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The idea of  a book on ITER and nuclear fusion published 
by the ESTEYCO Foundation first crossed my mind when 
I realised that a good many of  the people I knew outside 
my professional sphere associated ITER with a large tun-
nel in Geneva. ‘That’s CERN,’ I would correct them with 
some surprise, sometimes to their embarrassment. How is 
it possible for society to be so unaware of  such a thrilling 
project and an ultimate goal with such immense impact on 
humanity? The main objective of  this book is therefore to 
shine a spotlight on the effort that thousands of  people are 
dedicating to this goal every day and the tangible achieve-
ments that are being made.

A book on nuclear fusion and ITER should involve wor-
ld-renowned experts in different areas to summarise some 
of  the basic ideas in their respective fields and provide an 
overview of  the current state of  the developments achie-
ved so far. And while searching for helping hands, I realised 
that generosity is a huge, invisible engine that quietly drives 
the pursuit of  that ultimate goal: an energy source for the 
future of  humanity. Most of  the great professionals who 
work in this world, brilliant people whom I deeply admire, 
do so out of  conviction and generosity. They do it because 
they want to, because they believe in what they are striving 
for and in the role of  science as a driving force for human 
progress.

This book is not an encyclopaedic treatise on so vast a field 
as nuclear fusion, and any readers who are reasonably fa-
miliar with the issues involved will soon find that many 
aspects of  interest are left uncovered. Nor is it a scientific 
book. Any readers who are interested in any particulars will 
find more appropriate and detailed sources of  information 
in the specialist technical literature. This book seeks only 
to offer a few glimpses, from different angles, of  the basics 
of  nuclear fusion and some of  the initiatives that are under 
way for its development, of  which ITER is undoubtedly 
the most significant in the short term.



For the visibility and progress of engineering and architecture





Fundación Esteyco was founded in May 1991 to contribute
to engineering and architectural progress in Spain.

The precarious and uncertain situation
in which independent engineering has been practised in the country to date

has required professionals to adopt essentially survival tactics.

The efforts of a growing number of those professionals,
with the support of governmental bodies, has nonetheless consolidated an activity

whose services are imperative to a modern and efficient society.

The time has come to think about the future,
trusting that it will soon be upon us.

Let us foster an atmosphere where creativity can thrive,
where good work is both expected and appreciated.

Let us contribute to sound training in engineering,
in the awareness that the value of an organisation lies in the value of its members

and that in engineering, individual merit is measured in terms of expertise.

Let us encourage better and more frequent inter-professional partnering,
eliminating unnecessary boundaries.

Let us claim a place of distinction for engineering in society,
re-steering the prevalent get-the-job-done culture

to a get-the-job-done right culture.

Let us regard engineering as an extension of the university,
where young graduates consolidate their training

in years that will be decisive for their future.

Let us become involved in the university and research institutes.
Let us ensure the stability and survival of our organisations,

and provide the means to maintain their vitality, our guarantee for the future.
Let us value our independence, not as a weapon to be wielded against anyone,

but essentially as an intellectual trait in people
whose job is to think, inform and decide freely.

JAVIER RUI-WAMBA MARTIJA
Civil Engineer

President of Fundación Esteyco
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Develop a clean, predictable, safe and inexhaustible source  
of energy. All this, through the development of technology.
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Todos aspiramos, o deberíamos aspirar, a un mundo mejor. 
Y a conservar nuestro maravilloso planeta en las mejores 
condiciones para que nuestros hijos lo puedan disfrutar de 
la misma manera que nosotros lo hacemos. Parece una idea 
de Perogrullo, pero, a veces, el ruido mediático y la pérdida de 
capacidad de análisis y crítica, que se va extendiendo en esta 
sociedad de consumo rápido y virtual, nos impiden ver, o 
recordar, cual debería ser el objetivo común de la humanidad.

Vivimos una época en la que las noticias están copadas por 
el alto precio de la energía y la creciente y cada vez más 
unánime preocupación por el implacable cambio climático. 

De vez en cuando, conviene parar, reflexionar y analizar, 
para entender qué está haciendo realmente la sociedad en 
su intento de poner remedio y mejorar las condiciones de 
vida de las futuras generaciones, más allá de la política y su 
frustrante pensamiento a corto plazo. 

Aunque el ciudadano de a pie posiblemente lo desco-
nozca, un creciente colectivo de profesionales y organismos 
públicos y privados están trabajando en una serie de inicia-
tivas pensando en el futuro, confiando en que no tardará 
en hacerse presente: las ya consolidadas energías renovables, 
el esperado almacenamiento de energía mediante baterías 
e hidrógeno, la captación de CO2, la electrificación de 
los sistemas de transporte individual y colectivo, nuevos 
sistemas de gestión inteligentes de la energía, unas nuevas 
centrales nucleares de fisión más seguras y modernas… 
Pero sospecho que poca gente será consciente del inmenso 
y ambicioso proyecto que se está desarrollando en el sur de 
Francia desde hace más de 15 años para demostrar la factibi-
lidad de la fusión nuclear, como paso previo a su industriali-
zación y su comercialización. 

We all aspire – or we should aspire – to a better world. And 
part of that is conserving our wonderful planet in the best 
condition so that our children can enjoy it just as we do. It 
seems a commonplace enough idea, but sometimes the ever 
increasing media noise and waning analytical and critical 
faculties in this breakneck consumer and virtual world stop 
us from seeing, or remembering, what humanity’s shared 
goal should be.

We live at a time when the news headlines are dominated 
by high energy prices and growing (now almost unanimous) 
concern about the implacable march of climate change. 

Sometimes it’s a good idea to pause, reflect and analyse in 
order to understand what society is really doing in order to 
fix things and improve living conditions for future gener-
ations, looking beyond the frustrating short-termism of 
politics. 

Although most of the general public may be unaware of 
it, a growing group of professionals and public and private 
bodies are working on a set of initiatives with the future in 
mind, trusting that it will not be long before they are part 
of the present: renewable energy sources, which are already 
consolidated, the hope of being able to store energy via 
batteries or hydrogen, carbon-dioxide capture, electrifica-
tion of private and public transport, new smart systems of 
energy management, safer and more modern new nucle-
ar-fission plants… But I suspect that few people will be 
aware of the vast, ambitious project that has been under 
development in the south of France for the last fifteen 
years with the objective of demonstrating the feasibility of 
nuclear fusion, as a first step towards industrialising it and 
bringing it onto the market. 
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At a time when it seems a utopian dream even for two 
political parties in just one country to reach agreement 
on anything, the ITER project brings together thirty-five 
nations, including China, the EU, Japan, South Korea, 
Russia and India, to work together on building the world’s 
largest tokamak reactor: a magnetic-fusion device that has 
been designed to test the feasibility of nuclear fusion as a 
large-scale energy source, free of CO2 emissions and based 
on the same principle as the one used by our Sun and the 
stars to generate energy. 

The Sun’s energy... an unbeatable goal. Inside the heart 
of the stars, where temperatures and gravity are extreme, 
hydrogen nuclei collide, fusing into heavier helium atoms 
and releasing enormous amounts of energy in the process. 
Will we be capable of reproducing this fusion process on an 
industrial scale? A clean, predictable, safe and inexhaustible 
energy source. The energy of the future.

By the late twentieth-century we had learned that the 
most efficient fusion reaction in the laboratory was the 
one between two hydrogen isotopes, deuterium and 
tritium, which presented the best energy gain at ‘lower’ 
temperatures. Three conditions would have to be met if 
was to be achieved in the laboratory: very high tempera-
tures (of around 150 million degrees Celsius); sufficient 
density of plasma particles to increase the likelihood 
that collisions will occur; and a long-enough period of 
confining the plasma with certain volume limits, as it 
has a tendency to expand. At such extreme temperatures, 
electrons split away from the nuclei and the gas turns into 
plasma, often referred to as the fourth state of matter. 
Fusion plasma provides a suitable environment for light 

En un momento en el que parece una utopía que dos 
partidos políticos de un mismo país se pongan de acuerdo 
en algo, el proyecto ITER aglutina treinta y cinco naciones, 
incluidas China, Estados Unidos, la Unión Europea, Japón, 
Corea, Rusia e India, que colaboran para construir el mayor 
reactor tokamak del mundo: un dispositivo de fusión por 
confinamiento magnético que ha sido diseñado para probar 
la factibilidad de la fusión nuclear como fuente de energía 
a gran escala y sin emisiones de CO2, basadas en el mismo 
principio con que generan energía nuestro sol y las estrellas. 

La energía del sol… como objetivo, inmejorable. En el 
corazón de las estrellas, con temperaturas y gravedad 
extremas, los núcleos de hidrógeno colisionan, se fusionan 
en átomos de helio más pesados y liberan enormes canti-
dades de energía en el proceso. ¿Seremos capaces de repro-
ducir este proceso de fusión a escala industrial? Como dice 
Fernando, una fuente de energía limpia, predecible, segura e 
inagotable. La energía del futuro.

A finales del siglo xx se identificó que la reacción de fusión 
más eficaz en el ámbito del laboratorio era la reacción 
entre dos isótopos de hidrógeno, el deuterio y el tritio, que 
producían la mayor ganancia de energía a las temperaturas 
«más bajas». Se debían cumplir tres condiciones para lograr 
la fusión en el laboratorio: temperaturas muy altas, del orden 
150.000.000°  Celsius; suficiente densidad de partículas de 
plasma para aumentar la probabilidad de que se produzcan 
las colisiones; y suficiente tiempo de confinamiento para 
mantener el plasma dentro de un volumen definido, ya que 
tiene tendencia a expandirse. A estas temperaturas extremas, 
los electrones se separan de los núcleos y el gas se convierte en 
un plasma, a menudo denominado cuarto estado de la materia. 
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elements to fuse and produce energy. A tokamak device 
uses powerful magnetic fields to confine and control the 
plasma. The amount of fusion energy that a tokamak is 
capable of producing is the direct result of the number of 
fusion reactions occurring inside its core. The larger the 
receptacle, the higher the volume of plasma and therefore 
the greater the potential fusion energy. With a plasma 
volume ten times higher than that of the largest machine 
that is currently operational, the ITER tokamak, with its 
500  MW capacity, will be a unique experimental tool, 
capable of achieving longer-lasting plasma and longer 
confinement. 

With all this in view, why is the Esteyco Foundation 
publishing a book about nuclear fusion? Javier Rui-Wamba 
set up the Esteyco Foundation thirty years ago to build 
awareness and foster the progress of engineering and archi-
tecture. We have always aimed to share knowledge through 
our publications, sometimes related to our habitual areas of 
interest while in other cases dealing with novel topics that 
we turn to with both curiosity and humility. Since nuclear 
fusion is a potential energy source that can change the world 
as we know it, we thought it would be worthwhile to share 
some aspects of it outside the scientific circles where it is 
being developed. Indeed, it is obviously not our intention 
to provide an encyclopaedic treatise or a book with a purely 
scientific focus. Our only aim is to compile a set of concepts 
to explain what is going on and the potential that it could 
have.

There is also a further motive, as mentioned by Fernando 
Rueda in his introduction, which is a mantra that always goes 
hand in hand with engineering in Spain: the low  visibility of 

Los plasmas de fusión proporcionan el entorno en el que los 
elementos ligeros pueden fusionarse y producir energía. En un 
dispositivo tokamak se utilizan potentes campos magnéticos 
para confinar y controlar el plasma. La cantidad de energía de 
fusión que un tokamak es capaz de producir es el resultado 
directo del número de reacciones de fusión que tienen lugar 
en su núcleo. Cuanto más grande el recipiente, mayor será el 
volumen del plasma y, por tanto, mayor potencial de energía 
de fusión. Con un volumen de plasma diez veces mayor que 
el de la máquina más grande que funciona en la actualidad, 
el Tokamak ITER, con capacidad de 500 MW, será una 
herramienta experimental única, capaz de lograr plasmas más 
largos y un mejor confinamiento. 

Con todo, ¿por qué un libro de la Fundación Esteyco sobre la 
fusión nuclear? Javier Rui-Wamba creó la Fundación Esteyco 
hace ya 30 años, para fomentar la difusión y el progreso de la 
ingeniería y de la arquitectura. Siempre hemos tratado, a través 
de nuestras publicaciones, de compartir conocimientos, algunas 
veces más próximos a nuestra práctica habitual y, en otros casos, 
temas novedosos a los que nos aproximábamos con curio-
sidad y humildad. La fusión nuclear es una potencial fuente 
de energía que puede cambiar el mundo que conocemos, por 
lo que pensamos que merecía la pena compartir algunas pince-
ladas más allá de los círculos científicos donde se desarrolla. De 
hecho, nuestra intención, obviamente, no es hacer un tratado 
enciclopédico ni un libro científico. Solo pretendemos recop-
ilar algunos conceptos para ayudar a entender lo que está ocur-
riendo y el potencial que puede llegar a tener.

Además, existe un segundo motivo, que ya esboza Fernando 
Rueda en su introducción, y que es un mantra que siempre 
acompaña a la ingeniería es este país: el papel menos visible 
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Spanish engineering, or what we at Esteyco usually refer to 
as ‘the engineer in the shadows’. In the Foundation’s mission 
statement, written back in 1991, Javier already highlighted 
the precarious, uncertain situation that independent Spanish 
engineering had to face, a situation that basically called for 
a survival approach. He noted that the efforts of a growing 
group of professionals was consolidating a sector whose 
services were considered as indispensable in a modern, effi-
cient society. And he urged us to think of the future, trusting 
that it would not be long before it turned into the present. 
Rui-Wamba dixit.

Thirty years have now gone by and I think that recogni-
tion of engineering in Spain is going through a slim period. 
However, we do have some top-class professionals who are 
recognised internationally in the most demanding areas. And 
I believe it is worthwhile to bring some of them — those that 
we can — out of their anonymity. Brilliant professionals all, 
with a vocation to serve, and people who are undoubtedly 
playing their part in achieving a better world. 

Among them is Fernando Rueda, a quite extraordinary 
person and engineer. Forgive me for quoting myself, but in 
Esteyco, los primeros cincuenta años (Estyeco: The First Fifty 
Years), the book published by the Foundation two years ago, 
I tried to explain how we met and how our journey together 
began, and think it is an appropriate way to introduce the 
author and editor of this book:

We still paid attention to the market and its opportunities. 
If we were afraid of getting it wrong, this would extend to 
being afraid of making decisions, because it is commonly 
accepted that anyone who refrains from making decisions 
cannot fail, which is unacceptable in our culture. As Javier 

de los ingenieros, lo que en Esteyco habitualmente llamamos 
«la clandestinidad del ingeniero». En el lema e ideario de la 
Fundación, escrito en 1991, Javier ya identificaba la situa-
ción de precariedad e incertidumbre en que se desenvolvía 
la ingeniería española independiente, lo que exigía actitudes 
básicamente de supervivencia. Señalaba que el esfuerzo de 
un creciente colectivo de profesionales iba consolidando un 
sector cuyos servicios eran considerados como indispensa-
bles en una sociedad moderna y eficiente. Y nos animaba a 
pensar en el futuro, confiando en que no tardaría en hacerse 
presente. Palabra de Rui-Wamba.

Han pasado 30 años, y no creo que el reconocimiento a la 
ingeniería en España pase por su mejor momento. Pero, 
en cambio, tenemos unos profesionales de primer nivel y 
recono cidos internacionalmente en las áreas más exigentes. 
Y creo que merece la pena sacar del anonimato a algunos de 
ellos, los que podamos. Profesionales brillantes, con vocación 
de servicio, que indudablemente aportan su granito de arena 
para lograr un mundo mejor.

Entre ellos, Fernando Rueda, personaje e ingeniero extraor-
dinario. Disculpadme por citarme a mí mismo, pero en el 
libro que publicó la Fundación hace 2 años, Esteyco, los 
primeros cincuenta años, trataba de explicar cómo nos cono-
cimos y cómo se inició nuestra andadura juntos, y creo que 
es una buena manera de introducir al autor y editor de este 
libro:

Seguíamos atentos al mercado y a las oportunidades. 
Si tuviésemos miedo a equivocarnos, se traduciría en 
miedo a decidir, porque está comúnmente aceptado 
que quien no decide no falla, y eso es inaceptable en 
nuestra cultura. Como dice Javier, parafraseando a The-
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says, mirroring Theodore Roosevelt, ‘The only thing we 
have to fear is fear itself.’ With this in mind it is easier to 
understand how Esteyco Mechanics came about. While I 
was searching for brilliant people to staff our Structures 
department, Antonio Martínez Cutillas’s recommended I 
should see Fernando Cutillas, so we arranged to meet at 
Esteyco one afternoon. Within the first minute and a half 
of the interview, we both realised that he did not fit the 
profile we were looking for, but we kept on chatting for 
another hour and a half about engineering, the sector and 
projects. Fernando was looking for a suitable environment 
to develop the projects he was most interested and expert 
in. At Esteyco we are always open to people who are bril-
liant and different, and we are obliged, because of our phi-
losophy, to create the appropriate atmosphere for them to 
develop. So, only six months after our divorce from Inneo, 
and with all the understandable uncertainty after taking a 
decision of such import, we took a leap into the unknown 
and committed to working together. We realised right 
away that this had been the right decision, and five years 
later nuclear fusion, ITER, 4FE, tokamaks, cryostats and 
TBM had become familiar in-house terms, with that air of 
secrecy and difficulty that intoxicates everything involving 
our ‘mechanics’.

Seven years have now gone by since Fernando joined 
Esteyco. And, yes, without a doubt it was the right decision. 
We have a great team in place at our structural-mechanics 
division, Esteyco Mechanics, standing comparison with the 
advanced-calculation departments of the world’s leading 
engineering firms.

But let us get back to the shadows, which should not be 
confused with anonymity. At the regular catch-up meetings 
between Fernando and me, where we would go over the status 
of our projects and strategy, we came to see that his admirable 

odore Roosevelt, «solo hay que tenerle miedo al mie-
do». Con esta premisa se entiende mejor cómo se crea 
Esteyco Mechanics. En la búsqueda de gente brillante 
para nuestro departamento de Estructuras y a recomen-
dación de Antonio Martínez   Cutillas, quedé una tarde 
en Esteyco con Fernando Rueda. Al minuto y medio de 
comenzar la entrevista, los dos nos dimos cuenta de que 
no era el perfil que andaba buscando. Pero nos queda-
mos charlando hora y media de ingeniería, del sector 
y de proyectos. Fernando estaba buscando un entor-
no adecuado para desarrollar los proyectos que quería 
y sabía hacer. Y en Esteyco siempre estamos abiertos a 
gente brillante y diferencial; y estamos obligados, por 
nuestra filosofía, a crear las condiciones de contorno 
adecuadas para que se desarrollen. Así, solo medio año 
después de nuestro divorcio con Inneo, y con las in-
certidumbres lógicas después de una decisión de ese 
calibre, ambos dimos un salto sin red y apostamos mu-
tuamente el uno por el otro. Enseguida nos percata mos 
de que había sido una decisión acertada, y cinco años 
después ya estábamos familiarizados en la casa con la 
fusión nuclear, el ITER, F4E, con tokamaks, criostatos 
y TBM, y con ese aire de secretismo y dificultad que 
 embriaga todo lo que rodea a nuestros mechanics.

Han pasado más de 7 años desde la incorporación de Fernando 
a Esteyco. Y, sí, sin duda, fue una decisión acertada. Tenemos 
un equipazo en nuestra División de Mecánica Estructural, 
Esteyco Mechanics, que no tiene nada que envidiar a los 
departamentos de cálculos avanzados de las principales inge-
nierías a nivel mundial.

Pero volvamos a la clandestinidad, que no debemos confundir 
con el anonimato. En las periódicas reuniones de seguimiento 
que mantenemos Fernando y yo, en la que repasamos el 
estado de los proyectos y la estrategia, nos dábamos cuenta de 
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work and that of his team could be going unnoticed in certain 
spheres, even among our colleagues at Esteyco. It is such a 
specialised, highly qualified job, interacting only very lightly 
with other disciplines that are more firmly consolidated at 
Esteyco, but one in which we are making a difference that is 
indeed valued by our clients and the sectors. 

I encouraged him to explain to us, through talks or papers, 
what we were doing, with the idea of sharing knowledge 
and spurring the curiosity of his colleagues and those who 
are in close contact with us. And that is how the idea of a 
publishing a book through the Esteyco Foundation arose. 

What I was not expecting was that Fernando would be able 
to bring together such a stellar cast of international experts to 
collaborate on this book, including – purely on merit – our 
‘very own’ Luis Maqueda, a brilliant engineer from Cadiz who 
has more than earned his place at Esteyco. All of them have 
been generous enough to share a few drops of their wisdom 
for the benefit and enjoyment of the Foundation’s readers.

It is not for me to introduce them or explain the structure 
and content of the book here (please turn to Fernando’s 
introduction for that). It only remains for me to thank, once 
again, all those who continue to support the Foundation 
year after year, expressing their affection and thanks after the 
traditional sending-out of our publications every Christmas 
– and, we sincerely hope, for many years to come.

Carlos García Acón
CEO, Esteyco / Patron of the Esteyco Foundation 

que su encomiable labor y la de su equipo podía estar pasando 
desapercibida en ciertos ámbitos, incluso con nuestros 
compañeros de Esteyco. Un trabajo tan especializado y cuali-
ficado que interactúa muy someramente con otras disciplinas 
más arraigadas en Esteyco, pero en el que estamos aportando 
un diferencial que los clientes y el sector sí que valoran. 

Le animé a que nos explicara, mediante charlas o escritos, 
lo que estábamos haciendo, con la idea de compartir el 
conocimiento y despertar la curiosidad de sus compañeros 
y de nuestro entorno más cercano. Y de ahí surgió la idea de 
publicar el libro en la Fundación Esteyco. 

Lo que no esperaba es que Fernando fuese capaz de congregar 
a tal elenco de expertos internacionales para colaborar en 
este libro, en el que se ha colado, por méritos propios, 
«nuestro» Luis Maqueda, brillante ingeniero gaditano que 
ya se ha ganado su sitio en Esteyco. Todos ellos han tenido 
la generosidad de compartir unas gotas de su saber para el 
disfrute del lector de la Fundación.

No me toca a mí presentarlos ni contaros cómo se ha 
estructurado el libro y su contenido. Ya lo explica Fernando 
en su introducción. Solo agradecer, un año más, a todos 
los que siguen apoyando año a año a la Fundación y nos 
hacen llegar sus muestras de cariño y agradecimiento tras el 
tradicional envío navideño de nuestras publicaciones. Por 
muchos años.

Carlos García Acón
CEO Esteyco y Patrono de la Fundación Esteyco 
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End of November 2011. Picture of Fernando Rueda 
on the foundation slab (B2 basemat) of the ITER 
Tokamak Complex, right in the geometrical centre of 
the Tokamak machine.
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Fernando Rueda (ESTEYCO Mechanics)

Me gusta pensar en los ingenieros como servidores de la 
sociedad. Servimos a un fin superior: hacer realidad los planes 
de más alto nivel establecidos en esferas de decisión en las 
que, aunque suelen participar también ingenieros, los gober-
nantes tienen la última palabra. Los gobernantes pueden ser 
públicos o privados, pero ambos deben también interiorizar 
esta vocación de servicio a la sociedad que tan difícil es a 
veces de percibir dentro del enorme ruido mediático que lo 
ensordece todo, pues, de lo contrario, la cadena se rompe y 
el servicio a la sociedad deja de estar en el centro de nuestra 
actividad sin siquiera llegar a ser conscientes de ello. 

Nuestro papel como ingenieros, menos visible que el de 
otros colectivos de la sociedad, es el de concebir, proyectar, 
construir y hacer funcionar realizaciones concretas de esos 
planes de alto nivel que buscan o deben buscar el bien de la 
sociedad.

Dentro de este papel, los ingenieros solemos trabajar al 
servicio de otros profesionales: planificadores, gestores, 
arquitectos o, en algunos casos, científicos. A lo largo de estos 
más de veinte años de desempeño como ingeniero, he tenido 
la inmensa suerte de trabajar en el desarrollo de proyectos 
muy diferentes, desde aviones a presas, pero reconozco que 
tengo una cierta debilidad cuando el origen del proyecto es 
científico y son los científicos quienes lo lideran. 

En 2007 empecé a vislumbrar la posibilidad de participar en 
el desarrollo del proyecto ITER. A ello me dediqué con toda la 
ilusión del mundo, como profesional libre que creía ser, hasta 
que logramos firmar nuestro primer contrato de cierta rele-
vancia con Fusion for Energy, la agencia doméstica europea 
para el proyecto ITER, en verano de 2009. Todavía recuerdo 
bien aquella sensación de inmensa alegría y  satisfacción. No 

I like to think of engineers as servants of society. We serve 
a higher purpose: to realise the plans made within high-
level decision-making spheres where, although engineers 
often also participate, the people who are in power have 
the final say. Those in power may be public or private, but 
in both cases they also must internalise this vocation to 
serve society, which can often be hard to perceive with so 
much media noise drowning everything out, as otherwise 
the chain is broken and service to society ceases to be 
at the heart of what we do without our even being aware 
of it.

Our role as engineers, although not as visible as that of other 
groups in society, is to conceive, design, build and bring to 
fruition specific realisations of those high-level plans that 
strive — or should strive — to benefit society.

Within this role, we engineers usually work for other 
professionals: planners, managers, architects or, in some 
cases, scientists. Throughout my career as an engineer, 
now more than twenty years long, I have had the immense 
good fortune to work on the development of some widely 
different projects, ranging from aeroplanes to dams, but 
I recognise that I have a particular soft spot for projects 
that are scientific in their origin and when those leading 
them are scientists.

In 2007, I began to envisage the possibility of being part 
of the development of the ITER project. I dedicated 
myself to it with all the enthusiasm in the world, as the 
free professional I thought I was, until we managed to 
sign our first major contract with Fusion for Energy, 
the  European domestic agency for the ITER project, 
in the summer of 2009. I can still vividly remember that 
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feeling of immense joy and satisfaction. I wasn’t really 
aware of what it would ultimately mean for me: an inex-
haustible source of enjoyment and learning and also my 
salvation as an engineer until I regained my status as a 
free professional when we created ESTEYCO Mechanics 
in 2014. Nor could I have imagined the complexity and 
scope of ITER.

Only now am I beginning to internalise it, at least in part, 
and realise that its scale is commensurate with the size 
of the ultimate goal: to develop an energy source that is 
clean, predictable, safe and inexhaustible — all achieved by 
developing technology. The high-level decisions that show 
the way, of which ITER is a specific example, will follow 
whatever course they take, but I feel certain that we are 
serving society by doing our bit, day by day, to achieve this 
ultimate goal.

The idea of a book on ITER and nuclear fusion published 
by the ESTEYCO Foundation first crossed my mind when 
I realised that a good many of the people I knew outside 
my professional sphere associated ITER with a large tunnel 
in Geneva. “That’s CERN,” I would correct them with 
some surprise, sometimes to their embarrassment. How is 
it possible for society to be so unaware of such a thrilling 
project and an ultimate goal with such immense impact on 
humanity? The main objective of this book is therefore to 
shine a spotlight on the effort that thousands of people are 
dedicating to this goal every day and the tangible achieve-
ments that are being made. Obviously, it will not be this 
initiative alone that closes that awareness gap, but I hope 
it will at least be one of the many necessary steps in that 
direction.

sabía realmente lo que, a la postre, aquello supondría para mí: 
una fuente inagotable de disfrute y aprendizaje y, también, mi 
tabla de salvación como ingeniero hasta que volví a recuperar 
mi condición de profesional libre cuando creamos la División 
de Mecánica Estructural de ESTEYCO en 2014. Tampoco 
imaginaba la complejidad y envergadura de ITER. 

Ahora empiezo a interiorizarla, al menos de modo parcial, 
y a ser consciente de que dicha envergadura es acorde con 
la magnitud del fin último que se persigue: desarrollar una 
fuente de energía limpia, predecible, segura e inagotable. 
Todo esto, a través del desarrollo de tecnología. Las deci-
siones de alto nivel que marcan nuestro camino, de las 
que ITER es una muestra concreta, seguirán el curso que 
corresponda, pero yo siento la certeza de servir a la sociedad 
poniendo, día a día, nuestro pequeño granito de arena para 
la consecución de este fin último.

La idea de dedicar un libro de la Fundación ESTEYCO a 
ITER y a la fusión nuclear empezó a rondarme la cabeza 
tras comprobar que no pocas personas a las que conocía 
fuera de mi ámbito profesional identificaban ITER con un 
gran túnel situado en Ginebra. ‘Eso es CERN’, matizaba 
yo con cierta sorpresa ante la mirada, a veces ruborizada, 
de mi interlocutor en ese momento ¿Cómo es posible que 
un proyecto tan apasionante y un objetivo último de tan 
inmensa repercusión para la humanidad sean tan descono-
cidos para la sociedad? El objetivo principal de este libro 
es, por tanto, ayudar a visibilizar el esfuerzo que miles de 
personas dedican a diario a este fin y los logros tangibles que 
se van consiguiendo. Obviamente, no será esta iniciativa la 
que consiga cerrar la brecha, pero espero que sea uno de los 
muchos pasos necesarios en esa dirección.
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I am a simple structural engineer. I know little about 
nuclear fusion or about much of the physics involved. A 
book on nuclear fusion and ITER would therefore need 
to involve world-renowned experts in different areas to 
summarise some of the basic ideas in their respective 
fields and provide an overview of the current state of the 
developments achieved so far. And in while searching for 
helping hands, I realised that generosity is a huge, invis-
ible engine that quietly drives the pursuit of that ultimate 
goal: an energy source for the future of humanity. Most of 
the great professionals who work in this world, brilliant 
people whom I deeply admire, do so out of conviction 
and generosity. They do it because they want to, because 
they believe in what they are striving for and in the role 
of science as a driving force for human progress. I would 
like to express my enormous gratitude to all those who 
have been willing to find the time from wherever they 
can — even sacrificing hours of sleep if necessary — to 
collaborate in this humble venture in a totally altruistic 
way.

This book is not an encyclopaedic treatise on so vast a 
field as nuclear fusion, and any readers who are reasonably 
familiar with the issues involved will soon find that many 
aspects of interest are left uncovered. Nor is it a scientific 
book. Any readers who are interested in any particulars will 
find more appropriate and detailed sources of information 
in the specialist technical literature. This book seeks only 
to offer a few glimpses, from different angles, of the basics 
of nuclear fusion and some of the initiatives that are under 
way for its development, of which ITER is undoubtedly the 
most significant in the short term.

Yo soy un simple ingeniero estructural. Sé poco de fusión 
nuclear y de muchas de las físicas involucradas. Un libro 
sobre la fusión nuclear e ITER debía contar con la partici-
pación de expertos de reconocido prestigio mundial en 
distintas áreas que sintetizaran algunas ideas básicas en sus 
campos y ofrecieran una cierta perspectiva sobre el estado 
actual de los desarrollos. Y en la búsqueda de colabora-
dores comprobé que la generosidad es un enorme e invis-
ible motor que impulsa silenciosamente la consecución de 
ese fin último: una fuente de energía para el futuro de la 
humanidad. La mayoría de los grandes profesionales que 
trabajan en este mundo, gente brillante a la que admiro 
profundamente, lo hacen por convicción y por generos-
idad. Lo hacen porque quieren, porque creen en lo que 
buscan y en el papel de la ciencia como motor de progreso 
para la humanidad. Quiero plasmar aquí mi enorme agra-
decimiento a las personas que han encontrado huecos 
rascando de donde sea, quitándose horas de sueño, para 
colaborar de forma absolutamente altruista en esta humilde 
aventura.

El libro no es un tratado enciclopédico sobre un campo tan 
extenso como el de la fusión nuclear y el lector razona blemente 
expuesto a estas cuestiones echará rápidamente en falta infor-
mación sobre muchos aspectos de interés que quedan sin 
cubrir. Tampoco es un libro científico. Lectores interesados 
en detalles concretos encontrarán fuentes de información más 
adecuadas y precisas en bibliografía técnica especializada. El 
libro sólo trata de dar unas cuantas pinceladas, desde distintos 
prismas, sobre aspectos básicos de la fusión nuclear y algunas 
iniciativas en curso encaminadas a su desarrollo, de las que 
ITER es, sin duda, la más relevante en el corto plazo. 
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My good friend Benoit Fourestie, an engineer with an 
enviable instinct and vision, and someone whose great 
kindness is matched only by how pleasant it is to deal with 
him, has provided the introduction, focusing the context on 
the alarming climate situation that we will have to address 
decisively in the years to come, since the task of solving 
it would be infinitely simplified with the involvement of 
nuclear fusion as an energy source. Benoit has helped me 
enormously in realising this humble project, and without 
his help it would have been very much less than it is.

Joaquín Sánchez, director of the National Fusion Labora-
tory, also wanted to be a part of this venture. He outlines the 
basic concepts of nuclear fusion with enviable clarity despite 
the complexity that many of them entail.

A brief introduction to the intricacies of magnetic confine-
ment — the confinement option selected for the principal 
fusion reactors both today and in the future — is provided 
by Fabio Villone, a colleague on some the work we do 
on ITER. Fabio is a magnificent electrical engineer with 
in-depth knowledge of these complex technologies. His 
introduction is followed by the first contribution focusing 
specifically on ITER, a wonderful description of the ITER 
superconducting magnet system, written in a clearly 
explained way by Alfredo Portone, Head of the Analysis and 
Codes Division of Fusion for Energy.

The world of high-energy neutrons and neutronics is 
addressed by my admired friend Javier Sanz, director of 
the TECF3IR research group that he founded, and a world 
expert in these matters, with whom we have had a fantastic 
relationship since our beginnings in the European TBM 
program.

Mi buen amigo Benoit Fourestie, ingeniero de olfato y visión 
envidiables, y persona de trato exquisito y sólida bondad, 
realiza la introducción, centrando el contexto en la alar-
mante situación climática que habremos de enfrentar con 
decisión en los próximos años, y cuya solución se simplifi-
caría infinitamente con la participación de la fusión nuclear 
como fuente de energía. Benoit me ha ayudado enorme-
mente a hacer realidad este humilde proyecto que, sin su 
ayuda, habría quedado muy desdibujado.

Joaquín Sánchez, director del Laboratorio Nacional de 
Fusión, ha querido también participar en esta aventura reali-
zando una magistral introducción a los conceptos básicos 
de la fusión nuclear con una envidiable nitidez a pesar de la 
complejidad que entrañan muchos de ellos.

Una breve introducción a los entresijos del confinamiento 
magnético, la opción de confinamiento seleccionada en 
los principales reactores de fusión presentes y futuros, 
corre a cargo de Fabio Villone, compañero en algunos de 
nuestros trabajos en ITER, inmenso ingeniero eléctrico y 
gran conocedor de estas complejas tecnologías. La introduc-
ción de Fabio tiene continuidad en la primera contribución 
centrada específicamente en ITER, una certera descripción 
del sistema de imanes super conductores de ITER, realizada 
de modo claro y didáctico por Alfredo Portone, Jefe de la 
División de Análisis y Códigos de Fusion for Energy.

El mundo de los neutrones de alta energía y la neutrónica 
corre a cargo de mi buen y admirado amigo Javier Sanz, 
director del grupo de investigación TECF3IR que él mismo 
fundó y experto mundial en estas materias, con quien 
tenemos una fantástica relación desde nuestros inicios en el 
programa TBM europeo.
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Special mention should also be made of the fantastic 
introduction to the concept of breeding blankets and the 
European TBM (Test Blanket Modules) programme by 
its director, Yves Poitevin, with the help of some of his 
colleagues at Fusion for Energy and EUROFusion. I have 
been working on this unique, thrilling project since 2011, 
and it is an honour to be able to count on the help of Yves 
and his team to explain one of the key aspects of fusion and 
one that most people know little or nothing about.

I then try to outline, from my engineering experience, key 
aspects of the thermo-mechanical design of some of the 
main components of ITER in addition to the supercon-
ducting magnet system already described by Alfredo.

Guillaume Vitupier, excellent engineer, fusion enthusiast 
and Leader of the Cryostat & Auxiliaries Group at ITER 
Organization, provides an up-to-date review of another of 
ITER's main components: the cryostat, the world’s largest 
high vacuum chamber ever built.

Luis Maqueda, my friend and colleague at ESTEYCO 
Mechanics, extraordinary engineer with whom I have shared 
a few professional difficulties and many successes for more 
than a decade, sets out before us the huge challenge facing 
the development of the interpretation layer of the thou-
sands of thermo-mechanical and electromagnetic measure-
ments that will be taken during the operation of the ITER 
Tokamak reactor.

Together with Didier Combescure, an expert in struc-
tural dynamics and one of those engineers with whom you 
never stop learning, we try to outline some key aspects of 
ITER's reactor support design, an example that highlights 
the complexity that mechanical-civil interfaces sometimes 
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Fernando Rueda (ESTEYCO Mechanics)

Mención especial merece también la fantástica introducción 
al concepto de los ‘breeding blankets’ y al programa TBM 
(Test Blanket Modules) europeo realizada por su director, 
Yves Poitevin, con la ayuda de algunos de sus colaboradores 
en Fusion for Energy y EUROFusion. Llevo trabajando en 
este singularísimo y apasionante proyecto desde 2011 y es 
un honor poder contar con la ayuda de Yves y su equipo 
para dar unas pinceladas sobre uno de los aspectos clave de 
la fusión, no muy conocido para la opinión pública.

Intento a continuación esbozar, desde mi experiencia inge-
nie ril, aspectos clave en el diseño termo mecánico de algunos 
de los componentes principales de ITER al margen del 
sistema de imanes superconductores ya descrito por Alfredo.

Guillaume Vitupier, excelente ingeniero con el que también 
hemos tenido el privilegio de trabajar, entusiasta de la fusión 
nuclear y responsable del criostato dentro de ITER Orga-
nization, hace un muy actualizado repaso de otro de los 
componentes principales de ITER, el criostato, la mayor 
cámara de alto de vacío del mundo.

Mi amigo y compañero en la División de Mecánica Estruc-
tural de ESTEYCO, Luis Maqueda, extraordinario inge-
niero con el que comparto penas (pocas) y alegrías (muchas) 
profesionales desde hace más de una década, nos introduce 
al enorme desafío que enfrenta el desarrollo de la capa de 
interpretación de los miles de medidas termo-mecánicas y 
electromagnéticas que serán tomadas durante la operación 
del reactor Tokamak de ITER.

Junto con Didier Combescure, experto en dinámica estruc-
tural y uno de esos ingenieros con los que nunca se deja 
de aprender, intentamos esbozar algunos aspectos clave del 
diseño del soporte del reactor de ITER, ejemplo que pone de 



NUCLEAR FUSION. BUILDING TODAY THE ENERGY OF TOMORROW

8

entail, almost always 'mistreated' by us civil and mechan-
ical engineers due to the lack of transversal knowledge from 
both sides of the fence.

While ITER is the main short-to-medium-term project on 
the path towards the development of nuclear fusion, there 
are other facilities of great significance, some already in oper-
ation and others still in the design or construction phase, 
paving the way for the realisation of the first commercial 
reactor, known as DEMO.

Ángel Ibarra, leader of the Fusion Technologies Division 
of CIEMAT's National Fusion Laboratory, together with 
Wojciech Królas, provides a masterly summary of IFMIF-
DONES, a key facility on the path towards commercial 
fusion, the construction of which is due to begin shortly 
in Granada. This is a project of particular relevance not 
only for our team, in particular, but also for Spain, in 
general.

Enrico di Pietro, Project Manager of the Satellite Tokamak 
Programme within the Broader Approach shared between 
the European Union and Japan, gives an extraordinary 
introduction to that country’s JT-60SA reactor, which 
is currently under test following the installation of a new 
system of superconducting magnets.

And as a culmination, Susana Clement, Project Leader of 
the IFERC (International Fusion Energy Research Center), 
gives a very interesting introduction from Rokkasho (Japan) 
to the role that the future fusion reactor demonstrator, 
DEMO, should play, as well as some of the challenges to 
be faced.

manifiesto la complejidad que a veces entrañan las interfases 
mecánicas-civiles, casi siempre ‘maltratadas’ por la ingeniería 
debido a la falta de conocimiento transversal por parte de 
ambas partes.

Siendo ITER el proyecto principal a corto/medio plazo en 
la ruta hacia el desarrollo de la fusión nuclear, existen otras 
instalaciones de gran relevancia, algunas en funcionamiento 
y otras en fase de proyecto o construcción, que preparan 
el camino para la realización del que será el primer reactor 
comercial, conocido como DEMO.

Ángel Ibarra líder de la División de Tecnologías para la 
Fusión del Laboratorio Nacional de Fusión del CIEMAT, 
realiza, en colaboración con Wojciech Królas, un magistral 
resumen sobre IFMIF-DONES, instalación clave en la ruta 
hacia la fusión comercial, y cuya construcción está prevista 
iniciar en breve en Granada. Es éste un proyecto de particu lar 
relevancia para nuestro equipo, en particular, y para España, 
en general, en el que estamos trabajando intensamente para 
hacerlo realidad lo antes posible.

Enrico di Pietro, Director de Proyecto del Satellite Tokamak 
Programme dentro del Broader Approach compartido entre la 
Unión Europea y Japón, nos regala una extraordinaria intro-
ducción al reactor JT-60SA en Japón, que está en pruebas 
tras instalar un nuevo sistema de imanes superconductores.

