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Introduction

This report describes the activity of the EURATOM-CIEMAT Association during 2013
and it is organized following mostly the scheme of the 2013 work program annexed to
the association contract.
The Association has continued its effort in building up a strong fusion technology
programme, which is reported in chapters Iv, V and VI, now with new areas of activity,
like the programme on blanket technologies. This effort is accompanied with a
maintained programme on plasma physics, oriented, as in previous years along three
main lines:
•

Plasma physics developments of general application and of interest for the
tokamak and ITER and results obtained in stellarators as test bench to
understand tokamak problems from an advantageous point of view. Chapter I
shows a number of contributions which are directly related to specific ITER
problems: L-H transition physics, momentum transport, impurity transport, fast
particle physics, Tritium retention and extraction, role of nitrogen on W
sputtering reduction, carbon transport and deposition. In 2013 we could also
highlight the work on Isotope effect, performed in collaboration with TEXTOR,
which has provided a potential explanation for this long lasting unknown within
fusion research.

•

Contributions both to the stellarator and tokamak line sthrough the development
of auxiliary systems: ECH ( with potential impact on plasma start up in
tokamaks) NBI, diagnostics and data management/data mining, in particular it is
worth to mention the development of a disruption prediction system which
significantly outperforms the existing ones in JET and other tokamaks. All this
activity is included in chapter II

•

Contributions to the development of the stellarator as a candidate for the steady
state reactor. Chapter III reports the activity with liquid lithium as PFC and , the
profile structures in stellarators and also brings most of our theory
developments: contributions to the gyrokinetic theory, MHD, neoclassical
transport, fast ion transport. In 2013 we also consolidated a branch of activity in
stellarator optimization, oriented to the development of reactor compatible
concepts.

Emerging technologies is one of the areas of growing interest at the Association, most
of our activity appears concentrated on chapter IV and V and is complemented, for
information only, with the extensive activity on the Broader Approach projects (JT60,
IFMIF EVEDA, IFERC) reported in chapter VI.
In this area of activity it is worth to mention the increasing activity of structural
materials by means of new equipment (nano-indenter, FIB), the additional effort in
materials modelling, the new activities in T modelling for fusion systems, neutronics
and safety and the consolidation of the activity on breeding blanket technologies.
1

Finally, CIEMAT continues to support he effort on inertial fusion keep in touch through
collaboration with several universities, the main activities are reported on chapter VII.
All this activity involves more than 200 persons, of which the core at CIEMAT consists
of approx. 130 staff. The organization, similar to that in recent years, is shown in the
following figure:
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I

Provision of support to
the advancement of the
ITER and DEMO Physics
Basis
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I.1 Development of candidate operating scenarios
I.1.1 ELM physics and control
I.1.1.1 ELM control experiments in JET using vertical kicks
(RO: E. de la Luna)
In JET, dedicated experiments for ELM control studies using vertical kicks started in
October 2013 and will continue during the 2014 experimental campaign. The main
objective of this experiment was to investigate the physics mechanisms that lead to the
triggering of ELMs by vertical kicks in order to determine whether this is a viable
technique for ELM control at ITER. This is an important topic for ITER because ELM
pacing methods (pellet pacing with H pellets and vertical kicks) form part of the
reference soft landing recipe to avoid W accumulation in the initial non-active
operational phase of ITER. This is an ITPA joint experiment (PEP-29: Vertical kicks
for ELM triggering and control) and Elena de la Luna (CIEMAT) was chosen as the
scientific coordinator during the 2013-14 experimental campaign.
A low triangularity configuration with both strikes points in the divertor corners (close
to the pumping slot) was specifically developed for the vertical kicks experiments at
JET. The effective pumping is strongly increased in this configuration, leading to lower
density plasmas and higher pedestal and core Te, which has provided the access to Hmode plasmas with higher confinement (H98≈1-1.2 and βN,thermal≈1.7-2.1) than that
reported in previous campaigns [Neu_2013] [Beurskens_2013]. With this configuration
it has been possible to achieve quasi-stationary conditions with good confinement
(H98≈1) up to 10s, allowing a wide kick size scan to be performed in a single pulse (up
to four independent 1s windows where kicks at 45Hz were applied). The kick size scan
was repeated using different kick shape patterns and in plasmas with different pedestal
temperatures (from 0.8 keV to 1.4 keV). The different kick shape patterns were
obtained by changing the duration and/or the excursion of the voltage variation in the
poloidal field coil currents in an attempt to separate the plasma movement from the
plasma velocity. Although not all the planned scans have been completed, initial results
show that the kick size increases with decreasing Te,ped (by reducing the input power or
using plasma configurations with less pumping), consistent with the role played by jedge
in the ELM triggering mechanism predicted by modelling results (see
[delaLuna_2012]). Detailed analysis of these results is presented in the IAEA
conference in 2014 [delaLuna_2014].
Initial experiments using vertical kicks to pace ELMs for W flushing started in 2013,
although nothing systematic could be achieved. By keeping the ELM frequency
sufficiently high (>30 Hz) using vertical kicks, operation at low gas fuelling can be
accessed where usually the ELM frequency is too low for stationary conditions
[Putterich_2013]. However, in conditions where there is a significant W ingress, the
pedestal cools resulting in a larger perturbation threshold for ELM triggering, degrading
the efficacy of the pacing. More experiments are needed to extend the JET database in
this important topic.
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I.1.1.2 Impact of triangularity on confinement in JET-ILW
(RO: E. de la Luna)
An experiment to investigate the impact of triangularity on confinement in JET-ILW
was scheduled in the 2013-14 campaigns with a member of CIEMAT (E. de la Luna) as
the scientific coordinator. In JET-C (with CFC plasma facing components), raising the
plasma triangularity (δ>0.4) was the only way found to increase the plasma density near
the Greenwald density while maintaining good confinement (H98>0.9). The situation in
JET with the new ITER-like wall (ILW) is somewhat different. Whilst the confinement
degradation with gas fuelling appeared to be compatible with that measured in JET-C,
the positive influence of triangularity on confinement has not been yet recovered
[Neu_2013] [Beurskens_2013]. High δ H-mode plasmas in JET-ILW exhibit lower βN
(βN<1.5) and pedestal pressure (mainly Tped) compared to JET-C with similar input
power and D fuelling levels, and the confinement is strongly reduced to values close to
those measured in the type III ELM regime in JET-C (H98<0.8). The lower Tped
measured in JET-ILW appears to be linked to the high recycling conditions at which the
experiments were conducted, using a divertor configuration non optimized for pumping,
with clear signs of inter-ELM divertor detachment. In order to shed some light on the
mechanism responsible for this unexpected result, systematic comparisons of an
extended database of JET-C and JET-ILW discharges have been carried out.
Experiments in JET-C have shown the key role played by the pedestal temperature in
the access to good confinement at high density. This is consistent with peelingballooning stability predictions, where the increased pedestal stability resulting from
plasma shaping disappears at low edge currents (low Tped, high collisionality). Detailed
analysis of these results is presented in the IAEA conference in 2014 [delaLuna_2014].

I.1.2 3-D fields and transport
I.1.2.1 Experimental evidence of asymmetries in plasma potential in the TJ-II
stellarator
(RO: M.A. Pedrosa)
The possible role of variations in plasma potential on magnetic flux surfaces, producing
parallel and poloidal electric fields affecting the dynamics of particle has been discussed
long ago concluding that they can have a modest impact ion dynamics. More recently
the impact potential variation on neoclassical impurity transport in the Large Helical
Device (LHD) stellarator has been addressed, concluding that they are essential for
describing impurity dynamics in stellarators [García-Regaña_3013].
Asymmetries in plasma potential have been investigated in the plasma edge region of
the TJ-II stellarator. Using the magnitude of long distance correlation between floating
potential signals to label magnetic flux surfaces, we provide direct experimental
evidence of poloidal / toroidal variation of the electrostatic potential, reaching values in
the range of 10 – 30 V. These findings show that potential asymmetries can play an
important role for describing impurity / particle dynamics in fusion plasmas.
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I.2 Energy and particle confinement and transport

I.2.1 L-H physics and turbulence studies
I.2.1.1 L-H physics
(RO: T. Estrada)
During the 2013 experimental campaign in TJ-II, dedicated experiments have been
carried out to deepen the study of the turbulence-flow interaction observed during the
transition from Low to High confinement modes through the so-called I-phase. Doppler
reflectometry measurements indicate that Limit Cycle Oscillations (LCO) showing
predator-prey behaviour propagate radially, either inwards or outwards, during the Iphase. The results, initially published in 2011, showed the need of approaching L-H
transition models within a 1-D spatiotemporal framework like the one developed in
[Miki_2013a].
The relevant turbulence scales involved in the energy transfer of the predator-prey
process have been identified. In the I-phase, the turbulence is regulated mainly by the
zonal-flow generation which effectively takes place at intermediate turbulence scales.
Bicoherence analysis shows a pronounced non-linear coupling between high
frequencies and a rather low frequency, as expected for a zonal flow [Milligen_2013].
Temporal, radial and wavenumber resolved bicoherence shows a good qualitative
6

agreement with the 1-D model for the development of zonal flows at the L-H transition
[Miki_2013b]. The bicoherence is initiated at a rather well defined plasma turbulence
scale followed by an expansion in wavenumber space, taking place right after the L–H
transition and some tens of milliseconds after the L–I transition. These results were
presented in a contributed talk at the 19th ISHW [Estrada_2013].
Further experimental studies have shown a change in the temporal ordering of the LCO
associated to the reversal in the radial propagation velocity of the turbulence-flow front.
However, the change in the temporal ordering is not related to an intrinsic change in the
nature of the LCO. In all cases the turbulence increase leads the process and produces
an increase in the E x B flow shear. These observations together with new investigations
on the LCO triggering mechanisms are presented at the 25th FEC [Estrada_2014].

I.2.1.2 Radial correlation length of turbulence studies by radial Correlation
Doppler reflectometry
(RO: E. Blanco)
It is well known by reflectometry community that the measurement of the turbulence
radial correlation length with microwave reflectometry is challenging. The
interpretation of the experimental results is difficult and numerical simulations are
required to interpret the measurements properly. During 2013 the capability of Doppler
reflectometry to measure the turbulence radial correlation length has been studied using
a two-dimensional full-wave code in extraordinary mode of propagation
[Blanco_2013a]. The numerical simulations were focussed in the behaviour of radial
correlation Doppler reflectometry both in linear and non-linear regimes (i.e. low and
high turbulence level, respectively) for a wide range of antenna tilt angles and
turbulence radial correlation lengths. It was shown that in most cases the measured
radial correlation length is different from the turbulence radial correlation length.
Fortunately, the numerical simulations also showed that Doppler reflectometry can
measure the turbulence radial correlation length in linear regime if the antenna tilt angle
is properly scanned [Blanco_2013b].

