPER project. 

 



Figure 57: Schematic view of the HiPER reactor systems arrangement based in the advanced reaction 
chamber. As can be seen, there is a large maintenance door not interfering with the rest of the systems, as the 
lasers, the vacuum pumps or the injector. 

 

 

Figure 58: HiPER reactor rooms distribution based in the advanced reaction chamber 

 

Figure 59: HiPER reactor schematic view based in the advanced reaction chamber 

4.5 Summary 



Making use of the ignition technologies developed in the HiPER engineering, the 

HiPER reactor pretends to be a power producing reactor based in direct drive ignition with 

dry wall technology. to conform a reaction chamber, the first part of the work presented in 

this chapter was to select the technologies for the tritium breeding blanket and vacuum 

vessel. After a literature review and discussion, self cooled lead lithium with EUROFER97 

as structural material was selected, and EUROFER97 is also used for the vacuum vessel. 

This selection of blanket technologies follows fulfills the design requirements of: 1) 

Avoiding the use of Beryllium, 2) Control to the possible extent the hazard of operating 

with pure lithium and 3) Allow an online TBR adjustment. The selection of EUROFER97 

is a compromise among performance, low activation and short- or mid-term availability of 

the reaction chamber. 

With the selected technologies, a preliminary reaction chamber was proposed, with 

three open questions: 1) how to cool the First Wall, 2) what should be the blanket 

thickness, and 3) what should be the Vacuum Vessel thickness. The neutronics and 

activation studies conducted gave answer to the second and third one, while the fluid-

dynamics and power cycles studies conducted gave answer to the first question. 

The neutronics studies were divided in three categories: operational quantities, 

safety quantities and damage quantities. there were two options for the blanket thickness: 1) 

a thin blanket operating with high 6Li enrichment, and 2) a thick blanket operating with low 
6Li enrichment; both options are conceived to guarantee a design TBR=1.1. The thin 

blanket showed a better performance in terms of weight, and radiological confinement 

degree of the threatening isotopes 203Hg and 210Po generated in the LiPb. In addition, while 

the thick blanket offered an better shielding to the Vacuum Vessel, both showed an 

insufficient protection to guarantee the lifetime reweldability viability for vacuum vessel 

thicknesses shorter than 20 cm. Thus, it is selected for further evolution the thin blanket 

options, and the Vacuum Vessel thickness required is 20 cm. The second answer is negative 

and should be improved in further designs. 

The fluid-dynamics studies were firstly oriented to compare two different First 

Wall-blanket cooling configurations: the Integrated First Wall - Blanket (IFWB), in which 

all the heat deposited in both the First Wall and the blanket is extracted by the LiPb, and the 



Separated First Wall - Blanket (SFWB), in which the First Wall would present its own 

Helium cooling circuit. The studies performed comparing temperatures and corrosion rates 

showed a markedly better performance of the SFWB configuration, although it was not 

satisfactory at all. The SFWB presents a recirculation area in the thin duct where the local 

temperatures are very high. As a consequence of this, the mass flow required to guarantee 

its structural integrity is very high. The outlet LiPb temperature is 395ºC instead of the 

desired 450ºC, what will strongly penalize the power cycle efficiency. In addition, this 

recirculation generates a hot region where the local corrosion rates are very high. Thus, 

although the SFWB scheme is selected for further design evolutions, the use of the thin-

thick duct scheme must be eliminated because it gives rise to a very penalizing recirculation 

area. 

With the same aim of comparing the IFWB and SFWB cooling configurations, a 

study on the power cycle efficiency. A helium Brayton power cycle with the same scheme 

was studied for both the IFWB and the SFWB. The independent cooling circuit of the FW 

is a helium branch from the secondary circuit, and the outlet temperature is raised from 

450ºC of the blanket to 650ºC. This raising is due is to the use ODS-EUROFER97 and the 

absence of LiPb corrosion because the coolant is helium. The cycle efficiency of the IFWB 

is 37.5%, while that of the SFWB is 38.6%. Then, the conclusion of this study agrees the 

fluid-dynamics, as it concludes that the SFWB shows a superior performance, and should 

be the base for further design evolutions. 