Y como colofón, Susana Clement, líder del proyecto 
IFERC (International Fusion Energy Research Centre), 
hace desde Rokkasho (Japón) una muy interesante intro-
ducción al papel que debe jugar el futuro demostrador de 
reactor de fusión, DEMO, así como a alguno de los retos 
que ha de enfrentar.
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I would not like to end this brief introduction without reit-
erating my heartfelt thanks to all the experts who, despite 
the difficulties and restrictions of time and availability, have 
contributed in an absolutely altruistic way to the realisation 
of this book by contributing their scarce time and abundant 
wisdom. It is a privilege and an honour for me to have been 
able to count on their invaluable assistance. I would also like 
to thank Fusion for Energy and the ITER Organization for 
their support, including the permits to use much of their 
graphical material.

To Javier Rui-Wamba and Carlos García, for having trusted 
in the ESTEYCO Mechanics project back in the day and 
made a firm commitment towards it. What seems obvious 
today was not so at the time.

To my spectacular colleagues at ESTEYCO Mechanics, with 
whom I have the great fortune to work and from whom I 
learn so much every day, not only technically but also in 
purely human terms. I feel so fortunate to be part of such a 
superb team.

And to what’s most important at the end of the day: my wife 
Diana, my son Javier and my baby daughter on the way, 
Marina. And, finally, to my parents, who I trust will be 
reading these lines from heaven.

No quisiera terminar esta breve introducción sin reiterar mi 
más sentido agradecimiento a los expertos que, a pesar de 
las dificultades y restricciones de tiempo y disponibilidad, 
han contribuido de manera absolutamente altruista a la 
realización de este libro aportando su escasísimo tiempo y 
abundante sabiduría. Para mi es un privilegio y un honor 
haber contado con la aportación de todos ellos. También 
quisiera agradecer a Fusion for Energy e ITER Organization 
el apoyo que han prestado a esta iniciativa, incluyendo el uso 
de material gráfico.

A Javier Rui-Wamba y Carlos García, por confiar en su día 
en el proyecto de una División de Mecánica Estructural de 
ESTEYCO y apostar por él. Lo que parece evidente hoy no 
lo era entonces.

A mis espectaculares compañeros de equipo en la División 
de Mecánica Estructural de ESTEYCO, con quienes tengo 
la suerte de trabajar y de quienes tanto aprendo a diario, 
técnica y humanamente. Me siento inmensamente afor-
tunado de formar parte de semejante equipazo.

A lo más importante cuando acaba el día: mi mujer Diana, 
mi hijo Javier y mi hijita en camino, Marina. Y, por último, 
a mis padres, quienes espero que puedan leer estas líneas 
desde el cielo.
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EUROPEAN ENERGY POLICY AND FUSION

 Benoit Fourestie (European Commission)

CONTEXT: CLIMATE AND GLOBAL WARMING – 
THE GREEN DEAL

On 14 July 2021, the European Commission presented a ‘package’ of legislative 
proposals to meet its 2030 and 2050 greenhouse gas emission reduction targets. 
This package, previously endorsed by European leaders in December 2020, aims 
at a reduction of CO2 emissions by at least 55% compared to 1990 levels by 
2030. It also confirms the goal of achieving climate neutrality by 2050, i.e. a net 
zero emission balance.

These goals are very ambitious. Rarely in the history was such a radical change in 
our way of living planned in such a short period. What are the reasons for this 
urgent change? To fully understand we should step a few years back.

Climate and global warming

In December 2015, after arduous negotiations and sleepless nights, about 190 
Parties in the world committed to the first legally-binding agreement aiming at 
limiting global warming. This agreement, known as the Paris Agreement, aims 
to hold global average temperature increases ‘well below 2 °C above pre-indus-
trial levels and pursuing efforts to limit the temperature increase to 1.5 °C above 
pre-industrial levels’. The Agreement does not specify precisely what ‘pre-indus-
trial’ refers to and researchers commonly use the period between 1850 and 1900. 
The target values of 1.5 °C or 2 °C can certainly be seen as political decisions 
corresponding to what policymakers believed was possible to achieve.1 However, 
they were also suggested by reports such as,2, 3 which underlined that ‘in some 
regions and vulnerable ecosystems, high risks are projected even for warming 
above 1.5 °C.’ This same report insists on the necessity to develop pathways (or 
scenarios) by which temperature increases can be limited at 1.5 °C, and argues 
that expected consequences would be much worse at 2 °C.

Created in 1988, the Intergovernmental Panel on Climate Change (IPCC) was 
mandated by the UN to provide governments at all levels with scientific infor-
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mation that they can use to develop climate policies.4 In 2018, the IPCC wrote: 
‘in the decade 2006-2015, warming reached 0.87 °C (± 0.12 °C) relative to 1850-
1900, predominantly due to human activity increasing the amount of greenhouse 
gases in the atmosphere. Given that global temperature is currently rising by 
0.2 °C (±0.1 °C) per decade, human-induced warming reached 1 °C above pre-in-
dustrial levels around 2017 and, if the phenomenon continues at the current is 
pace of warming continues, would reach 1.5 °C around 2040.’

Three years later in 2021, in its 6th report,5 the IPCC confirmed this trend: 
‘the likely range of total human-caused global surface temperature increase from 
1850-1900 to 2010-2019 is 0.8 °C to 1.3 °C, with a best estimate of 1.07 °C.’

The impacts of a 1.5 °C to 2 °C average warming will not be homogeneous on 
the globe. Simulations point at an increased melting of the Arctic snow and ice, 
resulting in an amplification of the warming due to the reduction in light reflec-
tion. Since cities tend to intensify human-induced warming locally, further urban 
development together with more frequent hot extremes will increase the severity 
of heatwaves, according to the report of the IPCC, which claims to have ‘very 
high confidence’ in this prediction.5 

With a global average temperature increase of between 1.5 °C and 2 °C, the 
number of exceptional events increases non-linearly. According to,6 ‘the number 
of very hot days exceeding a percentile-based threshold increases globally about 
six-fold for a 1 °C –warmer world, but more than 20– fold for a 2 °C-warmer 
world.’

On average around the world, rainfall levels will increase with temperature.1 

Furthermore, ‘in coastal cities, the combination of more frequent extreme sea 
level events (due to sea level rise and storm surge) and extreme rainfall/river flow 
events will make flooding more probable’.7 Some areas show a severely increased 
likelihood of droughts,8 such as Central America, the Amazon, the Mediterra-
nean Sea and South Africa.

At this point, it is important to note that these scenarios of a 1.5 °C or 2 °C 
increase mean ambitious emission reduction policies. Should no significant 
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change take place over the coming years, the most likely scenario would be an 
average temperature increase of 4 °C.

Earth warming is linked to GHGi emission: the latest IPCC report5 reads ‘it is very 
likely that well-mixed GHGs were the main driverii of tropospheric warming since 
1979.’ Even though natural factors such as variations in solar activity and volcanic 
eruptions also influence the earth’s climate, the recent temperature increase cannot 
be explained by considering these natural factors alone. Its causes have to be found 
in human activities, and the earth surface warming correlates with the concen-
tration of CO2 in the atmosphere, the most significant GHG emitted by human 
activity.iii Moreover, even if CO2 emissions could be stopped in an instant, the 
‘irreversible’ global warming effects would persist for decades, at least.

The Paris Agreement therefore acknowledged the ‘need for global emissions 
to peak as soon as possible, recognising that it will take longer for developing 
countries,’ and Governments agreed ‘to undertake rapid reductions thereafter in 
accordance with the best available science, so as to achieve a balance between 
emissions and removals in the second half of the century.’

The IPCC defined five scenarios to predict future global warming, based on 
so-called ‘socio-economic trends’ linked to levels of CO2 emissions. The two 
most optimistic scenarios (SSP1-1.9iv and SSP1-2.6) assume an immediate 
reduction of CO2 emissions and carbon neutrality achieved in 2050 and 2075 
respectively. The intermediate scenario (SPP2-4.5) assumes a reduction of 
emissions in 2050, with carbon neutrality by the end of the century. Finally, the 
two scenarios with high (SSP3-7.0) and very high (SSP5-8.5) emission levels 
assume that CO2 emissions will double and triple by the end of the century, 
respectively.

According to the IPCC Climate Change Report 2021,7 ‘for these different 
scenarios, compared to 1850-1900, global surface temperature averaged over 
2081-2100 is very likely to be higher by 1.0 °C to 1.8 °C under the very low 
GHG emissions scenario considered (SSP1-1.9), by 2.1 °C to 3.5 °C in the inter-
mediate scenario (SSP2-4.5) and by 3.3 °C to 5.7 °C under the very high GHG 
emissions scenario (SSP5-8.5).’

i GHG: Greenhouse gases.
ii ‘Main driver’ means here responsible for more than 

50% of the change.
iii The other GHG are methane, nitrous oxide and 

sulphur dioxide.
iv The IPCC scenarios are referred to as SSPx-y where 

SSPx refers to one ‘Shared Socio-economic Pathway’, 
and y is the radiative forcing in W / m² in 2100. The 
radiative forcing is a measure of the change in energy 
flux in the atmosphere.
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Under the two last scenarios, exceptional events (drought, rainfall, etc.) would 
become much more frequent. For a warming of 4 °C, 50-year temperature events 
(i.e. events which occurred only once in 50 years) would be likely to occur 39.2 
times. In practice this would mean that heat waves above 50 °C would occur 
frequently in Europe. Another example: under SSP5-8.5, the sea level would rise 
by 80 cm by 2100.

Without very ambitious measures aiming at reducing GHG emissions and reach 
climate neutrality, thereby avoid further earth warming, important climate conse-
quences are to be expected for the world.

The European Green Deal

To stand by EU’s commitments made in the Paris Agreement, the European 
Commission presented in 2019 a legislative package called the ‘Clean Energy for 
All Europeans’.9 In a preparatory document dated 2018,10 the EU admitted that 
the current trend of temperature increase would ‘have severe consequences on the 
productivity of Europe’s economy, infrastructure, ability to produce food, public 
health, biodiversity and political stability.’ ‘For instance annual damages due to 
river floods in Europe could reach € 112 billion, from the current € 5 billion. 
16% of the present Mediterranean climate zone may become arid by the end of 
the century and in several Southern European countries outdoor labour produc-
tivity may decline by around 10-15% from present-day levels.’

In the following months, the European Commission established a ‘Reference 
Scenario’ based on the energy policies defined in the legislative package and on their 
implementation in the 27 EU Member States. Indeed according to the Regulation on 
the governance of the energy union and climate action11 included in the ‘Clean Energy 
for All Europeans’ package, all Member States must submit their National Energy 
and Climate Plans (NECPs), detailing how they intend to address GHG emission 
reduction, promotion of renewable energies, efficiency and interconnection.

This Reference Scenario12 foresees a further reduction of energy consump-
tion – reduction started in 2006. Energy consumption will reach in 2050 



17

EUROPEAN ENERGY POLICY AND FUSION

 Benoit Fourestie (European Commission)

three quarters of it 2006 value, i.e. 800 Mtoe.v On primary energy supply, 
the proportion of renewable energies will increase from 18% in 2020 to 
26% in 2030 and reach 36% in 2050. The shares of oil and natural gas will 
remain relatively stable at around 30% and 25% respectively, due to limited 
substitution in the transport sector for oil. Coal will be phased out in the 
power sector. By 2030, about 60% of electricity generation will come from 
renewable sources and this share will reach 75% by 2050 (wind power shows 
the biggest increase with a share of 40% in 2050, whereas solar power will 
increase from 4% in 2015 to 18% in 2050, while nuclear energy will decline 
from 27% in 2015 to 11% in 2050).

The report concludes: ‘in the absence of additional policies after 2030, GHG emis-
sions are projected to reduce by 59.4% in 2050 compared to 1990.’vi In other 
words, under this scenario, Europe cannot achieve SSP1-1.9 (carbon neutrality in 
2050) and even SSP1-2.6 (carbon neutrality in 2075) seems out of reach.

In December 2019, the Commission unveiled the European Green Deal, qual-
ified by its President, Ursula von der Leyen, as ‘man-on-the-moon moment.’ 
According to this Green Deal, Europe commits to climate neutrality in 2050, with 
the view to ‘reconcile the economy with our planet,’ and to reducing emissions by 
at least 55% in 2030, as an intermediate step. In March 2020, the Commission 
further proposed in the European Climate Law that climate neutrality by 2050 
becomes a binding legislation. The series of legislative proposals presented by the 
European Commission on 14 July 2021, which we mentioned at the beginning 
of this chapter, must therefore be understood in this context. The main proposals 
are as follows:

• On energy production, the legally-binding target of renewable energies in the 
mix by 2030 becomes 40% (with respect to 26% estimated in the Reference 
Scenario). This collective target will be complemented by indicative national 
contributions, showing what each Member State should contribute.13 

• On transport, the targets for reducing the CO2 emissions of cars (–55%) 
and vans (–50%) are made more ambitious, with no emissions from new 
cars starting 2030. Starting 2026, road transport will be subject to emission 

v Mtoe means million tonnes of oil equivalent; 1 toe is 
equivalent to 41,868 GJ.

vi CO2 emissions in 2050 would be 1.250 Mt.
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trading, thereby taxing pollution. The aviation and maritime sectors, which 
benefited from exceptions until now, will also undergo carbon pricing and 
sustainable fuels (such as hydrogen) will be promoted.

• The EU will also support projects for restoration of Europe’s forests and na-
ture and has increased its carbon sink objective from 268 Mt to 310 Mt. Sus-
tainable bioenergy will be part of the renewable mix.

• The revision of the Energy Efficiency Directive will make energy efficiency 
targets legally-binding (in new buildings, for example), with a target of a 9% 
reduction of energy consumption by 2030. In order to achieve these energy 
savings, the EU will create a fund of € 72.2 billion over 7 years to support 
building and house renovations, low-emission mobility, or simply income 
support.

Finally, the current existing Emissions Trading System (ETS) scheme allowing 
free allocation of carbon emissions, for instance, will be progressively phased out 
and replaced by a Carbon Border Adjustment Mechanism (CBAM) in which 
sectors covered by this measure will no longer receive free allocation. This new 
regime will target not only European producers but also importers and traders 
and its revenue will accrue an Innovation Fund.

By adopting such a leading role in the fight against global warming, the EU wants 
to set an example for its major international partners to define their own dates for 
climate neutrality. Innovation should play a major role.

FUSION AND ITER

In its communication to the European Parliament and the Council in 2017,14 

the European Commission wrote ‘Fusion is expected to play an important role 
in Europe’s future energy landscape as a virtually inexhaustible climate friendly 
energy source. The fusion reaction does not produce greenhouse gases or long-
lasting radioactivity and the fuel is widely available and practically unlimited. By 
the end of this century, as fossil fuels will be phasing out of the energy mix, fusion 
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could become a suitable complement to energy from renewables. This is particu-
larly important following the 2015 Paris Agreement and the EU commitment to 
lead the way in decarbonising the economy and tackling global climate change in 
a cost-effective manner.’

Could fusion complement renewables? Let’s have a more precise look.

Nuclear fusion

Fusion consists of combining two atom nuclei together, i.e. creating a single 
nucleus out of the two original nuclei. If the two nuclei are sufficiently light, 
i.e. if the product of their fusion is less heavy than iron-56, their fusion will 
liberate energy. In 1920, Eddington described for the first time a fusion process 
between atoms of hydrogen in stars, thereby explaining their energy production 
and absence of gravitational collapse.

For fusion to take place, the two nuclei must overcome their electrostatic repul-
sion since they are both charged positively. The nuclei must thus be brought suffi-
ciently close to each other, for a sufficient amount of time, in order for the nuclei 
to be able to undergo a quantum tunnel effect through the Coulomb repulsive 
forces. To make this possible, the matter to be used for fusion is placed into a state 
of plasma. Plasmas are highly energised ion gases in which electrons have been 
ripped off atoms or molecules, and which are achieved at very high temperatures.

The goal of nuclear fusion plants is to reproduce in a controlled manner the 
reaction that takes place in the sun, where two hydrogen nuclei produce one 
helium nucleus. In the preferred configuration for the production of electricity, 
i.e. the reaction that releases the largest amount of energy, one nucleus of deute-
rium (D) fuses with one nucleus of tritium (T). A deuterium nucleus is composed 
of one proton and one neutron, whereas the tritium nucleus contains one proton 
and two neutrons.

This fusion reaction liberates an incredible amount of energy. At equal mass, the 
fusion reaction generates more than a million times the energy of fossil fuels, 
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and about four times more than fission reactions. And what about the fuel of 
the reaction? Deuterium is abundantly available in oceans, and tritium, which 
cannot be found in natural form,vii could be produced by the fusion reaction 
itself. Indeed, the fusion reaction between deuterium and tritium produces one 
atom of helium and a fast neutron. This neutron could be used in so-called ‘breed-
ing-blankets’ composed of lithium which, beyond playing important shielding 
and cooling roles, could generate tritium.

The main advantages of fusion for energy generation are the following:

• Fusion does not emit CO2 or any other GHG. Its major by-product is heli-
um: an inert, non-toxic gas.

• Fusion fuel is abundant (deuterium) or can be produced by the plant itself 
(tritium) avoiding strategic supply chains.

• Fusion energy production would be available all over the world and is not 
subject to meteorological variations.

• Fusion does not present the risk of a reactor meltdown, unlike nuclear fission. 
There is no so-called ‘criticality’ and no chain reaction involving the need to 
finely control the number of neutrons produced. In this regard, a fusion plant 
is intrinsically safe.

• Since nuclear fusion does not use any fissile material, no enriched materials 
are needed, thus greatly limiting the risks of proliferation.

• Fusion does not generate any long-lived, high-activity radioactive waste, 
which are produced by current fission plants, and which necessitate confine-
ment in nuclear repositories for geological periods.viii

Recognising these advantages, many countries decided to promote fusion research, 
and ITER can be viewed as the fusion flagship project, as will be explained in 
what follows.

vii Tritium cannot be found in big quantities in nature 
because it is a radioactive element, and its half-life is 
short (a bit more than 12 years).

viii Fusion will produce radioactive waste, in particular 
tritiated waste (i.e. radioactive waste containing 
tritium). This waste will undergo detriation processes 
(to retrieve tritium and potentially use it as fuel) before 
waste is handled and packaged for final disposal.
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ITER

The ITERix project was signed in 2005 between seven partners (China, Euratom, 
India, Japan, South Korea, Russia, and the United States). It is ‘a pioneering 
project to build and operate an experimental facility to demonstrate the scien-
tific viability of fusion as a future sustainable energy source.’ (COMM 2017).

The origin of the ITER project is often tracked back to a meeting between Mikhail 
Gorbachev and Ronald Reagan in 1985 in Geneva. In a period still marked by the 
Cold War, this meeting concluded with a joint statement which acknowledged 
‘the potential importance of the work aimed at utilising controlled thermonuclear 
fusion for peaceful purposes and, in this connection, advocated the widest practi-
cable development of international cooperation in obtaining this source of energy, 
which is essentially inexhaustible, for the benefit of all mankind.’

Following this declaration, conceptual studies for a Tokamakx fusion reactor were 
started at the IAIA in 1987 conducted by the Quadripartite Initiative Committee 
(Euratom, Japan, USSR and the USA). These countries were later joined by China 
and Korea in 2003 and India in 2006. Following an intense competition between 
the Members to host the construction of the future reactor, the site of Cadarache 
in France was finally chosen, and the ITER Agreement was signed in 2006 in 
Paris. The ITER Organization was formally established in 2007.

The utmost objective of ITER is to demonstrate that fusion can be used indus-
trially to produce electricity. More specifically the project aims at showing that 
it can create thermal power more than ten times bigger than the amount of 
heating power needed for the fusion reaction. This power output to input ratio 
is generally represented by the letter ‘Q’, with Q ≥ 10. For ITER, the heating 
power will be 50 MW resulting in a produced thermal power of 500 MW 
during periods of 400 to 600 seconds.xi To achieve this goal, ITER will need 
to demonstrate the construction and operation of a fusion plant including 
all subsystems ranging from cryogenics, superconducting coils, control and 
diagnostics, remote handling, etc., as will be described in the remainder of the 
book. This tremendous technical and scientific challenge will also encompass 
the development and testing of tritium breeders, the demonstration of the 

ix ITER means ‘The Way’ in Latin.
x Tokamak is a contraction of the Russian торои-

дальная камера с магнитными катушками, toroidal 
chamber with magnetic coils.

xi To extract the heat from the tokamak, the Heat 
Removal System will move about 10 t of water per 
second.
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whole waste and tritium management chain, and more generally the demon-
stration of the safety of the plant.

To better grasp the technical challenge of the construction of ITER, here are 
some key figures:

The ITER machine (without buildings) will weigh about 23,000 t (about three 
times as much as the Eiffel tower), while the weight of the whole Tokamak 
Building will reach 400,000 t (more than the Empire State Building);

Temperatures inside the Tokamak will reach 150 million °C (ten times the 
temperature on the surface of the sun), while a few metres away, the supercon-
ducting magnets will be cooled with liquid Helium at 4 K, i.e. –269 °C;

The central solenoid will store 6.4 GJ of energy (it roughly corresponds to the 
energy released by burning one barrel– 169 litres– of petroleum). It will deliver 
peak magnetic fields of 13 Tesla (a magnetic field of about 4 Tesla is enough to 
lift a train) to create an enormous plasma current of 15 MA, but will also have to 
withstand resulting forces of thousands of tonnes.

In July 2020, the project started its Assembly Phase, consisting in putting together 
the big components delivered as in-kind contributions by the ITER Members. 
The integrated commissioning phase and the first plasma for the machine will 
follow. At present (September 2021) the completion of work to first plasma is 
estimated at 74%.

Europe is leading the ITER project with a share of 45% of the construction costs, 
80% of which are being paid by Euratom and 20% are paid by France as the Host 
Country. The other Members all have a share of around 9%. For the operation 
phase, the European share will drop to 34%. ITER Members contribute to the 
project in two different ways: (i) making in-kind contributions (mainly in the 
form of components) and (ii) providing cash contributions to the IO.

The EU contributions for the period 2007-2020 amounted to €6.6 billion (in 
2008 values). The current EU multiannual financial framework spanning from 
2021 to 2027 budgeted €5.61 billion for ITER.15 
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The governing body of the project is the ITER Council (IC), which supervises 
the work of the ITER Organization: the IC appoints the Director-General and 
senior staff, defines the total budget of the IO and it approves its annual budget.

In 2007, the European Council established Fusion for Energy (F4E) as a European 
Joint Undertaking according to chapter 5 of the Euratom Treaty. F4E, located in 
Barcelona, Spain, is known as the European ‘Domestic Agency’ responsible for 
delivering the Euratom’s in-kind and cash contributions to ITER. In its 2019 
report,16 F4E estimated that spend on ITER–mainly through contracts with 
companies and research laboratories– had benefited EUR 4.8 billion to the EU 
economy, and had created 34,000 jobs. More than 1,500 subcontractors have 
been involved in the project so far.

In 2021, the European Commission carried out a ‘Follow-up study on the economic 
benefits of ITER and BA projects to the EU industry’.17 Using macro-economic 
models, the study concluded that the overall impact of ITER on the EU economy 
was positive: The gross value added created in the EU by the contracts and grants 
allocated by F4E and the IO exceeds the cost of these contracts.

As a first of a kind project, ITER faced important difficulties which were constantly 
overcome by the 7 ITER Members (which represent 34 governments). For instance, 
the initial design of the machine was a very long process due to harsh discussions 
between the partners. This lack of progress led the US to leave the project in 1999 
before re-joining in 2003. In 2016, following delays, the project was re-baselined, 
i.e. its scope, schedule and overall cost were redefined. At the last IC meeting in 
June 2021, while ‘noting that the ITER Organization and its collaboration partners 
are facing unprecedented pressure due to the pandemic and the difficulties encoun-
tered in manufacturing some of ITER’s First-of-a-Kind components,’ the ‘Council 
Members reaffirmed their strong belief in the value of the ITER mission, and 
resolved to work together to find timely solutions to facilitate ITER’s success.’18 

By jointly overcoming these difficulties and pursuing together the implemen-
tation of ITER, the ITER Members, who represent 80% of the world’s Gross 
Domestic Product and half of its population, are also sending a unique message 
of peace.
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CONCLUSION

The European Commission has defined very ambitious goals in terms of the 
reduction of GHG emissions due to the urgency of the current climate situation. 
Reaching the established targets of CO2 neutrality by 2050 will need us to change 
our energy consumption habits and further developing the production and use 
of renewable energies.

Fusion could undoubtedly support the long-term effort towards emission-free 
electricity production. It could also support the efforts of developing countries to 
reduce their emissions in the context of heavy energy needs. The ITER project is 
one of the most important endeavours for harnessing fusion energy and demon-
strate the feasibility of a fusion power plant, its safe operation and the production 
of tritium as a result of the fusion reaction.

Finally, it is important to stress the role of ITER as a unique technical and diplo-
matic platform, making it possible for countries to collaborate on energy issues 
essential for humanity.
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WHAT IS NUCLEAR FUSION?  
A BRIEF INTRODUCTION 

If we burn 500 grams of hydrogen using standard combustion with oxygen we 
obtain 71,500 kJ, which would provide a typical Spanish household with elec-
tricity consumes in a 24-hour period. Using the same amount of hydrogen (200 g 
of 2H, also called deuterium +300 g of 3H, also called tritium) in a fusion reactor 
would provide electricity for almost every household (2.6 million) in the entire 
region of Madrid for the same 24-hour period. This tremendous difference comes 
from the fact that standard combustion is based on the electromagnetic forces 
that hold the molecules together, which are relatively weak, whereas fusion, like 
standard nuclear fission, is based on the much stronger nuclear forces that hold 
the atom nucleus together.

Both combustion and fusion release energy because the products of the reaction 
(water if we burn hydrogen or helium plus a neutron in the deuterium-tritium 
fusion reaction) are more stable than the separate original ingredients: they are in 
a state of lower internal energy and, in fact, if we consider Einstein’s correspond-
ence between mass and energy: E = mc2, their mass is lower.

In standard combustion, the energy involved is very modest and the difference 
in mass is negligible, whereas in the fusion reaction the difference in mass of the 
resulting elements compared to that of the original ingredients is quite significant: 
in the reaction D + T → 4He + n + 17.6 MeV, which we introduced above, out of 
our 500 grams of deuterium/tritium, 1.88 grams would vanish and convert into 
energy. The D + T nuclei have 0.4% more mass together than the helium nucleus 
plus the neutron, which corresponds to the 17.6 MeV energy released.

Today’s nuclear power plants, based on fission reactions, use the same nuclear 
forces and the same conversion of mass into energy. The difference is that in a 
fission reaction the energy balance goes in the opposite direction: there is more 
mass in the original uranium nucleus than in the components resulting from its 
breakdown (fission), thus in this case it is breaking the nucleus rather than binding 
them together what releases energy.
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In order to understand this different behaviour, physicists use the concept of ‘mass 
per nucleon’: one nucleus of deuterium has one proton and one neutron whereas 
one nucleus of 4Helium has two protons and two neutrons, thus the mass should 
be twice that of the deuterium, but it is not, it is smaller. Similarly, one nucleus of 
12C has less mas than two nuclei of 6Li and one nucleus of 16O has less mass than 
four nuclei of 4He, despite the fact that the number of protons and neutrons are 
identical in both cases of the comparison. The trend is a decrease in the effective 
mass of protons and neutrons when they are together in larger nuclei, although this 
trend is less pronounced as the atomic number Z increases and it disappears when 
approaching iron (56Fe) the region in the periodic table with the more stable nuclei, 
above this flat region the trend reverses and the mass per nucleon increases with 
Z (see Figure 1). This behaviour gives us the clue to obtain energy from nuclear 
reactions: we convert mass into energy when we bind together light nuclei (fusion) 
and, conversely, when we break into smaller parts large ones (fission). It is to remark 
that the issue of the ‘lost mass’ and its possible connection with the generation of 
large amounts of energy on the basis of Einstein’s law E = mc2 was identified in the 
1920-30’s, well before nuclear energy was realised experimentally.

Fig. 1. Mass per nucleon (qualitative picture) as a function 
of atomic number (Z).

Source: Probably JET (Code JG97 362.4c should corres-
pond to the file on JET). This figure also appears without 
this reference code in: ‘Fusion, the energy of the Universe’, 
by G McCracken and P Stott (Elsevier, 2005). Figure 
edited to change the name of the vertical axis.
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There are more differences than the positive or negative slope of the energy per 
nucleon curve. Fission reactions are nearly spontaneous: 235U is a very large 
nucleus, prone to break if hit by a neutron, the breakdown will release energy and 
more neutrons, which will hit other uranium nuclei in the vicinity and generate 
new breakdowns, thus triggering a chain reaction. As a result, fission is very 
easy to initiate and most of the technological effort in today’s nuclear reactors 
focuses on moderating the reaction to prevent it from accelerating out of control. 
Another important detail is that uranium breaks down into two midsize nuclei 
which are themselves unstable and therefore radioactive.

Fusion reactions, however, are never spontaneous, nor can they be induced by 
neutron bombardment, meaning that on a fusion reactor all the effort will be 
focused on keeping the reaction active and it will fade as soon as a malfunction 
arises. Furthermore, the result of a fusion of two light nuclei is normally another, 
stable, light nucleus. This is the case of the D-T reaction, whose result, 4He, is 
stable and completely harmless to persons and the environment. Besides, helium 
is not a greenhouse gas, and in any case, it would be produced in tiny amounts: 
the entire planet’s energy consumption, if obtained from nuclear fusion, would 
generate about 7,000 tons of helium per year, compared with the 35 billion tons 
of CO2 currently released.

The fuel for the fusion reaction is easy to obtain: deuterium exists in Earth’s water 
on a fraction of 0,33 mg/litre and tritium can be obtained in situ in the reactor 
using the generated neutrons and lithium as primary supply through the reaction 
6Li + n → 4He + T + 4.78 MeV.

Lithium is also easy to obtain. It can be found in salt mines or extracted from 
seawater salt, and the fact that only small amounts are needed (one simple laptop 
battery contains enough lithium to provide fusion-generated energy for one 
person’s lifetime) means that there is easy access to fusion fuel at a nearly negli-
gible cost for every country in the world. The current lithium reserves on Earth 
would enable mankind to live off D / T fusion energy for millions of years.

A massive source of energy, based on an abundant, inexhaustible and low cost 
fuel, safe and environmentally friendly looks very attractive, however its practical 
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 realisation has been elusive for decades. What are the problems? The main one 
arises from the fact that nuclear forces are very strong but have a very short range: 
they decay very quickly over distance. Conversely, electromagnetic forces are 
much weaker but have a much longer range. In order to achieve fusion the two 
positive charged nuclei must approach at very short distances and, on their way, 
they suffer the electrostatic repulsion. We cannot reach fusion by mixing D and 
T at room temperature, not even at reasonably high temperatures: in order to 
overcome the electrostatic barrier we need the ions to collide at energies of 15 keV 
per particle and a gas where the average energy of its particles is 15 keV is a gas at 
a temperature of 170 million °C (1eV = 11,600 °C).

Accelerating ions at 15 keV is not a difficult task, one just needs to use a 15 kV 
accelerator, but our goal is not to generate some fusion reactions by launching an 
accelerated deuteron beam against a tritiated target: we need to obtain net energy 
gain, and this is impossible with such an approach. With a 15 kV accelerator we 
would obtain neutrons that can be useful for some applications, but we will use 
much more energy than we will recover. This happens because only a tiny fraction 
of the beam deuterons (1 in 100 million) will hit the target and produce fusion 
while most of them will just pass through, without generating any reactions. The 
solution to obtain net energy gain would be to have a volume where the acceler-
ated particles could bounce back and forth having many opportunities to collide 
and therefore to undergo the fusion reaction. In addition, if we can also keep 
within this volume the highly energetic helium nuclei (a- particles) generated in 
the fusion reactions, they would exchange energy through collisions with the D 
and T nuclei and help to keep their temperature high.

In order to keep this gas hot we need an adequate container, and this presents a 
further problem because no material container can survive in contact with these 
high temperatures (170 million °C). There are three approaches to tackle this issue.

The first one is what nature applies in stars: gravitational confinement. The 
Sun and the stars use the gravitational force, which is tremendously high in 
the centre of the star, to compress the materials to extremely high pressures 
(4 × 1011 bar in the Sun’s core) and achieve fusion. This means that stars 
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are able to generate fusion reactions, like the so-called proton-proton chain 
reaction, even much more demanding in terms of ingredient temperature/
pressure than the D-T fusion which we use as the objective for energy gener-
ation on our planet.

The second approach is inertial confinement: the idea is to heat a small pellet 
made of a mixture of D-T with a very powerful short impulse of energy (usually 
a set of symmetrically distributed laser beams) in such a way that the fusion 
reaction takes place before the pellet material has time to expand.

Due to the internal collisions of the particles the ball would expand much slower 
than the velocity derived from a single particle with such energy. Theoretically 
this makes it possible for a shock wave to form, which propagates inwards giving 
rise to a very dense hot spot in the pellet centre. In this hot spot the fusion 
reaction starts and the energy generated propagates outwards, resulting in the full 
fusion of the whole pellet.

The flagships of inertial fusion energy research are the NIF experiment in Liver-
more (US) and the Laser Megajoule in Bordeaux (France): so far, the main diffi-
culty has been derived from the fact that the perfect symmetry required in the 
implosion is broken by the appearance of instabilities. 

Thermonuclear explosions are also based on the inertial confinement principle, 
here the role of the laser beams is played by a nuclear fission explosion close to 
the D-T fuel, and the physical conditions of matter are similar to those in laser 
fusion experiments. In a time where full scale thermonuclear tests are banned, 
laser fusion gives the opportunity to validate the theoretical models which 
predict the behaviour of the D-T fuel under these circumstances. Nowadays, 
a significant fraction of the funding for these experiments comes from defence 
programmes.

The third approach, magnetic confinement, is the one followed by a majority 
of the public research programmes in the world and in the European Union in 
particular. We will devote the next paragraphs to a more detailed description of 
this line of research.
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In order to understand magnetic confinement, we need first to pay attention 
to the concept of state of plasma, the fourth state of matter. A plasma is similar to 
a hot gas, but with one main difference: if we imagine a gas of atomic hydrogen, 
protons and electrons are bound together, if we increase the gas temperature they 
will separate and become a fully-ionised gas. In essence, plasma is a fully-ionised 
gas, with some added requirements concerning density and temperature, which 
are not entirely relevant at this point in the discussion. One of its main char-
acteristic properties is that its components, ions and electrons, are free and can 
be influenced by electromagnetic fields. This would not happen in a gas, where 
charges are bound together and would try to move in opposite directions under 
electromagnetic fields, resulting on a zero net displacement. A plasma is therefore 
a good electrical conductor, while a gas is not.

The effect of the magnetic field on the plasma charged particles is described by the 
Lorentz Law (see Figure 2): F = q vXB, which means that the force F is the cross 
product of velocity v and the magnetic field B times the particle charge q. As a 
cross product, the force is always perpendicular to the velocity, thus the magnetic 
field cannot accelerate the particle but only bend its trajectory. For a particle 
with zero velocity along the magnetic field the resulting trajectory would be a 
circumference, with radius r = mv / qB, (Larmor radius) where m is the particle 
mass. Another consequence of the Lorentz Law is that there is no force along 
the magnetic field, thus, should the particle have some initial velocity along the 
magnetic field, the complete trajectory would be a helix along the field line with 
constant displacement velocity in this direction.

For a magnetic field of a few Tesla (as a reference this is the typical value in 
hospital imaging resonance devices), the Larmor radius will be in the order of a 
fraction of a millimetre for electrons and a couple of centimetres for deuterium 
ions under fusion relevant temperatures (15 keV). If we manage to bend the field 
lines on a toroidal geometry we will keep the particles confined within these 
narrow helical trajectories (see Figure 3).

The actual physics of magnetic confinement is, however, more complex than this 
simplified picture. The first problem is that the perfect confinement of a single 

Fig. 2. Movement of a charged particle within a magnetic 
field.

Source: unknown/internal design.

Fig. 3. Charged particles confined on helical trajectories 
following field lines.

Source: Probably JET (Code JG03 419.15c should be the 
correct file on JET).
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charged particle is only possible when the filed lines are straight, which makes 
the problem impossible to resolve as we do not have a good enough solution 
for  the ends of the magnetic vessel. There are some approaches based on the 
concept of a magnetic mirror, but the confinement capabilities of linear magnetic 
confinement devices are very limited. In toroidal geometry the problem arises 
from the fact that the magnetic field cannot be constant on a torus cross section: it 
is always larger on the inner side of the torus than on the outer side. Intuition tells 
us that if we take a straight solenoid made with parallel coils forming a cylinder 
and bend it into a torus, the magnetic field lines will be compressed (higher 
field) inside and expanded outside. Bearing in mind that the Larmor radius is 
inversely proportional to the magnetic field, the helical trajectory of the particles 
has a radius that is shorter inside (higher B) and larger outside (lower B) which 
results in a vertically sliding helix, this generates a complex displacement of the 
particles that translates on a very rapid loss of the trajectories towards the outer 
side of the torus. Fortunately, there is a feasible solution to avoid these losses: 
instead of a configuration where the field lines are parallel straight along the torus 
we add a second component of the magnetic field that twists the magnetic lines. 
The twist prevents particles from dropping out because as soon as they become 
close to the external edge they are turned inside, a process similar to the way in 
which a glass blower continuously rotates the molten glass while working on it 
in order to prevent it from falling. This rotating component of the field can be 
obtained in two ways, which define the two main families of devices in magnetic 
confinement: additional tri-dimensional coils (Stellarator) or a current induced 
on the plasma itself (Tokamak).

The second problem comes from the fact that we do not want to confine single 
particles but rather a significant number, which should collide with each other 
in order to have the opportunity to produce fusion. When a particle, following 
its helical trajectory (around an also helical axis as just explained above) 
collides with another particle it will suffer a jump. This jump will be inwards 
or outwards with the same probability, and we will see a ‘random walk’ process. 
In a random walk, particles will diffuse in such a way that the differences in 
concentration disappear: particles will be ‘transported’ on average from areas 
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of high density to those of low density, which means they will gradually scape 
from the region of confinement. Consequently, even if we manage to use the 
complex helical fields of a Stellarator or a Tokamak, we still will not achieve 
perfect confinement. This does not mean that magnetic fusion is unfeasible, we 
just need to manage it to obtain energy losses smaller than the energy generated 
during the fusion reaction. The capability to confine the energy in a magnetic 
fusion device is defined by the so-called ‘confinement time’, which is the time it 
takes for the two thirds of the energy content to escape from the container. The 
energy escape time and the particle escape time should be considered separately 
as they are usually different: heat tends to escape faster (typically ten times faster 
on a fusion device). A good example to understand this concept of confinement 
is a cottage in winter with an inside heating system, imagine that we have the 
heater on and we keep the inside temperature at 21 °C while the outside the 
temperature is 0 °C, at a given moment we switch the heater off and we observe 
that it takes ten minutes for the temperature to fall to 7 °C, this would tell us 
that the energy confinement time of the cottage is ten minutes. This confinement 
time will depend on the quality of the insulation and the size and shape of the 
cottage. Obviously we can keep the temperature inside at 21 °C for hours or 
days, regardless of the type of energy confinement, provided the heater power can 
compensate for the heat losses. This applies in the same way to a fusion reactor: 
a reactor with an energy confinement time of 1 second can operate continuously 
for days and weeks provided it generates more power than it loses to the exterior.

The original objective of a fusion reactor is to approach the so-called ‘ignition’ 
condition: a situation in which the fusion reaction is self-sustained. This happens 
when the energy of the a particles generated in the fusion reaction (4He nuclei) 
compensates for the energy losses. It is to be noted that only 20% of the fusion 
energy in the D-T reaction goes to the charged a particles, whereas the other 
80% goes to the neutrons. Neutrons are not charged and cannot be confined 
by the magnetic field; they escape the reactor and are collected outside (at the 
‘breeding blanket’) to regenerate the tritium and transfer their energy to the elec-
tricity generation systems, but they cannot contribute to the ignition, thus the 
fusion-generated power must be five times larger than the energy losses in order 
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to reach ignition. Initial estimations on how long the confinement time should 
be for the reactor to be viable in terms of energy gain were performed by John 
Lawson in the 1950’s, he established that in order to generate enough energy to 
compensate for the losses, the product of ion density (the energy generation rate 
is proportional to the ion density) and the confinement time (which is inversely 
proportional to the energy losses) should be above a given value. This value would 
slowly depend on the plasma temperature. If we consider, as explained above, that 
only 20% of the energy generated in the fusion reaction remains in the plasma 
to compensate for the losses, then the ignition criterion would be: nt > 1,7 × 1020 
m-3 s for an optimum temperature of 300 million °C. Further research has shown 
that it would be easier to reach in practice high confinement and density at 
smaller temperatures, thus a modified version of the Lawson criterion to reach 
ignition was agreed: nTt > 3 × 1021 m–3 keV s, valid for the temperature range 
100-200 million °C. Experience from many years of research shows that a typical 
combination of the three parameters to achieve this product would be a couple 
of seconds for the confinement time, 1020 m-3 for the density and 15 keV for the 
temperature.

The fact that energy and particles escape from the magnetic confinement has at 
least one positive side: it helps to remove the Helium ashes from the reactor. As 
the fusion reaction takes place, D-T will convert into helium, which will remain 
confined inside the reactor. Helium will not fuse again (although it does in stars), 
so in the case of perfect confinement we would reach a point where there would 
be too much Helium and too little D-T, causing the reaction to fade, and we 
would have to stop the reactor for venting. This would happen in a matter of 
seconds. The fact that a fraction of the particles escape the reactor allows us to 
extract the Helium ashes: we gather all the escaping gas, separate the D-T from 
the Helium, recirculate the D-T back to the reactor, together with fresh D-T, and 
store the Helium.