I.2.2 Momentum transport
I.2.2.1 Study of global flow patterns -mean and fluctuating- with simultaneous
measurement of turbulent momentum flux in a 3D magnetic topology
(RO: J.A. Alonso)
Plasma rotation or mass flows within flux surfaces are known to affect transport and
stability properties of a magnetically confined plasma. In the last years, the Tokamak
community has devoted a good deal of effort to improving the understanding of the
physics of toroidal rotation in axisymmetric systems. The difficulty in modelling the
toroidal plasma rotation, and extrapolating it to ITER, stems from the intrinsic
ambipolarity of radial fluxes in axisymmetric systems. In non-symmetric stellarators,
plasma flow is impeded in all directions and is expected to be given by neoclassical
7

ambipolar radial flux balance and parallel momentum conservation. Of course these two
conservation conditions also hold in a Tokamak, but the fluxes include turbulent as well
as higher-order neoclassical contributions. In this respect, plasma flows in stellarators
are amenable to a simpler treatment and can be a standpoint to approach the problem of
rotation in symmetric systems. In a sense, understanding rotation in stellarators is a
previous step towards understanding rotation in quasi-symmetric devices. In fact ITER
will display a relatively large toroidal ripple and will likely operate with nonaxisymmetric magnetic perturbations for ELM control, which makes this statement
pertinent to the ITER case.
In this task we have progressed the characterisation of plasma flows and momentum
transport in TJ-II from several view points, exploiting the diagnostic and modelling
capabilities of the TJ-II team and international collaborators [Alonso_2013a]. These
studies include steady-state perpendicular and parallel flows and fluctuating radial
electric field, that are modelled with drift-kinetic and gyro-kinetic codes. Particular
attention is paid to the relationship between turbulence and flows, with the measurement
of Reynolds and Maxwell stresses [ESánchez_2013].
Our understanding of flow patterns and flow dynamics in TJ-II has notably improved as
a result of the activities funded by this task agreement. They have also posed new
physics questions that will be part of a task proposal in the forthcoming research
programme. During this year, the diagnostic capabilities of TJ-II have been upgraded
with the installation and commissioning of a Maxwell stress probe and the installation
of the second Heavy Ion Beam Probe system, which is now near completion.

I.2.2.2 Basic theory of momentum transport
(RO: J.A. Alonso)
We have systematically studied the problem of the determination of the longwavelength radial electric field in stellarators within the framework of gyrokinetic
theory. It has been explicitly proven that if the stellarator is non-quasisymmetric it is
determined by neoclassics, whereas if it is quasisymmetric, both neoclassical and
turbulent effects must be accounted for. The long-wavelength equations needed to find
the radial electric field, and hence the rotation profile in the symmetry direction, in
quasisymmetric stellarators have been given for the first time in [Calvo_2013a].
It is essential to understand how desirable properties associated to quasisymmetry are
deteriorated by deviations from it, because perfect quasisymmetry cannot be reached.
This problem has also been approached in a quantitative way in [Calvo_2013a],
establishing criteria to assess when a stellarator can be considered quasisymmetric in
practice. In particular, a criterion for its capability to sustain large rotation has been
given. The treatment presented in this article is in particular relevant to the question
how large needs the toroidal ripple be in a tokamak for its radial electric field to be set
by neoclassical ambipolarity. This topic was presented in an invited talk in the
International Stellarator and Heliotron Workshop 2013 in Padova [Calvo_2013b].
The complete set of girokinetic equations that should be implemented in a delta-f global
code to calculate the intrinsic rotation profile in a tokamak have been obtained, but this
work is still unpublished.
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Gyro-kinetic simulation of zonal-flow relaxation with experimentally validated
Neoclassical radial electric field.
Linear collisionless gyrokinetic (GK) simulations of zonal flow relaxation have been
carried out using the global code EUTERPE in the TJ-II real geometry and using
density and temperature profiles typical from ECRH plasma discharges. The standard
configuration was used and the ambipolar radial electric field obtained from
neoclassical transport calculations with DKES for those experimental profiles was also
included in the simulation. The radial electric field has been compared with CXRS
[Arévalo_2013a] and Doppler reflectometry [Velasco_2013] showing a reasonable
agreement.
Under these conditions, zonal flows with a radial scale in the range k®~0.03 show a
linear relaxation with a low frequency oscillation whose amplitude reach a maximum
around the low density transition conditions (small local electric filed) in the plasma
edge, in qualitative agreement with experimental observations of Long range
correlations (see [Velasco_2013]).
The relaxation of perturbations with a smaller radial scale is under investigation and has
not been published yet.
An analytical expression for the residual zonal flow level valid for any toroidal
geometry (tokamak and stellarators) and for arbitrary radial wavelength of the initial
perturbation has been derived. This residual level depends on several quantities
averaged over particle trajectories that can be computed numerically. The code
CAS3DK has been extended to compute the required quantities and first results of semianalytical calculations of the residual level with it have been compared with results of
linear GK simulations with EUTERPE [Monreal_2013].
Measurements of electromagnetic turbulent stresses during shear layer formation
Perpendicular Reynolds stress measurements have been obtained in dedicated
experiments. For the first time, the probe measurements have been taken at the location
of the H-mode edge shear layer. Clear indications of transport barrier formation are
observed in the ion saturation and floating potential signals, with a steepening on the
gradients. The floating pin distribution allows to estimate the radial gradient of the
perpendicular Reynolds stress (i.e. the perpendicular turbulent force) which casts typical
values of 10⁸ m/s². The so obtained turbulent force signal shows no clear event before
the L to H transition. A systematic analysis of the data set is in progress.
Neoclassical ambipolar electric field in the vicinity of resonant current sheets
We have used the neoclassical code DKES in order to estimate for TJ-II the
monoenergetic neoclassical transport coefficients in the proximity of magnetic surfaces
with rotational transform close to a rational value. Our results (unpublished) show that
DKES has numerical problems close to low order resonances, even in the absence of
magnetic field spectrum modification: some well-defined quantities diverge due to the
vanishing of the denominator at resonant values. We have therefore adapted to TJ-II the
neoclassical global delta-f code FORTEC-3D [Satake et al. ISHW 2013]. This code has
9

been previously used for the study of toroidal viscosity with toroidal symmetry broken
by magnetic perturbations [Satake et al. PPCF 2011] and includes the grad-B and
curvature drifts within the surface, which may be important for these studies. Once the
code is benchmarked with DKES for TJ-II plasma conditions, we will proceed with the
study of configurations with magnetic perturbations. The estimation of the amplitude of
the resonant modes around rational surfaces based on the boundary-layer formulation of
Cary et al., Phys. Fluids 1985, is in progress.
I.2.3 Impurity transport studies

I.2.3.1 Experimental characterisation and numerical modelling of impurity flow
and transport
(RO: J.A. Alonso)
The work has progressed as planned, with efforts focused on the modelling of the
experimentally observed deviations of the C6+ impurity flow pattern from
incompressibility. The statistics of these observations (based on the CXRS diagnostic)
have been improved and have shown a remarkable reproducibility of the location,
magnitude and direction of the flow deviations. Their modelling involves the numerical
solution of the system of PDEs in two dimensions formed by (1) the particle
conservation equation of the impurity and (2) its parallel momentum balance. The
solution to this system has been implemented numerically (see the publication list). This
provides the impurity density variation within each flux surface and its parallel return
flow as an output, with main ion temperature, pressure gradient and radial electric as
input. The results cast flow deviations of a magnitude comparable to the observed one,
but a sign opposite to the observations at the locations of the CXRS measurements.
Several additions to the force balance equation have been considered in an attempt to
improve the agreement, which, however, has proved elusive. These results are detailed
in [Arévalo_2013a, Arévalo_2013b, Arévalo_2013c, Pedrosa_2013a & Alonso_2013b].
I.2.3.2 Impurity Transport
(RO: A. Baciero)
We measured plasma radiation profiles with a very sensitive, good spectral and time
resolution system based on a half-meter spectrometer and a fast rotating hexagonal
mirror which can scan the whole plasma cross-section every 2-10 ms. Afterwards, local
emission profiles were obtained with Fisher inversion method and the profiles were
compared with those calculated with a steady-state collisional-radiative model based on
OPEN-ADAS database, and we realized that a simple model without transport can not
explain measured profile [Baciero_2013].
I.2.4 Isotope effect
I.2.4.1 Isotope effect studies and multi-scale physics in tokamaks and stellarators
(RO: C. Hidalgo)
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There is clear experimental evidence that at comparable plasma discharge parameters
deuterium (D) discharges have improved confinement properties as compared with
hydrogen (H) ones. The isotope effect has been observed in many different tokamaks
under different plasma conditions with a degree of confinement improvement in energy,
particle and momentum depending on plasma regimes. Interestingly the isotope effect
seems to be weaker in stellarators than in tokamaks. Understanding the physics of the
isotope effect in plasma transport and confinement remains as a fundamental open
question confronting the fusion community after more than 30 years of intense research
with direct impact in the confinement properties of fusion D-T reactors.
Recent comparative studies in tokamaks and stellarators have shown experimental
evidence of the importance of multi-scale physics for unravelling the physics of the
isotope effect in fusion plasmas [Xu_2013, Pedrosa_2013b] with the following
experimental findings:
1. There is a systematic increasing in the amplitude of Long Range Correlations (LRC)
during the transition from H to D dominated plasmas in the TEXTOR tokamak but not
in the TJ-II stellarator.
2. Differences in the level of isotope effect in tokamaks and stellarators could be a
consequence of the stronger damping of zonal flows (ZF) in non-optimized stellarators
than in tokamaks
3. These results might provide a possible explanation of the isotope effect on the L-H
power threshold, assuming that the L-H trigger mechanism is linked to the amplitude of
zonal flows.

