Fusion of hydrogen is the reaction which powers the sun and stars. It is generated in
the 15 million degree hot star centre with the help of its tremendous gravitational
force.
To create these processes in the Earth, where gravitation is much weaker, we will
need to heat the fuel (a mixture of Hydrogen isotopes in “plasma” state) to a
temperature ten times higher than that in the Sun.
Scientists have been working for decades in the construction of magnetic traps
able to confine this high temperature plasma. Those devices, called “magnetic
fusion devices” can be divided in two main families: “ Tokamaks” and “Stellarators”.
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PARTICIPATION OF CIEMAT IN
THE EUROPEAN STRATEGY
towards the first plant
of electricity production by
fusion.

The “tokamaks” and the “stellarators” are the fusion machines more deeply studied
In a tokamak, the magnetic field is generated by external coils and by the electrical
current circulating in the plasma that, at the same time, is partially heated by it due
to Joule effect.
In a stellarator, the magnetic fields are induced only by external coils. Plasma
heating is also induced by external means.
The future of Fusion
Currently European scientists operate the largest magnetic fusion device in the
world, the JET (Joint European Torus) Tokamak. Located near Oxford and owned by
the European Commission, JET has achieved fusion plasmas with an energy gain of
60%. The next step is the international experiment ITER, under construction in the
South of France and owned by a consortium which includes the European
Community, China, India, Japan, South Korea, Russia and the U.S.
ITER will provide plasmas with a tenfold energy gain from fusion reactions and will
be an essential step in the way to the development of a Fusion Power Plant, but
besides ITER, additional effort will be needed in order to develop a number of
required technologies, in particular: radiation resistant materials, tritium
regeneration systems (tritium is generated from lithium in a blanket which
surrounds the reactor) and remote maintenance systems.
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Technological development
The Euratom-CIEMAT Association is involved
in the technological development for ITER
and DEMO with a significant contribution in
the development of fusion materials.

IFMIF PLANT.
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LNF relevant milestones
CIEMAT leads the Spanish programme for the Fusion Science and Technology through the National Fusion
Laboratory (LNF) department. The main goals of the Spanish fusion programme are: the development of the
“stellarator” concept, through the exploitation of the TJ-II device, the participation in the large world fusion
experiments and projects (JET, LHD, W7X, ITER, JT60 and IFMIF) and the development of knowledge and
technologies needed for DEMO and the Power Plant.

1983 First plasmas in the TJ-I tokamak, the first magnetic
confinement device operated in Spain.
1986 Stablishment of the Euratom-CIEMAT Fusion
Association.
1988 Spanish programme on fusion materials blankets
launched.
1994 First plasmas in the TJ-I Upgrade torsatron. First
magnetic confinement device fully built in Spain.

TJ-I ohmic heating.

1997 First plasmas in the TJ-II flexible Heliac.
2001 Vandellós (Spain) ITER site proposal , LNF-CIEMAT
main actor in the technical preparation of the candidature.
2003 First neutral beam plasmas in TJ-II.

TJ-II team.

2004 First DEMO engineering tasks at LNF (DEMO Blanket
attachments, design of EDIPO magnet).
2007 LNF in charge of the Spanish participation in the JT-60 and
IFMIF-EVEDA projects in the frame of the EU-Japan “Broader
Approach” agreement.
2007 TechnoFusion project is launched: proposal for the construction of a Singular Scientific-Technical Facility (National Centre for
Fusion Technologies) in the Region of Madrid, Spain.

IFMIF PLANT.

2008 Achievement of Low to High (L-H) confinement transition
in TJ-II NBI plasmas after lithium wall conditioning.
2008 Spanish programme on breeding blankets launched
with a National Grant “Consolider”.
2010 Involvement in the EU project for DEMO design (PPPT).
2013 Delivery of the IFMIF engineering design report in the
framework of the BA agreement with an important role of LNF.
General view of a DEMO reactor.
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Parameters and plasma heating
- Operating at CIEMAT since 1997.
- Magnetic field on axis: 1 T.
- Plasma volume ≈ 1 m3.
- High frequency waves (ECRH): Two gyrotrons (53.2 GHz,
300 kW, 1 s).
- High-energy neutral hydrogen beams (NBI): Two
injectors (40 keV, 100 A, 1 MW, 0.3 s).