The first estimations of confinement time based on the random walk diffusion 
provided very encouraging results. The diffusion coefficient is proportional to 
n × r2, n being the number of collisions per second and r the step of the random 
walk, which in our problem would be of the order of the Larmor radius. This is 
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to be expected: a larger magnetic field (i.e. smaller the Larmor radius) provides 
better confinement. This calculation would lead to a confinement time of more 
than 100 s for the ions in a typical fusion plasma with a radius of 1 m. This 
fantastic confinement capability, many orders of magnitude better than that 
obtained without a magnetic field and over ten times greater than the confine-
ment time required to comply with the Lawson criterion, led researchers to claim 
that fusion energy would be soon available.

Reality was much more difficult: firstly because the peculiarity of toroidal 
geometry generates random walk steps much larger than the Larmor radius 
and secondly –and more important– because the very high gradients of density 
and temperature (100 million °C in less than one metre) generate instabilities, 
which give rise to turbulence and a much faster transport of energy and parti-
cles, several orders of magnitude larger than the classical random walk discussed 
above.

In any case transport will be smaller if the Larmor radius is small, i.e., the magnetic 
field is larger.

The turbulent nature of energy and particle transport brings with it an addi-
tional problem: the extreme difficulty to perform mathematical simulations of the 
phenomenon. We know the basic equations that govern the forces on the particles 
and, for a reasonable number of particles, from these basic principles it would be 
relatively easy to describe the movement of electrons and ions in the plasma, taking 
into account the mutual interaction between any one of them with all the others 
under an externally applied magnetic field. However, we are not working with just 
a few particles, not even with millions or billions. The number of particles involved 
is in the order of 1020 per cubic metre, so we would need to model the interaction 
of each one with all the others on time scales of less than a microsecond for seconds, 
and spatial scales smaller than a millimetre for an extension of several metres. Even 
the largest computers available today cannot provide as much as a small fraction of 
the computer power that would be needed for these calculations. The alternative 
is to develop approximations based on physics assumptions; these have progressed 
significantly over the last decade and today we can reasonably predict the behaviour 
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of a fully-ionised hydrogen plasma in the hot central region of the reactor including 
turbulence effects (see Figure 4). Paradoxically, it is in the colder areas close to 
the reactor walls where the mathematical models are less developed, due to the 
multiplicity of physical phenomena in this region: neutral atoms, ionisation, line 
radiation, impurities coming from the wall, etc.

When modelling does not work, the alternative for predicting the behaviour of a 
physical system is the development of empirical scaling laws. These laws have been 
established by performing experiments on a wide range of plasma parameters, 
reactor geometries and sizes. If we want to design a reactor with a confinement 
time of a few seconds, the scaling laws show us that we will essentially have two 
parameters in play: the magnetic field, which has a technological limit of around 
10 Tesla, and the size: whatever the transport is, a larger body holds energy for 
longer than a smaller one. Size is therefore the only free parameter once B has 
reached its limit. The result is that a reactor capable of reaching a few seconds’ 
confinement time would need to have a plasma measuring 1,000 cubic metres.

This is an important limitation for fusion energy: fusion reactors will be large 
units, and fusion experiments also need to be large if they are to be relevant: 

Fig. 4. Computer simulation of plasma turbulence in 
the core of a tokamak device. Courtesy J. Candy and R. 
Waltz, General Atomics (cutt.ly/4RhIpY9).
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there is no way of completing relevant fusion research in a small laboratory. Large 
size devices built with state of the art technology unavoidably mean large capital 
investments and long development times, which has been one of the main causes 
for the long time that fusion research has taken to progress.

One example which shows all these elements is the ITER project. ITER, an 
international experiment currently under construction in the South of France, is 
intended to demonstrate the scientific feasibility of fusion energy by generating a 
plasma that produces ten times more energy than it consumes. It will be ten times 
larger in plasma volume than the largest current experiment, the JET Tokamak 
located near Oxford in the UK. The political decision to develop ITER was taken 
in 1986, and it took 20 years, until 2006, to sign the international agreement for 
its construction, and a further 20 years for engineers and scientists to construct 
it. The first experiments are expected to take place in 2026. ITER will have a 
construction cost of €30 billion. This is a huge investment, but it can be put into 
perspective with current energy economy figures: the world consumes about 90 
million barrels of oil in a single day, costing around €5 billion. This means that 
ITER is costing less than what we spend globally burning oil in a week. Future 
generations will look at ours as the one that burnt all the oil that nature had accu-
mulated during the entire history of our planet in just 50 years. Hopefully we will 
be able to invest the equivalent of a few weeks of this fossil fuel consumption in 
order to leave those future generations an alternative source of energy.







T O K A M A K  B A S I C S  A N D  M A G N E T I C  C O N F I N E M E N T

Fabio Villone (Universitá di Napoli)





45

TOKAMAK BASICS AND MAGNETIC CONFINEMENT

Fabio Villone (Universitá di Napoli)

PLASMA AS DEFORMABLE CONDUCTOR

Fusion plasmas are made of moving charged particles (electrons and nuclei), 
interacting with the magnetic field, as depicted previously. The number of parti-
cles involved in a typical plasma is enormous – in ITER, the expected density 
is approximately 1020 particles per m3, and the plasma volume will around 
1,000 m3 – which makes it impossible to track the motion of each single particle. 
Instead, just like in ordinary gases, a macroscopic, fluid-like description can be 
conveniently used. This means that a plasma can be characterised by a pressure, a 
density and a temperature, possibly varying from point to point.

The peculiarity of plasmas over standard neutral gases is the presence of charged 
particles, the motion of which depends on the knowledge of electromagnetic (EM) 
quantities; to study this situation, we need the so-called MHD (Magneto-Hy-
dro-Dynamics) mathematical model, coupling fluid equations to Maxwell’s equa-
tions. The presence of electric charges in motion also allows an electric current to 
flow across the plasma – current is the quantity of net charge crossing a surface 
in the unit of time. Hence a plasma can be eventually described as a fluid-like, 
deformable conductor. In particular, as recalled previously, in Tokamaks (and 
ITER is no exception), the plasma has a toroidal geometry, so that it can be 
described as a toroidally-shaped deformable conductor.

As such, a fusion plasma can be studied and treated with electrical engineering 
tools, although with some modifications and adaptations. Firstly, we can 
induce a net current in the plasma using the so-called transformer effect. In a 
standard transformer, two windings (primary and secondary) are magnetically 
coupled via a magnetic circuit, so that a time variation of the current in the 
primary winding induces an electromotive force and a current in the secondary 
winding. In a Tokamak, the primary winding is made of a dedicated set of coils, 
whose current flows in the toroidal direction and whose magnetic field belongs 
to the poloidal plane, i.e. is orthogonal to the toroidal direction; in ITER, 
it is the so-called Central Solenoid, CS, that serves this purpose (Figure  1). 
The secondary winding is instead the plasma itself: we can therefore say that 
a time variation of the current flowing in the Central Solenoid produces a Fig. 1. ITER Central Solenoid (from ©ITER web site).
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time-varying magnetic field linked with the plasma, which induces an electro-
motive force and a toroidally-directed current in the plasma via transformer 
effect. In some existing devices, like JET (Joint European Torus), currently 
operating in Culham, Oxford, UK, a magnetic circuit is also present, like in 
standard transformers, to improve magnetic coupling; ITER instead has no 
such structure and hence resembles a sort of ‘vacuum transformer’, in which the 
magnetic coil system is carefully designed and engineered in order to achieve 
good magnetic coupling between the Central Solenoid and the plasma, even 
without a magnetic circuit.

The fact that a time variation of the current flowing in the Central Solenoid is 
needed to sustain the plasma current through a time variation of the magnetic 
field linked with the plasma (the so-called ‘flux consumption’) poses a tech-
nological limit to the achievable duration of the plasma discharge, which will 
be of the order of thousands of seconds in ITER. To overcome this limitation, 
external ‘current-drive’ systems are envisaged to have a significant non-induc-
tive current flowing in the plasma, and internal mechanisms of current self-sus-
tainment (‘bootstrap current’) are achieved by suitably tailoring the current 
density profile inside the plasma. In ITER, the overall current flowing in the 
toroidal direction thanks to all these mechanisms is nominally 15 MA, i.e. one 
million times larger than the current flowing through a typical electric domestic 
appliance.

It is well known that a current flow in a conductor produces heat thanks to 
the Joule effect, and plasmas are no exception in this respect. So, we can think 
of this mechanism (called ‘ohmic heating’) to heat the plasma and reach ther-
monuclear-relevant temperatures. However, a plasma has a peculiar feature: its 
resistivity decreases with increasing temperatures, exactly the opposite behav-
iour as usual metallic conductors. This means that, at high temperatures, it 
is increasingly difficult to further heat the plasma through ohmic heating. 
Eventually, an external source of energy is required to reach reactor-relevant 
temperatures. A first possible method for plasma heating consists of a system 
for injecting in the plasma energetic neutral particles (Neutral Beam Injector, 
NBI), which immediately ionise and provide net energy to the bulk of the 
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plasma. ITER in particular will have a NBI system with unprecedented charac-
teristics, whose construction is an extremely challenging engineering endeavour 
per se (Figure 2). In addition, ITER will be equipped with a set of powerful 
antennas, which will be used to irradiate the plasma with an electromagnetic 
wave, which will be able to efficiently deliver its energy to the plasma if its 
frequency resonates with some characteristic physical phenomena occurring in 
the plasma, such as the electron or the ion cyclotron frequency – the frequency 
at which charged particles travel along a circumference with Larmor radius 
around magnetic field lines.

Fig. 2. ITER heating systems (from ©ITER web site).
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EQUILIBRIUM, STABILITY AND CONTROL

When describing the plasma as a deformable current-carrying conductor, we 
can assume that its position and shape can be modelled using suitable magnetic 
fields. Indeed, the interaction between plasma current and magnetic field gives 
rise to the well-known Lorentz force, which is the basis of any electromechan-
ical conversion system, such as electric motors and generators. As the plasma is 
deformable, this force determines its motion, position and shape, again ruled by 
MHD equations.

In particular, it makes sense to determine the so-called equilibrium configuration 
for the plasma: a situation in which the global force acting on the plasma is zero, 
i.e. there is a perfect balance between the force of electromagnetic origin and the 
typical fluid forces, i.e. those related to the pressure gradients inside the plasma. 
In order to have an equilibrium configuration providing an effective confinement 
of the plasma, the magnetic field lines are forced to lay as spirals on nested closed 
surfaces, called ‘magnetic surfaces’, so that the charged particles do not hit the 
surrounding structures during their helical motion around the magnetic field 
force lines. The outermost magnetic surface, i.e. the magnetic surface outside 
which no confinement is possible, is called the ‘plasma boundary’, which also 
defines the plasma’s nominal shape. Outside the plasma boundary, the magnetic 
surfaces intersect the structures surrounding the plasma: any charged particle 
outside the boundary will hence hit the structures sooner or later, hence losing 
confinement (Figure 3).

Each magnetic surface is characterised by a value of the ‘safety factor’ q, which 
intuitively can be defined as the number of toroidal turns per poloidal turn of any 
magnetic field line laying on such magnetic surface. The higher this number, the 
more is the magnetic field line ‘stretched’, in the toroidal direction. In Tokamaks, 
the safety factor is higher than 1, which means that the toroidal field is larger than 
the poloidal field – sometimes much larger. In ITER in particular, the nominal 
toroidal field is around 5 T at the centre of the torus and above 10 T in the inboard 
region, while the poloidal field is about 1 T. In order to produce the required 
magnetic field to reach the equilibrium, a huge number of coils is needed: on one 

Fig. 3. Typical poloidal cross-section of the magnetic 
surfaces in ITER: plasma boundary (blue) and structures 
surrounding the plasma (red). 
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(a) (b)

 

(c) (d)

Fig. 4. ITER PF coils (a), (b) and TF coils (b), (c) (from ©ITER web site).
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hand we have the Toroidal Field (TF) coils, producing the toroidal field, and on 
the other the Poloidal Field (PF) coils, which produce a magnetic field directed 
in the poloidal plane (Figure 4). Of course, also the current flowing in the plasma 
contributes to the overall magnetic field. The ITER coil system is described in 
detail by Alfredo Portone later on.

Stability is an ubiquitous concept in physics and engineering. When consid-
ering a complex system like a fusion plasma, for which an equilibrium config-
uration has been identified as described above, we can intuitively define the 
stability of such equilibrium by looking at what the system does after an 
arbitrarily small perturbation of the equilibrium: if the system tends to move 
back to the original equilibrium configuration, we call it stable; if, instead, 
time evolution brings the system far from the original equilibrium, we call it 
unstable.

We can apply this intuitive definition to plasma deformations around a reference 
equilibrium configuration. Due to long-range EM interactions between particles, 
mathematically described by the MHD model mentioned above, there are situ-
ations in which macroscopic deformations of the plasma magnetic surfaces may 
become unstable, which means that, once triggered, their amplitude grows in 
time, potentially leading to the disruption of the whole plasma.

These instabilities are usually classified in terms of their characteristics, both 
from the spatial and from the temporal points of view. Temporally, it is assumed 
that the perturbation exhibits a so-called ‘growth rate’, i.e. its amplitude grows 
exponentially in time as exp(γt). Spatially, it is important to characterise their 
behaviour as a function of the toroidal angle , which describes rotations around 
the vertical axis, and the poloidal angle φ, that can be introduced to define 
rotations on the poloidal plane. In particular, we identify the dominant Fourier 
spatial harmonics, i.e. the ‘toroidal and poloidal mode numbers m, n’, such 
that the perturbation can be approximated as a sinusoidal function of angles as 
sin (mθ +nφ).

Clearly, the most dangerous instabilities are those showing a low mode number 
(hence being not spatially localised, but rather involving the bulk of the plasma 

Fig. 5. ITER vacuum vessel: artistic view and compo-
nent under construction (from ©ITER Organisation).
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volume) and a high growth rate (hence developing very quickly in time). The 
ITER design is such that its nominal equilibrium configuration is prone to n = 0, 
i.e. axisymmetric instability, which develops as a unstable vertical movement 
of the whole plasma ring. This happens because the cross-section of the plasma 
boundary in any poloidal plane is not a circle but is rather a vertically elongated 
ellipse (Figure 3). Without any further action, this vertical instability would grow 
extremely fast, in a matter of microseconds. This is due to the fact that the overall 
plasma mass is very small, so that it reacts quickly to any external electromagnetic 
force acting on it. In fact, the plasma mass density is thousands or even millions 
of times smaller than the mass density of air; incidentally, this is the reason why 
it is absolutely necessary to create the plasma in a dedicated region of space where 
vacuum is made – the so-called ‘vacuum chamber’, delimited by the ‘vacuum 
vessel’ (Figure 5).

In this situation, little can be done: the instability would be so fast that 
it is virtually impossible to counteract it. Fortunately, Maxwell’s equations 
provide some help in this respect: in fact, if the vacuum vessel is made of 
conducting materials, we can get a significant beneficial effect. The stabi-
lising mechanism develops as follows. The instability makes the plasma 
move quickly in the vertical direction; as the plasma is a current-carrying 
deformable conductor, any movement will induce what are known as ‘eddy 
currents’ in the vessel – again, a transformer effect, in which the variation 
of magnetic flux linked with the vacuum vessel is now due to the plasma 
movement. The eddy currents induced in the vessel in turn produce an addi-
tional reaction magnetic field, whose ultimate effect is to oppose the cause 
generating the eddy current itself: this is the so-called Lenz rule, which is 
embedded in Maxwell’s equations and is at the basis also of the working prin-
ciple of induction motors. Eddy currents therefore have an intrinsic stabi-
lising effect: as long as such currents persist in the vacuum vessel, plasma 
instability is effectively counteracted. Unfortunately, eddy currents decay 
over time, due to the fact that the vacuum vessel is not a perfect conductor, 
but rather has a non-zero electric resistivity. Their stabilising effect there-
fore tends to vanish over the same time scale on which eddy currents decay. 
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Consequently, eventually the plasma motion is still unstable, but the growth 
rate of the instability is significantly slowed down, on time scales that in 
ITER are in the range of hundreds of milliseconds, i.e. something like five 
order of magnitudes slower than before.

Thanks to this positive effect, one can now think of actively controlling the 
vertical instability, since it is taking place on a slower time scale, and external 
intervention is indeed possible. This is achieved thanks to a smart design of a 
suitable additional poloidal magnetic field provided by available coils. In ITER, 
it is planned to use not only a subset of the aforementioned PF coils, used also 
to provide the nominal equilibrium magnetic field, but also a pair of dedicated 
coils, located inside the vessel to be as close as possible to the plasma itself: 
the ‘Vertical Stabilisation (VS) coils’. The current required in these VS coils is 
determined in real time by a suitable automatic feedback controller, designed 
by resorting to sophisticated controller design techniques, which in turn need 
an accurate and careful modelling of the whole system comprising the plasma, 
the vacuum vessel and the coils, in order to quantitatively predict their electro-
magnetic interactions.

In ITER it will be necessary to pay attention also to non-axisymmetric (n ≠ 0) 
modes, which can become unstable if the plasma pressure increases too much 
or if the safety factor drops too low. For this purpose, several dedicated non-ax-
isymmetric coils will be installed. One set will be outside the vessel, consisting 
of 18 coils, arranged in six coils around the toroidal direction per three in the 
poloidal direction. Such coils will be fed with a DC current and will be used 
to correct the inevitable errors in the nominal magnetic field, due to misalign-
ments, mounting tolerances, unwanted deformations and tilting of the PF and 
TF coils. These coils are therefore called Error Field Correction Coils (EFCC). 
Another set will be instead installed inside the vessel and will consist of 27 
coils (9 in the toroidal direction per 3 in the poloidal direction). Their main 
purpose will be to control non-axisymmetric instabilities like Edge Localised 
Modes (ELMs) and Resistive Wall Modes (RWMs), that require a very precise 
tailoring of non-axisymmetric magnetic fields in the space occupied by the 
plasma (Figure 6).
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 (d)

Fig. 6. ITER Error Field Correction Coils system 
(a), one of the error field correction coils while being 
mounted (b) and in-vessel coils for control of MHD 
modes (c) (from ©ITER Organisation).



55

TOKAMAK BASICS AND MAGNETIC CONFINEMENT

Fabio Villone (Universitá di Napoli)

With such a complicated arrangement of magnetic fields, it is necessary to care-
fully monitor the status of the machine, by measuring the magnetic field at key 
points of the device. This is achieved thanks to a huge number of magnetic sensors 
– in ITER, there will be thousands of such sensors – located all around the torus. 
The most common include: pick-up coils, capable of providing an estimate of 
magnetic field at given spatial points; the flux loop, measuring the magnetic flux 
linked with specific axisymmetric and non-axisymmetric paths; Rogowski coils, 
providing the net electric current flowing across a given surface. The development 
of such sensors is very challenging, not only because the stringent requirements 
in terms of accuracy, but also to the very harsh environment (e.g. neutron irra-
diation, plasma particle bombardment, high temperatures etc.) in which these 
sensors are required to deliver such high performance.

CONCLUSIONS

Unsurprisingly, like any other Tokamak, ITER is a highly complex machine from 
the electromagnetic point of view. Its working principle and correct behaviour 
depends critically on the precise definition and measurement of magnetic field 
across the whole device. Consequently, it will be equipped with an impressive 
number of magnetic coils, able to provide both the nominal magnetic field 
needed for plasma equilibrium sustainment, and the corrections determined in 
real time to counteract instabilities and control the plasma configuration. This is 
an incredibly challenging endeavour for electrical engineers, yet definitely attain-
able, thanks to the successful experience gained in many currently operating 
fusion devices.
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The ITER TF steel case ready to host the first EU-built winding pack.
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Magnets are at the core of any tokamak design and operation. Indeed, the 
Russian acronym tokamak Toroidalnaya Kamera i Magnitnaya Katushka (Toroidal 
Chamber and Magnetic Coil) transmits this message very clearly. As such, the 
design and features of magnet systems have far-reaching implications in terms of 
performance, operation and cost of any reactor of this type.

Before offering an overall description, it is important to mention that magnets 
in tokamaks are not only used to generate the toroidal magnetic cage needed to 
confine thermo-nuclear plasmas. In fact, they are deployed to carry out several 
other key functions such as driving the plasma current, controlling the position 
and shape of the plasma column, suppressing or enhancing transport at the 
plasma edge, correcting error fields etc.

Tokamak magnet systems can be divided in two main classes based on the type 
of field component they generate, i.e. the toroidal field (TF) magnet system and 
poloidal field (PF) magnet system (Figure 1). A third class, less challenging in terms 
of design and operation, is made by the field correction magnets (not described in 
this chapter). The functions and requirements of TF and PF systems are almost 
complementary and, they differ profoundly in terms of design features. However, 
they do share one common characteristic: they must be superconducting.

THE NEED FOR SUPERCONDUCTIVITY

Next-generation tokamak reactors will have to produce energy at as low as possible 
cost. Since the kWh cost is driven primarily by the capital cost of the plant, in turn, is 
driven by machine size, it follows that, for the same energy output, compact tokamaks 
have a clear advantage over larger reactors. Assuming that the plasma power output 
for a given plasma volume and shape is driven by the external toroidal field through 
the B4-scaling (see below), future reactors will naturally need to be compact and 
capable of producing as strong a magnetic (toroidal) field as possible. The technology 
maturity and industrial know-how reached in the construction of low temperature 
superconductors (LTS) offer an unprecedented opportunity to meet these require-
ments by building high field, superconducting magnets. A simple example may help 
to elucidate this point. Let us consider a thermo-nuclear plasma generating a fusion 

Fig. 1. The toroidal field (TF) magnet system is made 
by the array of D-shaped (blue) planar coils, producing 
the toroidal magnetic field component (black circulating 
arrows). The Poloidal Field (PF) magnet system is made 
by the Central Solenoid (CS) coils (green) and Poloidal 
Field (PF) coils (grey), which are solenoids of different 
radii and shapes that generate the poloidal magnetic field 
component (green circulating arrows). The combination 
of this two field components, together with the field 
generated by the plasma current itself (inside the pinkish 
volume) creates the confinement field caging the charged 
ions and electrons up to thermo-nuclear temperatures.
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power PFUS with a steady state toroidal field B obtained by passing a current density J 
through a magnet volume VTF × In ITER, PFUS ≈ 500 MW, B ≈ 5.2 T, J ≈ 10 A / mm2 
and VTF ≈ 500 m3. If resistive (copper) magnets at room temperature are used, a Joule 
power density hJ2 ≈ 2 MW / m3 i.e. 1 GW needs to be constantly removed from the 
magnet winding, i.e. twice the power generated by fusion is dissipated in the form of 
Joule heating in the resistive magnets. Clearly, if a resistive tokamak design route is to 
be followed, we need to drastically reduce the current density J and, accordingly, the 
size of confinement field B. So, to maintain the same reactor performances the reactor 
size will have to be increased at the expense of an increase in overall capital cost. This 
is not currently the preferred route and the clear trend in tokamak research is towards 
compact, high field, superconducting magnet reactors.

THE CONDUCTOR AS MAGNET SYSTEM 
CORNERSTONE

Both superconducting and normal conducting magnet systems all rely on the 
performance of their basic building block, the conductor. The performance of 
a magnet system as a whole is dictated de facto by the capability of each of its 
electrical turns (i.e. conductors) to carry the design current in stable mechanical, 
electrical and thermal conditions.

By focusing on superconducting magnet systems for nuclear fusion reactors, an 
initial feature stands out with respect to other design environments such as those 
concerning medical (NMRs) or accelerators (HEP) applications: the need to remove 
a large amount of power steadily and reliably from the conductor volume.i This 
fundamental aspect of a superconducting magnet for fusion application has led 
the design community to turn its attention to a specific conductor design concept 
for all type of magnets involved in this application, i.e. the Cable In Conduit 
Conductor (CICC). This type of conductor relies on the forced flow of supercrit-
ical helium through the intricate bundle of wires making up the superconducting 
cable, which in turn is contained inside a metallic conduit (jacket), typically made 
of austenitic steel, titanium or another high performing structural material. Some 
typical examples of these conductors for ITER are shown in Figure 2 below.

i Indeed, in HEP or NMR magnets the heat to be 
removed is negligible since they operate in steady 
state and without significant power deposition from 
external radiation sources.
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Fig. 2. An overview of Cable In Conduit Conductors (CICCs) used in fusion application. In the top left 
picture, a typical PF magnet CICC used in ITER, showing the thick circle-in-square steel conduit containing 
the circular superconducting cable made by a bundle of copper and superconducting, chromium coated wires. 
The image shows the six petal sub-stages encircling the central channel needed to lower the quench pressure in 
the CICC caused by the large hydraulic impedance of the long double pancakes. In the top right picture, a TF 
CICC with the typical circular conduit and exploded view of its components: the central spiral, the six petals 
and their steel wraps aiming to protect the cable during its insertion in the jacket. In the bottom left picture, 
the same TF CICC is shown in cross-sectional view, zooming in on its key elements, i.e. a superconducting wire 
made, in turn, by thousands of Nb3Sn superconducting filaments. Bottom right: a set of CICCs based on cables 
of different aspect ratios with relief channels jacketed in a steel conduit.
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The CICC concept is based on a fundamental property of supercritical helium: 
its heat capacity per unit volume in the temperature range (4.5 K-6.5 K) 
relevant for Low Temperature Superconductors (LTS) operation is exception-
ally high compared to other materials, including metals. Thus, a force flow of 
helium in direct contact with cable wires provides good heat removal (high 
wetted perimeters, good convection from surface to fluid) as well as excellent 
cable thermal stability due to the large buffer of heat that the supercritical 
helium can absorb without a large temperature increase at that range. These 
heat removal and stability features are priceless assets in the design of magnets 
that must operate in presence of the large thermal loads typical of fusion 
reactors.

A downside of CICC operating at high magnetic fields (e.g. > 6 T) affecting 
strain-sensitive superconducting wires (such as Nb3Sn) is the compressive 
stress that, in the most commonly-deployed manufacturing route wind-and-
react, the conduit (jacket) transfers to the cable due to its different thermal 
contraction. For the ITER most prominent example, the TF conductor, a 
cable made of about 1,000 wires is manufactured by twisting together in 
different stages and pitch length Nb3Sn and copper strands. Cables produced 
in lengths of up to 750 m are inserted into a steel pipe (jacket) of circular cross 
section, about 2 mm thick, which is then rolled down to meet the specified 
cable void fraction. Then the CICC produced are wound in the final shape in 
units called double pancakes (see Figure 3). All these processes (i.e. cabling, 
cable insertion and compaction, CICC winding) are carried out at room 
temperature. At this point the double pancakes are heat treated for about 
20 days up to 650 °C to allow diffusion of Nb and Sn, thus producing the 
A15 superconducting composite. During this phase (reaction heat treatment, 
RHT) the superconducting material forming the cable wires goes through 
phase changes. During the cool-down from 650 °C to room temperature (and 
further, after cool-down to operating temperature) the steel conduit contracts 
more than the Nb3Sn wires and the cable ends up in a compressive state of 
stress and strain, which reduces the current carrying capability of the cable 
itself. To summarise, due to the differential thermal contraction between the 
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Fig. 3. A TF double pancake (DP) is wound in D-shape (top left). Seven of these DPs are then stacked together (top right) making up a winding pack (bottom left) of an ITER 
TF coil. All together, the seven DPs have 134 turns, each carrying 68 kA. The first winding pack was produced by ASG in Europe (bottom right).
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cable and the conduit, the CIC conductor suffers a considerable reduction 
(typically a factor up to 2) in its full potential current carrying capability at 
operating temperature.

This down side of CICC has been known since the beginning they started to be 
used in the design in high field, LTS magnets in fusion. A common workaround 
is to size the cable with sufficient Nb3Sn wires to ensure that, despite the loss 
of current carrying capacity, there is sufficient margin to overcome the detri-
mental effects of jacket compression. Another approach, used in the KSTAR for 
example, is to deploy conduits whose material best matches the thermal contrac-
tion of Nb3Sn wires (in particular, the INCOLOY alloy).ii A further alternative is 
to develop superconducting materials which are less strain-sensitive that Nb3Sn 
(NbAl is a good example).

More worrisome, however, is something that only emerged since the tests 
performed in the Central Solenoid Model Coil (CSMC) in the 2,000 s, is the 
observed permanent loss of current carrying capability due to conductor degra-
dation, originating from the fracture of the Nb3Sn filaments embedded in the 
superconducting wires as a result of the cyclic application of thermal or electro-
magnetic loads. This problem was eventually solved by stiffening the Nb3Sn cables 
via a reduction of the twist pitches and void fraction used in the different cabling 
stages.

A completely different route to solve the loss of current carrying capacity of 
Nb3Sn cables is to adopt a react-and-wind route to magnet manufacturing. This 
approach holds high potential but still lacks full industrial practice and validation. 
Indeed, if the Nb3Sn cable is jacketed after it undergoes RHT and it is brought 
to RT in a stress-free state, the compression by the (steel) jacket is substantially 
reduced in operation at 4.5 K. The difficulty to overcome is to validate a winding 
process that grants cable integrity during winding once the fragile A15 composite 
is formed. Because the strain is inversely proportional to the bending radius, this 
is very difficult to apply to compact tokamaks.

In ITER, as mentioned, the CICCs used to wind the Toroidal Field (TF), 
Central Solenoid (CS) and Poloidal Field (PF) coils are sized to have enough 

ii The use of Incoloy as jacket material has to be care-
fully considered in light of the risk of occurrence of the 
so-called Stress Accelerated Grain Boundary Oxida-
tion (SAGBO) phenomenon leading to major cracks 
in the material if the alloy is exposed even to a few ppm 
of oxygen during the conductor RHT process.
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superconducting cross-sectional area to flow, at the reference temperature, 
field and strain conditions, the nominal current. As an example, the cross-sec-
tional area occupied by the superconducting wires in the ITER TF CICC 
(Figure 2) is about 40% of the overall cable space area. About 30% of the 
cable space is used to flow the supercritical helium coolant and about 25% of 
the cable space is occupied by high conductivity copper wires. Such copper 
wires function in the CICC is to transiently carry the cable current during 
a loss of superconducting state by the superconducting CICC wires, thus 
providing the key protection function to the CICC in case of magnet quench. 
By this term, in fact, we refer to a loss of superconducting state by the LTS 
wires as due, for example, to some local temperature increase (e.g. due to the 
heat generated by the mechanical friction of some wires) which make some 
wires to exceed, locally, the critical current density.iii As such, the no-longer 
superconducting wire start to dissipate energy by Joule heating as any normal 
conducting wire, leading to a further increase of the local temperature that 
propagates along the cable and heats-up the helium in contact with the wires. 
Both phenomena (i.e. temperature conduction along the cable and, in partic-
ular, helium heating and consequent expansion) contribute to the rapid spread 
of the normal zone to large lengths of the magnet winding. As LTS wires are 
poor normal conducing material once they switch back from a supercon-
ducting to a normal conducting state, the copper in the CICC provides better 
electrical conductance and lower Joule energy dissipation for the same cable 
current to be carried. As all type of wires (i.e. LTS and copper) are in electrical 
contact inside the CICC, the current will gradually transfer from the normal 
conducting LTS wires to the better conducting copper wires. As this chain 
of events starts to unfold, a resistive voltage starts to appear along the cable 
and, by instrumenting the magnets, it can be picked-up by properly located 
voltage taps and their voltage signal used to trigger a protection discharge 
of the whole magnets affected. By adequately sizing the copper cross section 
in the CICC (i.e. number and diameter of the CICC copper wires) and the 
external discharge resistor in which the magnet current is dumped and dissi-
pated, it is possible to limit the hot spot temperature of the quenched cable 
below damaging values (typically, < 150 K).

iii It is worth recalling the critical current density in 
LTS is a function of local temperature, magnetic field 
and, in Nb3Sn wires, also of the longitudinal filament 
strain.
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Beside the threat of large temperature excursions capable of potentially damaging 
large section of superconducting magnet winding, another danger associated 
to magnet quenches is due to the pressure increase associated to the expanding 
helium once it is heated-up. For this reason, 5% of the ITER cable space is used 
by a central cooling channel whose purpose is to lower the helium flow pressure 
drop in operation as well as to mitigate the CICC quench overpressure that might 
occur due to the large hydraulic lengths of the ITER coils windings. Essentially, 
such central channel acts like a vein bypass.

As a last step in the CICC design, and only after the design of its superconducting 
cable, the cross-sectional area of the conduit (jacket) must be determined. As shown 
in Figure 2, the conduit cross section can come in various shapes and sizes. For 
example, the CS and PF conductors of ITER feature a circle-in-square conduit 
made of high strength steel alloys obtained by hot extrusion of square bars. Alterna-
tively, the CICC cable can be rectangular in shape and the jacket simply obtained by 
plastically deforming it after cable insertion a circular pipe of appropriate thickness.

A distinctive feature of CICC versus, for example, normal conducting magnets, 
is the complete segregation they introduce between the current carrying and load 
carrying function. In other words, CICC cables carry the current whereas CICC 
conduit bears the loads. On this basis, the design of the CICC conduit is the 
result of an iterative process of global and local stress analyses (see below) in 
which the previously-designed superconducting cable adds very little stiffness to 
the magnet and, from a mechanical standpoint, it can be neglected.

In conclusion, CICCs are, as has been said, the cornerstone of fusion super-
conducting magnets. For several decades, their design has been supported by a 
broad range of test campaigns aimed at verifying, their critical parameters such 
as current sharing temperature, AC losses, hydraulic friction factors, etc. using 
representative short samples. A large amount of data and confidence has been 
gained through these tests campaigns, which are now a key element in the vali-
dation of any CICC design. Given the criticality of their performances and the 
complexity of the assessments involved, conductor modelling, testing and assess-
ments remain a very active area of research striving for continuous improvements.
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THE TOROIDAL FIELD COILS MAGNET SYSTEM

The toroidal field is the main magnetic field component at the basis of the 
tokamak confinement concept. Indeed, the closed field lines along which the 
charged particles guiding centres move freely while confined are predominantly 
toroidal. Differently from other topologically similar devices (e.g. Reverse Field 
Pinches) tokamaks toroidal fields can be up to ten times larger than the poloidal 
magnetic field component, which is obtained by the super-position of the plasma 
self-generated field with the field generated by the poloidal field magnet system 
(see Figure 1). Beside confinement, tokamak toroidal fields also play a key role in 
stabilising the main MHD modes that would otherwise drive the plasma column 
unstable (Section 3.1). In essence, the main features of tokamak toroidal field are 
steady state, high intensity magnetic fields.

The toroidal field magnet system consists of an array of N identical planar, 
typically D-shaped coils symmetrically spaced around the machine vertical axis 
(Figure 1). The same current I flows in each conductor (CICC) of each one of 
these magnets and it determines the toroidal field strength B0 on the plasma 
axis with major radius R0 using the simple formula B0 = m0NI/(2pR0), where 
m0 = 4p × 10–7 H/m is the permeability of vacuum (see Section 3.1).

In ITER, each one of the 18 TF magnets are wound with 134 turns, each carrying 
68 kA and producing an overall toroidal field B0 = 5.3 T on the plasma axis 
located at R0 = 6.2 m. One of such magnet after completion is shown in Figure 3. 
Each TF coil magnet weights about 300 tonnes and the magnetic stored energy 
in the TF magnet system once energised at full current is about 41 GJ.

Due to the 1/R dependence of the toroidal field, it follows that at small radii the 
toroidal field increases in intensity, leading to large Lorentz forces per unit length 
f ≈ IB/2 in the innermost sections of its magnets. For example, in ITER TF inner 
side the magnetic field reaches up to 11.8 T.

Such 1/R dependence is exploited in the design of D-shape (bending free) coils 
whose local curvature 1/k is proportional to field intensity or, alternatively, whose 
radius of curvature k is proportional to R, i.e. k = cR. By doing so, the coils 
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Fig. 4. The ITER TF winding pack and coil case cross sections at the equatorial inner and outer position. 
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are under a pure tension T along their whole perimeter, thus minimising the 
in-section bending stresses and, therefore, the structural material in its resistant 
section. In fact, it turns out that the constant tension is obtained by the simple 
formula T = (m0/4p)NI2log(Re/Ri)1/2, where Re and Ri are the maximum and 
minimum coil radii. Bending free coils have a variety of mathematical properties 
vis-à-vis their perimeter length, radial build, inductance, etc., and, although their 
shape does not need to be strictly followed in ‘real life’ magnets, they provide 
useful guidance to the magnet designer.In addition to the constant, or nearly 
constant, tension T (sometimes referred to as in-plane bursting force) toroidal 
magnets experience also another magnetic force, the so-called in-plane centring 
force. This force results from the interaction of each coil with the surrounding 
N-1 toroidal magnets and it needs to be precisely reacted to keep the correct 
assembly configuration of the magnet system in operation. Two different types of 
structures react such centring forces, namely bucked or wedged structures. In the 
former (e.g. used at JET the toroidal field magnets push directly against a central 
column acting as a cylinder under external pressure located inside the toroidal 
field coils. Alternatively, each coil is in direct contact with the two neighbouring 
ones pushing against them in a wedged configuration, so forming a 360 degrees 
vault. In ITER the preferred solution is to use a wedged structure so avoiding 
the central solenoid joints and helium inlets to find themselves on the main load 
path of the toroidal field coils. In this way, a clearance gap grants mechanical 
de-coupling between the central solenoid and the toroidal field magnets inner 
vault.Such in-plane Lorentz forces (tension and centring) acting on each toroidal 
field magnet are due to its interaction with the toroidal field generated by the 
ensemble of N toroidal coils. As such it scales with the square of the coil current 
I2 and linearly with the number of coils N, the typical figure of merit for each 
coil force being given by (m0/4p)NI2. In JET such factor is 5 MN, in ITER is 
150 MN, while in DEMO it is expected to be about 370 MN!

These huge TF tension and centring forces are static load that must be carried 
by high strength structural materials such as austenitic steels, mostly obtained 
from large, forged structures (as we have already seen, the CICC cables are not 
designed to carry any mechanical load). The centring forces are reacted by the 
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steel cases inside which the CICC are wound in D-shaped winding packs (see 
Figure 3). On the other hand, the tension (bursting) forces are reacted by both 
the steel cases as well as the CICC conduit as discussed above. An ITER TF 
meridian cross section is shown in Figure 4, together with the TF steel case used 
to insert the winding pack shown in Figure 3.

Beside the in-plane forces above, the interaction of the current flowing in each 
toroidal magnet with the poloidal field generated by the plasma and poloidal field 
coils result in another component of force, now perpendicular to the plane of the 
coil and, as such, called out-of-plane force. Intuitively this force scales, again, with 
the coil current I multiplied by the strength of the poloidal field that in turn is 
proportional to the plasma current IP (see next section). Out-of-plane forces break 
the ideal bending free equilibrium that in-plane forces and D-shape coils would 
otherwise enjoy. As a result, they lead to an overall overturning (radial) moment 
MR that roughly scales as MR ≈ (m0IPIH/4)θ(IPF/IP), where H is the height of the 
toroidal coil and θ(IPF / IP) is an a-dimensional function of the poloidal currents 
normalised to the plasma currents IP . In ITER MR varies during operation 
scenarios in the range MR = 50 ÷ 250 MNm. Such large forces and moments are 
reacted by connecting all the coils to each other using the so-called inter-coil 
structures that link each coil to the neighbouring ones at a different location 
along the coil perimeter. This increases the overall torsional stiffness of the system 
that would otherwise be only provided by the coils inner vault.

From the structural standpoint the toroidal field coils system must be designed 
taking into account a variety of operating conditions both nominal as well as 
off-normal (e.g. earthquakes, coils quenches, etc.). Moreover, interfaces with 
other structures (e.g. in ITER the toroidal field coils also support the central 
solenoid as well as the poloidal field coils whose overall weight is carried by the 
toroidal magnets gravity support) must be accounted for.

It must be highlighted that an off-normal condition such as the quenching of 
one coil leads to tremendous unbalanced forces between neighbouring coils that 
ought to be reacted by the inter-coils structure since such forces are out-of-plane. 
By way of example, consider the forces acting on one of the N toroidal magnets 
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making up a toroidal field magnet system. In normal operation the net out-of-
plane force acting on it due to its neighbouring coils is perfectly balanced, since 
all coils are equally spaced toroidally and carry the same current I. If, however, 
the magnet current I is abruptly interrupted, the force it exerts on the adjacent 
coils (i.e. the one preceding it and the on following it in the toroidal direction) 
vanishes. Those neighbouring coils, however, still experience the attracting force 
exerted on them by their other neighbouring coils, which leads to a strong unbal-
anced force. Such unbalanced forces needs careful assessment for all off-normal 
scenarios that may physically occur.

In conclusion, tokamak TF magnet systems are bound to be the most challenging 
and powerful magnets ever designed. Once completed, the design process requires 
a careful evaluation of what type of commissioning tests must be performed 
prior to final assembly. In particular, testing each coil at full current at cryogenic 
temperature has pros and cos that should be carefully assessed. Indeed, despite 
their cost in terms of time and money, cold tests may identify faults that, if 
‘discovered’ during commissioning or –even worse– in operation, may lead to 
long and painful shutdowns. On the other hand, it must be stressed that single-
coil cold tests do not grant successful operation in fully representative condi-
tions as the nominal field experienced in operation by each TF coil can only 
be achieved by assembling all the coils together. For this reason, a great deal of 
attention is paid to test critical features of the magnets, primarily the dielectric 
strength of their insulation. For this purpose, each coil in ITER (both TF and 
PF/CS) must pass the so-called Paschen test, which aims to identify weak spots 
in the ground insulation of the coils.