I.2.4.2 The isotope effect and the ion energy confinement in TJ-II
(RO: J.M. Fontdecaba)
A comparative study of the ion energy confinement time between hydrogen and
deuterium in ECR heated plasmas has been done. The study was done using the old
data, when two rows (one for hydrogen, the other for deuterium) in each analyzer were
available, so the data is collected at the same time in the same point. The preliminary
results were presented in [Fontdecaba_2013]. This work pointed better energy
confinement time for deuterium. Later refinement in the data and calculation methods
gave a non-conclusive result about the isotope effect on ion energy confinement time.
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I.3 MHD stability and plasma control

I.3.1 MHD Physics
I.3.1.1 Investigation of Long-range-correlations in the TJ-II stellarator
(RO: C. Hidalgo)
Experiments in the TJ-II stellarator [Hidalgo_2013] have shown that the long distance
coupling between potential fluctuations are: 1) Amplified by reducing neoclassical
viscosity, providing direct evidence of stronger damping of zonal flows in nonoptimized stellarators; 2) Amplified by mean radial electric fields, suggesting an
interplay between short and long Er radial scales lengths; 3) Modulated by magnetic
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topology (low order rationals) pointing out the possible role of magnetic topology
(RMP) in the L-H power threshold.
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I.4 Power and particle exhaust. Plasma-Wall interaction studies
(RO: F. L. Tabarés)
I.4.1 Use of NO2 for thermooxidation removal of C codeposits
In collaboration with the UTIAS group from Toronto, a comparison between the
performance of O2 and NO2 as oxidant species of carbon deposits by Thermooxidation
was undertaken. It was shown that the rate of deuterium removal from carbon
codeposits obtained with NO2 was significantly higher than that of O2, achieving the
same value at 100ºC below that required for oxygen. Contrary to previous reports, mass
spectrometry evidenced the formation of water in the oxidative process for both cases
[Alegre 2013].
I.4.2 Ammonia and Nitride formation in H2/N2 plasmas
Glow Discharge plasmas of H2/N2 mixtures were investigated and characterized under
different wall cathodes, including tungsten, stainless steel and aluminum in the
temperature range of RT to 350ºC. The yield of ammonia formation and the
development of a nitride layer in the material were the main outputs of this research. It
was shown that the yield of ammonia per dissociated N2 molecule was rather constant
with temperature, but showed a cathode material dependence with YW<YSS<YAl. This
yield was strongly correlated with the trapping of N of the wall, so tat full saturation of
the nitride layer was required for reaching a steady value of ammonia formation. For Al,
which was used as a proxy for Be first wall in ITER, all the depleted N becomes
ammonia at T>300ºC [Castro_2014].
I.4.3 Characterization of impurity desorption and ammonia formation under N
seeding: JET Collaboration
Mass spectrometry near the divertor is presently operative in JET. Analysis of the data
obtained between shots has allowed the study of impurity desorption during disruptions
as well as ammonia formation in N2-seeded discharges [Oberkofler_2013]
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I.5 Physics of plasma heating and current drive
I.5.1 Influence of ECRH / NBI on kinetic effects and fluctuations
I.5.1.1 Investigation of non-Maxwellian electron distributions in the TJ-II plasma
boundary region
(RO: C. Hidalgo)
Recent investigations of the electron energy distribution function (EEDF), measured by
the derivative Langmuir probe technique [Popov_2009], show that EEDF can
significantly differ from a Maxwellian in the plasma boundary in magnetically confined
fusion devices. In particular experiments in the TJ-II stellarator have shown the
presence of a weakly-populated high (Te ≈ 30 eV) electron temperature together with a
predominant electron population with a lower temperature (Te ≈ 10 eV) both in NBI
and ECR heated plasmas.
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I.6 Energetic particle physics

I.6.1 Fast particle physics: ECRH driven ions
(RO: B. Zurro)
We studied the empirical behavior of suprathermal ions in the ECRH and NBI phases of
the TJ-II stellarator. Our approach combined passive emission spectroscopy, which
detects confined suprathermal ions with energies up to hundreds eV, and a luminescent
probe operated as a multichannel fast-ion energy spectrometer using pulse height
analysis, which detects suprathermal ions with energies ≥ 1 keV that escape from the
plasma. We used data taken from density and power scans of TJ-II ECRH plasmas and
the spatial and time response of suprathermal protons and impurities in both scenarios.
The comparative behavior between the suprathermal ions present in the plasma and
those escaping ions provided some information about the physical mechanisms
responsible for the generation and confinement of these ions [Zurro_2012a]. We also
performed a slow modulation experiment of the ECRH power in TJ-II with the purpose
of studying the time sequence of this suprathermal ion population and how it behaves
with respect to other plasma properties. This work suggests that the suprathermal ions
are directly related to the ECRH power and not to the intermediate heating by electrons
neither thermal nor suprathermal [Zurro_2012b].

I.6.2

Fast particle physics: NBI-driven modes

(RO: A. Cappa)
The impact of ECR heating on NBI-driven Alfvén modes has been studied using
different heating configurations. Several off-axis positions of the second beam (ECH2,
250 kW) were tested while keeping the first beam (ECH1) fixed. As reported in
[Nagaoka_2013], launching at ρECH2 = 0.42 produces strong mode chirping in the
medium ι configuration. Adding further power using low frequency modulation of the
first beam (ECH1, 250 kW) at ρECH1 = 0.34 attenuates the amplitude of the chirping
mode significantly, as clearly shown by the time evolution of the magnetic field
fluctuations amplitude. For ρECH2 ≤ 0.34, frequency chirping is not observed and the
steady NBI-driven mode is present. Again, adding the first beam at ρECH1=0.34 causes a
50 % reduction of the amplitude of the steady mode. Coincident with ECH injection, the
neutral flux measured by a 16-channel compact neutral particle analyzer (CNPA) is
enhanced. This is consistent with an increase in the fast ion population during the ECH
phase. Two alternative magnetic configurations with low and high ι were also
investigated and preliminary results indicate that the ECH off-axis position for
maximum mode chirping depends on the configuration.
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I.7 Theory and modelling for ITER and DEMO
I.7.1 Studies for diagnostic developments
I.7.1.1 Studies for diagnostic developments: Thomson Scattering
(RO: I. Pastor)
The Thomson Scattering group in-kind collaboration in theoretical/numerical relativistic
Thomson Scattering (ITER oriented) has continued during 2013, extending and
generalizing previously obtained results so as to be able to compute in a purely
analytical way the Thomson Scattering spectrum coming from nearly arbitrary electron
distribution functions. Previous theoretical studies by the same authors
[AlvarezEstrada_2012] have allowed us to develop parallelised FORTRAN codes that
are typically 100 times faster than the previous Monte Carlo approach, based on
following the detailed electron trajectories in the EM field of the laser and the
subsequent computation of the radiated/scattered field. The numerical implementation
of the analytical techniques mentioned above has been compared with the MC
approach, and found to be fully consistent with it. These codes have been tested on
proof-of-principle scenarios that are deemed to be relevant for ITER (very high electron
temperatures having their origin on intense alpha-particle heating, for example), and
there are plans to apply them also for the expected electron distribution function of the
W7X Stellarator. The mentioned theoretical/numerical developments have been recently
accepted for publication in Ref. [Guasp_2014].
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II Development of
plasma auxiliary systems
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II.1 Heating and current drive systems

II.1. 1 Electron Bernstein Waves (EBW) heating: 28 GHz heating system
(RO: A. Cappa)
II.1. 1.1 Full redesign of the matching optics unit (MOU)
After the full redesign of the MOU, the beam size at the waveguide mouth was now the
one expected for optimum coupling. However, EBWH experiments could not be
resumed with full confidence because a proper alignment of the Gaussian beam at the
waveguide entrance was not achieved.
II.1. 1.2 Waveguide coupling measurements
IR measurements indicate that higher order modes are always excited within the
transmission line due to a beam tilting at the entrance. The beam tilt uncertainty is
produced by the lack of knowledge about the precise determination of the gyrotron
optical axis. On-going work is being carried out to determine the mode structure inside
the transmission line and the experimental high power characterization of the beam
optical axis is undergoing.
II.1.2 Experimental studies on gyrotron electrodynamics
(RO: A. Cappa)
Changes in the gyrotron radiation properties induced by a small amount of reflected
modulated power.
This work has been carried out in collaboration with the Institute of Applied Physics
(Russian Academy of Science), Moscow and Nizhny Novgorod (Russia). A summary
paper on this topic is now being prepared. The main result is that a very small amount
of phase-modulated radiation (induced by rapid changes in plasma density) can
significantly influence the performance of a gyrotron.
II.1.3 ECRH Technology: 53.2 GHz ECRH system
(RO: A. Cappa)
II.1.3.1 General maintenance and improvements tasks
During 2013, the 53.2 GHz ECRH system has been working routinely with good
reliability except for the increasingly frequent problems associated with the connection
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of the ECRH system high voltage transformer to the electrical grid. Among the most
relevant improvement and maintenance works we may highlight the following:
-Maintenance of the high voltage power supply. Two weeks during the summer
shutdown were devoted to this task.
-Development and design of a new system for the HV transformer connection.
II.1.3.2 Experimental characterization
The error revealed in the design of the directional coupler incorporated in the last mirror
of the QTL1 ECRH transmission line was corrected by means of a mode filter. This
filter allows us to remove the unwanted higher order modes produced because of the
wrong design of the directional coupler. The whole system will be checked in the 2014
spring campaign. With the present design the power in both polarizations channels can
be measured with high level of confidence.
II.1.4 NBI Heating
II.1.4.1 NBI for TJ-II
(RO: M. Liniers)