Considering the results obtained and some additional reflections about the 

constructability and the maintenance of the preliminary reaction chamber, an advanced 

reaction chamber is proposed. Obeying to the selection of the SFWB scheme, the First Wall 

presents its own helium cooling circuit, being the blanket still a Self Cooled Lead Lithium 

blanket. The blanket changes its shape from the thin-thick duct configuration to a single 

duct shape. The blanket is divided into 12 orange like modules. The new duct follows the 

approach of the thin blanket selected from the neutronics studies: thin breeder, high 6Li 

enrichment. Given the insufficient protection offered from the blanket to the vacuum vessel 

is mitigated introducing a neutron graphite reflector between the blanket and the vacuum 

vessel. The vacuum vessel changes its shape from spherical to cylindrical, and the distance 



from the ignitions to the vacuum vessel is increased from 8m to 10m, also to increase the 

VV protection. The third laser ring is modified. Mirrors are introduced as final optic 

elements facing the ignitions, what allows a systems grouping improving significantly the 

maintenance of the reactor. A large maintenance door and dock are viable with no need of 

cutting pipes. The systems have their own room, they do not share spaces, what represents a 

significant maintenance advantages also. This advanced reaction chamber allows a 20 cm 

thick vacuum vessel, with a high cycle efficiency, is easier to build, and the corrosion 

problems can be potentially solved. 



5. Conclusions 

The work presented here covers different aspects of the design of the double step 

facility of HiPER project (HiPER engineering and HiPER reactor) devoted to the 

conception of an European commercial IFE power plant, being the neutronics studies the 

core. 

5.1 HiPER Engineering 

Two different facilities of HiPER engineering have been studied under th 

radiological protection scope: HiPER engineering preliminary facility and HiPER 

engineering advanced facility. 

The first one, the preliminary facility, was a preliminary proposal of basic components 

(reaction chamber, vacuum pipes and optic elements). The starting point of this work is this 

basic proposal with the suggestion of four shields, extrapolated from NIF and LMJ 

facilities: the chamber shield, the pinhole shield, the FOA shield and the bioshield. The 

chamber shield is in contact with the reaction chamber, the FOA shield and the pinhole 

shield are placed at 16 meters from the center of the reaction chamber. The bioshield is 

placed at 25 meters from the center of the reaction chamber. The shields define three areas: 

the area 1 is the region between the chamber shield and the FOA shield. Between the FOA 

shield and the Bioshield is placed the area 2, and outside the bioshield it is the area 3. 

Further details and pictures are shown in the section 3. An irradiation of 120000 MJ/yr was 

assumed, and 20 years of facility lifetime. For this preliminary facility, two studies were 

carried out: one is an evaluation of the shields performance for a reasonable thickness 

regarding with the optics during the burst and regarding with workers during the bursts and 

between bursts. The other one is a waste management assessment of the candidate materials 

for the reaction chamber in order to select the best one in terms of waste management. 

The study related to the dose rates was divided in doses to optics during the bursts 

(by neutrons and gammas from the ignitions) and doses to the workers during the bursts 

and between bursts (from decay gamma). The dose in operation is that received by the lens 

of the person exposed in all the ignitions. The absorbed dose rates in the FOA is 48.2 Gy/yr 



for the shielding thickness selected. It was also evaluated the impact of the eliminating the 

FOA shield in this dose, to assess its relevance. Without FOA shield, the absorbed dose 

rates in the FOA during the bursts is 1460 Gy/yr, a factor 30 of increase.  

 Regarding with the workers, instead of absorbed dose rate, Ambient Dose 

Equivalent was the quantity selected for study. During the operation, the areas 1 and 2 

present dose rates of 3.55·105 and 32.6 Sv/yr. Consequently, no worker could be present in 

these areas in all the ignitions; however, Operational Radiation Exposure planning could 

allow some exceptions. In area 3, the dose rates are 2.05·10-6 Sv/yr, well below the 

exposure limit for workers, allowing worker to stand in area 3 during all the ignitions. 

Between bursts, the dose rates have been computed after the first and the last burst to take 

into account the possible effect of radioactive isotopes accumulation. It was found that the 

dose rates are very similar, what indicated that the isotope concentrations are saturated in 

the first burst. After the last burst, the dose rates in the area between 105 and 0.1 Sv/h in the 

first month of cooling. Remote maintenance is mandatory for this area. In the area 2 the 

dose rate vary from 10 to 10-6 Sv/h in the first month. Thus, remote maintenance is 

recommended for this area, although the Operational Radiation Exposure could allow 

manual maintenance after 1 day of cooling. In the area 3, the dose rates are below 10-5 

Sv/h from the shutdown, and manual maintenance is recommended always. 

The study related to the waste management assessment of candidate materials 

started with the selection of steels. Two commercial austenitic steels, SS304 and SS316, 

two commercial martensitic steels, T91 and HT-9 and low activation steel EUROFER97. 