THE POLOIDAL FIELD COILS MAGNET SYSTEM

The set of poloidal field coils making up the so-called PF magnet system are usually 
sub-divided in central solenoid coils (CS) and outer, or equilibrium, poloidal field 
(PF) coils. This distinction is somewhat artificial, since both CS and PF coils 
generate a poloidal magnetic field component (see Figure 1). In essence, both CS 
and PF coils are made of solenoids whose windings greatly differ in inner radius, 
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Fig. 5. TF magnets FE model (top) and details of CS 
(bottom left) and PF1/PF6 (bottom right) support by the 
TF case clamps. As shown in the left picture, the inner 
parts of the TF coils are ‘wedged’, forming a vault inside 
which the central Solenoid coils stack is inserted.

height and width. However, we will see how some striking functional differences 
between the two sets give rise to such generally adopted nomenclature. From now 
on, we shall use PF magnets to refer to both types of coils.

Firstly, the overall difference between the poloidal and toroidal magnets system 
is their pulsed versus steady state nature. Indeed, unlike the TF magnet system 
whose primary role is to generate a large, steady state magnetic field over the 
plasma volume, the PF system generates a time-varying poloidal magnetic field to 
initiate the plasma discharge and guide it through the whole operation scenario 
(see below).

From the conductor design perspective, this dynamic feature implies that PF 
superconducting magnets must be engineered to perform in time-varying fields, 
thus reducing AC lossesiv while granting good heat removal capability. This 
requirement imposes careful selection of wires architecture to minimise hyster-
esis and coupling losses. On the other hand, while CS / PF coils CICCs experi-
ence larger losses than the TF CICCs counterparts due to the time-varying field 
in which they operate, their further distance from the plasma results in lower 
nuclear heat loads since the TF coils structure protects them from neutron and 
gamma radiation.

On the structural side, the CICCs of all PF magnets experience cyclic hoop 
tension and cyclic axial compression as well as, due to their mutual interaction 
with the plasma and other PF magnets, cyclic net vertical forces. The first two 
actions (hoop and compression) are reacted by sturdy CICCs jacket (Figure 2) 
whereas the net vertical forces are taken by the support structures to which the 
coils are anchored. In ITER, for example, the PF coils are individually clamped 
onto the TF cases, whereas the CS coils are stacked together and also supported 
by the TF cases. In this sense, in ITER, the PF magnet support structure is, de 
facto, the set of TF coils cases to which all vertical forces (including gravity loads) 
are, eventually, transmitted and transferred to the TF magnet gravity supports. It 
is worth noticing that, in ITER, the PF magnets are free to expand in the radial 
direction as a result of the hoop loads generated from the interaction of their 
current with the poloidal field. In other words, unlike the vertical forces, radial 

iv By AC losses we refer to the energy dissipated in the 
wires of superconducting cables by eddy currents as 
well as magnetisation currents induced therein by 
time-varying fields.
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Fig. 6. The ITER central solenoid (top) is made by a 
stack of identically-sized CS coils (left). The first module 
has been wound (bottom left) and its ground insulation is 
applied (bottom right).
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Fig. 7. Top left: ITER poloidal field coils PF6 inside the vacuum 
chamber for the final acceptance tests in Cadarache before being 
lowered into the tokamak pit. Bottom left: Final activities underway 
in Russia on ITER’s smallest poloidal field coil PF1 (9 m in diameter). 
Shipment is expected before the end of 2021. Bottom right: PF5 coil-
winding completed by EU DA. This coil, as well as PF4-PF3-PF2, 
cannot be transported by road to Cadarache and is therefore built on 
site.
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forces are ‘decoupled’ from the TF cases support structure. Unlike the TF coils, 
the cyclic nature of the PF magnet system loads exacerbates fatigue-related issues 
in structural materials (e.g. CICC jackets) requiring careful detection of defects 
to avoid development and propagation.

From a functional perspective, there are considerable differences between the CS 
coils and PF (equilibrium) coils of any PF magnet system.

Indeed, the main function of the CS coils current is to generate the magnetic 
flux linking the plasma column while minimising the stray field leaking over 
the same plasma region.v By varying the CS currents, and therefore the flux 
linking the plasma, an electric field is generated by induction so as to drive 
the plasma current during its operation cycle. A useful comparison is to think 
of the magnetic flux generated by the CS coils as the amount of fuel needed 
to take off, cruise and land an airplane on a duty cycle flight. The greater the 
amount of ‘fuel’ (i.e. magnetic flux) in the tank, the longer and higher can 
the  aircraft fly. The ‘cruising altitude’ reachable by our airplane corresponds 
to the amount of the current we can flow in operation in the plasma column. 
Indeed, after the plasma current is generated by the initial electric field induced 
by the CS coils current change (corresponding to the take-off phase of our 
airplane metaphor) the plasma current is steadily increased until it reaches the 
nominal value (cruising altitude). In ITER, as well as future reactors, once 
the plasma current reaches its highest value, the thermo-nuclear power-pro-
ducing phase will take place. After some time, however, the CS current will 
have exhausted its flux availability (‘fuel reserve’) and the remaining part will be 
necessary to drive the plasma current back to zero (‘landing phase’). In essence, 
the key requirement for the CS coils in any PF magnet system is to produce as 
much flux as possible, i.e. to carry as much current as possible in as high a self-
field as possible. At the same time, to minimise the stray field over the plasma 
region that would, otherwise, perturb the plasma shape (see Section 3.1) the CS 
coils windings are located inside the TF magnet vault with a large ratio between 
its height-to-radius dimension i.e. de facto mimicking an infinitely long coils. 
The CS coils, as well as the whole set of ITER PF coils are shown in Figure 6. 
In particular, the ITER central solenoid, which is manufactured by the ITER 

v In the limit of long solenoid coil its current links 
magnetic flux but generates no field over the plasma 
region.
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US Domestic Agency, consists of a stack of six identical CS coils as shown in 
Figure 6. The size of each module made it possible for them to be shipped to the 
ITER site after successful completion of the Factor Acceptance Tests (FATs).

As far as the other PF (equilibrium) coils are concerned, their function is to 
shape and control the plasma column as it is formed and driven through the 
pre-programmed operation cycle. Similarly to the CS coils, this function requires 
the generation of time-varying currents. However, the magnetic field in which 
such coils operate is lower than the one affecting the CS and TF coils. In ITER, 
therefore, while both TF and CS coils are made using Nb3Sn wires, the PF coils 
use of lower performances (and cheaper) NbTi wires. The challenges in the 
makeup of PF coils relates to their dimensions. In ITER, 4 out of 6 PF coils 
(PF2, PF3, PF4, PF5) have diameters ranging from 16 m to 24 m and they must 
be manufactured on site since they cannot be transferred to the Cadarache site 
by any means of transport (Figure 7). The remaining two are built in China 
(PF6) and Russia (PF1) and shipped to Marseille, then transported by road to 
the Cadarache ITER site for final Site Acceptance Tests (SATs) prior to assembly. 
Specifically, PF6, built in China on behalf of the ITER EU Domestic Agency, 
is shown in Figure 7 prior to its installation on the lowermost part of the ITER 
cryostat in the tokamak pit.

In conclusion, PF magnets are made of solenoid coils that operate in pulsed 
(time-varying) mode at different field levels. The design and operation of CS 
coils is most challenging since such magnets are subject to the highest magnetic 
fields and cyclic stresses. Their limited linear dimension and modularity make it 
possible for them to be manufactured and tested in dedicated facilities prior to 
shipment to the final assembly site. Almost complementary, PF (equilibrium) 
coils are subject to lower operation field and (cyclic) forces, somewhat easing the 
CICC design, but their large diameter (typically × 2 the plasma diameter) calls 
for on-site production and testing.
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ADVANCED NEUTRONICS COMPUTATIONAL 
METHODS AND TOOLS FOR THE DESIGN OF  
ITER AND OTHER FUSION ENERGY SYSTEMS

General considerations on fusion neutronics and radiation 
transport simulations

In fusion energy systems (FES) using tritium-deuterium, high-energy neutrons 
are created by burning plasma. The fusion-produced neutrons are not confined 
within the plasma and are emitted out of it. Depending on the characteristics of 
the plasma, mainly its density, the energy spectrum of the emitted neutrons may 
differ from that of the neutrons generated in the DT reactions.

Once the neutrons escape the plasma, they will behave in many ways as they pass 
through the components surrounding the plasma chamber. Most will interact 
with whatever stands in their way, and some will traverse matter unaffected. As 
result of the neutron transport and interaction with matter different effects are 
produced, some positive and some negative.

On the positive side there are two main effects. Firstly, the neutrons are the 
energy carriers that, during propagation in matter, transfer energy to an absorbing 
medium according to different interactions. The energy deposited is the nuclear 
heat source that is then used to generate electricity. Secondly, as neutrons move 
inside the system, they can induce reactions giving arise to the production of 
tritium inside the reactor itself (‘breeding’). Fusion reactors are designed to be 
self-sufficient in T fuel production.

On the negative side, neutrons irradiation can dramatically damage materials. 
Their interactions cause atomic displacements within the materials and changes 
in their chemical composition (burnup of some elements and creation of others), 
a process known as transmutation, responsible namely for the accumulation of 
gases (H, He) and solid impurities inside the structure. The products of displace-
ments and transmutation lead to changes in dimensions and degradation of 
physical and mechanical properties of materials. Selecting materials that can 
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withstand the neutron fusion environment is one of the greatest challenges in the 
history of materials science.

In addition to the neutron damage and the effects of radiation on the materials, 
neutron irradiation can have severely damaging effects on our health. Shielding 
for the protection of both equipment and people from neutron damage is not 
an easy task, as neutrons are capable of penetrating deep into materials. As they 
move within the materials, they produce gamma rays that also require a proper 
shielding, since both can cause defects in the materials and grave harm to people.

Activation is another significant negative effect. Nuclei are transmuted through 
several nuclear interactions with the incident neutrons into stable or radioactive 
nuclei through different reactions. When the nuclei formed are radioactive, we 
say that the activation of the material has taken place. Safety, maintenance, and 
waste-related analyses require knowledge of the activity inventories accumulated 
during operation of an FES, the related decay heat generation and the resultant 
radiation dose fields over time.

The development and selection of suitable materials from both their resistance 
to radiation-induced damage phenomena and low neutron-induced radioactivity 
requirements is a key issue to prove that fusion reactors can be operationally safe, 
environmentally compatible, and economically viable.

The goals of fusion neutronics are to establish firm bases for understanding and 
modelling the behaviour of neutrons as they travel through matter, as well as the 
nuclear responses inside matter (power density, changes in composition…), and 
to support the FES design with complex analyses, suggesting design configura-
tions and materials that can enable the positive effects and minimise the negative 
ones. Computer codes, databases and simulation models enable these complex 
analyses to be performed.

There are two main subjects in fusion neutronics: radiation transport and 
time-dependent evolution of isotopic inventory. Advances in radiation transport 
simulation capabilities and coupling transport-transmutation/activation calcula-
tional methods have been significant in recent years and some are described here.
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The Monte Carlo (MC) method is the one preferred in fusion neutronics to 
simulate neutron and gamma transport. It enables integral quantities to be esti-
mated in a detailed mesh of space, energy, angle and time, through statistical 
sampling of individual neutron histories from their birth in the fusion reaction to 
death by absorption or leakage, registering any single event through the neutron 
life. Simulating a sufficient number of neutron histories is what makes it possible 
to quantify the macroscopic physical quantities of interest.

In simulating a single source particle’s history, we compute the score for a quantity 
of interest and call this a ‘tally’; an example being the neutron energy depos-
ited in a particular region. The average of the scores corresponding to an infinite 
number of histories would be the true value (true mean) of the physical quantity 
represented by the tally quantity scored in the simulation, again such as energy 
deposition. A real MC simulation, which employs a finite number of histories, N, 
calculates this average (mean value) as an estimate of the physical quantity, and 
also estimates the error, i.e. it calculates how far the estimated mean is likely to 
be from the true mean for a sample of length N. This difference is the variance, 
which is intended to be a small value.

The Monte Carlo method can be applied for solving the neutron transport 
problem using a continues representation of independent variables (i.e. the phase-
space domain). It enables any physical system to be modelled in full 3D geometry 
without the need for approximations, and that continuous energy nuclear inter-
action cross-sections can be used. This means that with a high-quality nuclear 
database, the accuracy of the MC calculation will only be affected by the statis-
tical uncertainty of the calculation itself. However, to obtain sufficiently precise 
results using the Monte Carlo method, as this is proportional to the number of 
followed particles, it can be extremely computationally expensive. Methods must 
be introduced to optimise MC neutron transport simulations in order to get 
precise results.

Major advantages in the application of Monte Carlo transport codes for fusion 
neutronics over the last decade have been due to the development of: (1) global 
and very efficient Variance Reduction Techniques; (2) parallel computing, and 
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(3) use of available CAD geometry data in the Monte Carlo calculations; (4) 
schemes for coupled 3-D radiation transport and activation calculations.

Problems requiring calculations that a decade ago were heroic or impractical, such as 
those involving large and complex geometry configurations with important deep-pen-
etration and streaming effects, are today efficiently and reliably tractable. Probably 
one of the more difficult problems is that of the coupling neutron transport and 
activation simulations to provide radionuclides inventories, decay heat and shutdown 
doses in those complex systems. Such calculations are done routinely nowadays.

In the following sections a short review of the four issues mentioned above is 
presented.

Acceleration of MC transport calculations

There are two general approaches for the MC simulation of the physical transport 
process. First, the analogue MC simulation uses as probabilities densities those 
corresponding exactly to the physical transport process; and second the non-ana-
logue MC approach uses well-founded modified probabilities or sampling distri-
butions in a way that can lead to the same result in the quantity estimates as those 
using the natural probabilities. The one that converges faster to the correct results 
will be the preferred one, i.e., the one that obtains a smaller variance for the same 
computational time. Analogue MC transport simulation has a very limited range 
of application. Non-analogue MC can reduce the amount of computer time 
required to obtain sufficiently precise results. The larger the reduction, the more 
efficient the method of selecting and using modified probability distributions for 
obtaining estimates of the quantities of interest (i.e. selecting a good Variance 
Reduction -VR- model). Furthermore, parallel computation is itself a powerful 
way to speedup MC calculations, as the MC method is inherently parallel (parti-
cles are simulated independently). The combination of these two acceleration 
approaches have dramatically increased the performance of modern MC codes.

Traditionally, VR techniques were used to reduce the variance in the estimate 
of physical quantities confined to a localised energy, angle and spatial (phase-
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space) region, and required considerable expertise to use them. Automated VR 
methods were implemented in the late 1990s, focused on making them easier to 
use. However, when trying to calculate or ‘tally’ a quantity in multiple localised 
regions, or even to compute distributions of a quantity, such as flux or dose rate 
distributions, users had to accept different levels of uncertainty among the esti-
mated quantity in the different locations, or run separate calculations optimised 
for each individual location. For this type of analyses the deterministic methods 
were preferred. The Modern VR techniques developed over the last 10 years, 
called global variance reduction (GVR), enable us to determine a quantity (e.g., 
flux, dose rate, etc.) with uniformly low statistical uncertainty throughout the 
entire problem space, and not only confined to a localised region.

The most successful GVR methods relays on using information previously 
obtained, as quickly and effortlessly as possible, on the distribution of the 
neutron fluxes. Two types of strategies have been implemented to obtain this a 
priori information: stochastic1 and deterministic (giving rise to the hybrid Monte 
Carlo/Deterministic methods).2. Currently, ADVANTG is the most advanced 
tool for implementing deterministic strategies to generate VR parameters to be 
used by MCNP.3 Furthermore, solutions for an efficient combination of parallel 
computing and the application of strong GVR techniques have been developed, 
avoiding a significant reduction in the efficiency of parallel computation.4 Opti-
misation of GVR techniques is an active field of research.

Modern geometry modelling and management in MC transport 
simulations

One important issue for reliable neutronics simulations is related to the capability 
to build a simulation model that replicates the real geometry from the neutronic 
perspective, and which can be managed efficiently in the transport simulation.

The MC method has the potential to be applied on arbitrary 3-D geometric 
configurations. However, the traditional transport simulation codes have provided 
a limited geometry modelling capability and hence only an approximation of the 
realistic geometry configuration could be made available. The main drawback 
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was that the user had to define the geometry manually, which made impractical 
to deal large and complex geometries. For application of MC methods to these 
problems a new way of producing detailed geometry was desperately needed.

The efforts to overcome this problem were aimed at making use of available 
CAD geometry data in the Monte Carlo calculations. Three different approaches 
have been developed. In what is called the indirect or translational approach, 
the use of CAD geometry data is achieved by converting the CAD data into 
the geometry representation used by MC codes.5, 6, 7 In the direct approach, 
direct tracking of MC particles on the CAD geometry is used.8 More recently, 
the Unstructured Mesh (UM) geometry description approach is available in 
MCNP6.9 

The current status is that the aforementioned approaches have reached the 
maturity level to allow their application to real complex design analyses, not 
possible in a recent past. Advances will optimise to take full advantage of using 
modern computational geometry generation tools in applying MC methods to 
physics problems with complicated geometries.

Some of the most complex and sophisticated MCNP models ever built, have been 
created in the framework of ITER to demonstrate the compliance of the ITER 
design with the safety regulatory limit. They span over hundreds of metres, while 
capturing a very high degree of material heterogeneity and describe details in the 
range of millimetre size. Figure1 shows the MCNP model of the ITER Tokamak 
Complex.10 It reflects the baselines of the updated 2020 version, covering seven 
buildings, including soil and 1 km of air. Over 4,500 penetrations traced and 
reviewed one-by-one, and 674 rooms were explicitly modelled. Figure 2 shows the 
MCNP 360º model of the ITER Tokamak, which has been considered a relevant 
milestone in ITER nuclear analysis.11 It is probably the most complex MCNP 
model in the world, and it has enabled the removal of several machine assump-
tions that were leading to unassessed uncertainties in safety-related quantities.

It is of note that new algorithms have been needed to manage the increasingly 
complex geometry models, such as the two mentioned above.12 Modifications 
have been made to the loading, storing, and plotting of native MCNP routines. 
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Crucial effects have been achieved in RAM memory saving (80%) and the reduc-
tion of loading times (98%). These new algorithms have also made it possible 
to achieve efficient ray-firing process for determining the next geometrical cell 
boundary (20% speed up, ITER C-lite model) and faster visualisation (easy 
geometry checking for lost particles).

Coupling 3-D radiation transport-activation schemes and 
shutdown dose rate calculations

The advances in geometry modelling and acceleration of MC transport calcu-
lations have major implications in many types of analysis. One of the most 
complex is the determination of the radiation fields after shutdown (‘post-irra-
diation fields’ due to the decay of photons emitted by radioactive nuclides) and 
the related shutdown dose rate (SDR) mapping, which is a significant issue in 
the nuclear design for any fusion device. Two approaches have been proposed to 
address this problem.

The Rigorous Two-Step (R2S) involves three steps: a neutron transport calcula-
tion to determine space– and energy– neutron flux distributions, an activation 
calculation to compute the decay gamma source, and finally a photon transport 
calculation for determining the photon flux distribution in space and energy, and 
the resulting SDR mapping. The ‘two-step’ denomination specifies that neutron 
and photon transport steps are done separately, coupled by a nuclear inventory 
analysis code, using suitable interface scripts. For transport, a MC code is used 
while for activation it is a full nuclide inventory code with a comprehensive 
modelling of activation, transmutations and depletion.

In principle, this is the generally-applied approach, but it can have some limitations in 
terms of accuracy. Transport by MC enables the geometry to be represented contin-
uously, but as for the activation step a discrete geometry representation (mesh-based 
description of materials) is required, which places limits on the accuracy.

The implementation of this approach has followed different improved methods. 
Here we will just mention the following for reader reference. Pioneering code 
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Tokamak Complex

Fig.1. ITER Tokamak Complex. Vertical cross-section of the 
CAD model (top). Vertical (middle) and horizontal (bottom) 
cross-sections of the MCNP model. Their adjacent buildings 
have been also modeled (bottom).10
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systems were based on the cell-based method,13 and they were followed by those 
under the ‘super-imposed mesh-based’ method.14 The limitations due to the spatial 
gradients of the neutron flux and the decay gamma source have been overcome 
more recently with the ‘cell-under-voxel’ (CuV) method,14 which does not require 
the use of a conformal mesh. Finally, R2S systems have been developed based on 
the use of a conformal mesh to tally neutron fluxes and carry out activation.16, 17

Let us say a few words on the CuV technique:15 it is originally from UNED, 
and the main feature is that it enables the differentiation of materials and fluxes 
within the voxels of a structured mesh. For voxels containing different materials, 
CuV generates a different tally for each material corresponding to the real flux, 
not to the voxel-averaged flux. This technique, originally developed for capturing 
gradients in the neutron flux to obtain an accurate gamma source definition, 
can be routinely used when a high-resolution and accurate representation of any 
nuclear response (such as nuclear heating) throughout a heterogeneous geometry 
is required. An illustrative situation is when the nuclear response is demanded 
for use in other physics modelling, such as in thermal analysis, where nuclear 
heating serves as the source term. It should also be noted that the CuV technique 
is included within the unified European R2S code system, called cR2S (‘common 
R2S’), under development by CCFE, KIT and UNED.

The other approach, called Direct One-Step (D1S), mainly implemented by 
ENEA18 and UNED19 performs both the neutron and decay-photon transport 
simultaneously in the same Monte Carlo simulation. This approach is the most 
accurate (no discretisation is needed for any variable) in problems where for all 
the radioisotopes of interest there is linear dependence between the activity of 
the radioisotope and its production rate. This means that radioisotopes should 
be produced generated from the initially present stable nuclides by pathways 
including only one neutron reaction, and that the burn up of the stable parents 
and radioactive isotopes by nuclear reactions is negligible. These conditions are 
met in many practical situations.

Let us say a few words on the D1SUNED19 code system. It is the refence code in 
ITER for shutdown dose rate calculations, and it includes pioneering capabilities 
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Fig. 2. Vertical (left) and horizontal (right) cross-sections of the E-lite 360° MCNP model of the ITER tokamak.11

for dealing with the large variety of SDR problems on ITER with efficient calcu-
lations and suitable analysis of results. Figure 3 shows typical high-resolution 
shutdown radiation dose rate distributions in ITER obtained with D1SUNED.

Advances in both D1S and R2S methodologies are still ongoing. Efforts are being 
made to increase the efficiency of MC calculations with better-suited VR tech-
niques to sample more particles in the phase-space regions that contribute to the 
SDR tally, not just to the determination of the neutron flux distributions.20 As 
for R2S new capabilities, the problem of how uncertainties in the MC neutron 
transport calculation affect the SDR uncertainty is another subject of current 
interest.21, 22
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Workflow for modern fusion neutronics calculations  
and UNED contributions.

All the fusion neutronics developments mentioned in this chapter are having and 
will continue to have an impact on the nuclear analysis and design activity of 
fusion energy systems facilities, providing time-integrated neutronics calculations 
with an accuracy never previously thought possible for practical application.

The calculation workflow for advanced CAD-based Monte Carlo transport and 
activation simulations for neutronics design of fusion energy systems is shown 
in Figure 4. The images assigned to the different boxes are taken from ITER 
applications, in recognition of its driving of the impressive progress being made 
in computational fusion neutronics. The steps of the computational workflow 
shown in the figure can be briefly described as follows:

1. A CAD engineering model is converted to a neutronic MC Model. This mod-
el, together with the distribution of the neutron sources represent the radia-
tion transport model. Variance reduction techniques such as Global Variance 
Reduction (GVR) substantially improve the efficiency and reduce the runt-
imes required for 3D transport calculations. Appropriated techniques are used 
to obtention of the GVR parameters of the transport model, and massive-par-
allel computing is used for MC radiation transport simulations. Coupled neu-
tron-photon transport calculations provide nuclear responses such as tritium 
production, nuclear heating, H or He production inside structures, displace-
ments per atom in materials and radiation loads, and dose fields. High-reso-
lution results for distributions of neutron flux and nuclear responses can be 
obtained using advanced techniques, such as the cell-under-voxel approach.

2. Coupling schemes for radiation transport and activation calculations (D1S 
and R2S) provide the radionuclide inventory, decay gamma source and the 
resulting decay heat and radiation dose fields during maintenance and shut-
down periods.

Finally, it can be concluded that advanced methods and computational tools 
have been developed to produce nuclear response results with high-fidelity and 
high-resolution on the complex ITER geometry, as required for the neutronics 
(such as neutron flux for SDR) and other physical aspects (such as nuclear and 

Fig. 3. Radiation map showing the tridimensional 
distribution of the shutdown dose rate at 106 seconds 
of cooling time throughout an ITER lower, equato-
rial, and upper port. (UNED-TECF3IR Sanz, private 
communication).
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decay heat distributions) involved in the engineering design of ITER systems. 
The two developments likely to have the greatest impact on ITER neutronics 
are MCAM and D1SUNED. Furthermore, the current neutronics developments 
fulfil most of the neutronics needs for DEMO and can accurately determine the 
nuclear responses for use in an integrated multi-physics design approach.

The UNED-TECF3IR group can address the complete workflow for ITER 
and DEMO neutronics analysis. The proprietary codes and software devel-
oped7, 19, 12, 15, 19, 21 are used for most of the tasks. Highly detailed, accurate and 
reliable simulations and models,10, 11 are also available.

Recent efforts in UNED have been dedicated to increasing the capabilities of the 
computational tools developed for ITER and DEMO for application to IFMIF-
DONES [22]. The comprehensive calculational flow chart for IFMIF-DONES is 
already implemented addressing deuteron, neutron and photon transport simula-
tions, as well as coupled deuteron and neutron-induced activation and radiation 
transport calculations.



93

NEUTRONS, NEUTRONICS AND THEIR ROLE IN ITER

Javier Sanz (UNED, TECFIR)

Fig. 4. Workflow for advanced fusion neutronics calculations (UNED-TECF3IR Sanz, private communication).
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TRITIUM BREEDING BLANKET IN FUTURE 
FUSION REACTORS: PRINCIPLES

Unlike deuterium, tritium is a rare resource on earth. Only a few tens of kg are 
present in our environment: about 3.5 kg come actually from a natural origin 
– tritium is generated by cosmogenic neutrons impacting oxygen and nitrogen 
atoms in the high atmosphere – whereas the rest is a leftover from atmospheric 
tests of nuclear weapons in the middle of the last century: about 520-550 kg 
of  tritium were released in the atmosphere between 1950-60, but only a few 
tens of kg are left today because of natural decay. None of this tritium is econom-
ically accessible.

Few kg of tritium is also produced every year by the fission industry. Few 
commercial or dedicated reactors were licensed specifically for tritium produc-
tion, reaching a production of 1-3 kg per year (e.g. Watts Bar I reactor in the 
US; Ruslan and Ljudmila reactors in the Russian nuclear complex of Maïak). 
However, the greatest production of tritium occurs mostly in civil heavy water 
reactors like CANDU’s in which heavy water (D2O) is used both as coolant 
and neutron moderator. These reactors produce typically ∼230 g of tritium per 
GW of produced electricity (GWe) and full power year. In order to keep tritium 
activity in moderator and coolant systems within acceptable limits, tritium is 
usually extracted onsite in dedicated tritium removal facilities (e.g. OPG station 
in Darlington, Canada), and then stored. The amount of tritium reserve depends 
today on the yearly production of plants in operation versus natural decay 
(tritium sells to laboratories or industries are today marginal). However, on a 
longer time scale, the question of the replacement of plants coming to the end 
of their lifetime is introducing scattering in the various reserve projections. If 
Canada would not replace its CANDU type reactors at their end of lifetime, 
a peak of 24 kg of tritium reserve would be reached in the next decade, then 
decaying over time.

Such a tritium reserve, about 20 kg, is sufficient to supply laboratories 
or industries over the next decades for their activities. It is also sufficient 
to provide the fuel for ITER operation over its lifetime. It may also be suffi-
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cient to provide the start-up inventory of the first fusion DEMO reactor. But, 
looking at a much longer time scale, it is far from being sufficient to cover 
the yearly consumption of a fusion nuclear reactor. Indeed, a fusion reactor 
producing 900 MWe would consume more than 300 g of tritium every day, 
which is more than a hundred kg per year.

It is, therefore, necessary to design future fusion reactors with the capacity to 
regenerate in situ the tritium that they will consume in the plasma, even with 
a surplus to compensate the losses and prepare the start-up of a new reactor. 
This is a sustainability requirement called the tritium self-sufficiency of a 
fusion reactor. It is usually defined by the Tritium Breeding Ratio (TBR), 
which is the ratio between the tritons regenerated in the reactor divided by 
the tritons consumed in the fusion reaction. The tritium self sufficiency 
is reached when the TBR is greater than 1. It shall even be strictly greater 
than 1 in order to provide the surplus mentioned above. It is here essential 
to note that this requirement does not apply to ITER – there will be suffi-
cient external tritium reserve – but may be needed right after in a DEMO 
fusion reactor, since the existing tritium reserve may not cover its yearly 
consumption.

In DEMO or future fusion power reactors, the system that will regenerate the 
tritium in situ is called the Tritium Breeding Blanket. The concept is simple (see 
Figure 1): tritium is produced by neutronic absorption in lithium (this is a trans-
mutation type reaction).

Fig.1. Simplified principle of tritium self-sufficiency in 
a fusion reactor.

Fusion (plasma): T + D ➔	 4He + n  + 17.6 MeV

Blanket: n + 6Li ➔	 4He + T + 4.8 MeV

Balance:  D + 6Li ➔	 2 4He + 22.4 MeV
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The technological solution consists therefore in filling the blanket surrounding the 
plasma with a material containing lithium – this is the tritium breeder material. 
It is indeed recalled that the neutrons produced from the DT fusion reaction are 
not sensitive to the magnetic confinement, will escape the plasma and will enter 
the surrounding blanket. If the blanket is designed adequately, these neutrons 
may preferably be captured by lithium and tritium will be produced in suffi-
cient quantities. Breeder materials like eutectic lead-lithium, lithiated ceramics or 
molten salts containing lithium can be envisaged.

Several remarks are important to progress then, step-by-step, in the technical 
complexity of a blanket design.

• First, one may repeat that such a technology is not needed in the ITER blan-
ket since the tritium reserve existing today is sufficient to cover the full ITER 
operation. In ITER, the blanket has mostly the function of capturing neu-
trons in order to protect the vessel structure and the superconducting coils 
behind. A block of steel cooled by water is sufficient for that purpose.

• In a future blanket, the capture of neutrons by other atoms not participating 
in the tritium breeding is unavoidable, for instance in atoms of the structural 
material. There are also other types of unavoidable neutrons losses. In order to 
reach tritium self-sufficiency at reactor level, it is therefore needed to multiply 
the neutrons entering the blanket in order to increase the overall number of 
neutronic captures in lithium, and therefore the quantity of tritium produced. 
For that purpose, neutron multiplier (i.e. (n, 2n) reaction) materials like be-
ryllium or lead are used also in the blanket.

• For the same reason, it is also needed to maximize the probability that a 
neutron entering the blanket ‘sees’ the lithium atom and is captured for 
producing tritium (this probability is called the cross-section of the (n,t) 
reaction). This probability depends on both the incident neutron energy 
and the isotope form of lithium. At typical energies of neutrons in a blanket, 
this probability is higher for the isotope 6Li rather than for its most com-
mon natural isotope 7Li (indeed, the 7Li reaction works with neutrons with 
energies higher than 1 MeV and it produces an additional n that is available 
for a successive reaction). Therefore, breeder material shall be enriched in 
6Li isotope.
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• The blanket surrounding the plasma has two other functions essential in a 
power plant: first, the extraction under economically attractive conditions of 
the heat generated by the neutronic captures in the blanket; second, like in 
ITER today, the radiation shielding of the vacuum vessel and superconduct-
ing coils.

• Regarding heat extraction, the goal in the future is to produce electricity under 
economically attractive conditions. For that purpose, blankets are designed 
for operating with high-temperature coolants, e.g. pressurized water, helium, 
or more advanced concepts like liquid metal. It is interesting to note that the 
neutron emitted by a DT fusion reaction carries about 80% of the fusion 
reaction energy (the other 20% is carried by the alpha particle and contribute 
to the plasma heating). The blanket is therefore the component in a reactor 
where most of the fusion energy can be recuperated.

• The structural material of the blanket shall be able to operate at high temper-
atures and to maintain proper dimensional stability and mechanical prop-
erties under irradiation for the target lifetime of the blanket. In addition, 
considering the large amount of blanket structures in a reactor, the structural 
material shall feature a reduced activation capacity so that, after dismantling, 
it can return to low activity waste on a reasonable time scale, typically less 
than 100 years. Various types of materials are envisaged in Europe. For short-
er-term application, Europe has been developing a reduced activation ferrit-
ic-martensitic steel, called Eurofer97. Longer-term candidates able to reach 
higher operating temperatures are also studied like oxide dispersion strength-
ening steels or SiCf/SiC composite.

The design of a breeding blanket has then to optimise the combination of several 
materials, namely:

• A tritium breeder material containing lithium (e.g. eutectic lead-lithium, lith-
iated ceramics, molten salts containing lithium).

• A neutron multiplier material (lead or beryllium).

• A coolant (pressurized water, helium, liquid metal).

• A structural material (steel, vanadium alloy, SiC/SiC composite).
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Not all combinations are however possible in practice: engineers shall take 
into account materials chemical compatibility, combined performances, safety 
requirements, etc.

OVERVIEW OF EUROPEAN BLANKET CONCEPTS 
UNDER DEVELOPMENT

Among the various materials listed above, development levels are very different. 
For a DEMO reactor, Europe has chosen to prioritize two concepts necessitating 
R&D attainable in the shorter term.

The water-cooled lead-lithium (WCLL) features a eutectic of lead-lithium (Pb-16Li) 
as neutron multiplier, tritium breeder and tritium carrier, Eurofer97 ferritic-mar-
tensitic steel as structural material and pressurized water as coolant. Water operates 
at typical pressure of fission pressurized water reactors (15.5 MPa) and inlet-outlet 
temperatures of 295-328 °C. The lead-lithium eutectic, which has a melting 
temperature of 235 °C is under liquid form in the blanket, slowing circulating in 
the blanket (few mm/s), then circulating outside the blanket for tritium extraction.

The helium-cooled pebble beds (HCPB) uses lithiated ceramic in the form 
of pebbles bed (Li4SiO4, Li2TiO3) as tritium breeder, beryllium or beryllide 
as neutron multiplier, Eurofer97 as structural material and pressurized helium as 
coolant (8 MPa, 300-500 °C). Tritium extraction is obtained by the circulation of 
helium purge gas at low pressure (0.1 MPa) doped with H2 (0.1vol%) through 
the pebble beds. The ceramic pebbles have an operating temperature ranging 
between 600-900 °C.

Other blanket concepts are also being developed in Europe for reaching enhanced 
reactor thermal efficiency, but they necessitate longer R&D effort. One may cite 
for instance the dual-coolant lead-lithium (DCLL) concept using Oxide Disper-
sion Strengthening steel as structural material and combining helium and liquid 
metal cooling; or the self-cooled lead-lithium (SCLL) concept using SiCf/SiC 
composite as structural material and liquid metal heat extraction, thus allowing 
reaching outlet temperature in the order of 1,200 °C.
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For both the WCLL and HCPB concepts studied in priority, the tritium self-suffi-
ciency (i.e. TBR>1) can be reached according to numerical simulation and R&D 
has been running for decades to develop and qualify their key technologies individu-
ally. The challenge consists today in realizing an integrated technological experiment 
under relevant tokamak conditions, in order to qualify their overall performance 
and behaviour: tritium production capacity, heat extraction, materials temperature 
control, structural behaviour under tokamak loadings, etc. This extensive techno-
logical test will be realized in ITER in the Test Blanket Module (TBM) programme.

INTRODUCING THE EUROPEAN TBM 
PROGRAMME IN ITER

Among the various scientific and technological objectives of ITER, one is saying: 
‘the device should test tritium breeding module concepts that would lead in a 
future reactor to tritium self-sufficiency, the extraction of high-grade heat and 
electricity production.’ This is the ITER Test Blanket Module (TBM) program. 
Several ITER Members are engaged in this programme. Europe is one and has 
the mission to test and validate, during ITER operation, mock-ups of both 
the WCLL and HCPB blanket concepts in view of preparing the design and 
construction of a DEMO reactor. For that purpose, Europe is today:

• Designing modules (the Test Blanket Modules - TBM) that reproduces in 
ITER operating conditions close to the ones foreseen in the WCLL and 
HCPB DEMO Blankets.

• Designing ancillary systems (cooling, tritium extraction, etc.) able to establish 
and maintain the desired operating conditions in TBMs.

• Contributing to the development and validation of predictive modelling tools 
that are essential for exploiting the test results from ITER and designing the 
DEMO Blankets.

Each TBM connected to its ancillary systems form a so-called TBM System (TBS) 
that is a complex nuclear system integrated into the ITER machine. A descrip-
tion of the two European TBM Systems under development is given later.
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Of course, it is clear that ITER will not offer the same loading conditions as 
in a bigger DEMO reactor. For instance, the cumulated neutron irradiation 
dose on TBM materials will be limited to 1-2 displacement per atom (dpa), 
whereas DEMO blanket structures are expected to reach 20-50 dpa. Here, the 
material test facility IFMIF will be essential to DEMO designers for comple-
menting the return on experience from the sole TBM Programme. Other 
loading differences exist between ITER and DEMO, e.g. the intensity of the 
transient magnetic loads, or the ratio of the plasma heat flux over the neutron 
wall flux impacting blanket modules. This is the art of TBMs designers to 
pass from the conceptual design of DEMO blanket modules to reduced-size 
TBMs that can fit into an equatorial port of ITER, using materials and fabri-
cation technologies that can be extrapolated to DEMO blanket and reaching, 
as much as possible, operating conditions close to the ones expected in a 
future DEMO blanket.

Another challenge for TBM designers is that ITER will reach its most relevant 
DT plasma operation only progressively over several operational stages. A first 
TBM will be installed during the H/He plasma phase of ITER with no produc-
tion of neutrons. Then, progressively, ITER will turn to D and DT plasma, 
first with short pulses of 300-500 s, then with longer plasma pulses of 1,000-
3,000 s where the most relevant loading conditions for TBMs are expected. The 
strategy of TBM designers consists, in each ITER operational phase, to keep 
the same TBM basic design, but adapting the TBM internal instrumentation 
to staged learning curve along the evolution of ITER operation. Typically, elec-
tromagnetic instrumentation in the first module to qualify the behaviour of the 
box under electromagnetic loads or, for the WCLL, the PbLi magneto-hydro-
dynamic behaviour. Then, in later modules, to favour progressively neutronic, 
thermo-mechanical and then tritium sensors, thus covering the maximum 
spectrum of return on experience. In total, about three to four specifically 
instrumented TBM of each concept shall be tested sequentially in ITER.

Along the whole TBM program in ITER, numerical tools will continue to 
be developed and will be validated on the basis of the ITER experimental 
results.
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For DEMO blanket designers, the TBM tritium breeding capability and its 
comparison with the numerical prediction is the primary output of the TBM 
Programme. They will benefit also from much more return on experience: mate-
rials behaviors, full system operability, licensing and regulatory feedback, valida-
tion of safety functions, quantification of parasitic effects in tritium processing, 
identification of unexpected phenomena, etc. Also, the actual cost of R&D and 
the first industrialization of TBM technologies will give essential input to DEMO 
designers for properly setting weighting factors in any future cost comparison 
between various DEMO concepts under development.

GENERAL DESCRIPTION OF THE EUROPEAN TBM 
SYSTEMS IN ITER

As mentioned in the previous sections, in the frame of the ITER TBM Programme, 
Europe is committed in designing and manufacturing two TBM systems: the 
Water Cooled Lithium-Lead Test Blanket System (WCLL-TBS) and the Helium 
Cooled Pebble Beds Test Blanket System (HCPB-TBS). Both TBS derive from 
the ‘parent’ breeding blanket concepts that Europe is developing for DEMO. In 
particular, each of the two TBS retains the three following top-level technologies 
of their parent breeding blanket concepts:

• the structural material of the in-vessel component (TBM box): Eurofer97;

• the tritium breeder and neutronic multiplier: flowing Pb-16Li for the WCLL-
TBS; ceramic lithiated material and beryllium for the HCPB-TBS;

• the coolant type and thermo-hydraulic conditions: water at PWR conditions 
for the WCLL-TBS; pressurized He for the HCPB-TBS.