Energy supply to coils and
heating systems
- Motor-generator delivering 132 MVA,
during 3 s, each 5 min.
- Short-circuit power: 80 MVA.
- Output frequency: 96-80 Hz.
- Available energy per pulse: 125 MJ.

Monitoring and control system
- Real time system network to
guarantee people and machine
safety and operate the TJ-II device.
- Set of distributed and
autonomous subsystems based on
VMEbus with embedded processors
running under VxWorks real-time
operating system.

TJ-II CONTROL SYSTEM ARCHITECTURE
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TJ-II Main components
Vaccum vessel, with ports for
plasma diagnostics or heating
systems.

Poloidal
field coils.

Plasma.

Toroidal field coils.
Central coils.

Plasma Physics highlights of the LNF team
Providing physics basis to enhance confidence in the achievement of ITER
objectives and develop the stellarator line.

Enhance confidence in ITER
achieving Q=10 objective
Trigger physics of the L-H transition. Large uncertainties still exist in the
empirical description of the power required for the L-H transition with
impact in the overall research programme of ITER. The spatiotemporal
behaviour of the interaction between turbulence and flows, close to the
L-H transition threshold conditions, shows a characteristic predator-prey
relationship in the edge region of TJ-II plasmas.

Prepare the physics basis for controlling fast
particle-driven instabilities
Role of ECRH on Alfvén modes. Alpha-particle driven Alfvenic instabilities
constitute a source of major uncertainty for predicting alpha-particle transport
and heating profile, and He ash accumulation in burning plasmas. The
mitigation effect of ECRH on NBI beam-driven Alfvén eigenmodes (AE’s)
reported in TJ-II suggests an attractive avenue for a possible control of the AE’s.
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Improve confidence in transport predictions
Zonal flow physics. The paradigm of turbulent control should include
both mean and oscillating sheared flows. TJ-II findings have shown the
importance of long-range correlations (with zonal flow-like structure)
as a new fingerprint of the plasma behaviour during the development
of edge shear flows, evidence of global transport modulated by zonal
flows and the key role of electric fields, magnetic topology and reduced
plasma viscosity to amplify them.
Isotope effect. Understanding the physics of the
isotope effect has direct
impact in predicting the
confinement properties
of fusion D-T reactors.
Comparative studies in
TEXTOR tokamak and TJ-II
stellarator have shown experimental evidence of the importance
of multi-scale physics (zonal flows) for unravelling the physics of
this effect.
Edge instabilities. A critical issue for ITER is the development of
edge control strategies to extend the lifetime of the Plasma
Facing Components against large uncontrolled Edge Localized
Instabilities (ELMs). Important contribution of CIEMAT to two
results in JET: a) ELM pacing by fast vertical movements of the
plasma column; b) A localized current structure inside the JET
plasma, with a field-aligned closed helical ribbon structure,
delays the appearance of the first ELM.

Advanced plasma-wall and power exhaust techniques for
next-step devices
Power exhaust physics. Power exhaust is one of the most critical,
complex and challenging issues for the development of a fusion
power reactor. Solid materials are at present the standard
solution for plasma facing components, but are known to be
prone to erosion, melting, dust formation and neutron-induced
permanent damage under reactor-relevant plasma exposure.
CIEMAT has developed an active programme for improving
TJ-II plasma confinement by Li-coating, while exploring the
power handling capabilities and fuel retention properties of
liquid metals (Li and alloys) under the presence of capillary
forces.