II.1.4.1.1 NBI operation
The two Neutral Beam Injectors have operated reliably through the winter-spring
experimental campaign of 2013. The most usual parameters were 32 keV energy, 650
kW port-through power. During the summer shut-down, extensive refurbishing work
was carried out on injector #2. As a consequence, only NBI #1 was available during the
autumn campaign. A great effort was devoted to the Ion Source#2 conditioning during
this period.
a) Beam Injection with Injector #1
Injector #1 was available for injection from January through December 2013. Record
beam parameters were 33 kV energy, 700 kW through-port power, tbeam ≤ 120 ms.
Scans in Beam Energy and Beam Current were performed to study the influence of Fast
Ions on the generation of Alfvén eigenmodes. The number of pulses per day ranged
between 20 and 40 (record number 50 pulses/day).
b) Beam Injection with Injector #2
Injector #2 was available for injection from January through June 2013. Operation was
stopped from 8th April to 7th May because the Decel PS was transferred to NBI#1
when its Decel PS broke down (tetrode). NBI#2 resumed operation on May the 8th.
Beam parameters were 33 kV energy, 700 kW through-port power, tbeam ≤ 120 ms.
The number of pulses per day ranged between 20 and 40 (record number 44 pulses/day).
NBI#2 was used for plasma injection mostly when NBI#1 was not available (January
and February NBI#1 had a water leak in the IS). Priority was given to NBI#1 so when
its Decel PS broke, NBI#2 was stopped. Only 9 days were the two injectors used
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simultaneously on the plasma. Power coupling and density control were difficult with
NBI#2.
II.1.4.1.2 Ion Source conditioning
a) Conditioning of ion source #1:
Conditioning of the Ion Source after the Christmas break was carried out in a single day
of work with the Motor Generator providing 15 kV in a continuous mode. But a water
leak in the Copper Button circuit appeared (21st January) that forced us to stop
operation. Leak repair took three weeks (21 Jan 13 to 15 Feb 13). Re-conditioning of
the Ion Source after the leak took two weeks. Normal injection resumed on the 28th
February. After the repair work the Arc behaviour improved considerably (flips almost
disappeared). Operation until the end of June was smooth but the last day of operation
(26th June) the Arc did not strike. A short circuit between the filaments and the
Intermediate electrode was found.
In September a new set of filaments was installed and conditioned. After that Ion
Source conditioning to full parameters took 5 days of intensive conditioning.
b) Conditioning of ion source #2:
Ion Source conditioning was made in a single day of work after the Christmas break
(21st January). During the winter-spring campaign, when NBI#2 was not required,
conditioning pulses after TJ-II were performed.
After the major refurbishings of the summer pause, when the neutralizer and most IS
components were replaced, a backbreaking and nerve-wrecking conditioning period
started. Conditioning started on the 7th November 2013 and carried on until the 4th of
June 2014, when the first "new" beam was injected in TJ-II plasma. This was the
painful sequence:
7th November: conditioning starts
16th December: 12 A, 10 ms
30th January: I<25 A, t<50 ms
27th February: 40 A , 40 ms
28th March: 40 A, 40 ms
28th April: 43 A, t<90 ms
29th May: 52 A, t < 100 ms
3d June 2014: first injected beam: 30 kV, 53 A, 470 kW, 50 ms
II.1.4.1.3 NBI Maintenance
Maintenance of ion sources (laboratory):
a) A new ion source (Anode2+ Grids) has been assembled to replace the IS#2:
-Aluminium Anode2 flange with a mini optical flange. Design and manufacturing
-Mini camera support. Design and manufacturing
-Molybdenum plate. Design and manufacturing
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-Plasma, decel and ground grid: annealed (Traterh), curved, cleaned, assembled and
aligned.
-System assembled in laboratory: epoxy, grids and anode II
b) Copper-button: checked all the spares for vacuum leaks. All of them leaked so repair
work proceeded to manufacture two “new” copper-buttons: the water tubes were cut off,
the holes were re-drilled and new tubes and button were welded on the spare bases.
Maintenance of Injector #1:
a) Ion source
-Filament flange: after one broken filament caused a short circuit between Arc- and
Intermediate Electrode (26th June), 12 new filaments produced at Ciemat were
assembled on the same flange and conditioned according to protocol (24th September).
-Copper-button: a water leak appeared that was first detected in the Arc current traces.
Leak detection on the mounted IS helped localize the leak in the copper button. On the
dismounted IS leak tests were performed in the copper button circuits allowing the leak
to be localized in one of the 4 small tubes. The copper-button was disassembled and a
spare from one UKAEA’s ion source was installed in its place.
b) Beam Box and auxiliaries
b.1)Target calorimeter thermocouples (January 2014): disassembled the thermocouples
and assembled it in the correct position moving the graphite plates and checking the
screw in the thermocouples sharp point.
b.2) Leak helium test (June): Injector and ion source completely, specially grids and
copper button.
b.3) Gimbal gear wheel system (April): screw system improved: two screws instead of
one to keep the gears wheels properly attached: avoid the sliding.
c) Milestones
21st Jan: water leak in the Copper Button (5 weeks)
28th February: Injection into TJ-II plasma resumes
4th April: Decel PS broke (4 days Decel#2!#1)
24th April : new piezo PS
6th May: Decel tetrode repaired arrives
26th June: short circuit filaments-intermediate electrode: end of experimental campaign
1st July-30th August: Beam Box and Ion Source vented with Nitrogen
24th September: new filaments installed
4th October: normal operation resumes
17th October-12th December: TJ-II autumn experimental campaign
Maintenance of Injector #2:
a) Ion source
21st October: Installation of the newly refurbished Ion Source on the Injector completed.
b) Beam Box and auxiliaries
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b.1) Neutralizer: the old Neutralizer was dismounted (25th July) and the new
Neutralizer manufactured in 2005 (Xabi Sarasola) was mounted on the injector (31st
July). The main difference with the old component is the diameter: the new neutralizer
has 300 mm diameter while the old one had only 280 mm. The coupling between the
new neutralizer and the grids (300 mm diameter) is therefore improved and the
expectation was that higher power beams could be produced. Some problems were
found in the new neutralizer:
- the “short” section is shorter that the original (100 mm vs. 200 mm): this leaves an
extra 100 mm space between the end of V1 and the neutralizer front end. The bellows
section remains hidden, but the SS internal surface of the coupling piece can be hit by
deflected particles of the neutralizer plasma (hopefully not by the fast extracted ions!)
- the “short” section did not have a magnetic shield: a magnetic shield was hurriedly
manufactured at the General Shops of CIEMAT.
- Neither of the two shields (short and long) have the nickel surface layer present in the
original ORNL components.
b.2) Neutralizer piezo valves: the new neutralizer has a gas inlet through the flange. A
solenoid valve from Inficon has been installed in the inlet pipe. The old piezoelectric
valve (Max-Tech) was broken and had to be replaced with a new one (Veeco PV10) at
the V1 gas inlet.
b.3) Neutralizer thermocouples: new clamps had to be manufactured to substitute the
old supports of the thermocouple copper fingers, that did not match the new neutralizer
wall section. The copper fingers were modified to drill a hole for the screw to hold the
thermocouple head in place.
b.4) Gimbal gear wheel system (July): screw system improved by using two screws
instead of one to keep the gears wheels properly held and avoid the sliding. A new
potentiometer was installed to replace the old one that was broken.
b.5) Leak helium test: Injector (August) and ion source (October) completely, specially
grids and copper button.
b.6) Titanium gettering pumps: the used wires from NR and NL pumps were replaced.
c) Milestones
29th January: Penning duct#2 broke down
8th April: Decel tetrode transferred to NBI#1
8th April-8th May: NBI#2 out of operation
26th April: Gimbal UP/DOWN repaired
7th May: Decel tetrode returned to NBI#2
16th July: Ion Source and Gimbal dismounted
23th July: Ti pumps (Neutralizer) dismounted
25th July: Neutralizer dismounted
31st July: New Neutralizer mounted
1st-9th August: Ti wires of NL and NR pumps changed
7th August:Gimbal and V1 mounted
8th August:Ti pumps mounted
12th August: Leak tests on Beam Box OK
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13th August: Beam Box under vacuum. V1 to atmosphere.
9th October: Grids+Anode2 mounted
18th October: Aluminum flange+Anode1+Intermediate electrode mounted
21st October: Filament flange mounted
4th November: V1 opened. Ion Source connected to Beam Box.
7th November: start beam conditioning
General maintenance of Injectors #1 and #2:
a) Vacuum system: rotatory pumps maintenance: oil change
b) Injectors cleaning: cleaned all the injector surfaces.
Maintenance of the Control & Instrumentation system:
a) Man- machine interface: Although there is no plan to make any substantial
modifications to the system the man- machine interface is being reviewed to incorporate
features that were added over the years, fix some bugs and make it more user- friendly.
To facilitate the implementation of the foreseen improvements to the vacuum system
panel, a thoroughly detailed list of improvements was delivered to two system
programmers for their integration into the interface.
b) Repair of breakdowns in some electronics boards.
c) Review and improvement of the monitoring and analysis programs in Labview.
Electrical system: Maintenance
a) Modulator PS:
-March: In both injectors the old system for detecting the High Voltage was replaced by
a new optical fiber system.
-August: The six tetrodes located in our storage as spares were tested in two aspects:
Connection of a VAC-ION meter to check the vac ion current and High voltage
conditioning until 50kV. Four tetrodes passed the test and they were ready to be
installed.
b) Decel PS:
-March: In injector #2 the Decel voltage was unstable due to a problem with a variable
resistor at the voltage adjustment system.The variable resistor was replaced with a fixed
resistor which adjusts the Decel voltage to -1200V.
-April: In injector #1 the Decel tetrode is broken. Decel#2 is disconnected from NBI#2
and connected to NBI#1 in order to keep it operational. A new tetrode is bought to
Ecomco which is received at the end of April. It is installed on Decel #1 on 06th of
May. NBI#2 remained out of operation for one month.
-April: In injector #1 a short cut is detected on the Decel filter installed next to the Ion
Source. It was due to some damaged varistors. It was replaced with the NBI#2 Decel
Filter since NBI#2 was not operational.
-6th May: In injector #2 Decel Power Supply was re-connected to nbi#2 when a new
tetrode arrived for NBI#1. NBI#2 operation resumed immediately.
-June: In injector #1 & #2 the voltage of the filament’s tetrodes was lowered from 9,9V
to 9,5V for enlarging the tetrode’s life.
-December: Ecomco repaired the faulty tetrode, sent it back to us and it is put in
storage.
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c) Accel Rectifiers in building 69:
-June: The old capacitors installed on the Zwischen, cathode, ARC -, filaments and
magnet were replaced with new units.
d) Ion Source:
-January: In injector #1 the filament cables were disconnected due to a water leakage.
-February: In injector #1 the filament cables were disconnected due to a water leakage.
-June: In injector #1 the filament cables were disconnected when a shortcut between
ARC – and intermediate electrode (Zwischen) was detected.
-June: In injector #2 the IS cables were disconnected in order to permit the installation
of a new neutraliser and a new IS.
-November: In injector #2 the IS cables were reconnected.
e) Titanium pumps maintenance:
-January: In injector #2 Ti pumps CR and CL (electrical connections to wires).
-August: In injector #2 the NL and NR were cabled.
-November: In injector #1 Ti pumps CR and CL (electrical connections to wires).
f) General Electrical Maintenance works:
-Winter and Summer: Maintenance works were completed on the electrical installations.
Some of those works were done by house staff and other by the external company
EMTE.
-August: the power distribution board in the control room was replaced with a new unit
since repair of the damaged components was not cost effective.
-October – December: The main circuit breaker on the power distribution board was
tripped frequently due to noise in the power network. These problems were due to the
problems later detected in the ECH transformer.