The TBS keeps also the same system architecture like a breeding blanket system 
for DEMO. The WCLL-TBS architecture is shown in Figure 2, and Table 1 gives 
the main functions and operative conditions of the sub-systems.
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SUB-SYSTEM PROCESS FLUIDS MAIN FUNCTIONS
TBM set
TBM box + shield

· flowing Pb-16Li
· water

- P = 15.5 MPa,
- Tin-out = 295-328 °C

· Convert nuclear to thermal power
· Generate tritium

WCS
Water Cooling System

pressurised water
- P = 15.5 MPa,
- Tin-out = 295-328 °C

· Extract thermal power generated in the 
TBM

· Remove activated corrosion products
CPS
Coolant Purification System

water
- mean P = 0.9 MPa
- mean T = 70 °C

· WCS chemistry control
· Remove contaminants
· Extract tritium from water
· Concentrate tritium and route to TAS

PbLi loop Liquid Pb-16Li
- flowrate 0.2-1.0 kg / s
- T: 295 - 350 °C

· Pb-16Li and tritium recirculation outside 
Vacuum Vessel

· Remove activated corrosion products 
TES
Tritium Extraction System

Helium
- H2 at 0.1%vol.
- low P

· Extract tritium from PbLi
· Concentrate tritium and route it to TAS

TAS
Tritium Accountancy System

Helium containing
- H2
- HT

· Account tritium received from TBS
· Deliver tritium to ITER Tritium Plant

NAS
Neutron Activation System

Helium, low P, room T · Measure TBM neutron flux
· Measure TBM neutron spectrum

Table 1. Main functions of the WCLL-TBS sub-systems 
(P: pressure; T: temperature).
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Fig. 2. Architecture of WCLL-TBS, acronyms and 
functions are defined in Table 1.
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The architecture of the HCPB-TBS is similar to the WCLL-TBS one. The main 
difference is that TES is directly connected to the TBM box for the extraction of 
tritium generated in the pebble beds made by a mixture of lithium ortho-silicate 
(Li4SiO4) and lithium meta-titanate (Li2TiO3). The tritium extraction function 
is accomplished by a low-pressure purge He stream containing a hydrogen molar 
fraction of about 0.01.

The TBM box is the source of tritium production and nuclear heating. It must 
withstand severe loads of different types, mainly high pressure and temperature, 
neutron irradiation and an electromagnetic field of several Tesla. It is also is 
the component in which the maximum level of relevancy shall be reached with 
respect to the technologies envisaged for DEMO. Therefore, the design of the 
TBM box and its fabrication technologies are extremely challenging. One shall 
remember that the TBM box will be made of Eurofer97. This is a new material 
for nuclear applications and a strong effort is ongoing for including its design 
limits in the RCC-MRx nuclear design and construction code and to prepare 

Fig. 3a.  WCLL-TBM box, main components (courtesy 
of CEA, ESTEYCO and EUROfusion Consortium).
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the welding specifications. All this justifies the important R&D program that 
is currently under implementation (illustrations are given later in this section). 
Figure 3 shows the preliminary design of the WCLL-TBM and HCPB-TBM box 
with the three main regions: the first wall, the breeder unit and the back manifold 
system made of series of back plates.

Beyond the development of the TBM box, the integration of the other TBSs 
sub-systems in ITER is also a challenging task. In fact, the TBS integration 
involves many functional interfaces with around thirty other ITER systems (e.g. 
vacuum vessel, Tritium Plant, ITER cooling systems, etc.). The main reason of 
this high number of interfaces lies in the large physical dimensions of the TBS, 
whose layout is deployed over different areas of the ITER Tokamak Complex 
(Figure 4).

Integration within the ITER safety demonstration is also an essential task (ITER 
is a ‘Nuclear installation’), aimed at providing to the French Safety Authority the 

Fig. 3b. HCPB-TBM box, main components (courtesy 
of ESTEYCO, IDOM and Fusion for Energy).
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Fig. 4. Layout of WCLL-TBS (similar for HCPB) (by courtesy of ©ITER Organisation, EUROfusion and Fusion for Energy).



111

THE EUROPEAN TBM PROGRAMME: TESTING IN ITER THE TECHNOLOGIES THAT WILL ENSURE 
SUSTAINABILITY OF D -T FUSION IN FUTURE PLANTS

 Yves Poitevin · Italo Ricapito · Milan Zmitko · Joelle Vallory (Fusion for Energy)  
· Alessandro Spagnuolo (EUROfusion)

evidence that the TBS in normal and accidental conditions do not challenge the 
safety limits and features of ITER. The safety demonstration activities have also a 
relevant impact on the TBS design, particularly on the development of the ‘safety 
important components’ (SIC) and on the configuration of the Instrumentation 
and Control (I&C) system. The implementation and outcomes of all these activ-
ities constitute an important part of the return on experience for the DEMO 
designers.

FROM RESEARCH TO A TECHNOLOGICAL 
SOLUTION

One of the challenges of the TBM programme is to transform the outcome 
of laboratories research into technological components or systems that can be 
manufactured by industry and be licensed for operating in a nuclear facility like 
ITER. This encompasses the production and qualification of EUROFER97 steel, 
the fabrication of the TBM box, the breeder materials, the tritium extraction 
technologies, etc. This is illustrated below with two key topics: fabrication of the 
TBM box, and tritium technologies.

TBM box fabrication development

Both TBM concepts consist of a EUROFER97steel box with an internal 
stiffening grid, which provides mechanical resistance in case of accidental 
pressurization in case of coolant leakage. This grid segregates the box internal 
volume into cuboids containing breeder/multiplier materials and heat extrac-
tion cooling plates or tubes. All structures of the TBM box are made of 
EUROFER97 steel. The envelop TBM structures and some of the internal 
ones are actively cooled by circulation of pressurized coolant in embedded 
channels having a rectangular cross-section. These channels run within the 
thickness of the structure and form meandering paths. These channels cannot 
be built by conventional manufacturing techniques like drilling because of 
multiple internal U-turns.
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Therefore, more innovative fabrication processes are used like Hot Isostatic 
Pressing (HIPing). Although HIPing is not a new technology for industry, in 
the case of TBM structures the manufacturing process had to be further devel-
oped, for instance combining laser beam welding and HIPing, or 2-step HIPing. 
Indeed, once a meandering groove has been machined in a plate thickness, it 
is needed to close this groove in a fully leak-tight way before recovering it with 
another plate to reconstruct by HIPing the full structure. This is illustrated in 
Figure 5.

Fig. 5.  Key steps of the fabrication by ATMOSTAT/
CEA of a TBM sub-component by adapted Hot Isostatic 
Pressing (HIPing) technology (courtesy of Fusion for 
Energy); (top right) grooved plate before welding of the 
mono-bloc strip; (top left) mono-bloc strip; (bottom 
left) YAG laser beam welding of the mono-bloc strip on 
the grooved plate; (bottom right) the cooling plate (CP) 
machined after the HIP cycle (assembly for a leak tightness 
test).
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2 mm

Another example, when there is no internal U-turn of the channel, consist in 
combining drilling, spark erosion and bending. Drilling provided a first hole for 
the channel, then precisely formed by spark erosion on a relatively large length; the 
bending of the structure is applied with minimization of deformation of the channels 
cross-sections. See Figure 6, illustrating the fabrication of the HCPB cooling plate.

For the assembly of the TBM-Box, more conventional welding technologies are 
used, like TIG welding. However, the difficulty of access during the welding 
sequence necessitates using a robot and a 3-axis positioner (see Figure 7). 

Fig. 6. Fabrication by the Karlruhe Institute of Tech-
nology (KIT) of a cooling plate by drilling, spark erosion 
and bending; (top left) global view of HCPB breeder unit 
(courtesy of KIT and Fusion for Energy); (top right) CP 
bending and a bending tool; (bottom left) global view of 
HCPB CP mock-up; (bottom middle) various cross-sec-
tions of the CP with internal cooling channels; (bottom 
right) microstructure of the cooling channel cross-section 
(after etching).

Fig. 7. Assembly by ATMOSTAT/CEA of a TBM box 
mock-up by a TIG robot (courtesy of Fusion for Energy); 
(left) multi-pass TIG welding of vertical stiffening plate 
inside the TBM box; (middle) multi-pass TIG welding 
of 14 horizontal stiffening plates inside the TBM box; 
(right) full scale TBM structure assembly (poloidal height 
of 1,670 mm).
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The welding sequence itself is also optimized in order to reduce the overall defor-
mation of the structure, since each joint is obtained by multi-passes TIG welding, 
which deposit an important amount of heat.

Tritium Technologies and modelling to reconstruct the tritium 
balance

Establishing a methodology for the reconstruction of the tritium balance in a 
complex system like the TBS, and demonstrating its validity, is the key mission 
of the TBM Program. The reconstruction of the tritium mass balance consists 
in mapping the tritium distribution among all TBS sub-systems and systems, 
including the evaluation of tritium losses by permeation from the TBS to the 
outside (controlled) environement of the plant, for a given a mass of tritium 
generated in the TBM box in a given period of time. 

The methodology considered so far consists of three key elements:

1. measurement of tritium concentration along the TBS sub-systems and com-
ponents;

2. measurement of tritium delivered to the Tritium Plant;

3. development of mathematical simulation models for the simulation of tritium 
transport through TBS materials and components.

1. Measurement of tritium concentration along the TBS sub-systems and components 

This step is accomplished by the use of sensors able to measure on-line the tritium 
concentration in the TBS process fluids (e.g. helium, Pb-16Li, etc.) with good 
performance in terms of sensitivity, accuracy, response time and repeatability. To 
this purpose, promising results have been achieved with the ionization chambers 
for tritium concentration measurement in helium and permeation-based sensors 
for tritium concentration measurement in flowing Pb-16Li. The principle of 
operation of the ionization chambers (see Figure 8) is based on the gas ionization 
generated by the beta particles emitted by tritium (av. beta energy of 5.6 keV). 
Higher is the tritium concentration in the sensitive chamber, higher is the rate of 
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emitted beta particles and higher is the amount of electrical charges per unit time 
collected at the electrodes of the chamber. The performance of the ionization 
chambers for tritium measurement needs further work of optimization because 
of the low energy of the emitted beta particles and the problem of the tritium 
memory effects on the electrodes.

Another important technology under development deals with the tritium 
concentration sensor in flowing PbLi. Exploiting the high permeability of tritium 
through steel and the low solubility in Pb-16Li, it has been preliminarily designed 
and tested a sensor where tritium permeation from PbLi into an empty thin steel 
capsule takes place. The permeated tritium is then measured in gas phase and 
correlated through thermodynamic (Sieverts’ law) or transport (Richardson’s law) 
equations to the tritium concentration in the liquid PbLi.

Measurement of tritium solubilized in structural materials can be done off-line 
by post-irradiation examination (PIE) techniques, which essentially consist in 
degassing the material at high temperature and measuring the desorbed tritium 
amount (e.g. by scintillation counting).

Fig. 8. Principle of operation of an ionisation chamber 
(G. Knoll (1999). Radiation detection and measurement, 
1999, New York: Wiley).
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The deployment of the tritium measurement sensors along the TBS sub-system 
chain together with the PIE analysis on the structural materials is then needed 
to map the amount of the tritium lost by permeation and leakages and tritium 
solubilized in the different materials.

2. Measurement of tritium delivered to the Tritium Plant 

This key step in the reconstruction of the tritium mass balance requires the oper-
ation of a system at the interface between the TBS and the ITER Tritium Plant 
with the function to measure all tritium transported by the TBS process fluids 
and to be delivered to ITER Tritium Plant. This system is called Tritium Account-
ancy System -TAS- (see Figure 2), whose preliminary design has been developed 
with KIT (Germany) in a first phase and with IDOM (Spain) in a second one.

In a given period of time, the difference between the tritium generated in the 
TBM box and the amount of tritium measured in TAS must be the sum of the 
tritium solubilized in the functional and structural materials and tritium lost by 
permeation or other leakages, determined in the step A.

3. Development of mathematical simulation models for the simulation of tritium 
transport through TBS materials and components

The tritium transport model development is the last but not less important element 
in the tritium balance reconstruction. In fact, once tritium transport models have 
been validated against the experimental tritium mapping (achieved by the steps a. 
and b.), then they have the capability to predict the tritium inventories and losses 
in the TBS (then reconstructing the tritium balance) under a wide range of oper-
ative conditions. Europe is developing several models and simulation tool in this 
area. Among them, it is worth to be mentioned a tritium transport simulation tool, 
based on the EcoSimpro platform developed by Empresarios Agrupados (Spain) 
in collaboration with Ciemat (Spain), which shows a good potential for large and 
complex system like a TBS. Its refinement and validation program are still ongoing. 
Figure 9 represents the model and the simulation results of the tritium diffusion 
and permeation from PbLi into the cooling water through the double wall tubes.

Fig. 9. Model and simulation results for tritium 
diffusion and permeation from PbLi to water coolant 
(courtesy of CIEMAT-Empresarios Agrupados).
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CONCLUSION

The capacity of a future fusion reactor to reproduce the tritium consumed in the 
D-T plasma reaction is of paramount importance for guaranteeing the sustain-
ability of D-T fusion energy. This shall be achieved in a dedicated system of 
future reactors, called the tritium breeding blanket, which will make use of the 
neutrons produced by the D-T fusion reaction to reproduce tritium by transmu-
tation of lithium. This system will be installed inside the vacuum chamber, facing 
directly the plasma. It will also recover the energy deposited by the neutrons in 
order to heat a coolant at economically attractive conditions in view of electricity 
production.

Tritium breeding blanket concepts have been developed in Europe for 
decades, and a large R&D program is still ongoing. Several material candi-
dates – structural, tritium breeder, neutron multiplier, coolant – have been 
identified and studied, but only few combinations are possible from an engi-
neering point of view. Among the key requirements for concepts selection, 
the most important ones are the tritium production capacity (it shall be 
higher than the consumption in the plasma), the mechanical resistance of 
materials to neutrons irradiation and to specific loadings induced by intense 
electromagnetic field and transients like in a tokamak, the thermal efficiency, 
the lifetime, the cost, etc.

Europe has selected two breeding blanket concepts to be developed and tested 
in priority in a real tokamak environment with ITER. This technology testing 
program, the Test Blanket Module (TBM) program, is ambitious: it shall design 
and fabricate reduced size modules of future Breeding Blanket making use of the 
material candidates developed so far (some are very innovative), connect those 
modules with a series of ancillary systems deployed in the ITER tokamak complex 
(cooling, tritium extraction, coolant purification, etc.), and be able to operate 
without disturbing the ITER experimental program and regenerate tritium in 
quantities that shall be very precisely estimated. All the technological and testing 
return of experience of the TBM program is aimed at serving the design of the 
future fusion demonstration reactor DEMO.
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Fig. 1. 800 tonne vacuum vessel sector sub-assembly tool (©ITER Organization).
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INTRODUCTION

We all normally talk about ITER or the ITER project. However, it would be 
sometimes more appropriate to talk about the ITER projects, to make more 
visible the amount of different, unique and extremely complex systems that, all 
together, make up ITER.

ITER is divided into a set of systems as defined by the ITER Plant Breakdown 
Structure (PBS), the hierarchical breakdown of the ITER Plant. The PBS has five 
levels (Levels 0 to 4), each one representing a specific hierarchical step. These systems 
are designed to work in a coordinated manner. The role of interfaces and interface 
management is crucial for the global success of the project, and a considerable 
proportion of the engineering challenges to be solved have to do with interfaces.

In most cases, ITER systems are one of-a-kind developments involving multi-
million-euro programmes and years, if not decades, of intensive work by scien-
tists, engineers and technicians, ranging from scientific research to advanced 
engineering developments, huge integration efforts and, quite often, novel 
manufacturing techniques, processes and/or materials. Many different physics are 
involved, but here the focus is on the thermal and mechanical parts. Depending 
on their location and functionalities, the thermal-mechanical design of these 
systems may be driven by a variety of aspects, a few of which are summarised in 
the following section.

SOME ASPECTS DRIVING THE  
THERMAL-MECHANICAL DESIGN OF SYSTEMS IN ITER

Some design-driver aspects of many ITER components are strongly linked to the 
(often singular) nature and (often overwhelming) magnitude of the loads experi-
enced by and within the ITER Tokamak machine. Understanding loads in ITER is 
a discipline in itself. In addition, there are other constraints, not directly linked to 
withstanding loads, which are also critical in terms of both local component design 
and global project integration. Some of these are briefly outlined after the intro-
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duction on the loads in ITER, which, for the purposes of this short discussion, are 
divided into thermal, electromagnetic, gravity, pressure and seismic loads.

Thermal loads and requirements show many different and sometimes contra-
dicting faces in ITER, since ITER will generate the greatest temperature gradient 
in the world (and probably elsewhere): from the 150 million °C of the plasma to 
–269 °C of the superconducting magnets in about 3 metres.

• On the ‘hot’ side of things, thermal aspects are clearly relevant for plasma-fac-
ing components directly exposed to plasma radiation and components sub-
jected to intense nuclear heating generated by the 14 MeV neutrons resulting 
from the fusion reaction, and being gradually slowed down by the components 
on their way out from the plasma. Specific components of plasma heating 
systems (Neutral Beam Injector and electron or ion cyclotron antennas) also 
suffer important heat fluxes and must meet strict thermal constraints, even if 
not directly affected by the two previously mentioned sources of loading.

• On the ‘cold’ side of things, the cryogenic nature of the superconducting mag-
nets results in completely different problems and approaches that critically af-
fect global and high-level plant architecture decisions, such as the conceptual 
design of the Tokamak machine support structure.

From a mechanical design perspective, trying to adapt to significant thermal 
gradients while achieving the required mechanical capacity to withstand other 
relevant sources of loading in various forms (coolant pressure, gravity, electro-
magnetic transient forces, etc.) is one common challenge for many key ITER 
components. This challenge materialises into an extremely wide variety of solu-
tions adapted to each problem specificities.

Electromagnetic effects and loads are also a very relevant and singular aspect that 
drives the design of not only the magnets, but also many key ITER components 
surrounding the plasma and including the vacuum vessel itself. These effects can 
be divided into:

• Slow transients, which mainly act on the magnet system due to the interaction 
between the strong ITER magnetic field and the electrical currents flowing 
through the different conductors.
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Fast transients, which will occur in ITER when certain events take place, such as 
plasma disruptions (rapid loss of the plasma thermal energy and current derived 
from a loss of confinement and impurity influx) or plasma vertical displacement 
events (loss of the vertical position control of the plasma as a result of a failure in 
the feedback control system). These transient events induce electrical currents 
in the conducting structures around the plasma, which, in turn, generate signif-
icant internal body forces in the structures from the (mutual) interaction with 
the ITER magnetic field. The duration of these events is around a few tens of 
a millisecond and are therefore mostly seen as impulsive loads in the affected 
components. The induced internal forces can be very high and absolutely drive 
the design, not so much of the components themselves, but of their supporting 
structures (these that very often have to be flexible as well to accommodate signif-
icant thermal expansions/contractions). The derivation of these internal forces 
must consider the potential dynamic amplification due to inertial effects, which 
can be high for components that would be normally considered as stiff (frequen-
cies above 30 Hz) in other contexts.

Gravity is also important. And we engineers are glad this has been a very well-
known force since ancient times and that the associated uncertainties are extremely 
low when compared to other sources of loading in ITER. The Tokamak machine 
is a very heavy system, with a total mass of over 23,000 tonnes, 10,000 tonnes of 
which is the magnet system, 8,000 tonnes is the vacuum vessel, and 3,800 tonnes 
is the cryostat. Though not particularly relevant for many Tokamak machine 
internals, the action of gravity is clearly dominant when it comes to both the 
design and manufacturing of the Tokamak machine supporting structures, and to 
the full installation and assembly of the machine, for which special tooling and 
auxiliary means are required in order to handle such large masses while respecting 
tight positioning tolerances (see Figure 1).

Pressure loading affects the design of a wide variety of cooling circuits and asso-
ciated piping and manifolds. Some components must comply with the European 
pressure directive and/or the French regulation on nuclear pressure equipment. 
At a larger scale, it is worth mentioning that the effect of vacuum is only a 
relevant loading for the two large vacuum chambers of the Tokamak machine. In 
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particular, and because of the global Tokamak machine supporting scheme, the 
effect of vacuum on the cryostat implies a 25% reduction in the gravity reaction 
loads on the support structure of the Tokamak machine: a non-negligible effect 
equivalent to around 5,000 tonnes.

As a nuclear facility (this will be addressed later on when briefly discussing 
nuclear safety aspects), the seismic design of ITER must ensure that the corre-
sponding seismic safety requirements are met according to the French regu-
lation. The ITER investment protection policy also sets out some require-
ments on the seismic capacity of the facility and, subsequently, its systems and 
components. The Tokamak Complex hosting the Tokamak machine is one of 
the largest seismically isolated structures ever built, with on plan dimensions 
equivalent to those of a standard football stadium, more than 70 metres high 
and an estimated mass of over 350,000 tonnes. The seismic isolation design 
effectively limits horizontal responses by filtering seismic ground motions, but 
vertical ground motions are directly transmitted (and amplified by the dynamic 

Fig. 2. ITER seismic floor response spectra.
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response of the building as we move upwards) to the Tokamak machine and the 
components inside. An illustration of the ITER seismic floor response spectra 
generated by ESTEYCO is shown in Figure 2. As long as components are rela-
tively stiff (frequencies above 10 Hz), seismic constraints are easy to handle 
in most cases. This is the case for all in-vessel components and most of the 
systems supported by the Tokamak building. However, the natural frequen-
cies of main natural vertical/rocking modes of the Tokamak machine are esti-
mated to be in the 5-10 Hz range, resulting in non-negligible seismic loads 
that must be accounted for and addressed from a design perspective. Despite 
the seismic isolation of the facility, the design of other relevant systems is also 
largely influenced by seismic loads, and this helps in understanding why a seis-
mically isolated solution was adopted for the Tokamak Complex. There will be 
many difficulties to face in the future design of the adjacent, non-seismically 
isolated Hot Cell Complex, which will support the operation, maintenance and 
decommissioning of the ITER Tokamak.

As already mentioned, there are many other aspects that are not related to the 
loading of the components from a thermal-mechanical point of view, which affect 
potential design solutions and, in many cases, become significant constraints.

Vacuum requirements are clearly one such constraint. ITER has two of the 
largest vacuum chambers in the world: the vacuum vessel and the cryostat 
(around 2,000 m3 and 8,500 m3 of volume under vacuum, respectively). The 
air is evacuated out of these chambers until their internal pressure is reduced 
to up to one millionth of normal atmospheric pressure. In addition, there are 
some other auxiliary systems and parts –extensions of these two chambers in 
terms of volume– subjected to the same requirements regarding high quality 
vacuum. Generating, monitoring and ensuring the extremely high vacuum levels 
required for plasma operation impose a number of constraints in the design 
of the systems. These range from candidate materials and welding processes 
to adequate connection techniques between mechanical parts, penetrations, 
quality control, etc. Every mechanical connection between parts under ultra-
high vacuum must be continuously monitored by the leak monitoring system 
in order to detect potential leaks.
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Fig. 3. ITER Cask and Plug Remote Handling System 
(©Fusion for Energy).
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Another important aspect, not so common in Big Science, and with an important 
impact on design and manufacturing activities is that of nuclear safety. ITER 
is declared a nuclear facility #174 (in French INB) and it is therefore governed 
by French nuclear regulations. The principal safety functions in ITER are the 
confinement of radioactive material –with the vacuum vessel acting as the first 
confinement barrier– and the limitation of internal and external exposure to 
ionising radiation, for which the implementation of effective shielding measures 
is one of the key factors. These confinement and limitation of exposure safety 
functions clearly determine the design of many Tokamak machine systems that 
are, as a result, declared as protection important components (PIC) and whose 
design and manufacturing procedures become directly affected by nuclear safety 
policies.

Maintainability and remote handling must be also considered. Many of 
the in-vessel components will need maintenance and/or replacing during 
the life of ITER. Although no radioactive products are produced by the 
fusion reaction itself, the core of the Tokamak machine will be activated in 
the nuclear operation phase and all maintenance operations of irradiated 
components will have to be carried out by remote handling (RH) means. 
This is a particularly relevant constraint for the design of most large in-vessel 
components, such as the divertor cassettes or the port plugs that will be 
briefly described later on, since their supports and connections with other 
systems such as cooling services will have to be RH compatible. Tight posi-
tioning tolerances on components weighting up to 50 tonnes will have to 
be achieved on as-short-as-possible RH operations in order to reduce shut-
down periods and to make the most of the ITER experimental campaigns. 
Components removed from the vacuum vessel through the corresponding 
openings will be driven out of the Tokamak building by remotely-operated 
containers, known as casks, for refurbishment in the adjacent Hot Cell 
Complex (see Figure 3). Casks will provide confinement for the activated 
parts being transported.
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Fig. 4. ITER Tokamak Cooling Water 
System – TCWS 2012 design (©ITER 
Organization).
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QUICK OVERVIEW OF SOME OF THE MOST RELEVANT 
COMPONENTS IN ITER

What follows is a very quick overview of some of the most relevant components 
in ITER, moving gradually from inside the vacuum vessel, directly facing the 
plasma, to the outside, and trying to focus on the specificities that drive each 
design from a thermal and mechanical point of view.

The so-called plasma-facing components (PFCs) are those directly exposed to 
the plasma radiation and therefore subjected to the most severe thermal load 
conditions on the ‘hot’ side. The design of these components is largely driven by 
thermal considerations.

• First, active cooling must be provided, and efficient heat transfer paths imple-
mented in the design in order to keep temperatures in the materials involved 
within acceptable limits. ITER PFCs are cooled by water supplied by the 
TCWS (Tokamak Cooling Water System, see Figure 4). Greater cooling ef-
fectiveness normally requires increasing heat transfer coefficients between the 
component and the coolant, which, once the coolant and inlet temperatures 
are fixed, can be only achieved with higher mass flow rates and/or by dedicat-
ed channel designs such as the ‘hypervapotron’ concept, where enhanced cool-
ing performance is achieved by internal fins and local boiling (see Figure 5). 
Then, reducing temperature levels and associated thermal stresses requires fa-

Fig. 5 . Hypervapotron cooling solution in ITER 
Blanket Module fingers.

Fig. 6. ITER Blanket modules – General view (©ITER 
Organization).
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cilitating the transfer of heat between the locations where power is deposited 
and the actively cooled surfaces. This can be summarised as reducing distances 
between heat sources and sinks and increasing the thermal conductivity of the 
materials in between, for which specific copper alloys with a very high thermal 
conductivity and improved mechanical properties are normally implemented 
in most ITER PFCs. Reducing distances and improving thermal conductiv-
ity are simple statements that become real challenges when it comes to the 
practical implementation of reliable solutions. These must take into account 
a number of several non-conventional manufacturing aspects, such as joining 
of dissimilar materials.

• Secondly, mechanical design solutions must be envisaged so that unavoidable 
thermal expansions do not induce too high thermally-induced stresses that 
could jeopardise the structural integrity of the components. This includes fa-
tigue life, since it must be remembered that ITER is a pulsed machine.

In addition to thermal aspects, plasma-facing components must also withstand 
high electromagnetic loads induced under fast transient plasma events expected to 
take place during ITER operation. These loads have to be carefully assessed, 
which is normally addressed by complex electromagnetic simulations of such 
transients. Appropriate supporting schemes to the vacuum vessel must be devised 
and implemented in order to ensure the integrity of these connections. Since 
these components must be maintainable and/or replaceable by remote handling 
systems, that also imposes additional constraints on the design.

Most of the inner surface of the vacuum vessel (around 600 m2) is covered by 
the blanket modules (see Figure 6), a set of 440 actively cooled, complex ‘bricks’ 
attached to the vacuum vessel that absorb plasma radiation, contribute to the 
thermal and neutron shielding of the components behind and constitute the 
primary interface to the plasma defining the plasma boundary during limiter 
operation and plasma start-up/ramp-down.

The design of the plasma-facing part of the Blanket Modules (see Figure 7) is 
driven by the high heat fluxes that have to be accommodated, ranging from 
1-2 MW/m2 up to 5 MW/m2 at some specific locations inside the chamber. The 
design is based on a set of toroidal ‘fingers’ (see Figure 7) to reduce eddy current-re-
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Fig. 7. Blanket module First Wall panel (©Fusion for Energy).
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lated loads as well as to limit thermally induced stresses during operation. These 
fingers are actively cooled by water flowing through stainless steel cooling pipes 
embedded into a highly thermal conductor material (CuCrZr copper alloy). 
This is needed to improve the heat transfer from the plasma-facing surface to the 
coolant. Beryllium tiles protect the copper alloy and minimise plasma contam-
ination. All fingers are supported by a central stainless steel support beam that 
serves as the coolant manifold. This support beam is in turn connected to the rear 
part of the module, the shielding block, which is then connected to the vacuum 
vessel by four flexible rods and a set of shear keys designed to withstand the high 
transient electromagnetic loads expected under some plasma events during ITER 
operation.

At the bottom part of the vacuum vessel, the divertor (see Figure 8) is in charge 
of extracting heat and ash produced by the fusion reaction, minimising plasma 
contamination and protecting the surrounding walls from thermal and neutronic 
loads. A 3D CAD global view of one divertor cassette within the vacuum vessel 
environment is shown in Figure 9.

The divertor is divided in 54 divertor cassette assemblies consisting of:

• The cassette body (see Figure 10), which provides the connection to the vac-
uum vessel through the inner and outer divertor rails, mechanically supports 
the PFCs and serves as the manifold for the coolant feeding of the PFCs (water 
received from and returned to the divertor PHTS through two radial pipes).

Fig. 9. DIvertor cassette within VV environment – 3D 
CAD model.

Fig. 8. ITER Divertor – General view (©ITER Organization).
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Fig. 10. ITER Divertor Cassette Body (©Walter Tosto).
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Fig. 11. ITER Divertor Inner Vertical Target (©Fusion for Energy).
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• Three plasma-facing components (see Figure 11): the dome and the inner and 
outer vertical targets, which have to withstand the highest heat fluxes in the 
machine, with values of up to 20 MW/m2. Conceptually speaking, the cooling 
scheme is not very different from that of the Blanket Module family subjected 
to highest heat fluxes. In this case, small tungsten blocks are directly facing the 
plasma, with pressurised water flowing underneath through a circuit of copper 
alloy pipes. The PFCs are attached to the cassette body via a set of lugs and pins, 
in a key example of complex joint design that is to withstand significant me-
chanical loads (especially during fast transient electromagnetic events) while al-
lowing for a relatively free differential thermal expansion of the parts connected.

The Blanket modules and divertor cassettes are both supported by one key ITER 
component, the vacuum vessel, a general view of which is shown in Figure 12. 
The vacuum vessel is a double-walled, stainless steel vessel in a torus shape that 
provides an ultra-high vacuum environment for the plasma and constitutes 
the first ITER confinement barrier. It also contributes to plasma stability as 
briefly discussed by Fabio Villone in his extraordinary introduction to magnetic 
confinement.

Fig. 12. ITER Vacuum Vessel – General view (©ITER 
Organization).
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The volume in between the inner and outer shells is filled with coolant water fed 
by the Primary Heat Transfer System (PHTS) and thousands of in-wall shielding 
blocks that are essential for radiation shielding of the systems behind.

Not much of the vacuum vessel main body design is driven by pure structural 
considerations, at least when compared to other ITER components. Due to its 
high mass, gravity and, in particular, seismic loads are probably the most signif-
icant, especially for the nine lower ports that rest on the corresponding gravity 
supports. These supports are designed so that vacuum vessel thermal expansions 
due to temperature increments under plasma operation (100 °C) and baking 
(200 °C) are not constrained by rotational sliding of the so-called primary and 
secondary hinges, as otherwise reaction loads would be impossible to accom-
modate. Without the vacuum vessel on top of them, the supports are a mecha-
nism in the radial direction due to their rotational sliding capability, an inher-
ently non-linear response that has been characterised by experimental scale-tests 
and advanced non-linear numerical modelling of the assembly. These numer-
ical models have been used to understand and quantify the complex redistribu-
tion of loads seen by the highly non-linear system for increasing load levels (see 
Figure 13).

Forty five openings, or ports, arranged toroidally in three different levels 
(eighteen upper and equatorial, and nine lower) to provide access for remote 
handling operations, diagnostics, heating, and vacuum systems. Since these 
ports host many of the main technological developments in ITER, each one 
of them can be considered a world of its own (see example in Figure 14 for 
equatorial port #16, housing the European TBM sets, more details of which are 
provided by Yves Poitevin at all in his extraordinary overview of the European 
TBM programme).

The ‘micro world’ (45 tonnes) of port plugs and what is contained inside often 
faces thermal-mechanical design and integration challenges comparable to, if not 
superior to, those faced by the vacuum vessel itself. Port plug structures are canti-
levered towards the plasma from the rear bolted flange of the vacuum vessel port 
extension and normally include:

Fig. 13. Non-linear finite element modelling of the 
coupled VV – VVGSs static and dynamic response.
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Fig. 14. ITER in-vessel ports – Equatorial port #16
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Fig.15. Test rig to test ultra high vacuum sealing for VV port plugs connection (©ITER Organization).
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1. plasma-facing parts, subjected to plasma radiation and neutron loading like 
the blanket modules and divertor described before,

2. a central shielding (plugging) part, where shielding is normally implemented 
by a clever distribution of stainless steel and water arranged so that complex 
penetrations and services such as cooling and instrumentation can be routed 
through it, and

3. a rear part where a large, bolted connection to the vacuum vessel port exten-
sion is implemented. These are ultra-high vacuum connections, part of the 
first confinement barrier and subjected to remote handling requirements since 
the port plugs must be mounted and dismounted by remote handling means 
(not an easy task given their size, see Figure 15).

Port Plugs therefore combine a number of specificities and constraints that make 
the design of each one of them an actual challenge from many points of view.

Port plugs must address the two main ITER safety functions; confinement of 
radioactive material (at the rear connection with the vacuum vessel port exten-
sion) and limitation of internal and external exposure to ionising radiation, 
which is achieved by efficient nuclear shielding. The need to block straight lines 
of passage for high-energy neutrons is one of the main design constraints for all 
port plugs. Routing of coolant and services must adopt relatively complex geome-
tries to avoid neutron streaming. In addition, gaps between the external envelope 
of the port plug and the internal surface of the vacuum vessel port extension must 
be kept to a minimum, with the implementation of steps or doglegs, in order to 
limit straight escape routes for neutrons. This imposes challenging limitations 
since port plugs are to be introduced and extracted from the vacuum vessel by 
remote handling methods that have to move and position this 45 tonne cantile-
vered mass with extreme precision.

From a thermal point of view, plasma radiation and nuclear heating sources 
must be removed by active cooling. This is usually more complex to handle 
in the plasma-facing part of the port plug. Thermal and mechanical design 
measures have to make sure thermal gradients between the front (i.e. plas-
ma-facing) and rear parts of the plug do not induce significant thermal stresses. 
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This is usually addressed by implementing some sort of intermediate mechan-
ical connection between the front and rear parts. In some cases, and due to the 
pulsed operation of ITER, the thermal response of the system does not reach 
steady state conditions during the pulse and significant gradients due to the 
different thermal inertias of the front and rear parts can develop at intermediate 
stages of the pulse.

From a global mechanical and structural point of view, the port plugs are rela-
tively stiff cantilevered systems, with frequencies normally above 30 Hz, but the 
loads they are subjected to are complex. In particular, some fast electromagnetic 
transients have a duration prone to excite inertial effects of the port plug, which 
can result in significant dynamic amplifications.

The nine VV sectors are manufactured by Europe and South Korea. The first 
ones, provided by the Korean domestic agency, have been already shipped to the 
ITER site (see Figure 16).

Fig. 16. First Vacuum Vessel sector in the ITER 
Assembly Hall (©ITER Organization).
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Fig. 17. First Japanese Toroidal Field Coil produced by 
Toshiba Energy systems & Solutions – Poloidal Field Coil 
#5 produced by Europe – First Central Solenoid module 
by US ITER & General Atomics (Photographs ©ITER 
Organization and ©Fusion for Energy).
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The ITER magnet system (see Figure 17) is an extremely complex assembly of 
superconducting magnets, in charge of producing the magnetic field required 
to confine, shape and control the plasma. More details are provided by Alfredo 
Portone in his excellent introduction to the ITER magnet system.

Both the magnet system and the vacuum vessel are contained inside a larger 
stainless steel vacuum chamber (around 30 m external diameter and 30 m high), 
the cryostat (see Figure 18), that provides an ultra-cool vacuum environment for 
the magnets to operate. This is another key component of the Tokamak machine, 
which is also in charge of transferring the huge loads from the vacuum vessel and 
magnet system to the building. More details about this key and unique part of 
ITER are provided by Guillaume Vitupier, in his excellent overview of the ITER 
Cryostat.

It must be also mentioned that in-vessel systems are connected to the outside of 
the Tokamak machine, since they need cooling, power and cryogenic supplies, 
routing for instrumentation, etc. These connections must be compatible with 
ultra-high vacuum requirements, penetrate nuclear safety confinement barriers, 
adapt to relative motions between the machine and the building due to thermal, 
electromagnetic and seismic events and, in many cases, be mounted / dismounted 
by remote handling means.

One might think little is left in ITER for R&D activities and challenging engi-
neering design work outside the boundaries of the Tokamak machine, but this 
is not the case at all. In fact, many of the most technologically complex level 1 
systems of the ITER PBS almost ‘only touch’ the Tokamak machine very locally: 
they supply things to or from the machine (coolant, cryogenic fluids, heating, 
instrumentation signals). A number of unique systems are thus located on the 
other side of the fence, but this we will discuss in a future book… A glimpse 
of what can be found outside Tokamak machine boundaries and the associated 
complexities is provided in the description of the Tokamak machine supporting 
structure covered in a separate chapter.
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Fig. 18. ITER Cryostat – General view (©ITER Organization).
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INTRODUCTION

Cryostats are devices whose main function is to maintain a cool environment 
for the systems housed inside (from cryo meaning cold and stat meaning stable). 
Cryostats are usually assembled into a vessel-type construction whose conceptual 
design can be compared to that of a vacuum or Dewar flask as shown in Figure 1.

Although conceptually similar, naturally the ITER Cryostat is a somewhat larger 
and more complex than a simple Dewar flask! Here are a few challenging features 
that the ITER Cryostat needed to address:

• Provide the largest high-vacuum pressure chamber ever built (16,000 m³) to 
maintain high-vacuum, ultra-cool environment for the ITER Tokamak com-
ponents.

• Act as primary support for the heaviest Fusion Tokamak machine ever built 
and transfer about 20,000 t of weight to the civil infrastructure.

• Provide over 220 access points for maintenance and operating systems (diag-
nostics, cooling, heating, magnet feeding etc.).

The following paragraphs present the different development stages of the ITER 
Cryostat from the design justification through to the manufacture and inspec-
tion, sub-assembly, and then final assembly/construction.

At this stage, all main sections of the cryostat have been fully designed, manufac-
tured and sub-assembled. The ITER Cryostat is now being assembled in its final 
location in the Tokamak Pit.

DESIGN

Cryostat Function

The cryostat is one of the major components of the ITER machine, which is a 
nuclear facility (INB-174) built to research fusion power. The cryostat is a large, 
stainless steel structure surrounding the vacuum vessel and superconducting Fig. 1. Cryostat Conceptual Design – The Dewar Flask.

Dewar flask (or thermos bottle)
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Vacuum to prevent
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magnets. The main functions of the cryostat are to provide a vacuum environ-
ment and to support the main components of the basic Tokomak. The cryostat is 
one of the world’s largest vacuum systems.

A vacuum environment is vital, particularly for the ITER Magnet systems. These 
are superconducting magnets which are cooled down using supercritical helium 
in the range of 4 Kelvin (–269 °C). In order to maintain that low temperature, it is 
essential to minimise the heat transfer between the magnets and any surrounding 
components as much as possible. A vacuum is therefore needed to perform this 
heat transfer reduction function, together with the Thermal Shield systems. The 
ITER cryostat eventually provides the high-vacuum, ultra-cool environment for 
the ITER vacuum vessel and superconducting magnets.

Fig. 2. ITER Cryostat (in white) view with in its 
environment.
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Design Description

The cryostat is a fully-welded, single wall reinforced cylindrical chamber with an 
upper dome-shaped lid and a flat bottom, as shown in Figure 3. Its overall dimen-
sions of 28 m in diameter and 29 m height with a shell thickness varying from 
50 mm to 200 mm. The main cylinder is 50 mm thick and reinforced internally 
with both horizontal and vertical stiffeners. The diameter of the outer cylindrical 
part is reduced to 19 m below the divertor ports. These two cylinders of different 
diameters are connected to a pedestal ring and horizontal plate. The pedestal ring 
is the platform that supports all the weight of the magnets and vessel systems.

The cryostat system is made from 304 /304 L dual grade stainless steel. The main 
requirements for dual grade marking are low carbon content as for grade 304 L 
for improved weldability and minimum tensile properties, as for grade 304.The 
cryostat is composed of four main sections: Base Section, Lower Cylinder, Upper 
Cylinder and Top Lid as shown in Figure 3.

Top Lid 

Upper 
Cylinder

Lower 
Cylinder

Base 
Section

Fig. 3. ITER Cryostat composed of four sections.
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The cryostat has three main supporting features. The first, providing vertical 
support, is a set of 18 sliding bearings (CSB: Cryostat Spherical Bearings) installed 
on the underside of the pedestal ring and interfacing with the concrete crown wall 
on the pit floor. The second is the Vertical Skirt Support (VSS) connecting the 
main cylinder wall to a stage of the bio-shield at B2 / B1 level and providing vertical 
upward support. The VSS allows radial movement of the cryostat shell in case of 
any helium and water spillage inside the cryostat. The toroidal support for the 
cryostat is provided by the third feature, the Toroidal Skirt Support (TSS). The TSS 
are installed on the outer edge of the cryostat and are locked toroidally against the 
bio-shield to prevent horizontal movement of the Cryostat during seismic events.