They represent the most common steels found in the industry and the EUROFER97 has 

been specially conceived for fusion applications; realistic impurities concentrations were 

considered for all them. After irradiating under the HiPER Engineering preliminary facility 

conditions for 20 years, no one would allow a unconditional clearance before 500 years of 

cooling. All of them could be stored in Shallow Land Burial. In addition, the T91 and 

EUROFER allow the Hands-on Recycling after 45 of cooling time, the shortest cooling 

period among the candidates. As the T91 is a commercial steel, it is preferred over the 

EUROFER97, for economic reasons. Thus, the commercial steel T91 has been selected to 

build the reaction chamber. 



Taking into account the results obtained in this study and two considerations made 

by the project, the preliminary facility evolved to the advanced facility. Taking into account 

the doses obtained for the preliminary facility, in this work it was decided to increase the 

thickness of all the shields. The vacuum tubes were assigned T91 steel, as the reaction 

chamber. On the other hand, the HiPER project decided to reduce the irradiation scenario 

from 120000 MJ/yr of the preliminary facility, to 5200 MJ/yr in the advanced facility, and 

lifetime was extended to 30 years. In addition, for remote handling purposes, the FOA 

shield modified its shape from spherical to double-cylinder shell. For this HiPER 

engineering advanced facilities, the studies of dose rates and waste management were 

repeated and increased. The dose rates were studied for FOA and people during the bursts 

and between bursts to characterize the radiological threats.. The waste management 

assessment were carried out for all the components of the plant, in order to estimate the 

facility decommissioning procedure. 

In the advance facility of HiPER engineering, the FOA receives an absorbed dose 

rate of 5.85·10-4 Gy/yr, five orders of magnitude lower than that of the preliminary facility. 

It is shown the effectiveness of the reduction of total yield and the shielding increase. The 

dose rates between burst were computed after the first and the last burts, and it was found 

again that they were very similar. The absorbed dose rates in the FOA between bursts vary 

between 10-5 and 10-8 Gy/hr during a week, the period between burst in the advanced 

facility. 

Regarding with worker, it was done a dose rate map during the operation. In the 

area 1, the dose rates are around 104 Sv/yr, and consequently, no worker could stand for all 

the ignitions in this area. In the area 2 the dose rates are around 10-2 Sv/hr except for the 

line of neutron streaming due to the pinhole for the beam propagation. Along this line, the 

dose rates in this area are around 10 Sv/yr. Thus, in the area 2 workers could be present 

after a careful operational radiation exposure planning and a proper protection against the 

neutron streaming, which should be isolated. It worth to mention that the more than the 

99.99% of the dose rates found in the area 2 are due to the neutron streaming in the pinhole. 

In the area 3 there is no restriction during the operation, as the dose rates are well below the 

limit of 20 mSv/yr. Between bursts, the dose rates in the area 1 vary from 100 to 10-4 Sv/hr 



in one week of cooling time. Thus, remote handling is recommended. In the area 2 and area 

3 the dose rates between bursts are below 10-6 Sv/hr from the shutdown, and manual 

maintenance is viable. 

To evaluate the waste management of the components of the HiPER Engineering 

advanced facility two paths were under study: clearance and recycling. The tubes 2, the 

FOA and the bioshield can undergo the unconditional clearance from the shutdown. The 

renewable lenses require no more than 3 days of cooling time. The pinhole shield and the 

FOA shield can undergo the clearance after 5 years of cooling time. This is a significant 

advantage, given the volume of the FOA shield. The chamber shield, however, requires 70 

years of cooling before the clearance is viable, and the reaction chamber and the rims 

cannot undergo the clearance. For these three components the recycling is viable after 25 

years of cooling time. This study was carried out considering realistic impurities levels. 

Thus, the impurities do not represent a threat in the HiPER engineering advanced facility 

irradiation level. This waste management assessments indicate that in the period of 50 years 

there would be no radioactive waste from the HiPER Engineering Facility components 

irradiation. 

5.2 HiPER reactor 

Making use of the ignition technologies developed in the HiPER engineering, the 

HiPER reactor pretends to be a power producing reactor based in direct drive ignition with 

dry wall technology. to conform a reaction chamber. The reaction chamber design is the 

subject of this study. The first part of the work presented in this chapter was devoted to 

select the technologies for the tritium breeding blanket and vacuum vessel. After a literature 

review and discussion, in this work they were fixed the following requirements to the 

blanket design: 1) To Avoid the use of Beryllium, 2) to control  to the possible extent the 

hazard of operating with pure lithium and 3) to allow an online TBR adjustment. The 

selection of EUROFER97 is a compromise among performance, low activation and short- 

or mid-term availability of the reaction chamber. The simplest combination of technologies 

was the self cooled lead lithium with EUROFER97 as structural material was selected, and 

EUROFER97 is also used for the vacuum vessel. This selection of blanket technologies 



fulfills the design requirements with the novel approach of a self cooled lead lithium 

blanket with no need of SiC material. 