Meet the disruption challenge for ITER
Disruption prediction analysis in JET. A disruption is a violent event that terminates a magnetically confined plasma.
Disruption avoidance and mitigation are key topics for ITER. In particular, a reliable real-time disruption predictor is a
pre-requisite for any mitigation method. A new real-time disruption predictor has been developed in CIEMAT for JET tokamak
with a high success rate in the prediction of disruptions. The alarm is triggered well before the disruption allowing the
minimum time required in JET to take mitigation actions.
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Cutting edge computing and simulations
Gyro Kinetic studies. Turbulence calculations are performed in CIEMAT
in the frame of the Gyro-kinetic theory using the code Euterpe.
Gyrokinetic equations have been derived to higher order providing
the equations for the long-wavelength pieces of the fields that are
needed to determine the rotation profile.
Stellarator optimization. The search for optimised stellarator design
has been performed based on swarm strategy and includes the
minimization of neoclassical transport and the improvement of
stability.

Advanced diagnostic, data acquisition and
analysis tools
Improvements in TJ-II plasma diagnostics
and advanced data acquisition and
analysis tools have led to new physics and
better understanding of the confinement
properties of fusion plasmas.

Towards the stellarator reactor. Supporting W7-X
The Stellarator concept offers an alternative route
to a Fusion Power Plant with unique
capabilities: steady state operation without the
need of external current drive and the absence of
plasma disruptions. W7-X is a key element of the
EU stellarator programme. TJ-II research plan will
support W7-X in some crucial research areas:
- Understanding of mitigation methods for
core impurity accumulation.
- Critical test of models and diagnostic
development.
- Dynamics of zonal flows.
- Characterization of micro-instabilities.
- Mechanisms of confinement mode control.
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LNF participation in ITER systems and diagnostics
LNF, making use of its unique capabilities in physics and technology, participates in the
development of ITER systems and diagnostics in the framework of existing EU Consortia with
emphasis on:

Reflectometry diagnostic. Coordinating the design and integration of antennas and waveguides into the ITER port-plugs
and the design and integration of ex-vessel components and transmission lines from the port-plugs up to the diagnostic
room. Carrying out electromagnetic forces analyses, wave propagation calculations and antenna geometry optimization.
Visible-Infrarred wide angle viewing diagnostic. Contributing to
the optical design, optical engineering analysis, structural analysis
and radiation characterization of optical materials of non-port
plug elements.

Heating/NBI. Carrying out the engineering design
of the Magnetic Field Reduction System of the
Heating Neutral Beam of ITER, comprising the
Passive Magnetic Shield (PMS) and the Active
Compensation/Correction coils (ACCC). Carrying
out structural analyses, magnetic forces
calculations, magnetic field requirements
verification and coil currents optimization.

Control, Data access and Communication (CODAC)
• “Fast Plant System Controller prototype Development".
• "Fast Plant System Controller prototype amendment for
PXIe form-factor".
• "ITER Data Archiving Prototype Development".
• “CODAC Operation Applications Support”.
•"NDM-compliant EPICS device support for NI PXIe-796xR“.
• “Framework service contract for provision of System and
Instrumentation Engineering Support”.
Test Blanket Modules. Contributing to the tritium
behaviour modelling and, making use of unique
experimental facilities, to the validation of critical
engineering design parameters.

Remote Handling. Carrying out a conceptual
design of gripping tools for Upper Port Plug
extraction/insertion as part of EFDA GOT (Goal
Oriented Training) RH program. Participation in
the development of ATS (Air Transfer System) test
facility and the design of neutral beam cell RH
equipment such as monorail crane.

Diagnostic integration in Equatorial Port Plugs (EPP).
Carrying out the thermo-hydraulic analysis of the
Diagnostic Shielding
Module (DSM) cooling
system in the EPP1,
required to remove
the thermal load due
to the nuclear heating
applied on DSMs, as
well as to fulfill baking
requirements.
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JT-60SA
LNF participation in JT-60SA
• JT-60SA is a superconducting tokamak to be assembled and operated at the JAEA laboratories in Naka (Japan).
• LNF is the department of CIEMAT in charge of the design and subsequent manufacturing of the cryostat, a
committment of the Spanish government within the Broader Approach agreement.
• The JT-60SA cryostat is a 500 ton stainless steel vessel, 13,5 m diameter and 17,5 m height, which encloses the
tokamak and provides a vacuum environment necessary to limit the transmission of thermal loads to the
components at cryogenic temperature. It also serves as support for the whole coil system and the tokamak
vacuum vessel.
• Due to functional purposes, the cryostat has been divided in two large assemblies: the cryostat base the
cryostat vessel body cylindrical section.
• The manufacture of the base, performed by IDESA, was completed by the beginning of November 2012. The
body manufacture will start in 2014 and it will be delivered to Naka in 2017.