The Cryostat has access points for all the systems required to operate and maintain 
the Tokamak. The connections of the cryostat at these points with the surrounding 
systems (mainly the vacuum vessel and the building) is ensured through rectan-
gular or circular sections bellows, which compensate for the relative movements 
of the vacuum vessel, cryostat and building interfaces during normal operation 
and accident protocols.

Design Justification

The ITER cryostat is subjected to different types of loads: pressure, inert, elec-
tromagnetic, and thermal. Specification of cryostat loads starts with the defini-
tion of the simple load cases. Load combinations are then defined with respect 
to the ITER Global Load Specifications. Each load combination is categorised 
(Cat.  I  to Cat. IV) based on probability of occurrence, ranging from normal 
operation to extremely unlikely.

Based on the above loading conditions, the cryostat system design is justified using 
Structural Integrity Assessments performed as per ASME VIII Div. 2 Ed. 2010 
design by analysis rules. These assessments are conducted through finite element 
analyses using ANSYS software. These analyses aim at verifying all code-specified 
failure modes: plastic collapse, local failure, collapse from buckling, collapse from 
cyclic loading (fatigue).
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Figure 4 illustrates these analyses, showing the structural assessment of the cryostat 
cylinder under cooling water system interface loads. These loads are induced by 
dead weight, thermal expansion and seismic accelerations, and are applied at the 
top of the upper cylinder. Plastic collapse and the collapse from buckling failure 
modes are analysed using a load combination of dead weight with vacuum and 
seismic action simultaneously through linear static, linear buckling and non-linear 
buckling analyses (including imperfections).

For technical reasons linked to the Finite Element Model size and thus the asso-
ciated calculation run time, a component needs to be broken up into several 
zones of calculation. A global analysis of the component is then completed to 
determine which connections and loads or displacements to be applied to each 
zone boundary.

Fig. 4. Non-linear buckling analysis for the cryostat.
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This global/local analysis scheme is applied to the structural assessment of the 
cryostat:

• Global analyses are performed in order to obtain loading data at Cryostat 
sub-component boundaries or at Cryostat interfaces with other major systems 
but also to identify the most critical zones to be further assessed in detail

• Local analyses are performed using the global analysis results as input data. The 
goal of these local calculations is to perform full sub-component assessments 
down to a level of detail of welding points or bolt connections for example.

Global analyses at Tokamak level are also used for the cryostat assessments. 
A typical example is the global seismic analysis for the main Tokamak compo-
nents which is then used to extract the cryostat seismic input data in the form of 
static equivalent accelerations or floor response spectra.

Fig. 5. ITER Cryostat Manufacturing and Assembly 
Scheme.
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MANUFACTURE, INSPECTION AND ASSEMBLY

The cryostat main sections/components are manufactured and assembled in three 
stages: (i) factory fabrication of segments/sectors of the main sections, (ii) sub-as-
sembly of sections on-site at the ITER temporary workshop and (iii) assembly in 
the tokamak pit (Figure 5). The segments are manufactured in India, and Sub-as-
sembly is completed in a dedicated temporary workshop on the IO Site while 
final assembly is performed directly in the tokamak Pit.

The main challenge in the manufacturing of the cryostat is to a deliver a dimen-
sionally compliant product considering how huge the system is and the heavy 
welding activities to be performed. For example, the tolerance band of the 
cryostat outer shell is only 100 mm over a 30 m diameter (less than 0.5% toler-
ance). Numerous prototypes and welding mock-ups have been made prior to 
commencing manufacturing of the cryostat in order to validate the manufac-
turing sequence, welding processes, dimensions control within tolerances, feasi-
bility of weld non-destructive testing and jigs and fixtures requirements.

Factory segment manufacturing

The factory manufacturing produces segments/sectors of the main cryostat 
sections. Generally, each of the four main cryostat sections (base section, lower 
cylinder, upper cylinder and top lid) is divided in two vertical halves (Tier-1 and 
Tier-2) which in turn are divided into 60 degree sectors. For each section, the 
number of segments is therefore usually 12.

The main reason for this subdivision scheme is to allow the feasible and safe 
shipping of these segments from the factory in India to the sub-assembly workshop 
on the IO Site in France; it would not be possible to ship larger segments. The 
largest and heaviest of these segment is from base section Tier-2, with a weight of 
about 120 t and dimensions are roughly 14.5 m × 6.5 m × 1.7 m.

The raw materials for the cryostat mainly consist of plate and welding type 
products sourced from French and Indian steel manufacturers. It is essential for 
the raw product to be of the highest quality and all this material is 100% volu-
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Fig. 6. 60 Degree Cryostat Base Section Tier-2 Segment.
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Fig. 7. Fitting of all ×6 Cryostat Base Section Tier-2 segments together in sub-assembly workshop on IO Site.
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metrically tested for any defects. Low impurity requirements are also checked 
in order to minimise potential radioactivity that could occur during the nuclear 
operating phases of the Tokamak machine as much as possible.

The manufacturing of the cryostat segments involves complex welding processes 
where distortions are controlled with the utmost care using optimised methods 
and sequences. Volumetric Non-Destructive Testing and Helium Leak Testing 
is performed following the welding. Dimensional compliance is checked at each 
stage using optical metrology (laser tracker).

Workshop section sub-assembly

The cryostat segments shipped over from India are delivered to a dedicated 
workshop on the IO Site for sub-assembly. This mainly consists of fitting and 
welding cryostat segments together to form each of the main cryostat sections: 
base section, lower cylinder, upper cylinder and top lid.

The cryostat sub-assembly workshop on IO Site is located near the Assembly 
Hall to ease transportation of the cryostat main sections from the workshop to 
the Pit. The workshop is 110 m in length, 50 m in width and 27 m in height. It is 
capable of housing two 30 × 30 m assembly platforms; two cryostat main sections 
out of a total of four can therefore be sub-assembled in parallel. The workshop is 
equipped with a 200 t capacity gantry crane which is used to lift, handle and fit 
the cryostat segments together for sub-assembly.

For each of the four main cryostat sections, a transportation and fabrication frame 
is erected at the designated location. All segments are set up and tack welded 
together on the fabrication frame. Alignment and clamping tools are then used 
to achieve the fit-up requirements. The segments are welded in a pre-determined 
sequence, optimised to avoid distortions. This includes advanced welding tech-
niques and processes such as automatic narrow-gap TIG welding of the plate up 
to 200 mm in thickness. Volumetric Non-Destructive Testing and Helium Leak 
Testing are performed at each stage of welding and a dimensional inspection is 
performed using optical metrology.
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Fig. 8. Lifting Cryostat Base Section from the Assembly Hall to the Tokamak Pit.
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Three out of the four cryostat sections have been fully sub-assembled: Base 
section, Lower Cylinder and Upper Cylinder. Top Lid sub-assembly is currently 
on-going with a completion date targeted for beginning of 2022.

In-Pit assembly

Once their sub-assembly is completed, the main cryostat sections are prepared for 
In-Pit assembly. The first task is to transport them from the cryostat sub-assembly 
workshop to the assembly hall. It was initially planned to use a rail transporter, 
this is now actually done using SPMTs (Self Propelled Modular Transporter), 
which are platform vehicles with a large array of wheels. The SPMT is positioned 
under the manufacturing frame of the cryostat sections.

In the Assembly Hall, the cryostat sections are then prepared for their last 
manoeuvre: gigantic lifting lugs and heavy duty accessories are rigged onto the 
components before the ‘big lift’ from the Assembly Hall up to the final destina-
tion in the Tokamak Pit. This lift is performed using the massive gantry cranes 
available in assembly hall which are used in tandem mode. The total capacity 
of these cranes is 2 × 750 = 1,500 t. Moving at speed around 1 m/min and at a 
maximum altitude of about 25 m, the components are transported form their 
layout area in Assembly Hall to the Tokamak Pit, 110 m away.

Once lifted and placed in the Pit, the cryostat sections are aligned using multiple 
jacking systems. Alignment precision is to the millimetre (less than 5 mm) which 
is quite an accomplishment for such a heavy component, measuring 30 m in 
diameter and weighing up to 1,250 t (Cryostat Base Section).

As with the segment manufacturing and section sub-assembly, a large part of the 
assembly work consists of welding. As before, welding distortion is optimising 
by carefully selecting sequences and processes in order to eventually meet the 
targeted positional requirements of the components in the Pit. The integrity of 
the welds is verified 100% using Ultrasonic Testing, which has been precisely cali-
brated and qualified to the exact configurations of these welds. The final compo-
nent positions are checked using laser tracker metrology.
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At the time of writing, two out of the four cryostat sections have been lifted to the 
Tokamak Pit: the Cryostat Base Section and the Cryostat Lower Cylinder. The 
welding of these two components, with a gigantic circumferential weld of about 
90 m length over a 50 mm thickness, has been completed and all Non-Destruc-
tive Testing has been successful.

Fig. 9. Surveying component deformations using laser 
tracker during welding of Lower Cylinder onto Base 
Section in the Pit.





C A N N OT  G E T  I N … W H AT  I S  G O I N G  O N ?  T H E  RO L E 
O F  T H E  TO K A M A K  S Y S T E M S  M O N I TO R

Luis Maqueda (ESTEYCO Mechanics)





163

CANNOT GET IN... WHAT IS GOING ON?  
THE ROLE OF THE TOKAMAK SYSTEMS MONITOR

Luis Maqueda (ESTEYCO Mechanics)

INTRODUCTION

The ITER Tokamak will probably be the most complex machine ever built, with 
more than ten million components to be assembled, as well as the need to comply 
with nuclear regulations. Because of the level of uncertainty in the expected 
mechanical behaviour of the machine under normal operating conditions and in 
case of accident, highly conservative assumptions have been made and large safety 
margins allowed for in some cases in the design. These affect both the numer-
ical modelling approaches and the loading conditions considered (plasma heat, 
neutrons, severity of accidental events and disruptions, etc.).

To oversee the real behaviour of the machine, and as per the ITER project 
requirements, the main ITER systems shall contain instrumentation to measure 
all parameters that may affect availability, predict failures, or inform of main-
tenance requirements. To meet this top-level requirement, the main Tokamak 
systems will be equipped with a discrete set of different types of operational 
instrumentation for the purpose of monitoring hydraulic, thermal, mechan-
ical and electromagnetic responses during normal machine operation and 
abnormal events including plasma disruptions, vertical displacement events 
and others that may cause major variations of the magnetic field versus time 
(up to 100 T/s), generating not only significant dynamic mechanical responses 
but also large-scale electromagnetic interference and measured errors. These 
events can be expected during both the non-nuclear and nuclear phases of the 
ITER machine operations. In total, several thousands of sensors will be fitted 
in the Tokamak machine. Moreover, additional information will be obtained 
using specialised diagnostics to monitor the main plant systems, as well as from 
the plasma control system and the diagnostics that measure events from the 
plasma to the first wall.

However, despite the amount of instrumentation to be implemented in the 
main Tokamak systems, the Tokamak operator cannot make sufficiently 
reliable decisions solely based on direct measurements, as it is not feasible 
to install sensors in every single location expected to be critical during the 
different operational modes. Moreover, it is not possible to measure net elec-
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tromagnetic and seismic loads directly, as well as other global magnitudes 
such as peak reaction forces and moments, thermal gradients, etc. In addition, 
the lifetime of some sensors will be limited by radiation-induced and other 
accumulated damage.

In an attempt to overcome these limitations, the ‘Tokamak Systems Monitor 
(TSM)’, a specifically designed software, will make use of the available instru-
mentation and provide an integrated view of the real overall mechanical response 
of the Tokamak in near real time, with delays generally below one second. 
The information can be used directly (e.g. the calculation of electromagnetic 
loads based on measured currents and magnetic fields) or indirectly, through 
the resolution of ill-posed, inverse problems. In particular, the TSM will use 
available data from the discrete sensor to reconstruct critical information not 
directly available from the sensors in place. This information will be made avail-
able in the control room so the operator can react if necessary. Moreover, within 
minutes, more detailed information will be provided to engineers and scientists 
so that they can make the necessary adjustments between plasma pulses.

The TSM will help to eventually reach the optimal trade-off between maximal 
performance and equipment lifetime. In particular, exploring the ITER oper-
ational domain is a complex task, and any updated operation regime must be 
performed with extreme care. Thus, if the TSM predicts a Tokamak system 
responding over its expected domain, the operators shall analyse the information 
and make the necessary adjustments. On the other hand, if the system is iden-
tified to be working significantly below its limits, the machine regime could be 
increased to optimise its performance.

A significant part of the decisions made by the Tokamak operator will be based 
on information obtained through analysis models involving different engineering 
disciplines: hydraulic, thermal, structural (static & dynamic) and electromag-
netic. The progressive validation and refinement of these numerical models is key 
in the development and use of the TSM.

Noteworthy, in a fusion reactor like the ITER Tokamak, all systems and disci-
plines are generally interconnected. This means that one identification algorithm 
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may involve several inverse and direct problems with several systems and engi-
neering disciplines. This demonstrates the complexity and extreme unique value 
of the TSM.

In fact, the conceptual methodologies to be used for identification have already 
been developed and used in various industries, but do not involve such a large 
variety of engineering disciplines. Moreover, to the knowledge of the authors, 
the approach used at ITER for the level of simultaneous multi-physics in the 
algorithms and models developed has never been done before, not even in 
fusion. As Daniel Iglesias (ITER TSM Coordinator) says, ‘In a Tokamak you 
have several events that are really fast and that involve a whole lot of different 
phenomena. Typically, the different impacts (e.g. heat transfer phenomena, 
static and transient electromagnetics, dynamic -inertial- phenomena, and 
stress fields) are analysed in isolation. But, of course, in reality these things 
happen at the same time and their effects overlap. In a Tokamak the overlaps 
are more substantial and involve a larger variety of engineering disciplines than 
in common industries, so we need to reconstruct and then simulate many of 
them all together in order to get a complete picture of what is happening inside 
the machine. This multi-physics, or multi-disciplinary engineering, is one of 
our big challenges.’* 

Some of the modern Tokamaks do have some instrumentation and use some 
reconstruction algorithms. However, the amount of instrumentation and the 
variety of parameters to be reconstructed is one or two orders of magnitude 
smaller compared to what will be done at ITER. As Sergey Sadakov from the 
ITER Diagnostics Team says, ‘we are taking a giant step up to several tens of 
thousands of channels of data coming in, and several hundred reconstruction 
algorithms and simulation models running simultaneously; this is the future of 
fusion, the dawning of an industrial approach.’* 

Given this level of complexity, the TSM is expected to be continuously updated 
during the whole lifecycle of the ITER Plant.* https://www.iter.org/newsline/-/3581.
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THE TSM OBJECTIVES

The specific main objectives of the TSM include:

• Providing to the Tokamak Operator, in a time scale of about a minute or less, 
a global picture of the Tokamak status, giving quantitative information during 
commissioning and operation (not in real time, but still delivering during 
a running pulse or between pulses in the dwell time) for comparison with 
reference design values and consequent optimisation of subsequent operation 
pulses and campaigns (optimisation of logic for machine control and pro-
tection in normal and accidental conditions; adjusting the operational plan, 
including non-scheduled maintenance or replacement if required; etc.). The 
information to be provided shall include:

 − averaged temperatures for main components;
 − peak temperature and thermal gradients in critical locations;
 − global parameters of slow-transient and fast-transient events such as criti-

cal interface and peak forces and stresses;
 − state of gaps, with focus on opened interfaces which were designed to re-

main closed;
 − accidental structural, thermal and electrical contacts;
 − fault currents;
 − etc.

• Providing accumulated damage in critical locations and overloads at critical 
interfaces to assure structural integrity and with the purpose of minimising 
damages in subsequent operational campaigns.

• Allowing the verification and calibration of numerical simulation models so 
that they can be employed for the calculation of status in non-surveyed areas 
and, when sensors will gradually fail due to accumulated radiation and oth-
er damage, for the estimation of residual lifetime and prediction of possible 
damage.

• Obtaining the knowledge necessary for the development of the next step fu-
sion device (DEMO).

• In addition, prior to the start of operation, it can also be used as a test bench 
for optimising the training of Tokamak operators.
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The TSM System has neither safety nor machine protection classifications and it 
does not have any real-time control actions, since these functions are performed 
by other systems.

The scope of the TSM includes several engineering disciplines (hydraulic, thermal, 
structural -static & dynamic- and electromagnetic) and the main Tokamak 
systems: Magnets, Vacuum Vessel, Blankets, Divertor, Cryostat, Thermal Shields 
and the Port Plugs & Plasma Diagnostics.

TSM IMPLEMENTATION

The internal structure of the TSM will be divided in two main blocks: an online 
synchronous system running on the Plant Operating Zone (POZ); and an offline 
asynchronous system running in the External Plant Operating Zone (XPOZ). 
Both systems will share the identification engine (i.e., the mathematical algo-
rithms for direct and ill-posed inverse problems), although the online side will 
only implement a subset, as some algorithms will be too computationally-expen-
sive for synchronous operation. However, despite sharing that core, each side 
will have fundamental differences in their implementation, as they will run on 
different machines and with different usage paradigms (automated or manual, 
for instance).

The online part will be running continuously. Specific parts will run triggered 
by a planned (e.g., beginning and end of one plasma pulse) or unplanned 
(e.g. accidental plasma disruptions) event, and will provide feedback to 
the operator in near real time. The offline block, meanwhile, which will be 
launched either by an event or by request of the TSM operator, requires 
heavier computations and will provide useful information within minutes or 
hours, including the status of accumulated variables of interest such as fatigue 
life estimation, creep, etc. The offline block will also include a specific module 
for the validation of reconstruction functions and a catalogue of numerical 
‘forward models’ developed during the design phase of the different Tokamak 
systems.
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In addition to the online vs. offline division, the TSM can be further split based 
on the two orthogonal taxonomies used to partition the development: Tokamak 
systems and engineering disciplines.

From a practical point of view, the TSM Human Machine Interface (HMI) in 
the control room (POZ) and in the XPOZ shall provide the user with a view 
of an interpretation of the main Tokamak system instrumentation, allowing 
them to evaluate and understand the behaviour of the ITER Tokamak and 
the key parameters of its systems. It shall also depict notifications on faults 
such as accidentally loosened interfaces and resultant dynamic shocks, elec-
trical faults between systems, coolant leaks and pressure excursions, and unex-
pected contacts. It shall also provide the user with views showing the evaluation 
of margins and lifetime of the main Tokamak systems and for different engi-
neering disciplines.

In particular, the TSM HMI shall include three levels with increasing number 
of details. This organisation will allow users with different backgrounds to focus 
on the data they need, since it will be deployed in the POZ and XPOZ, and 
completely different users will make use of it. In the POZ, the main user will be 
the Tokamak operator, who will not need a detailed vision of the state of each 
Tokamak system to perform its functions. They will only need an overall view to 
understand if the plant can continue operating without risks of damage. On the 
other hand, in the XPOZ, the users of the TSM HMI will be TSM operators and 
the Tokamak system experts, who will be responsible for the in-depth analysis 
of the status of each Tokamak system in order to optimise its performance. 
The TSM HMI shall therefore provide them with as much detail as possible on 
the TSM systems and their components.

This means that the first level shall provide the user with an overall view of the 
Tokamak System’s current status: a summarised state of all Tokamak systems, 
e.g. magnets and a summarised state of each Tokamak system discipline, e.g. 
electromagnetic state of magnets. This first level TSM HMI, which mainly 
targets the Tokamak operator in the main control room (although it will be 
also displayed in the XPOZ), will display status information using a binary 
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LED to univocally show the operator if the particular item is working under 
its operating limits, e.g., below excessive deformation (a trinary LED will be 
considered as an alternative to let the user know that data is not available yet, 
i.e. computations are in progress).

The second level HMI will display the most recently published data regarding a 
specific Tokamak system discipline. The data will be provided in the form of 3D 
graded colour code graphs. The user shall be able to view any area of the Tokamak 
system in detail by rotating, dragging or zooming in/out. More detailed informa-
tion can be obtained by clicking this 3D representation. Graph plots will be also 
depicted for parameters analysed as time series. The user can zoom in/out, drag, 
display exact coordinates of a point, etc. This second HMI level also targets the 
Tokamak operator in the main control room although similar functionalities will 
be provided on the third level in the XPOZ.

This third level of the HMI will offer the highest level of detail, allowing 
the user to view detailed data from the Tokamak systems and their modules. 
This level will display data in the form of 3D graded colour code graphs and 
graph plots. Moreover, the user can select the timeframe of the data shown 
in three possible ways: absolute start and finish time, start and finish time 
relative to a pulse, and start and finish time relative to an event, e.g., a plasma 
disruption. This third HMI level exclusively targets the TSM HMI deploy-
ment in XPOZ, where the TSM operators and Tokamak system experts will 
be analysing data.

Figure 1 shows an example of a mock-up of the HMI concept being currently 
developed for the first two levels described above, in which the Tokamak operator 
will navigate to view the ‘Structural Dynamic’ discipline of the ‘Blanket Module 
#1’ from ‘Sector #3’.
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Fig. 1. TSM HMI mock-up.
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EXAMPLE

An international Consortium led by Esteyco (in collaboration with the Italian 
Consorzio CREATE and the Spanish company GTD Science Infrastructure and 
Robotics) is currently in charge of the development and practical implementation 
of the TSM. The work already completed has involved the first steps of devel-
opment and implementation of several packages of TSM software concerning 
different Tokamak systems and engineering disciplines. In this chapter, for illus-
tration purposes, a very brief summary of the methodology developed, and the 
results computed for the reconstruction of global dynamic parameters of the 
Tokamak machine (focused on the Vacuum Vessel and the Magnet systems) 
under electromagnetic loads are presented. In particular, the example is shown 
for the so-called ‘frequency domain’ algorithm.

The dynamic numerical finite element model of the Tokamak machine used is 
depicted in Figure 2. The scenario considered correspond to what is commonly 
known as a ‘slow-fast’ plasma downwards vertical displacement event. The oper-
ational instrumentation currently considered involves more than one thousand 
sensors. Figure 3 shows some examples of sensors already installed in the Tokamak 
machine on the Magnets supports (the Toroidal Field Coils Gravity Supports).

The development of the reconstruction algorithm is embedded in the general 
workflow of the reconstruction process exemplified in Figure 4.

The first step in the reconstruction process consists of defining the (nR) variables 
to be reconstructed and the (nS) sensors used for the reconstruction.

In the next step, a numerically finite element model of the system analysed is used 
to calculate the ‘virtual measurements’ of the sensors by performing a suitable 
dynamic analysis. These dynamic analyses simulate the real operation of the 
system and the acquisition of the sensor measurements, which will be replaced by 
actual sensor measurements during ITER operation (see the red box in Figure 4).

In the case of the frequency domain reconstruction algorithm, the same numer-
ical model of each component is also used to construct the transfer functions 
for the sensor measurements and the variables to be reconstructed (see the green 
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Fig. 2. Global view of the TK 
Machine dynamic finite element 
model (©ITER Organization).
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box in Figure 4). These transfer functions relate, in the frequency domain, the 
response of the sensors and the variables to be reconstructed.

The ‘virtual measurements’ and the transfer functions are the inputs for the 
reconstruction algorithm. The output of the algorithm is a set of reconstructed 
variables in the time domain which can then be compared to the ‘virtual variables’ 
computed in the dynamic analysis and the global electromagnetic loads previ-
ously calculated by electromagnetic simulations.

Fig. 3. Example of dynamic Toroidal Field Coil Gravity 
Support sensors (©ITER Organization). Fig. 4. Flow diagram of the frequency-domain reconstruction algorithm.
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The algorithm core functionality indicated in the conceptual flow diagram from 
Figure 4 is implemented in the MATLAB code by means of a hierarchical struc-
ture of functions. These functions handle the inputs and outputs, which have a 
fixed format for ease of interaction within the ITER environment. In addition to 
this core programme, which performs the actual reconstruction of the relevant 
variables, there is a set of auxiliary functions that help at the debugging and 
benchmarking stages. These auxiliary functions provide the means to read the 
inputs and post-process and save the outputs to the required formats, but they 
are not required for the actual TSM software. In fact, only the core programme 
is converted to C by the coding team and implemented in the ITER MARTe2 
framework.

As an example, Figure 5 shows the virtual measurements of the relative displace-
ment in radial direction, acceleration in radial direction and strains in the 
secondary hinge of the Vacuum Vessel support (the so-called Vacuum Vessel 
Gravity Support).

During the algorithm development process, several factors have been identi-
fied that may affect the performance of the reconstruction algorithms, such as 
the configuration of internal algorithm parameters, specific sensor selection for 
the identification of each variable, and system and sensor noise levels. A high 
number of sensitivity analyses with different combination of these factors have 
been implemented during the algorithm development. The responses analysed 
to evaluate the sensitivity of the reconstruction to a certain factor k are the 
cross-correlation (XCOR) and the peak-to-peak (P2P) errors. In particular, 
the global effect of a factor k on these errors is analysed by looking at the 
mean plots of each fixed value of a certain factor k. This mean value and the 
standard response error for a fixed value of a factor k is calculated by aver-
aging the responses of each reconstruction performed using that fixed value of 
factor k. For example, the mean peak-to-peak error of the reconstruction when 
the sensor noise is 0 is calculated by averaging the peak-to-peak errors of all the 
reconstructions carried out with that value for sensor noise. A mean plot is then 
constructed in which the mean response is represented in the vertical axis versus 
each value of the factor k in the horizontal axis. The error bars in the mean 

Relative displacement in radial direction

Acceleration in radial direction

Strain in secondary hinge

Fig. 5. Sample of virtual measurements.
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plot are the standard errors calculated as e = σ/ √N, where σ is the standard 
deviation and N is the total number of observations. A mean plot is obtained 
for each factor analysed. Moreover, interaction plots are also used. These plots 
show the mean response of a factor k for different values of other factors. For 
instance, second order interaction plots show the mean value of the error for all 
the combinations of three selected factors.

As an illustration of this, Figure 6 shows the mean plots for several hundreds 
of reconstruction runs performed with the frequency domain algorithm for 
the Cryostat Support Bearings (mechanical component transferring the main 
loads from the Tokamak machine to the building): forces (left) and moments 
(right). Each of these plots represents the mean value (with standard error) of 
the reconstruction errors for each level of the parameter under consideration. 
They provide an overview of the global trends of the reconstruction results by 
evaluating mean values and standard errors of the mean. The absolute values 
of the reconstruction errors provided in this figure are not fully representative 
of the level of accuracy achievable for each reconstruction. Instead, they are 
useful to identify global tendencies and optimal sensor sets and configuration 
parameters for the reconstruction algorithm. Figure 7 shows the second order 
interaction plots for three different internal parameters of the mathematical 
algorithm. Figure 8 shows the detailed reconstructed results computed for the 
most relevant variables (vertical force, and radial and toroidal moments) with 
the configuration selected from the global sensitivity analysis. These results 
are shown for three different levels of noise considered for the sensors. In this 
figure, the blue and red lines represent the reference and reconstructed value, 
respectively.

With the large number of sensitivity analyses run, the algorithms devel-
oped have proven to be robust enough in their theoretical implementation. 
However, further experimental validations of the algorithm are planned in 
order to identify potential problems that cannot be recognised in the theo-
retical exercises.
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Fig. 6. Global sensitivity analysis.
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Fig. 7. 2nd order interaction.
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Fig. 8. Sample of reconstructed results.
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INTRODUCTION

Supporting the huge and totally unique Tokamak machine is a challenge, due to 
the highly demanding environment, the limited space available, the complexity 
and magnitude of the loads involved –both during normal operational and under 
accident conditions–, the safety requirements arising from ITER being a nuclear 
facility, and, last but not least, the management and contractual obstacles associ-
ated to this multi-national and multi-disciplinary endeavour.

A global overview of the main principles behind the design of this very singular 
supporting structure within the ITER reactor building, including the very complex 
loading induced by the Tokamak machine is provided next. The text is largely based 
on the paper Supporting the giant 23,000 tonne ITER Tokamak nuclear fusion reactor 
we wrote and presented at the International fib Symposium on Conceptual Design 
of Structures that took place in Switzerland between the 16 and 18 September 
2021. Some historical background about major design evolutions that significantly 
affected the original structural concept is also given, focusing on the increasing rele-
vance that reinforced concrete took during the design process in order to address 
many of the challenges this once purely mechanically-oriented engineering task had 
to face over the years. Further, but in the end, crucial complications that arose from 
scheduling and contractual aspects are also mentioned.

SOME SPECIFICITIES BEHIND THE DESIGN  
OF THE SUPPORTING STRUCTURE

The design of both the Tokamak machine and its supporting scheme is deter-
mined by some operational and accidental regimes that the system must be able 
to cope with. These constraints mainly come from the following sources: (1) 
thermal conditions corresponding to different machine statuses, (2) gravity loads 
induced by the extremely large mass of the system, (3) seismic threats to be faced 
and, last but not least, (4) the high level of congestion in the very limited space 
(in proportion to the magnitude of the loads involved) available for the imple-
mentation of the supporting scheme.
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1. The main Tokamak machine components operate in a variety of thermal 
conditions that are behind many of the design constraints that need be 
accounted for from the very beginning of the design process. Under nor-
mal ITER plasma operation conditions, the superconducting magnets are 
at 4 K, whereas the vacuum vessel and the cryostat are at 100 °C and room 
temperature (around 30 °C), respectively. During some maintenance and 
conditioning operations, the vacuum vessel temperature increases to 200 °C. 
Some postulated accidents inside the cryostat (cryostat ingress of coolant 
events, Cr ICEs) foresee the rupture of pipes carrying cryogenic helium 
coolant for the feeding of the superconducting magnets, with the resulting 
leaks making the cryostat temperature drop to around –93 °C (180 K). This 
extremely quick summary reflects that maximum temperature ranges up 
to 500 °C (not simultaneously) have to be accommodated by the Tokamak 
machine design. For such stiff and heavy components this has major impli-
cations. These thermal gradients also affect any conceptual approach for the 
design of the supporting structure.

2. The 23,000 tonnes of the Tokamak machine clearly limit the options available 
for the design of a feasible supporting scheme, especially when taking into 
account constraints imposed by the other factors.

3. As a nuclear facility, the seismic design of ITER must ensure the corresponding 
seismic safety requirements are met according to the nuclear regulation of the 
host state (France). The design earthquake for ITER (Safe Shutdown Earth-
quake, SSE) is generated as the envelope of two seismic events: the Seisme 
Majore de Securité (SMS) and the paleoseism. The Zero Period Acceleration 
(ZPA) is equal to 0.315 g. The vertical motion is derived by multiplying the 
horizontal motion by 2/3.

4. Despite the scale of the loads involved, the availability of space to devise a 
robust supporting scheme is very much reduced due, not only to the global 
size of the machine, but to the vast number of penetrations and services that 
must access the machine at various levels.

The first mechanical design choice at a Tokamak machine level is to completely 
decouple the superconducting magnets system and the vacuum vessel from 
a structural point of view. These two large and heavy parts only share one 
common supporting element: the pedestal ring (Figure 1, middle), which is 
an integral part of the cryostat. The pedestal ring is a very rigid stainless steel 
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circular beam with a rectangular hollow cross-section, and wall thicknesses of 
almost 200 mm. A photograph of the pedestal ring from the inside is shown in 
Figure 2.

The whole magnet system (Figure 1 left) is supported mechanically speaking by 
eighteen Toroidal Field Coils, which rest on the pedestal ring by means of the 
Gravity Supports (see Figure 3). Each of these supports induces a vertical load of 
around 5.7MN only due to the mass of the magnet system and is designed to be 
very flexible for radial motions, in order to accommodate the thermal contrac-
tions resulting from the large temperature variations, but stiff in the circumferen-
tial and vertical directions.

The vacuum vessel (Figure 1 right) has penetrations called ports to provide access 
to the plasma at three levels. The vacuum vessel rests on nine gravity supports, 
each transferring a vertical load around 9.7 MN to the pedestal ring due to self-
weight. These supports are also designed not to constrain the radial expansion of 
the vacuum vessel when its temperature increases to 100 °C or 200 °C.

Fig. 1. Internal supporting scheme – Tokamak machine 
arrangement.
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Fig. 2. Interior of the pedestal ring supporting the magnet system and vacuum vessel (©ITER Organization).
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Fig. 3 Toroidal Field Coil Gravity Supports (©ITER Organization).
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HISTORICAL BACKGROUND AND DESIGN 
RATIONALE

There is a key decision, inherited from the internal arrangement selected for the 
main machine components, which determines many other factors along the line 
through the design process: where to place the supports, both in the vertical 
(supporting function) and horizontal (seismically restraining function) directions.

As already anticipated, only one supporting level (Figure 1) is adopted for 
vertical loads: the pedestal ring upper flange. This is a very sensible choice in 
view of the thermal gradients associated with normal operating conditions of the 
Tokamak machine. Providing supports at supplementary levels would make the 
transfer of gravity loads not statically determined and this would require a very 
complex means of making this supporting condition compatible with absorbing 
the thermal expansions/contractions involved. Note that both radial and vertical 
thermal deformations of the vacuum vessel when supported on the pedestal ring 
reach a number of centimetres for equatorial and upper ports under usual oper-
ating or maintenance conditions.

For horizontal loads, the same (and only) supporting level as for vertical loads 
is used. Implementing no additional levels for the transfer of horizontal loads 
is also a natural choice in view of the thermal deformations expected, which 
are absorbed by means of (1) large bellows to accommodate differential thermal 
expansions between the vacuum vessel and the cryostat and (2) mechanical inde-
pendence of the magnet system with respect to the rest of the Tokamak machine. 
This mechanical independence is actually compulsory from a thermal point of 
view since the magnets will operate at 4 K.

However, having the pedestal ring as the only interface to transfer horizontal 
loads has significant implications when seismic responses are considered. This 
design choice means that horizontal seismic loads and, in particular, induced 
rocking moments due to the vertical eccentricity between the Tokamak 
machine centre of gravity and the elevation of the supporting level, are to be 
transferred only through that interface. This would involve huge seismic loads 
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and an almost impossible-to-design support in practical engineering terms, 
unless seismic motions are filtered before reaching the Tokamak machine. That 
is at least partially, behind the high level ITER project decision to introduce a 
seismic isolation system for the whole reactor building, the Tokamak Complex 
(see Figure 4), which is seismically isolated from the seismic pit basemat by 493 
anti-seismic bearings (ASBs) that support the bottom basemat of the entire 
building. The ASBs are 900 × 900 mm2 pads mounted on top of short columns 
(‘plinths’) that rise out the seismic pit basemat (see Figure 5). A comparison 
between seismic floor response spectra at the support level of the Tokamak 
machine for the design earthquake of 10,000 years return period with and 
without seismic isolation would result in increment of seismic loads for non-iso-
lated option by a factor of 4, a loading increment that would not be affordable 
for the project, since it was difficult enough already to design the support with 
the help of the Tokamak Complex base isolation. In addition to this, it must 
be recalled that the support of the Tokamak machine is only one-though a very 
relevant one-of the hundreds if not thousands of ITER systems affected by this 
seismic isolation.

Fig. 4. The ITER Tokamak Complex.
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From a thermal point of view, differential expansions/contractions at the vacuum 
vessel and magnet system supports are addressed by a very specific design of 
such supports, since neither the vacuum vessel nor the magnet system have any 
other structural connection with the building. However, when it comes to the 
transfer of thermally imposed displacements to the building, the fact that during 
cryostat ingress of coolant events the temperature of the pedestal ring drops to 
around –100 °C with respect to that of the building drives the design of the whole 
supporting structure.

Figure 6 shows the conceptual design of the supporting scheme we first saw when 
started working on the design of this complex interface, more than a decade ago. 
The pre-conceptual design was based on eighteen steel columns (one below each 
Toroidal Field Coil Gravity Support) welded to the pedestal ring and assumed to 

Fig. 5. Tokamak Complex seismic isolation during 
construction (©ITER Organization).
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be anchored to the reinforced concrete basemat slab below. The red arrows show 
the direction of the pedestal ring contraction under Cr ICEs and the resulting 
deformed shape of the columns in red. Over-constraining imposed deformations 
of very stiff structural systems should always be avoided and this solution was 
discarded not long after this fault was identified.

In addition to the main contribution from the vertical columns, two complemen-
tary load transfer mechanisms were foreseen as reflected in Figure 7:

• Eighteen radial plates located at the lower periphery of the cryostat that pre-
vent the relative motion of the machine with respect to the building in the 
toroidal (i.e. circumferential) direction while allowing for thermal expansions 
in the radial direction (Toroidal Skirt Support, TSS).

• A continuous support at the periphery skirt of the lower cryostat preventing 
the vertical motion of the cryostat while allowing for relative motion between 
the base of the cryostat and the bio-shield wall in the horizontal plane (Verti-
cal Skirt Support, VSS).

Fig. 6. Old Tokamak machine support concept (discarded 
in 2010).

Fig. 7. Complementary load transfer mechanisms for 
Tokamak machine support -VSS & TSS- (photographs 
©ITER Organization).
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IMPLEMENTATION OF THE TOKAMAK MACHINE 
SUPPORT 

A complete re-design of the Tokamak machine supporting structure was then 
addressed in 2012, replacing the pre-conceptual solution based on eighteen stiff 
steel columns by a reinforced concrete structure, the so-called ‘reinforced concrete 
crown’ (RC crown), while keeping the two additional load transfer mechanisms 
described previously (VSS and TSS). This implied non-negligible changes in 
many of the most important ITER systems, which were tackled in a very efficient 
and coordinated manner by the project.

This new supporting concept relies on two additional and key supporting elements 
that served as the interface between the Tokamak machine loads coming from 
the pedestal ring and the reinforced concrete structure, the so-called Cryostat 
Support Bearings (CSB) and Steel Transition Piece (STP).

Fig. 8. Cryostat Support Bearings location (photo-
graphs ©ITER Organization).

Radial-Poloidal cut through CSB center

Toriodal-Poloidal cut through CSB center
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• Cryostat Support Bearings (CSB) – Eighteen CSBs, one at the vertical pro-
jection of each TFC gravity support, are responsible for transferring the com-
plex loads from the pedestal ring to the RC crown while allowing for the 
required (radial) thermal contraction of the Tokamak machine with respect 
to its supporting structure (a contraction that can reach values in excess of 
20 mm during Cr ICEs). The CSBs, designed and manufactured by French 
company Nuvia, are low friction spherical bearings with a primary (flat, main-
ly for relative machine-building horizontal sliding) and a secondary (spheri-
cal, mainly for assembly) sliding interfaces. A sketch with the position of the 
CSBs between the cryostat pedestal ring and the RC crown is shown in Figure 
8, complemented with a picture of an actual CSB already put in place. More 
detailed views of the CSBs are provided in Figure 9. Extensive design and 
advanced FE analysis works were undertaken for the definition of these key 
elements, including an experimental campaign with both scaled and full-scale 
models, before the CSBs were manufactured and assembled on site.

• Steel Transition Piece (STP) - The vertical loads transferred by the CSBs 
are very high due to the large mass of the Tokamak machine. Typically, the 

Fig. 9. Cryostat Support Bearings (photographs 
©ITER Organization).
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dead load of the equipment alone at each bearing point is around 1,100 
tonnes, increasing to over 2,500 tonnes under certain extreme accidental 
conditions. The stresses under the bearing are therefore quite significant. 
In addition, there are also relatively high horizontal loads and moments 
applied, the size of which is limited by the frictional capacity of the pri-
mary and secondary sliding surfaces of the CSB. The highly concentrated 
loads from the CSBs could not be transferred directly to the RC crown, 
since this would exceed the local capacity of concrete to withstand such 
large compressive stress levels. The STP supports the CSB and transfers 
vertical and horizontal loads and moments into the RC crown, which in 
turn transfers this loading to the basemat below and the seismic isolation 
pads. Due to the large horizontal loads and moments applied to the STP 
by the CSB, large shear keys are required for transferring the horizontal 
loads. In addition, the final STP design had to be compatible with some 
key project decisions that were made before on the RC crown and im-
plemented on site, such as the implementation of a very dense passive 
steel reinforcement arrangement to tie the STP in the radial direction, as 
opposed to the pre-stressed solution we originally proposed in 2012. The 
STP design therefore had to comply with a correct connection with the 

Fig.10. STP on site: view of Top plate -left- and 
Embedded Frame -right- (©ITER Organization).
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dense pattern of radial (HB50) and circumferential (HB40) reinforcement 
bars of the RC crown already built by the time the STP design had to be 
completed. This, together with the highly demanding construction and 
assembly tolerances to be met, made it necessary to split the STP into two 
main components, the Embedded Frame (Figure 10 right) and the Top 
plate (Figure 10 left). Intensive integration work based on 3D CAD mod-
els retrofitted by on-site surveys was undertaken for the construction and 
execution designs. The final structural design and substantiation required 
advanced non-linear FE analyses (Figure 11) to account for the non-linear 
(i.e. contact) transfer of loads between steel and concrete parts, as well 
as for non-linear material properties, mainly under accidental load cases 
(concrete cracking and crushing and local steel yielding). A correct and 
suitable for reinforced concrete and structural steel design interpretation 
of the complex loading coming from the Tokamak machine was also a key 
aspect of the design activities.