After having selected this technological scheme, the second part of this work 

consists in the definition of some aspects of the reaction chamber after the study from 

different fields: neutronics and activation, fluid-dynamics and power cycles. 

The neutronics and activation studies are motivated by the different combinations of 

breeder thickness and 6Li enrichment fulfilling the condition of TBR=1.1. In order to select 

a combination of these two parameters, two trends are considered for study: 1) a thin 

blanket operating with high 6Li enrichment, and 2) a thick blanket operating with low 6Li 

enrichment. They are compared in terms of three type of neutronics quantities: operational 

quantities, safety quantities and damage quantities. The operational quantities under study 

have been the TBR margins under 6Li content variation and energy amplification factor, to 

assess the blanket performance. The safety related quantities are the tritium, 203Hg and 
210Po total inventory in the LiPb loop. They are the main radiological threats of the use of 

LiPb, and they require a degree of radiological confinement in the plant to avoid the need 

of an external evacuation plan in case of accident. In addition, the tritium partial pressure 

was studied, to assess the threat of the tritium spreading. The damage quantities are dpa and 

He transmutation in the Vacuum Vessel. The objective is allow the lifetime reweldability in 

the external surface of the Vacuum Vessel. The Vacuum Vessel thickness can be increased 

up to 20 cm to help this requirement to be fulfilled. 

The thin blanket showed a better performance in terms of weight, and radiological 

confinement degree of the threatening isotopes 203Hg and 210Po generated in the LiPb. The 

tritium inventories are very low in both cases, 3 and 2 g of T in the LiPb loop for the thick 

and thin blanket respectively considering a T permeator efficiency below the 20%.. The T 

partial pressure is 100 mPa in both cases for that permeator efficiency, what is comparable 

to other LiPb based blanket designs. If the permeator efficiency is is above the 60%, the T 

partial pressure would be below the 20 mPa, and the T spreading would be really low. In 

addition, while the thick blanket offered a better shielding to the Vacuum Vessel, both 

showed an insufficient protection to guarantee the lifetime reweldability viability for 

vacuum vessel thicknesses shorter than 20 cm. Thus, the thin blanket option it is selected 



for further evolution, although the Vacuum Vessel protection will have be increased to 

guarantee a thickness of 20 cm with lifetime reweldability. 

The fluid-dynamics and power cycles studies are motivated to compare two 

different First Wall - cooling configurations. The original conception in this work of the 

self cooled lead lithium blanket assumed for the HiPER reactor that the heat deposited in 

the First Wall would be evacuated through the blanket, in the LiPb. However, as the 

corrosion rates of the fast flowing LiPb in direct contact with EUROFER97 are identified 

as a challenge of this design, it was  studied the possibility of decoupling the cooling of the 

First Wall and blanket, to reduce the LiPb velocity; and, by cooling the First Wall with a 

helium branch from the secondary circuit, it might be possible to raise the power cycle 

efficiency. Thus, two cooling configurations were conceived: Integrated First Wall - 

blanket (IFWB) and Separated First Wall - blanket (SFWB). In the IFWB the First Wall is 

built directly on the blanket, and the LiPb evacuates the heat deposited in the LiPb and in 

the First Wall. In the SFWB the LiPb only evacuates the heat deposited in the blanket, 

while the First Wall is built is built on an independent ODS-EUROFER sheet, and it is 

cooled with a branch of helium from the secondary. These two cooling configurations were 

compared ion the field of fluid-dynamics and power cycles. 

The fluid-dynamics studies and comparison were carried out in terms of the 

following quantities: outlet averaged temperature of the LiPb, local corrosion rates in the 

EUROFER97 and total volume of material eroded. The LiPb mass flow was fixed to limit 

the maximum local temperature to 550ºC, the creep rupture limit of the EUROFER97. The 

performance of the IFWB is markedly worse than that of the SFWB in all the quantities 

under study. However, the SFWB performance can be significantly increased. The outlet 

averaged temperature of the LiPb is 395ºC, while 450ºC were desired. And the maximum 

local corrosion rates are 650 m/yr, when 40 m/yr were desired.  These two troubles arise 

from a LiPb recirculation after the first beam penetration in inner duct of the blanket. The 

SFWB configuration is chosen for further design evolution, and the evolution of the design 

will have to mitigate the formation of the LiPb recirculation. 

The power cycles studies were oriented also to compare the IFWB and SFWB 

configurations. A helium Brayton power cycle with the same technological scheme was 



studied for both the IFWB and the SFWB. The independent cooling circuit of the FW is a 

helium branch from the secondary circuit, and the theoretical outlet temperature is raised 

from 450ºC of the blanket to 650ºC. This raising is due is to the use ODS-EUROFER97 

and the absence of LiPb corrosion because the coolant is helium. The cycle efficiency of 

the IFWB is 37.5%, while that of the SFWB is 38.6%. In the same line of the fluid-

dynamics studies, the SFWB shows a superior performance than IFWB, and should be the 

base for further design evolutions. 