Ansys calculation of buckling mode deformations.
JT-60SA.

Top Lid, provided
by JAEA.
Cryostat Vessel
Body Cylindrical
Section.

Cryostat Base.

JT-60SA Cryostat.

Main Parameters of JT-60SA Cryostat.
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LNF contribution to the International Fusion
Materials Irradiation Facility (IFMIF)

IFMIF Plant.

IFMIF Mission
The mission of IFMIF is to provide a neutron
source at sufficient intensity and irradiation
volume to generate materials irradiation test
data for design, licensing, construction and
safe operation of fusion reactors.

IFMIF Concept
The reactions:
• 7Li(d,2n)7Be,
• 6Li(d,n)7Be and
• 6Li(n,T)4He
are produced between two intense D+ beams of 40 MeV, each carrying an intensity of 125 mA and a liquid “curtain” of lithium,
flowing at a speed of about 15 m/s. Test areas, where samples are placed by mean of different experimental holders, called
Modules, are located behind the backplate (rear wall of the Li target).

LNF contribution to the Linear IFMIF Prototype Accelerator (LIPAc)
Superconducting solenoid package for the Cryomodule
designed and by LNF.
There is one solenoide package in front of each
superconducting cavity provided by LNF to focus the beam.
Each one includes the main solenoid, steerers, external
solenoid, current leads, a Beam Position Monitor and the
corrsponding structures.
Medium Energy Beam Transport
section. Includes 5 quadrupoles for
focusing the beam, two buncher
cavities, two beam scrappers,
steerers and beam position
monitors in only 2 meters long.
3D Mock up of the Accelerator Prototype in Rokkasho
(Japan) built in a colaboration between EU and Japan
in the frame of the IFMIF-EVEDA Project.
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LNF contribution to IFMIF Engineering Design
• Engineering Design of Accelerator systems.
• Engineering design of Remote Handling systems.
• Design and validation of Fission Chambers as radiation monitors
• Contribution to the Test Modules design.
• Plant Integration Activities:
- RAMI Analysis.
- Safety and Radioprotection.
- Interface Management.

Fission Chamber designed
at LNF.

RF Power System (green coloured)
Includes 18 RF power chains and all
the ancillaries (power supply,
cooling system, transmission lines,…).

Liquid Breeder
Validation Module
designed at LNF.

Main RH equipment
integrated in the Access
Cell.

RF prototype system
designed by LNF and
integrated at INDRA. It
delivers up to 220
kW@175 MHz. The
design in removable
modules enables its
fast replacement.
It is composed by the
LLRF (1mW), the
predriver (400 W), a
driver tetrode (16 kW)
and a final amplifier
tetrode (220 kW).

High Energy Beam Transport section and
Diagnostic Plate. Several magnets guide the
beam to the beam dump. The beam is deflected
to avoid netron activation upstream. The last
quadrupole triplet defocuses the beam to reduce
the power density on the beam dump. The
diagnostic plate is loaded with enough
instrumentation to characterise the beam.
Beam Dump as designed by LNF. The high density power delivered
by the beam is spread along a 2.5 m cone made of Cu by
electrodeposition. The shielding structures reduce the neutron
çactivation and the residual doses after operation.
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Structural Materials, Solid Breeders,
Diagnostic Systems and H&CD for Fusion Reactors
The radiation effect is one of the critical aspects concerning fusion reactors development. The neutron and gamma radiation
produced in the reactors’ vessels generates displacement defects and transmutations. Such micro-structural damage leads the
materials to suffer degradation of its mechanical and physical properties. Embrittlement, swelling, stress corrosion cracking,
hardening, loss of optical transmission and loss of electrical isolation are few examples of the problems that radiation will cause
on structural and functional materials, which will be used in ITER and DEMO.
LNF drives fundamental research activities to approach the understanding of radiation effects in structural and functional materials
of interest for fusion.
• Functional materials: Li2TiO3 and Li4SiO4 (solid breeder), SiO2 and Diamond (windows), SiC and Al2O3 (dielectric’s, sensors and
remote handling).
• Structural applications: FeCrx alloys, Eurofer and Eurofer ODS.