II.1.4.1.4 NBI Upgrades
Piezoelectric valves:
A new solenoid valve (Inficon VDM005A-X; Gas Flow Range: 1000 sccm ) has been
installed at the new neutralizer gas injection line. It has been checked and calibrated in
the laboratory.
Venting system: A new venting system has been designed. All the components
necessary for two complete systems have been purchased (boxes, pipes, ball valves,
pneumatic valves, pressure switches, etc.). One system has been completed at the Lab,
leak tested, and the pneumatic valve and pressure switch tested. The box has been
installed at the NBI#1 faraday cage, awaiting final connection to the Injector and Ion
Source venting inlets.
High Voltage Power Supplies (Accel Grid):

26

-January: The control of the rectifier plant was tested with an OPC software (which
permits the communication with the PLC) and a Labview program developed by NBI
group staff. They will replace the WINCC software whose overdue software is not
supported by the provider. Those new tools are installed on a new Windows 7 PC.
Control & Instrumentation system:
a) Piezoelectric valves control:
The power supply UPS9 has been fully implemented. Is in used for gas control in ion
sources (2) and neutralizers (2). It is a configurable source, supplying DC voltage for
short pulses, with two control inputs and an interlock system.
b) Data Analysis application:
The data analysis application was improved to provide a graphical image of the injector
beam alignment. The position with respect to the neutralizer is calculated from the
differential temperature excursion measured during a neutral beam shot by four
thermocouples placed on the cardinal points of the neutralizer output.
Beam Diagnostics:
a) Visible camera for grid breakdown monitorization:
The first one is a small camera mounted on injector 2’s ion source. A new Anode 2
flange with a peep-hole in it allows the camera to grab images from the plasma grid
during High Voltage conditioning. The camera specifications are: a) Monochrome GigE
camera DMK 23G618 from The Imaging Source, b) 120 FPS @ 640x480 resolution, c)
Remote trigger.
First tests are under way. The tests aim to find out three aspects: a) the optimum field of
vision, b) the electrical configuration that best preserves the electronics from the
destructive effects of transients associated with High Voltage breakdowns in the Grids
and c) the optimum camera settings to grab fast events as breakdowns in the grids
separating them from other sources of light (filaments, Ion Source plasma)
b) Infrared camera for Beam#1 duct monitorization:
The new camera OPTRIS PI160 for Infrared vision, has been installed and tested at
NBI#1 duct for infrared imaging of the beam interaction areas. The camera is immune
to TJ-II stray magnetic fields. The external trigger is tested and working properly. The
UCT0 module was designed for this function. First IR images of the Beam Stop during
a beam pulse have been obtained, with and without TJ-II B field. The camera will allow
us to obtain the beam shine-through and reionization losses, and thereby provide the
necessary input for energy balance analysis in TJ-II plasmas.
c) Pressure measurements: Fast Ion Gauge (FIG):
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Two cold cathode ionization gauges are mounted on each coupling duct t connecting the
injector with the TJ-II stellarator. The pressure probes were validated by contrasting
their dynamic pressure measurement response against those of our fast ion gauges (of
the Bayard-Alpert type). Being less sensitive to magnetic fields the probes can be used
to get real time pressure measurements from the coupling duct during operation.
Pressure measurements together with infrared thermography are used to establish the
upper reionization losses limit and to monitor the duct conditioning process.
[Liniers_2013a]
II.1.4.2 NBI Heating studies
(RO: M. Liniers)
II.1.4.2.1 A study of ion trajectories in the Neutral Beam duct of TJ-II stellarator
The Neutral Beam Injection system (NBI) at TJ-II flexible heliac consists of two
tangentially injected hydrogen beams of 34 keV energy, providing a total 1.4 MW
power to the plasma. A fraction of the beam power ranging between 10 % (well
conditioned duct) to over 50 % (beam blocking case) is lost due to reionization of the
neutrals in the duct and beam entrance area.
The trajectories of ions born before encountering the last magnetic surface must be
evaluated, since the impact areas in the duct or vacuum chamber are a source of gas and
impurities and can be subject to potentially high thermal loads. The computer code
FAFTRAYN simulates the reionized ions trajectories in the residual magnetic field of
TJ-II. The ion impacts on the duct and vacuum chamber walls are recorded allowing the
study of power deposition areas and their dependence on beam parameters or residual
gas pressure. The computed power deposition distribution has been compared with the
radiation emission maps obtained with bolometer arrays viewing the beam entrance, and
thermographic images showing the hot spots produced in the vacuum chamber during a
beam shot.
II.1.4.2.2 Experimental comparison
A relative insensitivity to the pressure profile has been confirmed by bolometer signals
as well as by thermographic images. According to FAFTRAYN calculations the ion
impacts in the vacuum chamber tend to accumulate in certain areas like the side port of
sector SB7. The shift in the radiation pattern detected by the bolometer arrays during
shots with/wo B field agrees with the computer simulations. Thermographic images of
the port region in a range of reionization scenarios show high temperature areas on the
top and right duct walls. Thermal images of the port area are similar to FAFTRAYN
calculations: 70% of the ions hit the right hand wall and 30% die on the upper wall of
the last duct section. [Liniers_2013b].
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II.2 Plasma Diagnostics

II.2.1 Development of plasma diagnostics in TJ-II: CXS diagnostic
(RO: J.M. Fontdecaba)
In 2013, the second upgraded Neutral Particle Analyzer was received in Ciemat and
installed at its place on TJ-II experimental hall. The installation was made after the
summer experimental campaign so the acceptance of the diagnostic was made checking
the channel energies with the internal ion source. During the following experimental
campaign the upgraded diagnostic worked perfectly with plasma.

II.2.2 Development of plasma diagnostics in TJ-II: pellet system
(RO: K. McCarthy)
During 2013, work continued on the installation of the TJ-II pellet injector. In
particular, much effort was focussed on the development of the control systems for
pellet formation and for pellet propulsion, both of which are operated under MatLab
programming environment. In addition, the pellet injector support table, as well as its
vacuum systems, gas expansion system, guide tubes to TJ-II and light detection systems
were completed. First tests of its cryocooler were performed and a temperature of 9 to
10 K was achieved on each of its four barrels. Also, vacuum tests were performed and
vacuums better than 10-6 mbar were attained, this being the level needed to permit its
opening to the TJ-II. In addition, the analysis of the data, collected during the pellet
injector tests at ORNL prior to shipping to Ciemat, was completed and all parameters
were deemed to be within specifications [Combs_2013, McCarthy_2013].
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II.2.3 Development of plasma diagnostics in TJ-II: Heavy Ion Beam Probe
Diagnostic
(RO: J. L. de Pablos)

A new set of Heavy Ion Beam Probe diagnostic (HIBP-2) was recently installed in TJ-II
flexible heliac, 1/4 of the torus apart from the routinely operating HIBP1. Fist results are
expected in the 2014 campaign. Both systems have 150 keV Cs+ accelerators with ion
current up to 150 µA and multichannel energy analyzers with similar beam detectors
and front-end electronics with a bandwidth up to 500 kHz and 2 MHz digitizers. Frontend electronics consists of the preamplifiers and optocouplers with optimized flatness in
the gain directed to the coherence analysis. Simultaneous operation of both HIBP1 and
HIBP2 has a purpose to study long range toroidal correlation of the core plasma
parameters (electrostatic potential, plasma density and poloidal magnetic field) and is
directed to the study of zonal flows in toroidal plasmas.

Primary beam Cs+ ions injector and
acceleration tube

HIBP-2 diagnostic system schematic

High-vacuum pumping
Primary beam-line
Secondary beamline №1 and №2
for each analyzer
Primary vacuum
valve

TJ-II plasma
vessel

Secondary beamlines

Separator
box

Secondary vacuum valve

HV pumping

5-slit energy
analyzer №1

5-slit energy
analyzer №2

HIBP-2 uses the same type of TJ-II cross-section HIBP-1 does. This means many
general parameters of HIBP-2 are similar to HIBP-1. Probing scheme (shooting in
vertical port, retrieving from horizontal port), beam energy (up to 150 kV), type of
probing particles (Cs+) are identical for both HIBP systems. However, HIBP-2 (Fig. 2)
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is not an exact copy of HIBP-1 [2]. We have intended to make it more sofisticated and
to obtain additional experimental information. First of all, the number of energetic
analyzers is two instead of one usual for conventional HIBP systems.
Secondly, the number of detector sets in each analyzer of HIBP-2 is five versus only
two detector sets in HIBP-1.

II.2.4 Development of plasma diagnostics in TJ-II: Atomic beams
(RO: F. L. Tabarés)
A new technique for measuring the ion temperature and the plasma rotation velocity at
the periphery has been developed. Since it is based on the supersonic He beam
diagnostic, routinely operative in TJ-II, a full characterization of the edge parameters
will be soon available in TJ-II [Tabarés_2014].

II.2.5 Development of plasma diagnostics in TJ-II: 2-D visualization

II.2.5.1 2-D visualization
(RO: E. delaCal)
Dust visualisation studies were performed with in the TJ-II stellarator a visible Fast
Camera equipped with a bifurcated coherent fibre-bundle system that allows different
set-ups such as dual filtering of atomic lines or stereoscopic view to obtain tangential
and perpendicular (to the magnetic field) observations simultaneously [delaCal_2013].
The camera looks to a poloidal limiter that can be biased and it is observed that when a
negative voltage is applied, dust from the limiter is ejected intensely once a certain
threshold voltage is exceeded. From the analysis of the simultaneous observation of the
filtered and unfiltered images, we conclude that most of the unfiltered visible dust is
outside the confined plasma, in the far scrape-off layer. A surprising result is the low
Hα-emission of the mobilized dust, in comparison with the atomic emission of carbon or
lithium, which are used as coating materials in TJ-II and therefore expected to be
primary dust components. Finally, the stereoscopic set-up is used to track the motion of
a few dust particles and the method is demonstrated to be useful in addressing the threedimensional motion problem. Thanks to this set-up it is possible to obtain, at least for a
few examples, the particle ejection location, as well as their velocity and acceleration.

II.2.5.2 Development of plasma diagnostics in TJ-II: Electron density and
temperature measurement of intermittent coherent structures
(RO: E delaCal)
The 2-dimensional electron density and temperature measurement based on the helium
line ratio developed in TJ-II based on a spectroscopic visible Fast Camera system has
been applied to the characterisation of turbulent coherent structures (blobs and holes). In
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a first study we just have characterised the influence of the temporal resolution
(exposure time) on the fine structure of the Blobs. The results will be published in 2014.

II.2.6 Development of plasma diagnostics in TJ-II: X-rays
(RO: F. Medina)
The benchmarking of the soft x-ray multi-channel electron temperature diagnostic with
the TS diagnostic could not be completed due to the failure of one of the sensors, the
most sensitive one (thinner filter). Only flat central temperature profiles have been
obtained in good agreement with the previous M4F diagnostic and TS. Higher electron
densities are needed to be able extend the temperature profile beyond reff > 0.5 where the
signal to noise ratio is low. This will be possible when both NBI’s be ready during the
next campaign.

II.2.7 Diagnostic exploitation and development in JET
II.2.7.1 Optimization of Fast Camera performance during C31/C32 JET
experimental campaign
(RO: E. delaCal)
The KL-8a Fast Camera system installed in JET was successfully exploited during C31
and C32 campaigns. The camera was operative in most of the experimental shifts and
was considered very valuable especially for following studies: Plasma breakdown,
disruption dynamics and mitigation, ELM physics, Pellet injection and Beryllium
erosion.

II.2.8 Development of plasma diagnostics in W7X
(RO: T. Estrada)

During 2013 some preparatory activities were carried out aiming to develop a
broadband (50-110 GHz) in-vessel Gauss optics. The system should allow for optional
X-mode and O-mode polarization as a reflectometry microwave access to the W7-X
plasma such that the V-band frequency hopping reflectometer from CIEMAT could be
plugged in. In order to perform Doppler reflectometry measurements already during
operational phase OP1.1 it is decided the use of a single antenna of the bi-static front
end. Meanwhile, the V-band reflectometer is tested at TJ-II by sharing the Doppler
reflectometry front end designed for the Q-band reflectometers. Additionally, it is
proposed the installation of a second reflectometer to allow for simultaneous Doppler
reflectometry measurements at two toroidally separate locations necessary to identify
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large scale flow structures in subsequent operational phases. Preparatory activities to
identify a second port location are carried out.