Considering the results obtained in this work and some additional considerations 

about the constructability and the maintenance of the preliminary reaction chamber, an 

advanced reaction chamber is proposed as the final part of this work. Obeying to the 

selection of the SFWB configuratione, the First Wall presents its own helium cooling 

circuit, being the blanket still a Self Cooled Lead Lithium blanket. The blanket changes its 

shape from the thin-thick duct configuration to a single duct shape. The blanket is divided 

into 12 orange like modules. The new duct follows the approach of the thin blanket selected 

from the neutronics studies: thin breeder, high 6Li enrichment. The insufficient protection 

offered from the blanket to the vacuum vessel is mitigated introducing a neutron graphite 

reflector between the blanket and the vacuum vessel. The vacuum vessel changes its shape 

from spherical to cylindrical, and the distance from the ignitions to the vacuum vessel is 

increased from 8m to 10m, also to increase the VV protection. The third laser ring is 

modified. Mirrors are introduced as final optic elements facing the ignitions, what allows a 

systems grouping improving significantly the maintenance of the reactor. A large 

maintenance door and dock are viable with no need of cutting pipes. The systems have their 

own room, they do not share spaces, what represents a significant maintenance advantages 

also. After a neutronics evaluation, it is concluded that the advanced reaction chamber 

allows a 20 cm thick vacuum vessel, with a high cycle efficiency, is easier to build, and the 

corrosion problems can be potentially solved. 

5.3 Future work 

This work will be continued as part of the project AIC-A-2011-0726 from 

Ministerio de Economía y Competitividad. Different issues of the advanced proposal of the 

reaction chamber for the HiPER reactor will be addressed: 1) Safety calculations 



considering accidental releases of radioactive isotopes 2) Fluid-dynamics of the advanced 

blanket considering different turbulence models, and 3) a Helium Brayton power cycle 

optimization for the SFWB configuration. 

In the advanced proposal of reaction chamber, the LiPb irradiation cycles are now 

defined and fixed. Then, it is possible to carry out a systematic evaluation of all the 

radioactive threats which can be generated. Assuming generic accidents found in the 

bibliography, a serial of "foreseen" situations will be identified. Postulating percentages of 

releases, committed effective dose rates, considering ingestion and in-take, will be 

evaluated. To this end, the methodology has to be widened with a code like MACSS-2 to 

simulate the isotopes propagation in air after the release. This information is very valuable 

to assure the no need of external evacuation plan in case of accident. It might impose 

further modifications in the HiPER reactor facility design. 

Regarding with the fluid-dynamics of the blanket, there are two development fronts. 

The first one is related to the new blanket shape and modularization. As the circuit has been 

modified, the performance in terms of temperatures and corrosion rates will be different. 

This was, precisely, the intention to modify the preliminary blanket: to eliminate the LiPb 

re-circulations, to raise the averaged outlet temperature and to reduce the corrosion rates. 

The second front of development is related to the turbulence model. Around the beam 

penetrations in the blanket, the Reynold's number of the LiPb is in order of magnitude of 

108, a really high number. To perform the CFD simulations, statistical turbulence models 

type were used. They make use of approximations which are not too rude normally, 

offering good results in acceptable simulation times. However, preliminary simulations 

using the RANS turbulence model indicated that, given the high Reynold's number, the  

type model are too rude for the case under study. The simulations with the RANS model 

are much more computer consuming, but the results obtained seems significantly more 

coherent with the expected behavior of the LiPb in the blanket. And it worth to remark that 

the maximum corrosion rates obtained with the RANS model are bellow 200 m/yr, one 

order of magnitude lower than that for the preliminary blanket design. After having 

concluded completely the implications of the use of the RANS model, the advanced blanket 

will be studied with the RANS model. 



And finally, once fixed the FW-blanket configuration, the Helium Brayton power 

cycle will be optimized for the SFWB configuration. In the work presented here, the power 

cycle under study was very simple, in order to compare configurations. In the future work, 

aspects such as the real performance of the components, the sub-division of the cycle and 

the introduction of additional stages will be evaluated to optimize the cycle efficiency for 

the advanced reaction chamber operation parameters. 
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Figures 

Figure 1: Facility components in which this work has been focused are framed with solid line. The 
presentation of components is sequential with the neutrons path, being born in the ignition and dying in the 
shielding. 