The design of the RC crown structure (Figure 12) is integrated with the 
bio-shield wall at its outer edge and with the bottom slab, directly supported 
by the ASBs. The main structural elements of the RC crown are the eighteen 
radial walls that support self-weight, vertical dynamic loads and a certain 
fraction of the horizontal dynamic acting on the Tokamak machine. As already Fig. 11. Advanced non-linear finite element analyses 

for final design and structural substantiation of the 
Tokamak machine supporting structure.
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mentioned, a CSB is placed on top of each of these eighteen radial walls in 
order to provide the required interface with the pedestal ring. The radial walls 
are connected toroidally by a circumferential wall with openings of various 
sizes at different sectors, which provides a significant stiffness and capacity 
to the global structural system in the radial walls out-of-plane direction. 
High-strength concrete class C90/105 has been used for the RC crown. The 
highly demanding loads and reduced space available to accommodate them, 
the construction and integration constraints (note that the RC crown was 
executed long after the basemat and bio-shield had been erected, with the 
main reinforcement of the radial walls already in place), and the interface with 
the STP which, apart from the steel-to-concrete interfaces, involved mechan-
ical couplers to connect radial and circumferential reinforcing bars to the 
STP Embedded Frame, made the design and construction of this supporting 
element an extremely complex challenge.

Fig. 12. General view – Reinforced concrete crown during construction (©ITER Organization).
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IFMIF-DONES, A LONG-DEVELOPED GENEALOGY

A fusion-relevant neutron source has been a pending step for the successful 
development of fusion energy for more than three decades. In DEMO, like in 
future fusion power plants, the deuterium-tritium nuclear fusion reactions will 
generate neutron fluxes in the order of 1018 m-2s-1 with an energy of 14.1 MeV 
that will collide with the reactor vessel. Its first wall, a complex combination of 
layers of different materials that aims at maximising the conversion of neutrons 
into thermal energy and breeding tritium, will be the worst exposed, poten-
tially undergoing >15 dpaNRT displacement per atom per year of operation.1 
Safe design, construction and licensing of a nuclear fusion facility by the corre-
sponding Nuclear Regulatory agency will demand the understanding of the 
materials degradation under the neutrons bombardment during the lifetime of 
the fusion reactor. The plasma-facing components must necessarily withstand the 
severe operational conditions without significant impact on their dimensional 
stability and on their mechanical and physical properties, together with low 
presence of long-lived constituent isotopes and moderate decay heat.2 

IFMIF-DONES will be such a relevant neutron source, of unparalleled power 
and scientific performance.3, 4 It will generate a neutron flux with a broad energy 
distribution covering the typical neutron spectrum of a (d-t) fusion reactor by 
Li(d,xn) nuclear reactions.5 A deuteron accelerator will provide a 125 mA current 
of a 40 MeV beam colliding in a liquid Li screen with a footprint of between 
200 mm × 50 mm and 100 mm × 50 mm. The energy and the current of the beam 
have been tuned to maximise the produced neutrons flux (1018 m-2s-1) to obtain 
irradiation conditions comparable to those in the first wall of a fusion reactor in a 
volume of around 0.5 litre that can house around 1,000 small specimens.

The journey to achieving the current maturity of such a high-power neutron 
source has been long and winding.6

The seminal proposal towards a fusion-relevant neutron source based on 
Li(d, xn) nuclear reactions was published in 1975.7 The US Fusion Materials 
Irradiation Test Facility (FMIT)8 produced the first experimental evidence of 
the feasibility of the concept. After its early termination in 1984, the Interna-
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tional Energy Agency (IEA) fostered a series of meetings, at the end of which 
consensus was attained within the materials scientist community to endorse 
FMIT’s Li(d,xn) concept.9 Subsequently, the report on the conceptual design 
activity was issued in 1996,10 followed by a Comprehensive Design Report11 
in 2004.

The IFMIF/EVEDA project (acronym for Engineering Validation and Engi-
neering Design Activities) under the Broader Approach Agreement between Japan 
and EURATOM was approved in 2007, concurrently with the ITER Agreement, 
with the mandate to produce an integrated engineering design of IFMIF and the 
data necessary for future decisions on the construction, operation, exploitation 
and decommissioning of IFMIF, and to validate continuous and stable operation 
of each IFMIF subsystem.12

The Engineering Design Activities were accomplished on-schedule with the 
release of its ‘Intermediate Engineering Design Report (IIEDR)’ in June 2013.13

In parallel, and for validating the developed design features, prototyping sub-pro-
jects (see Figure 1 for a summary) were continuing which consist of the design, 
manufacturing, and testing of the following prototypical systems:

• An Accelerator Prototype (LIPAc) at Rokkasho,14 cloning IFMIF com-
ponents up to its first superconductive accelerating stage (9 MeV energy, 
125 mA of D+ continuous wave current). Successive commissioning of the 
accelerator systems started in November 2014, and is planned to be com-
pleted by integral commissioning and long-pulsed operational testing in the 
next few years.15

• The Experimental Lithium Test Loop (ELTL) at Oarai, integrating all elements 
of the IFMIF Li target facility. It was commissioned in February 2011 and the 
test programme was completed in 2014 with the successful proof of the long-
time stability of the liquid lithium jet forming the target,16 complemented by 
corrosion experiments performed at a Li loop (Lifus 6) in Brasimone.17

• The High Flux Test Module (two different designs to accommodate either 
RAFM or SiC) with a prototype of the capsules housing the small specimens 
to be irradiated in the BR2 fission reactor of SCK/CEN Mol and successfully 
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tested in 2015 under IFMIF design conditions in the cooling helium loop 
HELOKA of KIT, Karlsruhe;18 complemented with the Creep Fatigue Test 
Module19 manufactured and tested in full scale at PSI, Villigen. The valida-
tion activities and its most recent status have been described elsewhere.20

The roadmaps towards fusion power developed in different countries commonly 
foresee the construction of two fusion machines before the industrial prototypes: 
ITER and DEMO. It has been recognised that materials development and vali-
dation under irradiation are not only of highest importance for the economic 
success, but they are on the critical path for early use of fusion power as well. 
As a consequence, IFMIF, or an equivalent neutron source, is also considered 
an indispensable element of international roadmaps to fusion power.In recent 
years the Fusion Roadmap developed in EU21 has been based on the objective of 
electricity production from fusion reactor around mid of the century, speeding 
up the design and construction phase of DEMO (foreseen to be started around 
2040) and, at the same time, reducing the neutron dose requirements on the 
materials. So, an initial DEMO phase is foreseen with a maximum dose around 
20 dpa, for components integration testing, and a second DEMO phase with a 
maximum dose around 50 dpa.

In this way, the requirements for the early phase of the neutron source are signifi-
cantly reduced, opening the possibility of a staged approach to IFMIF in which its 
construction can be developed in phases, being the first one focused on DEMO 
needs, giving rise to the so-called IFMIF-DONES (DEMO Oriented Neutron 
Source) project.22 This staged approach will allow a broader distribution of the 
required investment along the time as well as some relaxed specifications for the 
neutron source design.

This approach has become the reference one in Europe. A specific activity 
was started in 2015, in the framework of the EUROfusion Consortium work 
programme, with the objective of developing the design of this facility up to a 
level to be ready for the start of its construction in the early 2020s.

On the other side, in 2016, Fusion for Energy (F4E) issued a call for proposals 
to identify possible candidates to host and build IFMIF-DONES in Europe. The 
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Region of Granada in Spain was put forward by a joint Spanish-Croatian proposal 
to host this facility. After a technical evaluation, this proposal was welcomed by 
the F4E Governing Board on 1 December 2017.

Taking this into account, site-specific (Escúzar, Granada) engineering design 
activities have been carried out during the past few years with increasing degree 
of detail in such a way that the project will be ready, from a technical point of 
view, to start the construction phase soon.23

 

Fig.1. Various pictures of IFMIF/EVEDA validation 
activities: (1) LIPAc RFQ at the Accelerator Vault at 
Rokkasho (Japan); (2) RF Modules at the Power Bay Area 
at Rokkasho (Japan); (3) the experimental lithium test 
loop at Oarai (Japan); (4) Lifus6 lithium loop for corro-
sion/erosion tests at Brasimone (Italy); (5) core compo-
nents (double compartment) of the high flux test module 
tested in the helium-cooling loop at Karlsruhe (Germany); 
(6) Creep Fatigue Test Module prototype experimental 
setup at Villigen (Switzerland); (7) test capsules tested at 
the BR2 reactor in Mol (Belgium); and (8) Small samples 
test technique (SSTT) specimens.

(1) (3) (5) (7)

(2) (4) (6) (8)
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DESIGN DESCRIPTION

Mission and Users Specifications

A Specific Working Group was established in 2009 in order to update the 
IFMIF Users requirements of the facility. The results of the study defining the 
requirements for IFMIF with the justifications from the Users point of view 
were summarised and published in 2011.24 The assessment of the role of IFMIF 
and its expected contribution to the fusion roadmap, upon which this study was 
based, holds up independently of the detailed definition of DEMO and the time 
scale, and thus are still valid for IFMIF-DONES, although specific values may 
be subject to change.

The mission of IFMIF-DONES is therefore to provide a neutron source 
producing high energy neutrons at sufficient intensity and irradiation volume in 
order to:Generate materials irradiation test data for design, licensing, construc-
tion and safe operation of the fusion demonstration power reactor (DEMO), 
with its main characteristics as defined by the EU Roadmap21 under simulated 
fusion environment relevant to anticipated needs in radiation resistance for the 
structural materials in DEMO. Generate a data base for benchmarking of radi-
ation responses of materials hand in hand with computational material science.

Additionally, given the fact that IFMIF-DONES will be available during ITER 
operation, the possibility that IFMIF-DONES could assist ITER in some aspects 
of its nuclear operation phase should not be disregarded.

The mission of IFMIF-DONES is translated into the following technical objectives:

1. Neutron spectrum: it should simulate the first wall neutron spectrum of ear-
ly DEMO as closely as possible so as to provide the same nuclear response 
which affects the material behaviour under irradiation in terms of primary re-
coil spectrum (PKA), important transmutation reactions, and gas production 
(He, H). This implies using a D-Li stripping source.

2. Neutron fluence accumulation in the high flux region: Neutron flux and tem-
perature gradients in high flux region:



206

NUCLEAR FUSION. BUILDING TODAY THE ENERGY OF TOMORROW

 − Fluences of 20-30 dpaNRT in <2.5 years applicable to 0.3 litre volume, 
and

 − Fluences of 50 dpaNRT in <3 years applicable to 0.1 litre volume.

3. Temperature range: the high flux region needs to be equipped with temper-
ature controlled test modules that can cover the temperature ranges from at 
least 250 to 550 °C.

4. Dpa and temperature gradients in high flux region: Over a gauge volume 
corresponding to standardised miniaturised specimens: dpa gradient <10% 
and temperature gradient within ±3% with the long-time stability in the same 
order.

Operational Requirements

The operation of IFMIF-DONES Plant should be defined in such a way that 
the DEMO needs in fusion materials expressed in previous sections are satis-
fied. Therefore, IFMIF-DONES operation schedule will be determined taking 
into account that it is part of the International Fusion Roadmap being directly 
coupled to DEMO schedule.

IFMIF-DONES shall be designed for 30 years of lifetime, with at least 20 years 
of irradiation experiments on a three-shift basis 24 / 7.

Additionally, an average operational availability goal of 70% over calendar year 
has been established as a target for normal operation phase.

Plant Configuration

IFMIF-DONES Plant is defined to provide an accelerator-based D-Li neutron 
source to produce high energy neutrons at sufficient intensity and irradiation 
volume to simulate as closely as possible the first wall neutron spectrum of future 
nuclear fusion reactors.

The Plant will produce a 125 mA deuteron beam, that accelerated up to 40 MeV 
and shaped to have a nominal cross section in the range from 100 mm × 50 mm 
to 200 mm × 50 mm, impinges on a liquid lithium curtain 25 mm thick cross-
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flowing at about 15 m / s in front of it. The stripping reactions will generate a large 
number of neutrons that interact with the materials samples located immediately 
behind the Lithium Target, on the Test Modules. Figure 2 depicts a schematic 
view of the current configuration of IFMIF-DONES Plant.

Fig. 2. IFMIF-DONES schematic Plant Configuration.
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The IFMIF-DONES Product Breakdown Structure (PBS) identifies five major 
areas (PBS level 1): the Site, Building and Plant Systems (PBS 3.0), the Test Systems 
(PBS 4.0), the Lithium Systems (PBS 5.0), Accelerator Systems (PBS 6.0), and the 
Central Instrumentation and Control Systems (PBS 8.0). The PBS is used as the 
reference structure of all engineering design documents for IFMIF-DONES.

Accelerator Systems

The IFMIF-DONES accelerator is a sequence of acceleration and beam transport 
stages. A schematic accelerator system configuration is depicted in Figure 3.

A Continuous Wave (CW) 140-mA deuteron beam is produced and extracted 
from an Electron Cyclotron Resonance ion source at 100 keV. A Low Energy 
Beam Transport (LEBT) section guides the deuteron beam from the source to 
a Radio Frequency Quadrupole (RFQ) accelerator. The RFQ provides the first 
acceleration stage. Its quadrupole structure is designed to bunch and transport 
the deuteron beam, and to accelerate it from 100 keV to 5 MeV. The RFQ output 
beam is injected through a Medium Energy Beam Transport (MEBT) which 
provides the matching interface between the RFQ and the Superconducting Radio 
Frequency Linac System (SRF Linac). This is done by removing out-of-acceptance 
particles with scrapers, transporting the beam in the transverse plane with dipole 
and quadrupole magnets, and modifying the longitudinal space to the SRF Linac 
input requirements with re-buncher cavities. The beam is accelerated by the SRF 

Fig. 3. IFMIF-DONES schematic Accelerator System 
Configuration.
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Linac by means of a set of superconducting cavities and focusing solenoids. Based 
on the results of the latest beam dynamics analysis, the superconducting RF Linac 
will consist of five separate cryomodules. As it exits the last cryomodule the beam 
will have reached the targeted power (40 MeV / 125 mA / CW). All the acceler-
ating Radio Frequency cavities are powered by a Radio Frequency (RF) power 
system based on 175 MHz high-power solid state RF stations with a CW output 
power level up to 200 kW. Additionally, the MEBT is powered by two smaller 
solid state amplifiers rated at 20 kW CW. A total of 56 RF stations are needed (8 
for RFQ, 2 for MEBT and 46 for SRF Linac).25

Additionally, the Accelerator Systems Ancillaries provide all utilities, services and 
equipment for covering all the needs (primary cooling, electrical power distribution, 
vacuum, gas distribution subsystems, LHe cryogenics, etc.) throughout its life cycle.

Lithium Systems

The Lithium Systems are broken down into several subsystems according to their 
functions as per Figure 4.

The Target System consists of the components situated in the Test Cell and the 
beam ducts up to the Target Interface Room (TIR), which is the room located 
upstream the Test Cell. The system shapes the target and positions it inside the 
Test Cell with respect to the beams and the High Flux Test Module. The main 
component is the Target Assembly, which includes the concave-shaped open 
channel (Backplate) exposed to the accelerator vacuum, presenting a stable 
Lithium jet to the beam, where the neutrons are produced, and the kinetic energy 
of the deuteron beam is deposited.26

The Heat Removal System comprises the Primary Loop (Li loop) and its dump tank, 
re-circulating the lithium between the Target Assembly and the primary lithium-to-oil 
heat exchanger; a Secondary oil-to-oil and a Tertiary oil-to-water loops transfer the 
heat to the Plant general cooling water system. The Heat Removal System is designed 
to evacuate the heat deposited in the target and control and maintain a constant 
lithium temperature at the Target Assembly inlet, irrespective of beam power.27
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The Impurity Control System consists of a branch line which extracts a fraction 
of the lithium from the main loop and re-injects it after impurities analysis and 
purification. The system is designed to condition the lithium after maintenance 
prior to start-up and control and maintain a defined level of purity. The purifica-
tion branch contains cold traps (to remove elements with temperature sensitive 
solubility in lithium) and Hydrogen traps. Additionally to these, a Nitrogen trap 
(hot trap) is required to remove Nitrogen by chemical reaction with a Nitrogen 
binding material. The Nitrogen trap was included in the Impurity Control 

Fig. 4. Basic Configuration of the Lithium Systems.
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System in previous phases of design, but a new solution has now been developed: 
the N trap will be included in the Dump Tank of the main li loop and will be an 
off-line trap. At present, the Impurity Control System is undergoing an evalua-
tion and redesign to ensure that the radioactive impurities produced in lithium in 
interactions with the beam are properly confined in the traps located in dedicated 
areas of the building.28

Lastly, the Gas and Vacuum subsystems, Heating Subsystem, Electric Power 
Supply and Li and Oil Recovery subsystems make up the so-called Lithium 
Systems Ancillaries and support the operation of the Li Systems.

Test Systems

The Test Systems form the core of the Plant, and include the systems required 
to accommodate a High Flux Test Module (HFTM) which houses the speci-
mens under controlled environment and conditions for irradiation, as well as the 
Start-up Monitoring Module (STUMM), equipped with a wide set of instru-
mentation, expected to be used during the commissioning phase of the Plant. A 
set of Ancillary Systems provides the electrical distribution, the cooling, vacuum 
and the supply and purification of gases.

Facilities for Complementary Experiments are also planned to allow the installa-
tion of complementary physics experiments, independent of material irradiation. 
Possible areas of these experiments can be nuclear physics, radioisotope production 
and medicine. These experiments will be using the remaining neutron flux behind 
the HFTM and/or a fraction of the deuteron beam deflected at 40 MeV energy.28

The Test Cell (TC) (depicted in Figure 5) is the closed cavity or chamber with 
an opening at the top, which physically houses the HFTM/STUMM, and some 
components of the Li loop, e.g., Target Assembly (TA), the lithium Quench Tank 
(QT), and the lithium pipes. The TC is made up of the removable shielding 
blocks of concrete with embedded cooling pipes. Below the TC floor, a Test 
Cell-Lithium System Interface Cell (TLIC) is arranged to accommodate thermal 
compensation pipe sections of the inlet and outlet lithium pipes.29



212

NUCLEAR FUSION. BUILDING TODAY THE ENERGY OF TOMORROW

At the top, two concrete shielding plugs are designed to close the TC during the 
irradiation period for protecting the Access Cell (AC) located directly above the 
TC from radiation.

A Test Cell Cover Plate (TCCP) and a rubber based sealing gasket are applied to 
tighten the TC so that a controlled atmosphere inside the TC can be achieved.

The complete internal surface of the wall of the TC is covered by closed stainless 
steel liner to maintain its gas tightness and to protect the concrete shielding wall 
from contacting with lithium in case of a lithium spill inside of the TC.

Removable piping and cabling plugs (PCPs) are designed to accommodate all of 
the cables and pipe penetrations, as well as to shield gammas and neutrons.

The major biological shielding includes the surrounding shielding walls, the 
TC upper shielding plugs, the PCPs, and the TC floor between the TC and the 
lithium system room.

The basic configuration of the HFTM is illustrated in Figure 6. The material 
specimen stacks to be irradiated in the test module are hermetically enclosed 
in an Irradiation Capsule Assembly. The capsules thereby are installed in the 
Container in so-called compartment slots.30

Fig. 5. 3D view of the IFMIF-DONES Test Cell, showing 
key components.
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To achieve the temperature control of the specimen stack in the Irradiation 
Capsules, each capsule is equipped with at least three heaters and each heater 
in a capsule is monitored by two thermocouples. The electrical power supply 
for each heater of a capsule is selectable independently of the others. Further-
more, each capsule is surrounded in each slot by an insulation gap, whereby the 
dimensions of each insulation gap depend on the temperature level of the corre-

Fig. 6. Basic configuration of the IFMIF-DONES High Flux Test Module.
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sponding compartment (550 °C, 450 °C, 350 °C or 250 °C). In addition to the 
heaters and the insulation gaps, each slot is surrounded by mini cooling-channels. 
The foreseen coolant is helium.

A total number of 24 capsules are installed in a container of 8 × 3 (with ∼74 mm 
thickness in beam direction, three capsules in a row) or 32 capsules in a container 
of 8 × 4 (with ∼102.2 mm thickness in beam direction, four capsules in a row) 
and are summarised in the Capsule Set.

Helium coolant at an inlet temperature of 50 °C is supplied to the Container to 
remove heat (nuclear and electrical) from the capsules.

The STUMM is a fully instrumented module dedicated to commissioning phase 
of IFMIF-DONES. It will be positioned in the TC just behind the lithium target 
Backplate (BP), as close as possible to the neutron source in the same position 
as HFTM. Once the commissioning of IFMIF-DONES is completed, the 
STUMM will be replaced by the HFTM.31 

Additionally, STUMM design will consider the possibility to irradiate ITER 
relevant materials up to a dose similar to ITER EoL (End-of-life) and be able to 
measure the distance between the STUMM and the Backplate at several points 
to monitor possible displacement of the components in TC.

Central Instrumentation and Control Systems

The IFMIF-DONES Instrumentation and Control Systems are designed with a 
hierarchical structure, starting from the top level, the Central Instrumentation 
and Control System (CICS), down to the Local Instrumentation and Control 
Systems (LICS) level.32

The CICS consists of three systems: 1) Control Data Access and Communica-
tion (CODAC) System; 2) the Machine Protection System (MPS); and 3) Safety 
Control System (SCS).

Every System at the Central level is in a continuous, bidirectional communica-
tion with the corresponding one at the Local level by means of dedicated Instru-
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mentation and Control Networks and/or Buses: CODAC Network, Interlock 
Bus and Network, and Safety Network. At the Local level, the I&C system is 
mainly given by a Local Controller with a set of Sensors and Actuators.

Each of the three Control Systems (CODAC, Machine Protection and Safety 
Control) is composed of several independent Subsystems.

Site, Building and Plant Systems

The IFMIF-DONES Plant configuration and layout design, buildings and site 
infrastructures have been optimised based upon the requirements and assump-
tions made for the entire Plant, and for each of its main systems. It is assumed 
that IFMIF-DONES will not require long-term storage for solid/liquid radioactive 
waste, and therefore such waste shall be transferred to an external storage facility.

The Escúzar plot (Granada, Spain, Figure 7) is located in a consolidated industrial 
area, with an already constructed road network. The area used is about 10 hectares 
and it is trapezoidal in shape. Connection(s) with external roadways will be required 
at the entrance of the facility. In regard to the topography, the plot will be terraced 
with a slight slope, elevated between 0 m and 2 m above the surrounding roads.

The Main Building is erected in the centre of the plot and is directly connected 
to the adjacent Access Building. The Administration Building is located in front 
of a small parking area. The Main Electrical Building is positioned very close to 
the Main Building to facilitate the routing of cablings. Connected to the Main 
Building through services galleries and distributed all along the perimeter of the 
site, the different services areas are set out: Transformer area, Electrical Switch-
yard area, Emergency Power building, Fire Water area, Industrial Water area, 
Warehouse, Cooling Towers area, etc. 

The overall dimensions of the main building are 158.5 × 74.75 m, and externally 
it is a four-story building, with the ground floor partially buried due to the slope 
of the plot (Figure 8). In general terms, it can be divided into two different parts: 
Accelerator area and Irradiation area.
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LEGEND

Nº NAME Nº NAME

1 MAIN BULDING 21 ADMINISTRATION BUILDING

2 MAIN BULDING ACCESS 22 FENCE

3 ELECTRICAL SWITXHYARD 23 SLIDING GATE

4 A EMERGENCY POWER BULDING (TRAIN A) 24 GATE FOR MANTENANCE

4 B EMERGENCY POWER BULDING (TRAIN B) 25 INTERNAL PARKING AREA

5 CONV. EMERGENCY DIESEL GENERATOR 26 EXTERNAL PARKING AREA

6 HRS COOLING TOWERS 27 MAIN ELECTRICAL BUILDING

7 HRS PUMPS 28 WATER TREATMENT PLANT

8 COOLING TOWERS AND CHILLERS ELECTRICAL BUILDING 29 DEMI WATER TANK AND PUMPS

9 HVAC MAIN BUILDING CHILLERS 30 A DIESEL TANK (TRAIN A)

10 CHILLED WATER PUMP HOUSE 30 B DIESEL TANK (TRAIN B)

11 FIRE WATER PUMPS BUILDING 31 TRANSFORMERS AREA

12 FIRE AND INDUSTRIAL WATER SUPPLY TANK 32 HVAC MAIN BUILDING BOILER

13 INDUSTRIAL WATER PUMP 35 RESERVED AREA FOR STORMWATER BASINZ

14 POTABLE WATER UNIT 36 RESERVED AREA FOR OIL SEPARATOR

15 POTABLE WATER TANK 37 RESERVED AREA FOR DRAINAGE PUMPING PIT

16 SERVICE GAS AREA 38 CRYOPLANT HELIUM COMPRESSORS

17 STACK 39 SERVICE GAS AREA (HELIUM AND NITROGEN TANKS)

18 LAY-DOWN AREA 40 STORAGE AND PREPARATION ROOM POR EMPTY CASKS

19 WAREHOUSE 41 SERV MECHANICAL WORKSHOP & COLD TEST FACILITY FOR RH TRAINING

20 ACCESS GATE BUILDING 40 TRANSFORMER SUBSTATION BUILDING

Fig. 7. IFMIF-DONES Site layout in Escúzar (Granada, Spain).
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Seismic isolation system is considered in the design of this building. For that 
purpose, a pit around the building is designed with plinths on the base of the 
pit and anti-seismic bearings mounted on the top of the plinths. Anti-seismic 
bearings (ASB) made up of alternating layers of elastomeric material and steel 
plates will be used to reduce the demand to the structure under seismic loads. 
This type of ASB can be used to reduce the fundamental vibration frequency 
in the horizontal directions, thus diminishing the energy input suffered by the 
building.

The IFMIF-DONES Plant Systems include all the necessary services to support 
the operation of the entire Plant. These consist of the following services: Heating, 
Ventilation and Air Conditioning System (both industrial and nuclear), Heat 
Rejection System, Electrical Power System, Service Water and Service Gas 
systems, Radiation Waste Treatment systems (including solid, liquid and gas 
waste) and Fire Protection System. Additionally, the equipment dedicated to 
the remote handling operations required during Plant operation, maintenance 
and decommissioning constitutes the Remote Handling System, which has been 
included as part of the Plant Systems.33, 34

Fig. 8. Cut-out view of the IFMIF-DONES Main 
Building.
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Safety Objectives and Approach

IFMIF-DONES facility is designed with a high level of safety to protect the 
workers, the public and the environment from hazards originating from all stages 
of its operation. Both radiation and conventional threats are being extensively 
addressed under a proper safety approach which includes definition of general 
objectives and criteria for compliance. Proven basic principles and best prac-
tices are the basis of systems and components design for achievement of safety 
objectives as well as dedicated analytical and experimental activities in support of 
design.35 To meet the general safety objectives key safety principles apply, such 
as the limitation, control and minimisation of radioactive material, defence in 
depth, limitation of probability of events related to loss of control, minimisa-
tion of consequences, and minimisation of waste management production. These 
principles apply to facility’s entire life cycle, starting with the design activities.

The ‘Safety Analysis Report’ is the main licensing document for the IFMIF-DONES 
radioactive facility. It is being drawn up as per national regulations with Spain being 
the host country. It will contain information required to carry out an analysis of 
the facility from the point of view of safety and radiation protection, as well as an 
analysis and assessment of the hazards deriving from operation under normal and 
accident conditions, including internal and external events, for demonstration of 
acceptable low levels of risk.The main aspects to be considered are:

• Regulations, criteria, codes and standards applicable to the facility, from man-
datory to reference levels.

• Classifications of areas depending on radiation and contamination levels.
• Expected management of radioactive wastes.
• Failure mode exercises at component and functional levels, including fire haz-

ard analysis and derived reference accident scenarios.
• Deterministic analysis of enveloping scenarios, with support of probabilistic 

fault tree exercises in some casesIdentification of safety functions of safety 
class structures, systems and components.

• Requirements of safety class devices for design basis during operation and 
abnormal events, being addressed at all operating states of the facility.
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• Administrative procedures and control programmes credited in favour of safe-
ty measures.

As has been already mentioned, a target of 70% of operational availability 
was established for the IFMIF-DONES facility design, meaning that the 
facility is expected to be available for irradiation (i.e. beam on target at full 
power) for 255.5 days per year. This average operational availability require-
ment combined with the expected scheduled annual maintenance scheme 
(20 + 3 days) implies inherent availability requirement of 74.7% (i.e. ∼75%) 
for the IFMIF-DONES facility. Allocating such target for the whole plant to 
the individual systems, the following challenging system targets for inherent 
availability have been defined:

• Accelerator Systems 87%
• Lithium Systems 94%
• Test Systems 96%
• Site, Building and Plant Systems 98%
• Central Control Systems 98%
• TOTAL (product) 75%

CONCLUSIONS

Based on the design configuration described in the sections above, it can be 
concluded that the facility will be able to produce a neutron flux distribution 
with significant dose rates in required irradiation volume.

Figure 9 summarises the capabilities of the facility.30 This Figure depicts the avail-
able integrated irradiation volume versus the damage dose rate comparing the 
IFMIF and two different beam shapes of the IFMIF-DONES facility.

Considering the results obtained so far and the currently available status of 
the engineering design, the project is ready to enter in the construction phase 
including the detailed engineering design of the different components.4, 23, 28

It is expected that the first years of irradiation operations will be dedicated to 
the investigation of mechanical properties like RAFM steels such as Eurofer 
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(including weld joints) to 20 dpa, then 50 dpa. In the follow up period, other 
baseline materials such as Cu for the Divertor heat sink, W as plasma-facing 
armour material, Nb3Sn of the magnetic coils as well as the risk mitigation mate-
rials will be studied.

IFMIF-DONES is planned to fulfil its scientific mission in conjunction with 
international material laboratories. Apart from in-situ tests where a part of the 
data is already produced during irradiation (such as creep fatigue cycling or tritium 
release measurements), the irradiated samples will usually be sent from IFMIF-
DONES for post-irradiation examination to qualified material test laboratories. 
This approach does not only save on-site investment costs, but also spreads the 
scientific exploitation over a broad user basis, assuring the involvement of a large 
community of experts.

Fig. 9. Available integrated irradiation volume versus 
damage dose rate [dpa fpy-1] for each beam condi-
tion considered (IFMIF and different beam shape of 
IFMIF-DONES).
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The Japan Tokamak 60 Super Advanced (JT-60SA) is a follow-up of the successful 
JT-60U incorporating a fully superconductive magnet system for plasma confine-
ment. At the same time, JT-60SA shall act as a test bed for future plasma scenarios 
in ITER. The mission of the JT-60SA project is therefore to contribute to the 
early realization of fusion energy by its exploitation to support the exploitation of 
ITER and research towards DEMO, by addressing key physics issues for ITER 
and DEMO. In particular, JT-60SA will allow:

• To confine break-even equivalent class high-temperature deuterium plasmas.

• Exploration of configuration optimization for ITER and DEMO with a 
wide range of plasma shapes and aspect ratios including that of ITER, 
with the capability to operate in both single and double null configura-
tions.

• Exploration of ITER relevant high density plasma regimes well above the 
H-mode power threshold with ∼40 MW high power heating.

• To study power and particle handling at full power for 100 s with top 
and bottom water-cooled divertors compatible with maximum heat flux 
of 15 MW/ m2. In the initial phase only the lower divertor will have high 
heat flux capability.

• Exploration of full non-inductive steady-state operation with 10 MW/500keV 
tangential Neutral Beam Current Drive and 7 MW of Electron Cyclotron 
Current Drive.

• Exploitation of high beta regime with stabilizing shell covered with plates 
and internal RWM stabilizing coils and high power heating and current drive 
system.

The design of the JT-60SA device does not aim at tritium operation, restricting 
the nuclear requirement on the design, and simplifying operation by allowing 
access between experimental campaigns. The main parameters of JT-60SA are 
shown in Table 1.

A bird’s eye view of JT-60SA is shown in Figure 1.
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Parameter Dim JT-60SA
Major plasma radius m 3.0

Minor plasma radius m 1.1

Plasma current MA 5

Maximum magnetic field on axis T 2.25

Plasma heating techniques MW NBI: 34 MW
ECRH: 7 MW

Plasma thermal energy MJ 22

Maximum plasma pulse length s 100

Cold mass of magnets,structures and thermal shields t 734

Table 1. Main Parameters of JT-60SA.

Fig. 1. JT-60SA general view.
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Its performance range, compared to other experiments worldwide, as well as with 
expected ITER and DEMO operation, is shown in Figure 2 

MAGNET SYSTEM 

For optimum plasma confinement, the magnetic cage must enclose the hot 
ionized particles at a short distance to keep the magnetic induction high while 
reducing the size of the coils and the amount of superconductor. At the same 
time, the magnetic ripple must be kept small to avoid a loss of hot plasma to the 
wall. This challenge is met by a symmetric arrangement of eighteen D-shaped 
Toroidal Field (TF) coils. 

The TF fields alone are not sufficient to confine the plasma for extended periods. A 
strong current through the plasma twists the trajectory of the hot ionized particles 
stabilizing it. This plasma current is of the order of several mega-amperes and is 
induced by a set of four Central Solenoid (CS) modules arranged along the central 
axis of the TF coils. In addition, six circular shaped Equilibrium Field (EF) coils 
complement the magnetic cage. They are required to localize, shape and stabilize 
the plasma. The arrangement of the TF, CS and EF coils is shown in Figure 3.

Superconductive coils are essential for long pulse or continuous fusion power plants, as 
the power consumption of normal copper coils would exceed the fusion power gain. 
JT-60SA which aims at plasma pulses of up to 100 s, therefore adopted the same design 
principle as ITER. In order to keep the superconductive windings at temperatures 
around 4 K, the cable-in-conduit concept is applied for the different coils in JT-60SA. 
The basic element of such a conductor is a copper strand – a copper matrix with a large 
number of embedded thin superconducting filaments. Hundreds of such strands are 
twisted to form a cable. In order to sustain the Lorentz forces and to provide a channel 
for the helium coolant this cable is again surrounded and stiffened by a stainless steel 
jacket. A central spiral is added in the CS and EF conductors to reduce the pressure 
drop of the coolant. Figure 4 shows cross sections of the different conductors for the 
TCS and EF coils of JT-60SA. While the TF and EF conductors use NbTi filaments, 
the CS coils use a Nb3Sn conductor similar to that used for ITER.

Fig. 2.  Planned operation range of JT-60SA compared 
to other tokamak projects. (nD(0) = plasma central ion 
density, τE = energy confinement time, Ti(0) = plasma 
central ion temperature).
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Fig. 3. Arrangement of the magnetic cage formed by TF, CS, and EF coils.
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The TF windings consist of six double pancakes each wound from six turns with 
a total conductor length of 1,360 m. The conductor allows a nominal current 
of 25.7 kA to achieve a magnetic induction of 2.25 T on axis. To stay super-
conducting at about 4 K a helium flow of about 4 g/s is passing the conductor. 
As the pressure drop along the whole conductor length of the TF coil would 
be excessive, the helium coolant passes the double pancakes in parallel. Electri-
cally, the pancakes are connected in series through joints with a very low resist-
ance of a few nano-Ohm. Cooling of all TF coils is achieved by a cryogenic 
circulator in a closed loop at a pressure of 0.5 MPa with a total mass flow rate 
of about 1 kg/s. 

As the electromagnetic forces by the magnetic fields are tremendous, each TF 
winding is enclosed in a massive steel casing. The different casings are wedged 
together along the straight inner section to support centralising forces. Keys 
in the upper and lower inboard curved regions support overturning moments 
on the coils during plasma operation. Finally, an outer intercoil structure 
between the vessel ports, consisting of bolted shear plates with friction and 
insulated surfaces contacting the TF coil case fixes the toroidal arrange-
ment of coils. The TF coils are resting on the Cryostat base through gravity 
supports, which block rotation but allow radial shrinkage of the magnets 
during cooldown. Dedicated cooling pipes on the surface of the structures 
reduce the heat load to the coils.

The four independent modules of the CS can be powered independently. All 
structural and operational loads are reacted internally. The CS is supported from 
the bottom of the TF coil casing. The EF coils are clamped to the TF coil case. 
They are self-supporting with respect to radial (in-plane) loads.

Eddy currents play a vital role in tokamaks. They are induced by the varying 
magnetic fields and the plasma currents and may disturb the magnetic field 
around the plasma, heat the structures of the superconductive magnets, and 
add pressure on larger metallic surfaces such as the thermal shields. Therefore, 
electric insulators are separating adjacent TF coils, the segments of the Vacuum 
Vessel and of the Thermal Shields.

Fig. 4. Cross section of the CS and EF conductors.
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MAGNET SHARED COMPONENTS

These components provide the interface between the magnets and their services – 
cooling, power supplies and instrumentation – and are often of a common design 
for all the magnet systems. They comprise:

• current feeder lines and their structural support

• cryogenic supply lines (cryolines) including cryostat feedthroughs, servicing 
the conductors, magnet structure or feeders

• current leads connecting coil conductor and feeder lines – for JT-60SA made 
from high temperature superconductor to minimise cooling requirements

• coil terminal boxes (housing the current leads) 

• valve boxes for distribution and control of the helium flow

• quench relief valve assemblies

• instrumentation, cabling and control cubicles
The toroidal field coils use three separate power supplies, each feeding six coils in 
series, whereas the four central solenoid coil modules and the six equilibrium field 
coils have one power supply each. 

All the coils use high temperature (∼50 K) superconductor (HTS) current leads 
to connect to the power supplies. To connect the three groups of TF coils, the 
four CS modules, and the six EF coils with the power supplies, twenty-six HTS 
current leads (CL) are installed in five coil terminal boxes and connected to the 
coil terminals by superconducting feeders. 

The design principle of the HTS CL together with a photo of a real current 
lead is shown in Figure 5. The current from the bus bars at ambient tempera-
ture is entering the current lead through a clamped contact and passing along a 
high-conductive copper heat exchanger, thereby bridging the temperature range 
down to –213 °C (60 K). The conductive heat along the copper and the ohmic 
heat produced by the current is absorbed by a small flow of helium entering at 
a temperature of –223 °C (50 K). In order to further reduce the conductive heat 
to the cryogenic components, a high temperature superconductor (HTS) section Fig. 5.  HTS CL Schematic.
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with zero resistance for the current but low thermal conductivity is soldered to 
the lower end of the heat exchanger. The cold contact of the current lead has a 
resistance of only a few nano-Ohms and feeds the current through a supercon-
ducting feeder to the coil terminal. During a fast discharge of the magnets, the 
current leads may reach high voltages of a few kilo-Volts. Therefore, the current 
leads are mounted at the Coil Terminal Boxes through insulating epoxy (G10) 
flanges (see Figure 5).

The electric connections between the coils and the current leads in the satel-
lite boxes are using the same conductor as for the coils. The routing of these 
feeders had to consider thermal shrinkage and avoid electromagnetic stray fields, 
which could disturb the magnetic cage. Although the superconducting coils 
feature almost not voltage drop, they may reach high voltage of several kV during 
an emergency shutdown. Therefore, all helium lines are electrically isolated by 
electric breaks. 

If a superconductor quenches (this is, becomes normal conducting by, for 
example, an excessive current or heat load), its resistance immediately increases, 
leading to a dangerous situation, unless the current from the power supply is 
immediately reduced to zero. In order to supervise the superconducting circuits, 
pairs of voltage taps are installed at all coils, feeders and the HTS sections of the 
current leads. Special amplifiers continuously check if excessive voltages caused 
by a quench appear. 

CRYOSTAT

The main purpose of the cryostat is to provide a vacuum of about 10-4 Pa around 
the cold magnet components to block thermal conduction and minimise the 
thermal loads.

The body of the cryostat is a cylindrical structure about 14 m in diameter and 
15.5 m high (see Figure 6). The cryostat vessel is made of 30 mm single-walled 
stainless steel. The skin has a structure to support the weight of all the ports and 
port plugs and to withstand the vacuum pressure.
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Fig. 6. Cryostat during trial assembly at works.
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The top lid is shifted upwards to maximise the inner space for the assembly and 
maintenance of cryogenic devices and connections. It allows access for possible 
direct removal or reinstallation of the central solenoid and features a rupture disk 
to take care of any overpressure exceeding 0.02 MPa.

Large numbers of ducts interconnect the VV ports with the corresponding pene-
trations in the cryostat vessel and provide access for maintenance and inspection 
equipment, pumping, exhaust, in-cryostat feeders, etc.

The cryostat base is designed as a robust structure to support the dead weight 
of superconducting magnets, thermal shield, and the vacuum vessel, including 
in-vessel components, as well as operational electromagnetic loads, thermal stress 
during baking, and standard operational conditions, accidental overpressure, and 
seismic loads.

THERMAL PROTECTION (VACUUM, THERMAL 
SHIELD, CRYOSTAT)

The magnet coils need to be thermally protected against heat radiation from 
the Vacuum Vessel, the Ports and the Cryostat. This insulation is achieved by 
high vacuum and thermal shields enclosing completely all cold components. 
The thermal shield consists of eighteen segments electrically insulated from 
each other to prevent excessive electromagnetic forces during disruptions. The 
cryostat thermal shield (CTS) is a single-walled with multilayer superinsulation. 
The vacuum vessel (VVTS) and port (PTS) thermal shields consist of two panels 
reinforced by edge frames and gaseous (80 K) He cooling pipes, fitting snugly in 
the gap between TF coil and vessel. Due to the narrow space no additional MLI 
could be applied between the VVTS and the VV. The thermal shield is supported 
by the TF coils, between EF coils 5 and 6, and at the top on alternate TF coil 
casings.