II.2.9 Diagnostic development for ITER

II.2.9.1 Diagnostic development for ITER: reflectometer
(RO: T. Estrada)
The consortium comprised of IST, CIEMAT and IFP-CNR was awarded in August
2012 the F4E Framework Partnership Agreement contract (F4E-FPA-375) for the
design of ITER Plasma Position Reflectometer (PPR). The FPA acts as an umbrella
contract for the different Specific Grants under which the development and design of
the PPR is carried out. The first Specific Grant (SG01: Planning Phase), signed in
December 2012 and closed in June 2013, was mainly dedicated to the assessment of the
PPR design status, by means of a thorough revision of the available documentation and
system requirements (deliverable set 1, from D1 to D7), as well as to the planning and
scheduling of activities in preparation of the subsequent specific grants that comprise
the F4E- FPA-375 (deliverable set 2, from D8 to D15). The CIEMAT personal effort to
the SG01 was 2.1 PPY (person per year). The second Specific Grant (SG02:
Coordination Support Office) was signed on July 2013 and will last until the end of the
FPA. The main propose of SG02 is to support F4E in the coordination of the work to be
performed under the FPA and to conduct some specific activities related to
Documentation and Data Management, Project Schedule, Integration, Interfaces and
CAD, etc. The CIEMAT personal effort to the SG02 during 2013 was 0.51 PPY.

II.2.9.2 The ITER Equatorial Visible/Infra-Red Wide Angle Viewing System
(RO: C. Hidalgo)
The Equatorial Visible/Infra-Red Wide Angle Viewing System (WAVS) is one of the
ITER key diagnostics owing to its role in machine investment protection through the
monitoring of plasma facing components by Infra-Red thermography and visible
imaging. Foreseen to be installed in 4 equatorial port plugs to maximize the coverage of
divertor, first wall, heating antennas and upper strike zone, the WAVS will likely be
composed of 15 lines of sight and 15 optical systems transferring the light along several
meters from the plasma through the port plug and interspace up to detectors located in
the port cell. After a conceptual design phase led by ITER Organization, the design is
being further developed through a Framework Partnership Agreement signed in 2013
between the European Domestic Agency, Fusion for Energy, and a consortium
gathering CEA, CIEMAT (including INTA as third party) and Bertin.
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II.2.10 Reflectometry Simulations
(RO: E. Blanco)
The development of a three-dimensional full-wave code relevant for ITER was
motivated by the experience gained from two-dimensional reflectometry modelling
work over the past years. The project is being developed by the European Reflectometer
Code Consortium (ERCC) being CIEMAT one of the members. ERCC aims to build a
suite of optimized joint European reflectometer simulation codes valid for reflectometry
studies in ITER relevant conditions. In particular, a 3D full-wave code called ERC3D
valid for both O- and X-mode polarizations was under active development during 2013.
A proof-of-principle version of the code was developed, ported, and tested on the
Integrated Tokamak Modelling (ITM) platform during the last part of 2012 and the
beginning of 2013 [Coelho_2013]. ERC3D is based on the standard Yee’s algorithm
plus a density plasma current solver (J-solver) describing the plasma response induced
by the probing wave. The final choice of the J-solver is not yet finalized and it was a hot
topic of discussion between ERCC members during 2013. It was agreed that the
definitive one must preserve the energy of the system and be unconditionally stable
against the plasma parameters for all kinds of probing waves. Preliminary test results
were obtained with a stand-alone version of the ERC3D and a second order accuracy
conditionally stable J-solver. This stand-alone version of the code is more flexible in the
task of verifying the different modules of the ERC3D code. An O-mode polarized
probing wave of 70 GHz was successfully launched and propagated into a simulated
plasma contained within a computational grid of 240 x 240 x 240 grid points with a
spatial resolution of 20 points per wavelength [Hacquin_2013] [Lechte_2013]. During
2013 a significant part of the effort was dedicated to the development of a numerical
algorithm allowing fast computation in the vacuum region using Huygens' principle and
the matching between this algorithm and the standard Yee algorithm. The results was
partially satisfactory but more work is needed to avoid deleterious reflections in the
interface between vacuum and plasma regions. The parallelization of the ERC3D code
using MPI was also addressed during 2013 but its implementation was decided to be
delayed until the fast computation module in vacuum is finished. Simultaneously with
the development of the ERC3D code, 2D benchmark activities on existing codes within
ERCC continued during 2013. The results and conclusions of the benchmark activities
were presented in [Heuraux_2013]. Next step will be to benchmark the ERC3D code
against 2D codes in simplified conditions where involved computational times are
feasible.

II.2.11 Advanced data analysis techniques
(RO: J. Vega)

II.2.11.1 Increasing the time resolution of the JET real-time disruption predictor
(APODIS) from 32 ms to 1 ms
The impact of disruptions in JET is well-known not only with the carbon fiber
composite (CFC) wall, but also with the metallic ITER-like wall (ILW). A disruption
34

predictor, called APODIS, was developed and implemented for the JET real-time data
network. This predictor uses seven plasma quantities (plasma current, mode lock
amplitude, plasma internal inductance, plasma density, stored diamagnetic energy time
derivative, radiated power and total input power) and it has been working during the
ILW campaigns in JET. It has reached good results in terms of success rate, false alarm
rate and prediction anticipation time. However, it is important to note that any signal
could fail during any discharge. If an incorrect signal is used by APODIS, this can be an
issue for the predictions. Therefore, the first purpose of this research was to determine
the robustness of APODIS. Robustness is the predictor reliability when a signal fails. To
determine the robustness, anomalous signals have been simulated and the quality of the
APODIS predictions has been estimated. The results show that some signals, such as the
mode lock and the plasma inductance, are essential for APODIS to provide a reasonable
success rate. Under the failure of other signals, APODIS performance slightly decreases
but remains acceptable. On the other hand, during the ILW campaigns, APODIS has
missed some disruptions due to a lack of temporal resolution in the prediction. Owing to
this reason, a second analysis has been carried out. The effect of increasing the
prediction temporal resolution has been analyzed. The plasma signals are digitized at
the same sampling frequency (1 ksample/s) but a sliding window mechanism has been
implemented to modify the prediction period from 32 to 1 ms. The results were
presented in [Moreno_2013] and have been published in [Moreno_2014].
II.2.11. 2 Analysis of the APODIS fault tolerance
So far, the best results for real-time disruption prediction on the Joint European Torus
(JET) have been achieved with the Advanced Predictor of Disruptions (APODIS).
APODIS is a data-driven system whose latest version has been implemented in JET’s
real time-data network. In this investigation, non-linear regression techniques are
applied to create (off-line) signal models. The models are able to generate (in real-time)
‘synthetic’ signals. Therefore, these ‘synthetic’ signals can be used to replace the
original ones in cases where they are in error or missing. APODIS has been tested under
these conditions, emulating real-time operation. The simulation results demonstrate that
once a signal in error is replaced by the generated ‘synthetic’ one, APODIS
performance is considerably improved. The development of the regression models and
the implications of the results were detailed and discussed in [Rattá_2014] and
[Rattá_2013].
II.2.11.3 Development of continuous learning predictors of disruptions from
scratch. Application to the JET database (CFC and metallic wall)
Prediction of disruptions from scratch is an ITER-relevant topic. The first operations
with the new ITER-like wall constitute a good opportunity to test the development of
new predictors from scratch and the related methodologies. These methodologies have
been based on the Advanced Predictor Of DISruptions (APODIS) architecture. APODIS
is a real-time disruption predictor that is in operation in the JET real-time network.
Balanced and unbalanced datasets are used to develop real-time predictors from scratch.
The discharges are used in chronological order. Also, different criteria to decide when
to re-train a predictor are discussed. The best results are obtained by applying a hybrid
method (balanced/unbalanced datasets) for training and with the criterion of re-training
after every missed alarm. The predictors are tested off-line with all the discharges
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(disruptive/non-disruptive) corresponding to the first three JET ITER-like wall
campaigns. The results [Dormido_2013] give a success rate of 93.8% and a false alarm
rate of 2.8%.
II.2.11. 4 Development of probabilistic predictors for data mining purposes
The development of accurate real-time disruption predictors is a pre-requisite to any
mitigation action. Present theoretical models of disruptions do not reliably cope with the
disruption issues. This research deals with data-driven predictors. All these methods
need large training datasets to develop successful predictors. However, ITER or DEMO
cannot wait for hundreds of disruptions to have a reliable predictor. So far, the attempts
to extrapolate predictors between different tokamaks have not shown satisfactory
results. In addition, it is not clear how valid this approach can be between present
devices and ITER/DEMO, due to the differences in their respective scales and possibly
underlying physics. Therefore, it is necessary to analyse the requirements to create
adaptive predictors from scratch to learn from the data of an individual machine from
the beginning of operation. A particular algorithm based on probabilistic classifiers has
been developed and it has been applied to the database of the three first ITER-like wall
campaigns of JET (1036 non-disruptive and 201 disruptive discharges). The predictions
start from the first disruption and only 12 re-trainings have been necessary as a
consequence of missing 12 disruptions only. Almost 10000 different predictors have
been developed (they differ in their features) and after the chronological analysis of the
1237 discharges, the predictors recognize 94% of all disruptions with an average
warning time (AWT) of 654 ms. The percentage corresponds to the sum of tardy
detections (11%), valid alarms (76%) and premature alarms (7%). The false alarm rate
is 4%. If only valid alarms are considered, the AWT is 244 ms and the standard
deviation is 205 ms. The average probability interval about the reliability and accuracy
of all the individual predictions is 0.811 ± 0.189. Preliminary results were presented in
[Vega_2013a], [Vega_2013b] and [Vega_2013c]. Finally, they were summarized in
[Vega_2014].
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II.3 Real Time Measurement and Control

II.3.1 Advanced data acquisition systems with active role and RT data analysis
processes
(RO: J. Vega)
II.3.1.1 Real-time change detection in data streams with FPGAs
The automatic recognition of changes in data streams is useful in both real-time and offline data analyses. A prototype system with change-detecting algorithms (based on
martingales) was implemented. The implementation was made using Field
Programmable Gate Arrays (FPGA). The final automatic event recognition system is
absolutely general and it does not depend on either the particular event to detect or the
specific data representation (waveforms, images or multidimensional signals). The work
was presented in [Vega_2013] and it was published in [Vega_2014].
II.3.1.2 Soft real-time EPICS extensions for fast control
To manage and process massive amounts of acquired data, EPICS requires additional
functions such as: data block oriented transmissions, links with speed-optimized data
buffers and synchronization mechanisms not based on system interruptions. In order to
solve it, we have developed a soft-real time framework named DPD (Data Processing
and Distribution) for implementing fast data acquisition systems, and based on its
modularity and straightforward integration in EPCIS, DPD framework was selected to
implement an equilibrium real-time control algorithm [Castro_2014a], currently used in
the TCV tokamak.
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II.3.1.3 Real-time image acquisition and processing systems based on FlexRIO
CIEMAT collaborated with UPM on developing a real-time image acquisition and
processing system that allows for the development and validation of real-time image
processing techniques without using real systems (cameras and fusion diagnostics). It
provides a platform for the validation of image processing algorithms based on
generated images that faithfully reproduce images from fusion databases. The system
offers FPGA image processing that does not require CPU intervention and is fully
compatible with the architecture of the ITER Fast Controllers based on the PXIe
platform [Barrera_2014].
II.3.1.4 IEEE 1588 clock distribution for FlexRIO devices in PXIe platforms
In nuclear fusion environments, hundreds of thousands of data acquisition channels can
be used. The time synchronization of these channels is crucial to obtaining a proper
temporal correlation among the samples of all of the channels. Timestamping is the
typical method used to provide a time reference to the samples. To solve this problem,
CIEMAT worked with UPM in a solution that distributes the clock from a IEEE 1588
timing card to FlexRIO devices [Sanz_2014].