Figure 2: Final stages of the implosion, and subsequent ignition and burn of a capsule with multi-mode 
perturbation. The figure shows grey-scale density maps and selected ion temperature contours. The fuel 
ignites at t approx. 300 ps and releases about 70% of the 1D yield. Taken from [6]. 

Figure 3: Laser beam arrival to the target. In the upper picture it is shown the indirect drive approach where 
the lasers impact the holraum. In the lower picture it is shown the direct approach, where the lasers directly 
impact the DT pellet. 

Figure 4. Schematic picture of the temperature and density as function of the radius in the a) volume ignition 
concept, b) hot spot ignition concept and c) fast ignition concept. Taken from [4]. 

Figure 5. Schematic laser pulse shape for shock ignition (solid curve) relative to that for conventional indirect 
or direct drive (dashed line). Taken from [13] 

Figure 6: Scheme of the distribution of optic elements along the beam line. From the ignition, the first optic 
group is the renewable lenses, and the second the FOA. 

Figure 7. Computational methodology implemented to carry out the studies of HiPER reactor 

Figure 8. Computational tools used in the presented work 

Figure 9: Dimensions of the SCLL blanket for the preliminary reaction chamber. 

Figure 10: Irradiation modeling of the LiPb inside the blanket. 

Figure 11: HiPER engineering preliminary facility burst. 100 ignitions at 10 Hz. One burst would take place 
every month. 

Figure 12: HiPER engineering reaction chamber in the left picture, and chamber with chamber shield in the 
picture of the right. 

Figure 13: Basic components and shielding arrangement scheme. 

Figure 14: HiPER design to study neutronics and activation, performed with MCAM. 

Figure 15: Residual Dose Rate in the three different areas after the 1st and the 239th burst. The red line stands 
for the hands-on maintenance, 10 μSv/hr 

Figure 16: Contribution of different components to the residual dose rate in area 1 

Figure 17: Contribution of different components to the residual dose rate in area 2 

Figure 18: Time evolution of Contact Dose Rate of a pure Iron matrix with different concentrations of Nickel. 

Figure 19: Comparison of Contact Dose Rate of T91 and EUROFER97 

Figure 20: Time evolution of Contact Dose Rate for T91, T91 with no Cobalt, and T91 without Cobalt and 
Nickel. 



Figure 21: Contact dose for the T91 steel during the cooling time together with the relative error at 95% 
confidence level, E95. 

Figure 22: General view of the advanced design of HiPER engineering. 

Figure 23: Detailed view of the main optical systems: renewable lenses, final optics assembly, pinhole shield 
and beam tubes. 

Figure 24. HiPER engineering advanced facility burst. 1 ignition every 20 shots in a 100 shots burst (5 
ignition in every burst). One burst would take place every week. 

Figure 25: Prompt dose rates maps assuming the presence of a person in all the ignitions of the year. Ambient 
Dose Equivalent to workers. The Bio-shield has been considered in the simulation. 

Figure 26: Left: prompt dose rates map due to all the particles except those crossing the pinhole. Right: 
prompt dose rates map due exclusively to the particles crossing the pinhole. Ambient Dose Equivalent to 
workers. The Bio-shield has been considered in the simulation. 

Figure 27: Averaged residual dose rate between bursts to workers inside the chamber, in area 1 and area 2. 
Ambient Dose Equivalent to workers after the last burst 

Figure 28: Contribution of target bay components to residual dose rates inside the chamber. Ambient Dose 
Equivalent to workers. 

Figure 29: Contribution of target bay components to residual dose rates in area 1. Ambient Dose Equivalent to 
workers. 

Figure 30: Residual dose rate to FOA. Averaged absorbed dose rate in all the components. 

Figure 31: Averaged residual dose rate after the final shutdown inside the chamber and in area 1. Ambient 
Dose Equivalent to workers. 

Figure 32: Contribution of target bay components to the residual dose rate after the final shutdown in area 1. 

Figure 33. Self Cooled Lead Lithium blanket for preliminary reaction chamber of HiPER reactor. In the left it 
is shown the whole blanket. In the right it is shown a section blanket module of the upper hermisphere. In 
orange it is shown the LiPb. 

Figure 34: Detail of blanket module with the Vacuum Vessel section covering it with the renewable lenses 
and the vacuum tubes. In the left the laser beams entering the chamber are represented. 

Figure 35: A blanket module of the SCLL for the preliminary reaction chamber of HiPER reactor with the 
indications of the inlet and outlet temperatures of the LiPb in the thin and thick duct. 

Figure 36: In the picture (A) it is shown the blanket opened to shown the space where the ignitions take place, 
together with the lasers entering the chamber. In the picture B lasers are not shown. The pictures (C) and (D) 
correspond to the (A) and (B) with the addition of the Vacuum Vessel. 