STRUCTURAL MATERIALS.

Candidate steels to build the reactor vessel while resisting
loads, high temperatures, high radiation fluxes and intense magnetic fieds.
EXPERIMENTAL:
Validation experiments.
• Low Temperature Resistivity Recovery: Fe and FeCrx alloys.
• Helium thermal desorption.
• Nanoindentation: Effect of He in RAFM steels.
MODELLING:
Rate Theory and kMC to simulate long term irradiation at macroscopic scale.
• Clustering.
Resistivity Recovery set-up.
• He and H synergetic effects.
• Comparison to above mentioned experiments: thermal desorption, resistivity...etc.
Molecular Dynamics to calculate properties of defects.
Formation of defects using BCA (MARLOWE).

Simulation of defect distribution
after He implantation combining
MARLOWE and Rate Theory.

VALIDATION of models and codes.

MATERIALS FOR SOLID BREEDER BLANKET. For the HCPB (Helium Cooled Pebble Bed) design.
• Synthesis of lithium based silicates and titanates in pebble form.
• Fabrication of high Li-content silicates.
• Characterization of as-prepared and damaged ceramics:
- Optical (Raman, photoluminescence, ionoluminescence, cathodoluminescence).
- Electrical (Electrical Impedance Spectroscopy, surface resistivity).
• Ions (H,D, 4He, 3He) depth profiling and thermal release by Ion Beam Analysis (NRA, ERDA, RBS, SIMS).
• CORROSION of RAFM steels (EUROFER) by Li-based silicates under HCPB operational conditions (Temp and atmosphere).

Ceramic Pebbles.

TEM images of Light ion implantations.

Deuterium diffusion in the
bulk/surface of different ceramic structures.

SEM image of EUROFER corrosion by Li4SiO4 ceramic pebbles.
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MATERIALS FOR DIAGNOSTICS. Systems that control
and monitor plasma parameters in Fusion devices.
MAGNETIC
• In-vessel Cables and Coils: Thermal emf characterization for low Voltage systems.
ELECTRICAL SYSTEMS
• Determination of dielectric properties of insulators from DC to RF.
• “In-beam” measurements (under ionizing radiation).
• Long term degradation.
OPTICAL SYSTEMS
• Lenses and mirrors: Study of radiation induced Absorption and Luminescence.
BOLOMETERS
• Optimization of materials and design.

Irradiated SiC.

Ionoluminescence in KL1.

MATERIALS FOR HEATING & CURRENT DRIVE.
He-implanted SiO surface.

Dielectric windows and insulators for ECRH, LH, ICRH, and NBI heating systems.

• Determination of permitivity and loss tangent of very low loss materials for fusion heating systems.
• Covering from very low frequencies to GHz regions.
• Temperature effects.
• “in beam” capability: allows to measure true dielectric response under electro irradiation creating
the right ionizing dose rate.
Irradiated SiO.

Irradiation facilities: electrons, gammas and ions to reproduce harsh radiation
environment conditions
2 MeV Van de Graaf electron Accelerator.

60 keV Ion Implantator.

NAYADE: Co60 γ-source.
Collaboration with CMAM (UAM)
5 MeV Tandem Accelerator.

Characterization techniques
Secondary ion mass spectrometry (SIMS) to analyze the
composition of solid surfaces
and thin films by sputtering the
specimen surface with a focused primary ion beam of O/Ar (5
kV, 800nA) or Cs (5 kV, 150nA).
SIMS facility.