All thermal shields are cooled by a forced flow of pressurized helium gas at about 
90 K. Although the thermal shield must block all thermal radiation, it must 
nevertheless have gaps to allow for evacuation and maintaining a high vacuum.



NUCLEAR FUSION. BUILDING TODAY THE ENERGY OF TOMORROW

238

PLASMA VESSEL AND PORTS FOR ACCESS TO THE 
PLASMA

Enclosing the hot plasma requires a donut-shaped vacuum vessel with several 
openings for diagnostic instrumentation, heating and cooling systems and 
plasma fuelling. The vessel is double-walled with a gap of about 150 mm 
of boronized water. This water allows maintaining an operation temperature of 
50 °C during cooldown and nominal operation. 

The dissolved boron salt absorbs fast neutrons from D-D plasma reactions 
protecting the surrounding magnets from getting activated and heated. In 
order to clean the walls of the vessel the temperature of the Vacuum Vessel 
needs to be baked occasionally at 200 °C by draining the water and circulating 
hot nitrogen. Due to the reduced neutron shielding capability of the nitrogen 
gas, the plasma is not operated during vessel baking.

Access to the plasma is realized by seventy-four ports of different size with cross 
sections ranging between 0.15 m² and 1.2 m². The largest ports are used for 
Neutral Beam Injection and have a rectangular cross section of 1.8 m times 0.7 m. 
In order to compensate the differential contraction between the Vacuum Vessel 
and the Cryostat, each port is equipped with a bellow. In addition, insulators 
in the ports separate the ground potential between the Vacuum Vessel and the 
Cryostat to avoid electric interference.

Every toroidal 40 degrees, a gravity support with spring plates is installed at the 
bottom of the vessel. These gravity supports withstand the operational electro-
magnetic forces and absorb the thermal expansion during the baking operation. 
The vacuum vessel system also includes the high vacuum pumping and the plasma 
fuelling subsystems as indicated in Figure 7.
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IN VESSEL COMPONENTS

The major in-vessel components (see Fig. 8 for guidance) are:

• the divertor cassettes

• the inboard first wall

• the stabilizing baffle plate and outboard first wall

• the fast plasma position control coils

• the sector coils for resistive wall mode (RWM) control

• the magnetic diagnostic coils

• the error correction coils

• the cryo-pumps for hydrogen and helium pumping

For the first phase of operation only a lower divertor has been installed, optimised to 
allow ITER-shape and high-triangularity plasmas. A fully equipped upper divertor 
is planned at the start of the extended research phase. During that phase too, once 
operation is better understood, a mono-block type carbon fibre composite (CFC) 
divertor armour is planned for the outboard side able to withstand a heat load 

Fig. 7. The Vacuum Vessel, its ports and evacuation 
system.
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of ∼15 MW/m2. During the initial research phases, due to the smaller expected 
heat load, a flat tile type divertor armour will be used instead. The use of metallic 
divertor tiles is also being considered for the later research phases.

Cryopanels are installed behind the divertor to improve pumping capability for 
hydrogen and helium. A helium cooled chevron baffle at 90 K together with a 
water-cooled chevron in front of the pumping hole reduce the heat load on the 
cryopanels by thermal and microwave stray radiation.

Two in-vessel coils are used for fast plasma position control. Independent power 
supplies are connected to each coil block to control vertical and horizontal field 
at the same time.

The primary function of the stabilizing baffle plates is to enhance the ideal beta 
limit and to improve plasma positional stability. They have been designed as a 
double-wall structure and are covered with a bolted carbon-armoured first wall.

Sector coils for the RWM control will be installed around the openings of the stabi-
lizing baffle plate facing the plasma to minimize the control response time. Since each 
sector coil has its own current leads, the magnetic field mode of m/n = 3/1 or 3/2 can 
be controlled depending on the configuration of the power supply connections.

Saddle coils (rectangular loops on the vacuum vessel) are included to manage 
slow or non-rotating MHD modes arising from any slight field misalignments 
after coil assembly. Three coils are located poloidaly at six toroidal locations.

POWER SUPPLIES FOR SUPERCONDUCTING COILS

The power supply system consists of the power supplies for the superconducting 
and control coils, the beam and EC heating and current drive systems, and power 
supplies for auxiliary plant (see Figure 9). Existing equipment has been re-used 
where possible, on a rearranged AC supply network.

New power supply systems have been designed and manufactured to feed the 
superconducting TF and PF coils. Typical operation of the TF coil power supply 

Fig. 8. Arrangement of the in-vessel-components.
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is that the TF coils are energized every day in the morning, before the start of 
the plasma experiments, and demagnetized at the end of the day after the exper-
imental period. The PF coil power supply circuit components are a ‘Base PS’, a 
‘Booster PS’, and a ‘Switching Network Unit (SNU)’.

In case a superconducting coil quenches or a power supply fails, a quench protec-
tion circuit (QPC) is connected in series with the TF and PF coils to allow fast 
extraction of the coil energy. The quench-protection circuit consists of a DC 
current interrupter, discharge resistor, and pyro-breaker for back-up protection.

CRYOGENIC COOLING AND DISTRIBUTION

In order to reach the superconducting state of the magnet coils, they have to 
be cooled close to absolute zero, i.e. to about 4 K. For this purpose, a powerful 
refrigeration system was set-up. This refrigeration system supplies cold helium 
at about –269 °C (= 4 K) to the coils, and at –183 °C (= 90 K) to the thermal 
shield. The High Temperature Superconductive Current Leads (HTS CL) 

Fig. 9. Schematic of the Power supplies for the different 
coils.
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require a flow of helium at –223 °C (= 50 K). During plasma operation, the 
hydrogen fuel and the helium exhaust need to be evacuated by cryo-pumps 
with a high pumping capacity. These cryo-pumps are supplied with very cold 
helium at –269.5 °C (= 3.7 K). 

The magnets and their structures, together with the thermal shield, represent 
a total cold mass of 734 t, requiring a total refrigerator capacity corresponding 
to an equivalent heat load of about 9 kW at 4.5 K. Producing such a capacity 
requires an electric power of 2.4 MW and an amount of about 1,300 l/h of liquid 
nitrogen. 

The refrigeration requirements are not constant during operation: During 
cooldown, a large amount of refrigeration is needed at gliding temperatures. 
Without magnet operation at nominal operation temperatures, the average refrig-
eration demand of the coils and structures is around 2 kW only. However, during 
plasma initiation, eddy currents in the cold structure, AC losses in the super-
conductor, and neutron loads by D-D reactions accumulate to a peak load of 
about 60 kW for about 15 seconds. Managing such high load variations requires a 
sophisticated plant concept with intermediate buffering of heat in a liquid helium 
reservoir.

The cryogenic system as shown in the process scheme in Figure 10 comprises the 
following main subsystems:

• A system of eight parallel warm screw compressors with sound protection, a 
common oil and water removal system, pressure control and a gas manage-
ment system.

• A refrigerator cold box (RCB) with cryogenic heat exchangers, liquid nitrogen 
precooling, integrated 80 K purifier, and three cryogenic expansion turbines 
provide the necessary refrigeration at different temperature levels.

• An auxiliary cold box (ACB) including a 7,000 l liquid helium buffer a sub-
cooler for pre-cooling the cryopump refrigerant, a cold compressor to sub-
cool the liquid helium and two cryogenic pumps to circulate approximately 
2 kg/s of supercritical helium through the coils and their structures.
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• Instrumentation and a local control system allow autonomous operation of 
the refrigerator as well as remote control by the central JT-60SA control sys-
tem.

• A gas storage comprising six warm helium storage vessels with a total volume 
of 1,500 m³, a liquid nitrogen storage, cryogenic transfer lines, and warm 
interconnecting pipework. One of the storage vessels is modified with a dedi-
cated inlet nozzle to recover cold helium gas after a quench or a fast discharge 
of the superconducting coils

The arrangement of the Cryogenic System at the site of QST is shown in 
Figure 11. For the compressor station, a new building was erected on the west 
side of the JT-60SA experimental building. The cryogenic hall neighbouring the 
torus hall accommodates the RCB, ACB and the subcooler vacuum pumps. A 
large, 60 m long and 1 m diameter cryogenic transfer line connects the cryolines 
from the ACB to the cryostat, the valve boxes and the coil terminal boxes. The 
cooling towers, the gas storage vessels and the liquid nitrogen storage are located 
next to the compressor hall as shown in Figure 11.

Fig. 10. Schematic of the Cryogenic System and its 
interfaces to the cooling loops in the Tokamak.

Fig. 11. General arrangement of the cryo-plant.



NUCLEAR FUSION. BUILDING TODAY THE ENERGY OF TOMORROW

244

PLASMA HEATING

JT-60SA shall finally use up to 34 MW of neutral beam (NB) heating and 
up to 7 MW of electron cyclotron resonance (ECR) heating systems. The 
upgraded NBI system for JT-60SA (see Figure 12) consists of twelve positive-
ion-based NBI (P-NBI) units and one negative-ion-based NBI (N-NBI) unit. 
The P-NBI units control deposition profile and plasma rotation. The P-NBI 
system has been modified from that of JT-60U in order to extend the pulse 
duration from 10 s  to 100 s keeping the same injection power. High power 
N-NBI is also required to provide sufficient NB current drive capability for 
high-beta steady-state (full non-inductively driven) plasma development.

Fig. 12. Neutral Beam Injection and ECR heating 
systems.



245

JT-60SA – A PATHFINDER FOR ITER AND DEMO

Enrico Di Pietro (Fusion for Energy)

High power N-NBI also contributes to heating of the central region in high-den-
sity plasmas with a dominant electron-heating fraction, which is relevant to ITER 
and DEMO plasmas heated by alpha particles. 

The beam line of the co-tangential N-NBI unit is offset downward from the 
equatorial plane by ∼0.6 m to drive off-axis plasma current, and hence to produce 
reversed shear with a high bootstrap current fraction.

The ECRF system (shown in Figure 12) generates or sustains high performance 
plasmas, provides assistance to plasma start-up and cleaning of the first wall of 
the vacuum vessel.

During integrated commissioning phase, the system is composed of two gyro-
trons, two transmission lines and one launcher injecting two RF beams. One of 
two gyrotrons is a newly developed multi-frequency gyrotron, which oscillates 
at 110 GHz and 138 GHz with 1 MW for 100 s for long-pulse heating by 2nd 
harmonics EC resonance that is much longer than the 5 s required in JT-60U. 
In addition, the gyrotron has a capability of 82 GHz at 1 MW/1 s operation, 
which enables efficient plasma start-up and wall cleaning by a fundamental EC 
resonance. The other 110 GHz, 1 MW gyrotron used on JT-60U runs with the 
multi-frequency gyrotron up to 5 s.

DIAGNOSTICS

Some limited diagnostics will be prepared for Integrated Commissioning for 
machine protection and confirmation of the controllability of plasma: 

CO2 Laser interferometer

The tangential CO2 laser interferometer is used for measurement of line-inte-
grated electron density along a tangential chord. The measured line-integrated 
density will be used not only for plasma physics, but also for real-time feedback 
of plasma control.
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Visible spectroscopy

The purpose of this system is to measure the intensities of Ha emission, 
Bremsstrahlung emission and other spectral lines. The viewing chord is tangen-
tial between two opposite horizontal ports. Two identical optical systems, each 
of  which consists of a vacuum window with an effective diameter of 43 mm, 
a  lens with a focal length of 100 mm, and a bundle of nineteen optical fibres 
with  a numerical aperture of 0.2, are installed in the two ports. An image of 
the central optical fiber is mapped onto the vacuum window of the other optics 
system at a distance of 13.7 m with a diameter of less than 40 mm. The layout 
of the optics allows to calibrate the sensitivity of the whole spectroscopic system 
including the vacuum window without in-vessel work: a standard light source 
just outside the vacuum window can be used to calibrate the sensitivity of the 
other optical system through the two vacuum windows. In addition, simulta-
neous measurement from the two ports enables to improve the accuracy through 
comparison and provide redundancy.

Soft X-ray detector arrays

The purpose of this system is to observe the last closed flux surface (LCFS), the 
magnetic axis and the electron temperature profile by measuring the intensi-
ties of soft X-ray emission through a pinhole. For Integrated Commissioning, 
only soft X-ray detector arrays are available for the electron temperature profile 
measurement. The system consists of two detectors. Each detector has an 
Absolute X-ray and UV (AXUV) sensor, a pre-amplifier and thin beryllium 
films. The detectors are put on the end of a port plug and the port plug is 
inserted at a horizontal port. Both detectors have a similar measuring range set 
at a poloidal angle of about 15 degrees downwards which allows to measure the 
lower half of the plasma. The outputs of the pre-amplifiers are transferred to 
digitizers installed inside the electromagnetic shield box located in the under-
ground floor. Since Be films work as band pass filters, the electron temperature 
can be evaluated by the ratio of the intensities from two detectors with different 
film thickness.
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Visible TV cameras (+ two light guide)

The main role of the visible TV diagnostic is to monitor the plasma wall interac-
tions at the divertor, limiter and first wall, which are mostly covered by carbon 
tiles. The field-of-view (FoV) for each viewing chord is in the order of 80 °C. 
A light-guide systems will be installed under each port-plug for illuminating 
the vacuum vessel without plasma emission, using a fiber optics connected to 
the metal halide lamp (375 W). A ‘periscope’ system is used in the sections, in 
which the visible TV camera (analog color CCD) is located at the end of the 
port-plug having double window without shutter and cooling. On the other 
hand, an ‘endoscope’ system is used for another section, in which the visible TV 
camera is located inside the magnetic and neutron shielding box that is located 
outside the cryostat, using a set of mirrors with pin-hole and relay/collection 
optics.

Event Detection Intelligent Camera (EDICAM) 

This diagnostic has a tangential view into the torus. Equipped with wide-angle 
optics, the FoV is in the order of 80°, thus the camera view can cover about 
1/5 of the plasma vessel. A fast wide-angle visible video diagnostic system, based 
on the Event Detection Intelligent Camera (EDICAM) can also measure, in 
addition to recycling and impurity influx, the visible light emission associated 
with fast phenomena such as plasma start up, disruptions, gas injection or even 
edge filaments.

Langmuir probes

The primary purpose of the Langmuir probes is the detection of the divertor 
leg during its sweeping. The position of the divertor leg evaluated from the 
Langmuir probes is compared with that evaluated by the Plasma Control 
System (PCS) or equilibrium solver (Meudas). This comparison shall confirm 
the controllability of the plasma position and shape. To evaluate the position of 
the divertor leg, four Langmuir probe heads (two is the inner divertor region 
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and two the outer divertor region) are installed at three toroidal sections of the 
upper divertor. Additional three heads are installed around the outer divertor 
region to evaluate the position of the divertor leg for various plasma config-
urations. The Langmuir probe head is composed of a corrector, insulators, a 
connector and bolts. A mineral insulated (MI) cable is connected to the collector 
with the connector. A DC voltage is supplied by a power supply installed in the 
tokamak hall and passed by the MI cables through vacuum feedthroughs of the 
horizontal ports. An ion saturation current (Iis) for detection of the divertor leg 
position is measured at a time resolution of ≤ 50 ms with the data acquisition 
system installed on the tokamak hall. Evaluation of electron temperatures (Te), 
electron densities (ne) and floating potential (Vf ) can be evaluated by sweeping 
the applied voltage. 

ASSEMBLY

Before assembly of the JT-60SA tokamak could begin, the JT-60U tokamak and 
much of its peripherals were removed and temporarily stored in other controlled 
areas for re-use or to allow the decay of radioactive afterheat.

Assembly of JT-60SA began at the start of 2013 with the installation of the 
cryostat base followed by the lower poloidal field coils (EF4, 5, 6) one year later. 
This was followed by the vacuum vessel assembly, except for one 20° segment. 
The toroidal field coils (TF) and their thermal shields were moved into position 
through this gap, and the vessel then closed and lower port sections added. The 
upper EF coils (EF1, 2, 3) and CS were then moved into place and the remaining 
port sections attached. During this phase, some of the in-vessel components were 
installed in parallel. Auxiliary systems such as diagnostics, NBI and ECRF were 
respectively refurbished and assembled into place around the tokamak. Power 
supplies and the cryoplant were installed and connected in parallel with the 
assembly activity in the torus hall. 
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INTEGRATED COMMISSIONING

Integrated Commissioning started in spring 2020. During this period, all subsys-
tems and their interplay were checked and brought successively into operation. 
After an extensive leak test, the thermal shields and the magnets were cooled to 
operational temperature. On 26th November 2020 all coils passed the transition 
temperature and became superconducting (Figure 13). 

During cooldown and operation, continuous mass spectroscopic measurements 
confirmed the perfect leak tightness of all circuits. Analysis of the temperatures 
and mass flow rates indicated that the heat load on the thermal shield and the 
magnets was well within the expected load range. 

In a next step the Vacuum Vessel was heated to 200 °C for about two weeks to 
enhance outgassing of water and other impurities. Despite the increased thermal 
load on the cold components the magnets could be maintained at 4 K. 

In January 2021, the power supplies were successively connected to the coils. 
While all TF coils are connected and operated in series, the CS modules and EF 

Fig. 13. Superconducting transition of all 18 TF coils.
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coils were tested individually. Step by step the currents through the coils were 
ramped up to several kA. On 2nd March 2021 all eighteen TF coils reached 
the nominal current of 25.7 kA. During a plateau of about 40 minutes the first 
ECRH driven discharge was achieved (Figure 14). 

During subsequent tests with the other EF coils an unexpected arc developed 
between two coil terminals resulting in a leak in a helium pipe and forcing the 
stop of operation. The origin of this arc is being investigated and measures to 
improve the electric insulation are under way.

Fig. 14. First ECRH driven discharge at full TF magnetic 
field of 2.25 T.
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Compiled by Susana Clement Lorenzo, and making ample use of the information 
contained in the EUROfusion, Wikipedia, IFERC and IAEA websites.

BACKGROUND

The acronym DEMO stands for a future generic fusion demonstration reactor. 
In the following, we describe briefly its place in the long term fusion energy 
research programmes, and the status of work in the EU and the other world 
fusion programmes.

• Since the beginning of research in nuclear fusion as a source of energy, the 
acknowledged goal has been the construction of power plants capable of de-
livering baseload electricity in a sustainable and clean way. In the nineteen 
seventies, the various countries involved in fusion energy research concentrat-
ed their efforts in developing magnetic fusion (fusion devices using magnetic 
fields to confine a plasma) and developed roadmaps towards the achievement 
of fusion energy. In general research was divided in three phases

A first phase to develop the basic physics understanding, and obtain real fusion 
power in a device: in this phase, the aim is demonstrating the feasibility of a 
controlled fusion reaction, proven by obtaining a sufficient flux of neutrons, 
sustainable during sufficient time. This phase started in general with small 
fusion machines, such as Zeta in the UK, to obtain a ‘proof of concept’. It 
then progressed to medium and large devices such as Asdex in Germany, and 
JET, the joint European fusion device, to develop the physics understanding. 
This phase is now culminating with the construction of ITER, which aims at 
proving that net energy can be obtained in a tokamak in two main regimes: 
in short pulses, obtaining Q = 10, (a multiplication factor of ten respect to the 
energy used in obtaining and heating the plasma) and in longer pulses, with 
a sustained Q factor of 5. ITER however has no provision to transform the 
fusion energy into electricity.

• The second phase is to develop a demonstration reactor DEMO, which should 
prove the technological feasibility of fusion as a source of energy, and fully de-
velop the conversion of fusion energy into electricity. The next paragraphs will 
give the current status of DEMO activities. In between the first and second 
phases, the fusion experts recognised the need to develop materials that would 
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stand the very stringent conditions in a fusion reactor, which include exposure 
to high neutron fluxes of neutrons of 14 MeV energy, a condition never en-
countered before by any material in a nuclear installation. Current legislation 
for nuclear installations demands that the materials be fully qualified before 
construction is authorised. Therefore, the fusion roadmaps include the testing 
and qualification of materials, before the construction of DEMO can begin. 
This is what is usually referred to as the IFMIF (International Fusion Materi-
als Irradiation Facility) programme, or by other names such as DONES (EU, 
see relevant chapter), Early Neutron Source ENS (Japan), Fusion Prototyp-
ic Neutron Source FPNS (USA), etc.). The materials programme is under 
development jointly or separately by the various fusion communities. The 
conditions for materials in a DEMO are less stringent than those expected 
in a commercial fusion reactor; however, it is expected that if materials are 
qualified for a DEMO, the qualification for future reactors will be done in 
the DEMO itself.

• The third phase before commercial reactors could include a prototype (PRO-
TO) reactor, with the aim of optimising cost in the operation of a commercial 
reactor. However, most fusion programmes are trying to find new ideas to 
accelerate the transition to commercial reactors, with tentative target dates 
around 2050 for commercial fusion.

DEMO is therefore a key element in the roadmap to fusion electricity. Concepts 
developed in various countries vary in their top requirements, from conservative 
pulsed reactors to ambitious steady state plasma regimes. 

Historical background (as quoted in Wikipedia)

The DEMO reactor concept goes back to the 1970s. A graph by W.M. 
Stacey shows that by 1979, there were completed DEMO designs by General 
Atomics and Oak Ridge National Laboratory.

At a June 1986 meeting organized by the IAEA, participants agreed on the 
following, concise definition for a DEMO reactor: ‘The DEMO is a complete 
electric power station demonstrating that all technologies required for a proto-
type commercial reactor work reliably enough to develop sufficient confidence 
for such commercial reactors to be competitive with other energy sources. The 
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DEMO does not need to be economic itself nor does it have to be full scale 
reactor size.

The following year, an IAEA document shows design parameters for a DEMO 
reactor in the US by Argonne National Laboratory, a DEMO reactor in Italy 
called FINTOR, (Frascati, Ispra, Napoli Tokamak Reactor), a DEMO reactor 
at Culham (UK). In the joint EU fusion programme, activities for a European 
DEMO reactor called NET (Next European Torus) were started as soon as the 
construction of JET (Joint European Torus) was approved, in agreement with the 
concept of a long term European fusion energy development The major param-
eters of NET were 628 MW net electrical power and 2200 MW gross thermal 
power output, nearly the same as the current EU DEMO design. 

DEMO RESEARCH IN THE EU

Following the decision to construct ITER in 2006, the European Joint Under-
taking for ITER and the Development of Fusion Energy (Fusion for Energy or 
F4E) was created in 2007 to provide the EU in-kind contribution for ITER. 
In addition, F4E had to provide the European contribution to the Broader 
Approach Activities with Japan and to prepare and coordinate a programme of 
activities in preparation for the construction of a demonstration fusion reactor 
and related facilities. 

Given the complexity of the ITER and Broader Approach programmes, it was 
agreed that in a first phase F4E would concentrate its efforts in delivering these 
contributions, and that the preparatory DEMO activities would be carried out 
by the European fusion research laboratories associated under EFDA (European 
Fusion Development Agreement). EFDA existed since 2000, and had been 
responsible, among other things, for the fusion technology programmes that 
constituted the European contribution to the ITER preparation. 

The pre-conceptual design activities for DEMO have been carried out by 
EFDA and, since 2014, by the EUROfusion consortium, which brings together 
researchers from across the EU, Switzerland and Ukraine with the goal to realise 
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clean, low-carbon fusion energy as soon as possible. F4E coordinates a collabora-
tive activity on DEMO with Japan under the Broader Approach activities. 

In the EU vision (see EUROfusion webpage), DEMO must demonstrate the 
necessary technologies not only for controlling a more powerful plasma than 
has previously existed, but for safely generating electricity consistently, and for 
regular, rapid, and reliable maintenance of the plant. The design of such a plant 
must take account, not just of physics requirements, but also of engineering and 
technological limitations.

While the central requirements for DEMO lie in its capability to generate between 
300 Megawatt to 500 Megawatt net electricity to the grid and to operate with 
a closed fuel-cycle, meaning spent tritium fuel will be reprocessed, the Fusion 
Technology team is looking at requirements that will lay the foundation for a 
robust conceptual design:

• Selecting the right breeding blanket: blankets are the internal components 
of the reactor wall that absorb the energy from the fusion reaction, ensure 
the tritium breeding process and shield the components outside the reaction 
chamber from the fast fusion neutrons.

• Selecting the right divertor concept (the main power handling and particle 
exhaust area).

• Selecting the right design for the first-wall, the innermost lining of the reac-
tor wall, and its integration into the blanket, which must take into account 
that the first-wall might see higher heat loads than assumed in experimental 
settings;

• Selecting the minimum pulse duration of DEMO and of the corresponding 
mix of plasma heating systems.

• Designing in a way that all maintenance work can be carried out remotely via 
manipulators.

• Incorporating nuclear safety issues from the very beginning of conception.

EUROfusion takes a staged approach to designing DEMO, with indus-
try-standard review practises including a gate review process. Each project phase 
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is reviewed by a panel of independent experts before the project can advance 
to the next phase. This allows the DEMO team to learn from the experience 
of ITER and guarantees that DEMO has the support and involvement of the 
European fusion community and the companies that will design and construct it.

From 19 to 25 November 2020, an independent international expert panel 
reviewed EUROfusion’s R&D and design work on DEMO and made a series 
of recommendations as the programme moves into the next step of its Roadmap 
to Fusion Energy: the conceptual design of DEMO together with the European 
fusion community and industry.

On Monday 14 December the expert panel presented the result of their full-week 
review of the EUROfusion DEMO project. The panel investigated the status of 
the various R&D and design activities, the project structure and governance, and 
the plan forward including how information flows and how issues are solved in 
an integrated manner.

The panel’s report included the following recommendations:

• To accelerate the transition from a research culture to a design-driven project 
culture with a well-defined timeline for the next, conceptual design phase.

• To strengthen centralised resources to solve issues relating to inter-system de-
sign and integration.

• To give special attention to quick resolution of open issues in the DEMO 
plasma scenario and plasma exhaust, remote maintenance, tritium breeding 
blankets and building layout design.

• To continue using periodical reviews to monitor both technological progress 
and the governance of the project.

• To formalise collaborative agreements with ITER and F4E to harness ITER’s 
experience and expertise.

• To develop a plan that maintains the industrial supply chain between the 
completion of ITER construction and the start of DEMO construction.

• And to set up a knowledge retention strategy to guarantee the availability of 
necessary specialised skills in the fusion community.
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BROADER APPROACH COLLABORATION ON DEMO 

Since the beginning of the Broader Approach (BA) agreement, the IFERC (Inter-
national Fusion Energy Research Centre) programme has included a collabora-
tion on DEMO, aimed at establishing a common basis for a DEMO design, and 
including exchanges of information, joint design work and R&D in materials 
and techniques related to DEMO components.

After a preparation period between 2007 and 2010, joint design work by 
European (EU) Home and Japanese (JA) Home Teams for the first phase of BA 
took place between 2010 and 2019, with the basic goals of:

• identifying the DEMO technical prerequisites and high level requirements;

• identifying the main design and technical challenges in physics, engineering 
and technology;

• addressing the challenges and developing the foreseeable technical solutions, 
including a representative range of machine parameters;

• identifying the critical R&D activities required to address the major design 
issues.

The results of the collaboration are described in the final report of the DDA activ-
ities. The benefits of this collaborative framework were:

• Working towards a common aim. EU and JA consider fusion as an attractive en-
ergy source for the future and regard the demonstration of electricity produc-
tion and tritium self sufficiency as the most urgent and outstanding challenges 
to overcome post-construction and operation of ITER. EU and JA objectives 
are aligned in this regard and it has proved to be an important driver in stim-
ulating the collaborative work and implementing the most adequate design 
approach to overcome the technical hurdles.

• Opportunity to enhance synergies. Both EU and JA have well-established experi-
ence in fusion research. Nevertheless, there are still differences of opinions on 
how to solve fundamental reactor design problems and the related technolo-
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gies considered (e.g., selection of plasma operation assumptions, the primary 
reactor coolant, selection of the breeder materials, etc.). The collaboration has 
shown to be a good and effective way to share and broaden knowledge in the 
critical design and technology areas. 

• Technical dialogue and improved design creativity. Bringing together different 
views from within the two parties helped raise the profile of ideas that may 
never have come forward if not through this collaborative effort. Frequent 
task meetings and an open and valuable forum to exchange views on technical 
solutions has played a major role in increasing the awareness of both parties 
on the areas with large technical risks.

• Confidence in the technical output. Extensive joint discussions on the selection 
of the most appropriate technical assumptions and boundary constraints as 
a basis for the design studies, independent execution of the work, and joint 
verification of the results contributed to increased quality and reliability of the 
technical outcome.

• Opportunity to benchmark in some areas important design and analysis tools. 
There are numerous specialized design and analysis tools required to design 
fusion reactor systems, some of which were developed as part of the ITER 
design process. In many cases, advances have been incorporated into the 
tools available in EU and JA taking into account latest developments, such 
as systems codes, vertical stability codes, disruptions simulation tools and 
neutronics codes. This joint design work provides the opportunity to bench-
mark tools used in EU and JA for well-defined test cases with a common set 
of input assumptions and boundary conditions.

• Common design approach, design drivers and perception of remaining technical 
risks. EU and JA share a common fusion strategy that primarily hinges on the 
success of ITER. 

Work to date in EU and JA has led to the identification of a number prelim-
inary DEMO design points. These do not represent fixed and exclusive design 
choices but rather ‘proxies’ for possible plant design options to be used for further 
investigation. 
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The defining design drivers that have led to the initial selection of design features 
and parameters are requirements for:

1. protecting the divertor from excessive heat loads, which continue to be one of 
the greatest challenges in DEMO,

2. achieving a level of self-sufficient tritium production (TBR >1) in the breed-
ing blanket and

3. converting thermal power into electricity, by relying on a realistic Balance of 
Plant configuration. 

Integrating these constraints and assumptions into reduced systems codes has led 
to a similarity in the design configurations identified by EU and JA (see Table 1).

PARAMETERS EU DEMO (Pulsed/2hrs) JA DEMO (Steady-state)

Rp, ap (m, m) 9.1, 2.9 8.5, 2.42 

A 3.1 3.5

BT(T) 5.9 5.94

Ip(MA), q95 17.8, 3.9 12.3, 4.1

k95, δ 95 1.65, 0.33 1.65, 0.33

Pfus(GW), Paux(MW) 2.0, 50 1.5, 83.4

 Pnet(MW) 500 250

HH98y2 1.1 1.3

βN 2.5 3.4

fBS 0.39 0.61

ηe /ηGW 1.2 1.2

In the second phase of the BA collaboration, which started in 2020, the activities 
on fusion reactors design take into account the recommendations of the review 
of phase I results where eight subjects were identified for further joint studies. Of 

Table 1. Parameters for EU and JA DEMOs.
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these, priority is given to the following activities, also directly relevant for ITER 
and JT-60SA exploitation:

1. plasma scenario development,

2. divertor and power exhaust,

3. breeding blanket and tritium extraction and removal,

4. remote maintenance, and 

5. safety.

The objectives set for these activities will include support to ITER, and possible 
validation tests in JT-60SA of long pulse DEMO relevant scenarios. 

The objective of activities in fusion reactors R&D is to contribute to the mate-
rials database for future reactors such as DEMO, which will be in part validated 
in a future IFMIF type installation. A collaboration with activities in IFMIF/
EVEDA is planned to adapt the materials laboratory and prepare analysis tools, 
techniques (such as Small Specimen Test Techniques) for materials tested in a 
future neutron source.

The work will focus on four areas: 

1. Tritium technology (tritium recovery and inventory evaluation), including 
analysis of plasma wall interaction using JET inner wall and dust samples for 
evaluation of tritium inventory and tritium recovery.

2. Development of structural materials for fusion reactors in-vessel components: 
Breeder Blanket and Divertor, RAFM steels, Cu-alloys and W-based materials 
with the theoretical supports by modeling/simulation study on estimation of 
fusion neutron irradiation effects, to optimise irradiation testing in IFMIF. 

3. Neutron irradiation experiments of Breeding Functional Materials (BFMs), and 

4. Development of a material corrosion database: a material corrosion hand-
book and an activated corrosion product (ACP) evaluation model for fusion 
in-vessel components for both water-cooling system and liquid Pb-Li breed-
ing system.
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DEMO PLANS AROUND THE WORLD,  
AND THE ROLE OF THE IAEA

(From the article by Irena Chatzis and Matteo Barbarino in the IAEA website, DEMO section).

While various paths are still being explored to reach fusion-based electricity, the 
science and technology issues to be resolved are broadly agreed. Individual coun-
tries have different timelines, but the general consensus among scientists is that 
they can have an electricity-producing DEMO-type reactor built and operating 
by 2050.

In China, significant progress has been made in planning for the China Fusion 
Engineering Test Reactor (CFETR). This device will help bridge the gap between 
ITER and DEMOs. Construction of the CFETR will start in the 2020s and will 
be followed by construction of a DEMO in the 2030s.

In Europe, EUROfusion is responsible for developing the design of a DEMO. 
The project is currently in its conceptual design phase (2021–2027) and aims to 
demonstrate the technological and economic viability of fusion by producing 
several hundred MWs of net electricity.

India has announced plans to begin building a device called SST-2 to qualify 
reactor concepts and components for a DEMO around 2027 and will then start 
construction of a DEMO in 2037.

The Japanese Joint Special Design Team for Fusion DEMO is currently working 
on the conceptual study of a steady state DEMO (JA DEMO), with construction 
planned to start around 2035.

In 2012, the Republic of Korea initiated a conceptual design study for 
‘K-DEMO’, targeting construction by 2037, with the potential for electricity 
generation starting in 2050. In its first phase (2037–2050), K-DEMO will be 
used to develop and test components, and will then utilize these components. In 
its second phase, after 2050, it is hoped that it will demonstrate net electricity 
generation.
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The Russian Federation is planning a fusion–fission hybrid facility called DEMO 
Fusion Neutron Source (DEMO-FNS), which will harvest fusion-produced 
neutrons to turn uranium into nuclear fuel and destroy radioactive waste. The 
DEMO-FNS is planned to be built by 2023 and is part of the country’s fast-track 
strategy to establishing a fusion power plant by 2050.

Fusion experts in the United States of America recently issued two reports that 
recommend starting a national research and technology programme, including 
public–private partnerships, to ultimately bring fusion to commercial viability. It 
aims to do this in the period 2035-2040, with the aim of positioning the country 
as a leader in fusion and speeding up its transition to low carbon energy by 2050.

In parallel, numerous privately funded commercial enterprises are also making 
strides in developing concepts for fusion power plants, drawing on the know-how 
generated over years of publicly funded research and development and proposing 
even more aggressive timelines.

In addition the IAEA sponsors fusion and facilitates international coordination 
and the sharing of best practices through a series of Technical Meetings and its 
regular DEMO Programme Workshops. These platforms foster discussion on 
physics and technology issues, facilitate the sharing of strategies for DEMO 
programmes and analyse potential courses of action. Over time, the topical 
emphasis has shifted from broad visions to the detailed technical challenges that 
must be overcome.





A U T H O R S





269

AUTHORS
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to bridge the gap between research and everyday engineering practice. 
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science.
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systems of the facility, from in-vessel components (including an extensive partici-
pation in the European TBM program), to the global mechanical response of the 
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several engineering activities within IFMIF-DONES.
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physicist, first studying the effects of radiation in fusion materials at CIEMAT, an 
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experience of large tokamak operation. She designed and procured the first fast 
infrared camera to study fast power deposition events in JET.

In 1998 Susana moved to the fusion directorate of the European Commission 
DG Research, where she oversaw the administration of the JET programme and 
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Since June 2020, she is the Project leader for the IFERC Project. She has been the 
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Since his engineering Degree from Ecole Centrale Paris (1993), he has developed 
an expertise in structural engineering with a special emphasize in Earthquake 
Engineering and Structural Dynamics (vibration, impact, explosion) with more 
than 25 years of experience in these fields related to nuclear safety. 

After a PhD prepared at ELSA laboratory of JRC Ispra (Italy) between 1993 and 
1996, he has joined Commissariat a l’Energie Atomique (CEA) in Saclay (France) 
as research Engineer in the Seismic Group (Tamaris experimental facility) and the 
Dynamic and Vibration Group.

He has been working on ITER project as F4E Staff member since 2008. He 
is in charge of several contracts providing support in earthquake engineering, 
structural dynamics and structural mechanics. He has been involved in the 
justification or the design of several civil engineering structures and mechanical 
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He is an active member of the French Association of Earthquake Engineering 
(AFPS), participating to several field investigation missions (Turkey 1996 and 
1998, Spain 2011, Italy 2016) and responsible of technical working groups 
dealing with seismic assessment of existing structures, seismic design of industrial 
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AFPS Scientific Committee.
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of nuclear fuel). 

In 2008 moving into fusion technology, she worked in the Engineering depart-
ment at Culham Centre for Fusion Energy (CCFE) in UK in the design team 
involved in design and manufacturing activities related to the Neutral Beam 
power upgrade for the Joint European Torus (JET) tokamak and later in collab-
oration with the Safety group on activities related to the Engineering Substanti-
ation of key safety related equipment of JET machine in view of next Deuteri-
um-Tritium campaign. 

In Dec. 2012, she joined Fusion for Energy in the Test Blanket Module program 
working on engineering activities on the TBM and safety related studies. In 2012 
she was awarded the Prize Fem’Energia category ‘Woman working in Europe’ and 
is an active member of the network Women in Nuclear.

JOELLE VALLORY
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FABIO VILLONE

Fabio Villone graduated in Electronic Engineering in 1994 (magna cum laude) 
at the University of Naples Federico II and in 1998 he got the PhD in Industrial 
Engineering at the University of Cassino, where he served as Research Assistant and 
Associate Professor. Currently, he is full professor of Electrical Engineering at the 
University of Naples Federico II, where he will serve as Director of the Department 
of Electrical Engineering and Information Technology from 2022. He is currently 
member of the Board of Directors of Consorzio CREATE, vice-Chairman of the 
EUROfusion STAC (Scientific and Technical Advisory Committee), Chairman 
of the PhD programme in ‘Fusion Science and Engineering’ of the University of 
Padova, Director of the Italian PhD School in Electrical Engineering.

His scientific activities in the field of fusion started 25 years ago and are focused 
on the electromagnetic interaction of fusion plasmas with surrounding conduc-
tors. Applications range from MHD modelling, to disruption studies, to plasma 
magnetic control and diagnostics. He co-authored above 300 scientific papers in 
international journals, book chapters, contributions to international conferences. His 
papers and results received around 4000 citations. He co-authored several codes and 
computational tools, widely used by the international scientific community in the 
field of fusion plasma modelling and computational electromagnetics (CARIDDI, 
CarMa0NL, CREATE_L, CarMa). He has been invited as visiting scientists at several 
international institutions and scientific coordinator of experimental campaigns in 
main European laboratories. He is principal investigator of several research projects 
and contracts with major research institutions and private companies working in the 
field of fusion.
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Holding a combined French Engineering Diploma (Polytech, Lyon, France) 
and an American Master Degree (Oregon State University, Corvallis, USA) in 
Mechanical Engineering. 

Having an extensive experience in the design, manufacturing and assembly of large 
and complex mechanical system such as pressure vessels, pipings, support structures 
etc. using codes and standards such as RCC-M / RCC-MRx / ASME VIII Div.2

Out of my total 20+ years of professional experience, 15 years spent working in 
the energy sector and more particularly in the nuclear field both for fission and 
fusion technology projects

Having contributed to the French Flamanville 3 European Pressurized Reactor (EPR) 
project by taking the role of Agreed Notified Body coordinating the review of the 
design documentation of the reactor vessel, steam generator and pump components

Now working as Leader of the Cryostat & Auxiliaries Group at ITER Organiza-
tion which scope includes the engineering, procurement and on-site construction 
of Tokamak fusion machine components such as the Cryostat, large multiply 
expansion joints and other systems like Thermal Shield, water cooling pipings, 
assembly toolings etc.

Fusion enthusiast truly believing that fusion will be part of the long-term solution 
to the world’s global increasing energy demand and proud to humbly contrib-
uting to this goal by delivering the ITER Cryostat as the world’s largest high 
vacuum chamber ever built (16,000m3)!

GUILLAUME VITUPIER
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MILAN ZMITKO

Dr. Milan Zmitko graduated in 1986 from Moscow Power Engineering Institute, 
the USSR (Russia), specialization Nuclear Power Plants. In 1991 he received PhD. 
degree in Nuclear Installations. He worked for 18 years in the nuclear fission field at 
Nuclear Research Institute, Rez, Czech Republic, in positions of a scientific worker, a 
project manager and as a head of Irradiation Projects Department. He was responsible 
for preparation and realization of irradiation experiments at LVR-15 research reactor 
focused on structure materials and fuel cladding materials behavior under neutron irra-
diation, mechanical loading and influence of PWR/VVER/BWR water chemistry. 

From 2004 he started to work in the field of fusion technology joining as a Technical 
Responsible Officer for European Breeder Blankets and Nuclear Data, the European 
Fusion Development Agreement (EFDA) at Garching, Germany. 

In 2008 he joined Fusion for Energy (F4E), the European Domestic Agency for 
ITER, located in Barcelona, Spain, and is working here as a Technical Project Officer 
in the Test Blanket Module and Materials Development project team. He is respon-
sible for development and qualification of the TBM-set’s fabrication processes and 
technologies, and for development and qualification of TBM’s functional materials 
(ceramic breeder and neutron multiplier). 

In 2007 he was a member of the F4E Governing Board as the Czech Republic’s 
representative. 

In 2004-2008 he was a member of the Board of Auditors of Nuclear Research Insti-
tute Rez plc.