II.3.2 ITER related Projects
(RO: J. Vega)

II.3.2.1 ITER Data archiving
A project for ITER CODAC was initiated in September 1st 2013 in consortium
(CIEMAT, UPM. INDRA, SGENIA) with the objective of implementing a first
prototype of a system [Castro_2014b] to archive all generated data in ITER. CIEMAT
led technically the project and at the end of 2013, a first version of this software was
delivered to ITER and it was integrated into ITER CODAC CORE SYSTEM for tests.
II.3.2.2 ITER fast central interlock system
This project is being done by consortium (CIEMAT, UPM, National Instruments). It has
been technically led by UPM and its objective is to define and test a valid architecture
to implement ITER interlock fast safety functions. This project is based on National
Instruments cRIO architecture. During the last months of 2013 first technical analysis
were done in order to approach to a valid solution that has to drive the rest of the
project.
II.3.2.3 ITER “Data streaming and Data Core API” project
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This project was started on September 1st 2013 and it is developed by CIEMAT. Its
objective is to implement a use case of image acquisition with data archiving using
ITER standard libraries. A first version of the software was presented in 2014 February.
II.3.2.4 ITER “Device Support for FlexRIO 796xR and Integration with MFC
Diagnostics Use Case” project
CIEMAT worked in collaboration with UPM for implementing a prototype of FlexRIO
based software as a part of the ITER use case for a neutron diagnostics (Diagnostic –
Micro Fission Chambers, PBS 55.B3) based on PXIe form factor.
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III.1 Optimization of operational regimes for improved concepts

III.1.1 Liquid Li limiter studies in TJ-II
(RO: F. L. Tabarés)
Exposure of LLL to hot plasmas: The emission of atomic Li from the LLL was followed
at different initial temperatures and thermal loads by the plasma. From these data, an
estimate of the power loads incident on the limiter was made. The deduced loads were
compared to those estimated from the edge parameters measured by a He beam away
from the limiter, resulting in a factor of 2 to 3 lower and implying the presence of heat
shielding effects near the limiter head.
Biasing studies of liquid lithium limiter with respect to a carbon limiter and to the
vacuum chamber were also made. By simply inserting two different materials into the
same flux tube, 180º away in toroidal coordinate, a potential is developed. This effect
was tentatively explained based on the very different secondary electron emission
coefficients of C and Li. From the spontaneously driven current, the resistivity of the
plasma periphery was evaluated. The resulting values were independent of the applied
voltage difference, in actively bias experiments. These values are orders of magnitude
higher than those expected from Spitzer resistivity and are consistent with those
produced by electron molecule inelastic collisions.
Comparative studies of the impact of C and Li limiter biasing on plasma confinement
were also carried out. A much stronger impact on the plasma parameters was seen when
the Li limiter is biased positively with respect to the vacuum chamber, leading to the
development of an enhanced confinement mode, not observed in the carbon biasing case
[Tabarés_2014].
III.1.2 Studies of Lithium as plasma facing material
(RO: F. Tabarés)
Retention and removal of H in lithium.: Experiments at the laboratory on uptake and
release of H2 and D2 from liquid lithium were carried out. The kinetics of the absorption
and desorption by TDS processes were characterized. It was found that absorption of H2
takes place in two steps, tentatively ascribed to the solution of H on Li followed by
hydride formation and having different activation energies. No significant difference
was seen between the different isotopes. In order to understand the implications of
hydride formation on the required conditions for Li regeneration in a reactor, mixtures
of Li and HLi were compared with pure Li and solid HLi TDS experiments. It was
found that the solution of HLi in Li shows desorption peaks at temperatures well bellow
those found in pure HLi, basically consisting on the full decomposition of the hydride at
690 ºC [Martín-Rojo_2014].
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III.1.3 Experimental investigation of profile structures and plasma instabilities
(RO: B.Ph. van Milligen)
Long-range correlations were measured using two remote reciprocating Langmuir probe
systems at TJ-II. The influence of the rotational transform on the correlation was
studied by scanning the magnetic configuration. A simple drift-wave correlation model,
assuming an exponential decay of the correlation with different correlation lengths in
the directions parallel and perpendicular to the field lines, was found to describe the
observations well at low densities. The experiment was repeated at gradually higher
densities, and an additional correlation was detected at a critical value of the density. In
accordance with previous work, this additional correlation was ascribed to zonal flows
associated with a confinement transition. Thus, the total long-range correlation was
found to be a sum of the drift wave and zonal flow contributions [Milligen_2013a].
Plasma turbulence was studied using Doppler reflectometry at the TJ-II stellarator. By
scanning the tilt angle of the probing beam, different values of the perpendicular
wavenumbers are probed at the reflection layer. In this way, the interaction between
zonal flows and turbulence was reported with (a) spatial, (b) temporal and (c)
wavenumber resolution for the first time in any magnetic confinement fusion device.
We studied measurements of the bicoherence across the low to high (L–H) confinement
transition at TJ-II. We examined both fast transitions and slow transitions characterized
by an intermediate (I) phase. The bicoherence, understood to reflect the non-linear
coupling between the perpendicular velocity (zonal flow) and turbulence amplitude, was
significantly enhanced in a time window of several tens of milliseconds around the time
of the L–H transition. It was found to peak at a specific radial position (slightly inward
from the radial electric field shear layer in H-mode), being associated with a specific
perpendicular wavenumber (k ≃ 6–12 cm−1, k ρs ≃ 0.8–2). In all cases, the bicoherence
was due to the interaction between high frequencies (≃1 MHz) and a rather low
frequency (≤ 50 kHz), as expected for a zonal flow [Milligen_2013b]. A talk on this
topic was presented at the annual EPS conference on Plasma Physics [Milligen_2013c].
The potential of an information-theoretical causality detection method for unravelling
the relation between fluctuating variables in complex non-linear systems was explored.
The method was tested on some simple though non-linear models, and guidelines for
the choice of analysis parameters were established. Then, measurements from
magnetically confined fusion plasmas were analysed. The selected data bear relevance
to the all-important spontaneous confinement transitions often observed in fusion
plasmas, fundamental for the design of an economically attractive fusion reactor. It is
shown how the method is capable of clarifying the interaction between fluctuating
quantities such as the turbulence amplitude, turbulent flux and zonal flow amplitude,
and uncovers several interactions that were missed by traditional methods
[Milligen_2014].
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III.2 Theory and modelling

III.2.1 Foundations of Gyrokinetic theory
(RO: I. Calvo)
In tokamaks, the capability of the plasma to rotate at high speeds is tightly related to the
axisymmetry of the magnetic configuration, and there is evidence supporting that
rotation is beneficial for confinement. Stellarators are non-axisymmetric toroidal
devices that exhibit interesting features for eventual fusion reactors, thus it is reasonable
to ask whether flow damping in stellarators can be sufficiently weak to allow large
plasma rotation. Flows are undamped if and only if the stellarator is quasisymmetric.
Since perfect quasisymmetry cannot be achieved, deviations from quasisymmetry are
unavoidable. We have derived criteria to assess when the deviation is sufficiently small
for the stellarator to be considered quasisymmetric in practice. The most favorable
deviations are those with small helicities, studied in [Calvo_2013]. The effect of
deviations with large helicities has been analyzed in [Calvo_2014].
III.2.2 Gyrokinetic simulations using EUTERPE code
(RO: E. Sánchez)
The study of linear damping of zonal flows in stellarator geometry has continued.
Linear collisionless simulations of zonal flow relaxation in different TJ-II
configurations have been carried out with the code EUTERPE. The influence of
magnetic configuration on this relaxation has been studied finding a clear influence of
the trapped particle fraction on the frequency of zonal flow oscillations has been found.
The influence of the long wavelength electric field on the zonal flow relaxation has been
studied and simulations in the TJ-II geometry with experimental density and
temperature profiles and including the neoclassical electric field have been done. An
increase in the amplitude of the low frequency zonal flow oscillations was found around
the low density transition in TJ-II [Velasco_2013a, Velasco_2013b].
Analytic expressions for the residual zonal flow level in toroidal (stellarator/tokamak)
geometry have been derived. The code CAS3D-K has been extended to compute several
quantities required for the evaluation of this level. Gyrokinetic simulations of zonal
flow relaxation have been carried out with EUTERPE in tokamak and stellarator
geometry to compare with CAS3D-K calculations. A reasonable agreement was found
between both calculations [Monreal_2013].
Linear simulations of ion temperature gradient (ITG) instabilities have been carried out
using the TJ-II geometry, ideal density and temperature profiles and adiabatic electrons.
The ITG mode has been found to be destabilized by magnetic curvature for ion
temperature gradients above a threshold. Simulations with different magnetic
configurations have been done to study the influence of the magnetic configuration on
the ITG instability. The growth rate of the ITG modes has been found to increase with
the rotational transform. A slightly stabilizing effect of ITG modes by the magnetic
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shear has been found studying magnetic configurations with inductive current, in which
the magnetic shear is modified.
Linear simulations with adiabatic electrons using density and temperature profiles
typical from experimental ECRH and NBI heated plasmas have shown that typical
plasmas in TJ-II are stable to pure ITG modes.
Indications of electron driven (TEM/ETG) instabilities in TJ-II have been found in
linear simulations with fully kinetic electrons and using experimental profiles typical
from ECRH plasmas. A stabilizing effect of the neoclassical electric field was observed.
A detailed characterization of electron-driven instabilities in ECHR and NBI plasma
regimes is underway [ESánchez_2014a, ESánchez_2014b].