Figure 37. In the upper part it shown schematically the energy carried by the particles impacting the First 
Wall and the blanket and how this energy is deposited in the FW-blanket system; in the left it is shown the 
Integrated First Wall - Blanket option, while in the right it is shown the Separated First Wall - Blanket option. 
In the lower part of the figure, they are shown the 3D representation of how the IFWB and SFWB are 
arranged. 

Figure 38: Tritium Breeding Ratio of the SCLL blanket as function of the breeder thickness for different 6Li 
enrichments. 



Figure 39: Total Tritium inventory in the thick and thin blanket LiPb loops as a function of the tritium 
permeator efficiency. 

Figure 40: In the left, the 203Hg specific activity for the thick and thin blanket options as a function of 
irradiation time. In the right, the 210Po specific activity for the thick and thin blanket options as a function of 
irradiation time. 

Figure 41: In the left, the 203Hg total activity for the thick and thin blanket options as a function of irradiation 
time. In the right, the 210Po total activity for the thick and thin blanket options as a function of irradiation 
time. 

Figure 42: Vacuum Vessel thickness required to guarantee the reweldability in the outer surface of the 
Vacuum Vessel after 40 years of irradiation. 

Figure 43: Specific neutron power deposition in the blanket. 

Figure 44: Local temperature map of the inner sheet of steel of the thin duct for the SFWB in the left and the 
IFWB in the right. 

Figure 45: Local temperature map of the outer sheet of steel of the thin duct for the SFWB in the left and the 
IFWB in the right. 

Figure 46: Local temperature map of the inner sheet of steel of the thick duct for the SFWB in the left and the 
IFWB in the right. 

Figure 47: Local temperature map of the outer sheet of steel of the thick duct for the SFWB in the left and the 
IFWB in the right. 

Figure 48: Corrosion rates in the inner sheet of the thin duct for the SFWB in the left and for the IFWB in the 
right. 

Figure 49: Corrosion rates in the outer sheet of the thin duct for the SFWB in the left and for the IFWB in the 
right. 

Figure 50: IFWB and SFWB Helium Brayton power cycles. 

Figure 51: Different views of the First Wall and SCLL blanket for the advanced reaction chamber for HiPER 
reactor. The First presents its own cooling circuit, as this concept makes use of the SFWB configurations. The 
SCLL is presented in thin blanket option. 

Figure 52: In the picture of the left it is shown the LiPb loop, in the right picture is it shown the Helium loop 
corresponding to the First Wall cooling. 

Figure 53: Reflector thickness required to guarantee the reweldability after 40 years of irradiation of a 20 cm 
thickness vacuum vessel for different distances from the Vacuum Vessel to the ignitions. 

Figure 54: Two different possible arrangements of cylindrical vacuum vessel for the advanced reaction 
chamber of HiPER reactor. In the left is the direct extrapolation from the preliminary reaction chamber. In the 
right it is shwon the possibility of using the renewable lenses as final vacuum barrier and not connecting the 
vaccum tubes to the reaction chamber. 

Figure 55: Cylindrical Vacuum Vessel proposal for the advanced reaction chamber for HiPER reactor. Very 
large Vacuum Vessel to allow a big vertical maintenance door in the chamber. 

Figure 56: Cylindrical Vacuum Vessel proposal for the advanced reaction chamber for HiPER reactor. 
Introduction of mirrors as final optical elements in the ring allowing a big maintenance door with the 
reasonable Vacuum Vessel size. 



Figure 57: Schematic view of the HiPER reactor systems arrangement based in the advanced reaction 
chamber. As can be seen, there is a large maintenance door not interfering with the rest of the systems, as the 
lasers, the vacuum pumps or the injector. 

Figure 58: HiPER reactor rooms distribution based in the advanced reaction chamber 

Figure 59: HiPER reactor schematic view based in the advanced reaction chamber 

  



Tables 

Table 1. Magnetic and inertial approaches conditions for satisfying the Lawson’s criteria 

Table 2. Angular distribution of the laser beams for HiPER project. Ni corresponds to the number of beams 
the ith-ring. i corresponds to the polar angle of the first beam of the ith-ring; the rest of the beams of the ring 
are uniformly distributed. i corresponds to the azimuthal angle of the first beam of the ith-ring. The rings 4,5 
and 6 are equatorial projections of rings 1, 2 and 3, with an extra azimuthal angle of 23.36º. Taken from [14] 

Table 3: Irradiation information of the LiPb in the thin and thick blanket options 

Table 4: Number of rims per ring and angular coordinates of one rim. The rest of the rims are distributed 
uniformly in the ring 

Table 5: Prompt Dose Rate delivered to the FOA considering the absence and presence of the final optic 
shield. 