FIB-FESEM Zeiss Auriga
Compact Microscopy: high
resolution of up to 2.5 nm
even at low acceleration
voltage of 1 kV, for material
analysis, processing and
sample preparation on a
nanoscopic scale.

FIB-FESEM microscope.
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LNF participation to the DEMOnstration
Power Plant (DEMO)
DEMO will be the first demonstration fusion reactor that can produce and commercialize electrical power.
The LNF is developing a dual-coolant breeding blanket (DCLL) design concept and its auxiliary systems for
DEMO. The main objective is to develop the required new results in the following fields:
• Neutronics for design of Fusion Technology components.
• Development and characterization of fusion reactor materials.
• Computational fluid-dynamics and MHD.
• Structural thermo-mechanics and EM analysis.
• Design of advanced Plant Auxiliary Systems.
• Safety and environmental impact studies.
• Development of a System Code for reactor design (initial steps).

New concept of tritium
permeator against
vacuum (PAV).

Conceptual DCLL DEMO blanket
outboard module designed at
LNF.

General view of a DEMO reactor based on DCLL
breeding blanket.
Lithium Lead loop for
tritium permeation
studies.

Calculations of neutron and
gamma fluxes, tritium breeding
ratio, power deposition… are also
performed for DEMO.
Remote handling
activities include
maintenance
schemes,
adaptation of the
vacuum vessel to
allow blanket
refurbishment and
development of
novel concepts for
pipe connection.

Modeling of tritium transport is used to foresee fuel availability
and safety. A Tritium Transport Library (based on EcosimPro) has
been developed to simulate tritium physics from generation to
storage including transport.
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National and international collaborations
of National Fusion Laboratory

Instituto de Ciencias Nucleares – UNAM, México
University of California, San Diego.
University of Wisconsin, Madison
University of Alaska, Fairbanks.
ORNL, "Oak Ridge National Laboratory", Oak Ridge
PPPL, "Princeton Plasma Physics Laboratory", Princeton
PRL, "Plasma Research Laboratory" Canberra, Australia

Acciona
Antec
AVS
BTESA
COAPSA
ENSA
Empresarios Agrupados
Gas Natural
Greenlights
Greenpower
Iberdrola Ingeniería
Idom
Indra
Jema
Sener
Sgenia
Tecnatom
Telstar

CEA, France.
CRPP, Lausanne, Switzerland.
EFDA, “The European Fusion
Development Agreement”.
ENEA, Italy.
DIFFER, The Netherlands.
FZJ, Jülich, Germany.
KIT, Karlsruhe, Germany.
IPP, Germany.
IPPASCR, Prag, Czech Republic.
IOFAN, Moscow, Russia.
Ioffe Institute, San Petersburg,
Russia.
IST, Lisboa, Portugal.
JAEA, Japan.
Joseph Stefan Institute, Slovenia
KFTI, Kharkov, Ukraine.
Kurchatov Institute, Khazakhstan.
Kurchatov Institute, Moscow, Russia.
Nat. Inst. for Laser. Plasma and
Radiation Physics, Romania.
NIFS, Japan.
Institut für Weltraumforschung,
Graz, Austria.
Risø National Laboratory,
Dennmark.
SCK-CEN, Belgium.
CCFE, Culham, United Kingdom.
University of Kyoto, Japan.
Wigner Institute, Hungary.

ALBA-CELLS
CEIT
CIEMAT, other Departments
Comillas
CSIC
IMDEA Materiales
IREC
Universidad de Alicante
Universidad Autónoma de Madrid
Universidad de Barcelona
Universidad de Cantabria.
Universidad Carlos III, Madrid.
Universidad Complutense de Madrid.
Universidad de Córdoba
Universidad Nacional de Educación a Distancia
Universidad de Oviedo
Universidad Politécnica de Cataluña.
Universidad Politécnica de Madrid.
Universidad del Pais Vasco
Universidad Ramon Llull
Universidad Rey Juan Carlos
Universidad de Sevilla
Universidad de Huelva
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