Table 6: Prompt Dose Rates to workers averaged in areas 1, 2 and 3 

Table 7: Summary of waste management assessment for different steels 

Table 8: Averaged absorbed dose rate in FOA for HiPER engineering advanced design and different 
contributions 

Table 9: Averaged absorbed dose rate in FOA for HiPER engineering advanced design with the absence of 
FOA shield and pinhole shield, and contributions. 

Table 10: Main contributing isotopes to residual dose rate in area 1 at one week. 

Table 11: Waste Management Assessment summary for the target bay components. 

Table 12: Summary of the reaction chamber technologies chosen for the recent IFE dry wall reactor design. 

Table 13: Thin and thick blanket options neutronics answers 

Table 14: Summary of the safety related quantities of the thin and thick blanket options 

Table 15: Summary of damage quantities studied for the Vacuum Vessel considering the thin and thick 
blanket options 

Table 16: Summary of neutronics and safety studies carried out for thin and thick blanket options. 

Table 17. Neutron power deposited in different blanket stretches. 

Table 18: Total power deposited in the thin and thick duct of the IFWB and SFWB configurations. 

Table 19: Summary of the results of the fluid-dynamics studies 

Table 20: Heat source and cycle data 

Table 21: Operation date of the cycles 



Appendix A. Materials 

Gunite 

The composition of this material has been taking from [97] 

Element Weight % 
H 0.79 
B 9 ppm 
O 59.26 
Na 0.71 
Mg 0.41 
Al 2.61 
Si 18.52 
S 0.41 
K 1.37 
Ca 14.71 
Sc 1 ppm 
Ti 0.1 
Mn 0.02 
Fe 1.08 
Ni 20 ppm 
Cu 10 ppm 

  

  



SS304 

The composition of this material has been taking from [40], [99] 

Element Weight % 
B 0.005 
N 0.06 
Si 0.4 
S 0.016 
Cr 19.0 
Co 0.016 
Cu 0.03 
As 0.02 
Zr 0.005 
Mo 0.001 
Cd 0.0002 
Sb 0.001 
W 0.01 
Bi 0.001 
C 0.2 
Al 0.03 
P 0.04 
V 0.005 
Fe 70.0 
Ni 10.0 
Zn 0.003 
Se 0.005 
Nb 0.001 
Ag 0.0001 
Sn 0.005 
Ta 0.005 
Pb 0.001 

 

  



SS316 ITER Grade 

The composition of this material has been taking from [100], [101] 

Element Weight % 
Fe Balance 
C 0.029 
Mn 1.64 
Si 0.44 
P 0.012 
S 0.009 
Cr 17.48 
Ni 12.11 
Mo 2.56 
Nb 0.067 
Cu 0.02 
Co 0.02 
N 0.067 
B 0.0003 

 

  



9Cr-1Mo mod. (T91) 

The composition of this material has been taking from [102] 

Element Wppm 
Fe Balance 
Cr 9000 
Mo 1000 
V 200 
Nb 70 
N 60 
C 100 
Ag 0.23 
Bi 0.01 
Cd 3.3 
Co 58 
Ir 0.05 
Ni 1251 
Os 0.02 
Pd 0.27 
Dy 0.05 
Er 0.05 
Eu 0.05 
Ho 0.05 
Tb 0.05 
U 0.12 
Al 0.1 
Cu 300 

 

  



Sandvik HT9 

The composition of this material has been taking from [98] 

Element Wppm 
Fe Balance 
Cr 12000 
Mo 1000 
V 300 
W 500 
Ni 500 
C 200 
Ag 1.3 
Bi 0.1 
Cd 5.1 
Co 393 
Ir 0.05 
Nb 23 
Os 0.05 
Pd 0.4 
Dy 0.05 
Er 0.05 
Eu 0.05 
Ho 0.05 
Tb 0.05 
U 0.05 
Al 44 
Cu 1000 

 

  



EUROFER97 

The composition of this material has been taking from [59] 

Element Weight % 
Fe Balance 
C 0.12 
Cr 8.96 
W 1.15 
Mn 0.49 
V 0.20 
Ta 0.15 
N2 0.034 
P 0.005 
S 0.004 
B 0.0009 
O2 0.0018 
Nb 0.0007 
Mo 0.0032 
Ni 0.028 
Cu 0.022 
Al 0.009 
Ti 0.009 
Si 0.07 
Co 0.007 

 

  



LiPb 

The composition of this material has been taking from [94] 

Element Wppm 
Li 7000 
Fe 10 
N 2 
Ag 10 
Cd 5 
Sn 5 
Pb 992925 
Bi 43 

 

 