III.2.3 Transport analysis and simulation
(RO: D. López-Bruna)
Transport studies are a continuous task for TJ-II plasmas. Comparisons between
neoclassical calculations using several formulations for the electron and ion fluxes and
experimental values were carried out for plasmas of increasing densities, covering
ECRH to NBI heated plasmas [Gutiérrez-Tapia_2013]. The main trends observed
experimentally are obtained for the predicted electric fields, just at the expense of
adjusting the effective ripple. A simplified analytical description of the non-ambipolar
fluxes is equally successful in describing TJ-II trends, which allows explanations for
part of TJ-II phenomenology based on neoclassical transport alone. However, there are
aspects of TJ-II plasmas that cannot be concealed with a neoclassical description. A
transport balance study was performed in threshold conditions for the onset of an L-H
transition in TJ-II plasmas heated with balanced NBI. Similar plasmas, except for the
inclusion or not of a low order rational close to the plasma edge in the magnetic
configuration, give rise to different particle transport and threshold conditions for the
transition. Interestingly, the plasmas with the low order rational included lower the
threshold for the L-H transition and show better confining properties already before the
transition [López-Bruna_2013a]. Besides spontaneous transitions to H-mode, forced
profile transitions from bell- to dome-shaped, by controlled injection of short gas pulses
were also analyzed. Simulation results point that to explain the stable passage to dome
profiles, a strong modification of the electric field is required. This reinforces the need
of including a term that accounts for experimentally observed features, such as direct
CX reactions of the energetic neutrals with impurities [Ochando_2013a].
III.2.4 MHD studies
(RO: D. López-Bruna)
Studies of sawtooth-like events, profile transitions and associated MHD activity
MHD studies are intimately linked to transport studies because of the evident effect of
magnetic configurations in TJ-II plasmas. However, dedicated studies were performed
to dwell on the real incidence of the presence of low order rationals of the rotational
transform (magnetic resonances) in the confined plasmas. First, a clear relationship was
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found between the existence of bursty transport events near the plasma edge and the
existence of such resonances. Furthermore, such events were identified as similar to the
repetitive formation and destruction of transport barriers which, in turn, can act so as to
shield internal transport events. This poses magnetic resonances as potential transport
controllers in magnetic confinement fusion plasmas [López-Bruna_2013b]. These
findings motivated the development of a transport model that includes transport barrier
formation dynamics and virtual diagnostics that can provide a quantitative explanation
of the process of transport barrier formation [López-Bruna_2013c]. An important piece
in the transport system, the mechanism of barrier formation and destruction based on
MHD arguments, has become new topic of study [Martinell_2013].
Coherent modes linked to plasma current
Dynamic configuration experiments with induced currents (up to 12 kA) were
performed in TJ-II to modify the rotational transform profile in every plasma discharge.
Global radiation and Langmuir probes signals have been used to follow the radial
movement of some low-order rational surfaces through the effects of the MHD activity
associated to them on plasma parameters. The detected rational locii are in excellent
agreement with predictions based on the evolution of the rotational transform with
frequent metrics updates using VMEC [Ochando_2013b].

III.2.5 Neoclassical transport and flow damping
(RO: J. L. Velasco)

Toroidal currents in TJ-II. The bootstrap ion flow was calculated for TJ-II ECH and
NBI plasmas and compared to CXRS measurements [Arévalo_2013.Arévalo_2014].
The agreement was found to be good for ECH plasmas, which have no momentum
input, but not for NBI plasmas.
Prediction of TJ-II Neoclassical transport. The contribution of NC transport to the
radial particle and energy fluxes was calculated with the local code DKES and the
global code FORTEC-3D for NBI and ECH plasmas of TJ-II [Dinklage_2013, LópezBruna_2013d, Tallents_2014]. In the core region, the experimental particle flux is in
reasonable agreement with the NC prediction, but there are differences in the ion energy
flux which cannot be explained by non-local effects.
Dependence of NC transport on magnetic configuration properties. NC theory was
validated in several medium-size stellarators: LHD, W7AS and TJ-II [Dinklage_2013].
The general result, in view of W7-X, is that the experimental fluxes are in rough
agreement with the experimental predictions in the core region, with some exceptions.
The radial charge transport was estimated in stellarators close to quasisymmetry
[Calvo_2013, Calvo_2014].
Exploration of flow driving and damping in TJ-II. The effect of the NC background
on the zonal-flow activity was studied by means of experiments [Alonso_2013] and
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gyrokinetic simulations in a NC background [Velasco_2013c, ESánchez_2013,
JSánchez_2013].

III.2.6 Stellarator Optimization
(RO: F. Castejón)
Activities on stellarator optimization have continued using DAB algorithm have
continued with the inclusion of bootstrap current minimization among the optimization
criteria. Previously the final limited optimization of a TJ-II like stellarator has been
performed imposing the minimization of curvature drift [Castejón_2013a]. The
calculations for minimizing the bootstrap current in a reactor based on Helias-like
configuration have been started. First results are available [Castejón_2013b].

III.2.7 Heating and current Drive: Collaboration with BSC/Plasma heating and
current drive with ICRF waves
(RO: M. Mantsinen)
In 2013, the collaboration with the Barcelona Supercomputing Center (BSC) has been
reinforced and extended to the field of plasma heating and current drive with waves in
the ion cyclotron range of frequencies (ICRF). Here, emphasis has been in the
numerical modelling of experiments in magnetically confined fusion devices, in
particular in ASDEX Upgrade (AUG) and JET, in preparation for ITER and DEMO
operation. Within this collaboration a joint experimental proposal entitled “Bulk ion
heating with 3He minority heating on AUG” was prepared for the EUROfusion medium
size tokamak work package under headline 1.1 “Increase the margin to achieve high
fusion gain on ITER”. Following the acceptance of this proposal, EUROfusion
appointed as scientific Coordinator for the experiment a senior ICRF expert from BSC
who was also appointed as Scientific Coordinator of fast ion modelling (stability and
transport) within the EUROfusion medium sized tokamak work programme for 2014.
Collaboration was also successfully initiated with JET in the field of modelling of ICRF
heating and current drive for analysis and preparation of JET experiments, including
experiment M13-45 “Fusion product studies”.
III.2.8 Fast ion transport
(RO: F. Castejón)
Fast ions are produced by NBI heating in TJ-II stellarator. Their transport is studied
using the Monte Carlo code ISDEP. During 2013 an experimental validation of ISDEP
has been performed by the introduction of a synthetic diagnostic in the code and the
comparison with Compact Neutral Particle analyser (CNPA) of TJ-II. A very good
agreement is found [Bustos_2013].
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TJ-II is provided with two NBI injectors located at opposite toroidal positions, which
launch the beams in co- and counter-directions with respect to the magnetic field.
ISDEP has been used to compare the heating properties of the two injectors. Significant
differences have been found due to both the magnetic topology and the electric field
[Rodríguez-Pascual_2013].
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IV.1 Development of material science and advanced materials for
DEMO
IV.1.1 Functional materials
(RO: R. Vila)
IV.1.1.1 Ion radiation evaluation of Li ceramics
Due to nuclear reactions occurring during materials operation in a fusion environment,
light elements are produced, mainly H isotopes and He, which impurify the original
material resulting in severe changes in material properties and crystalline structure.
Therefore, special emphasis has been given to the definition of high resolution, high
efficiency and high mass resolution instrumentation, particularly for H and D mass
analytical determination.
NR analysis for He or D depth profiling on irradiated lithium based ceramics.
One of the key questions concerning materials for breeding blanket applications is the
analytical study of light ions produced by transmutation reactions and/or introduced by
interaction with the plasma. In breeding ceramics, high concentration of lithium
transmutation products (3H and 4He) will be produced when exposed to high-energy
neutrons. Therefore, experimental effort has been paid to understand the mechanisms
for the He thermal-induced release inside of a porous lithium metatitanate ceramic.
Since diffusion is enhanced due to ionizing radiation and occurs by different
mechanism, the study will also include the characterization of irradiated ceramics.
He ions were implanted on Lithium m-titanate (Li2TiO3) ceramic samples using a 600
keV ion beam at a fluence of 1017 at/cm2 and the 3He(d,α)1H Nuclear Reaction Analysis
(NRA) technique (CEMHTI facility (Orleans, France)) was used to study the depth
profiles evolution after different thermal annealing treatments [Carella_2014]. FESEM
and TEM techniques were applied to observe changes in the microstructural of crosssection samples.
3

He outgassing is not effective up to 300ºC. From this temperature point, release process
is temperature dependent showing two different release rates (next figure-left):
temperatures higher than 500ºC give rise to a more efficient outgas process, indicating
that a fraction of He needs higher activation energies to release. Less than 5% of the
initial 3He concentration was found at 900ºC after an isochronal annealing, without
significant depth-profile broadening (next figure-right). Furthermore, a region (300nm
width) of interconnected nanocavities, arranged perpendicular to the implantation
direction was found to be located at 1.7 ± 0.2 µm from surface. The formation of a
region of interconnected nanocavities within the ion-damaged plane is consistent with
the experimental NRA He depth profiles, pointing the stability of the He gas
distribution in depth with temperature. In conclusion, He release seems to be governed
by a transport mechanism involving rapid migration/diffusion through interconnected
gas cavities before reaching grain boundaries and opened pores.
Some Li2TiO3 ceramic discs were also previously gamma ray irradiated at CIEMAT up
to 7 MGy. The 3He remaining yield obtained in the irradiated sample is lower at any
temperature, being concluded that charge rearrangement occurring during ionizing
irradiation enhances the gas transportation through the damaged structure. In
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operational conditions, the release of tritium from the breeder will be more effective due
to the presence of an ionizing field.
A comparable experiment was performed on D implanted MTi ceramics, where samples
were previously γ-ray irradiated to a total dose of 7 MGy, then structurally damaged
using hosts heavy-ion (Ti4+), before finally implanting the damage structure with D ions.
The resulting D annealing experiments show a comparable gas concentration on
damaged structures. This behaviour points the fact that those defects (mainly Schottky
pairs) created due to ion irradiation are compensated with the unstable charges
previously relocated during gamma-radiation with null participation in D thermalinduce diffusion.

Figure 1. Left) Helium desorption acquisition as a function of time of a Li2TiO3
implanted sample during isothermal annealing treatments. Right) The
experimental He depth profiles before and after annealing treatments using NRA
technique.

Figure 2. Cross-section TEM microstructure of a lithium metatitanate lamella
after 3He-implantation (600keV; 1x 1017 ions/cm2) and 400ºC/5000s thermal
treatment.
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Raman, thermo and cathodoluminescence characterization of irradiated Li-ceramics
The radiation effects of Li2TiO3 ceramics sintered at 1150 and 1350 ºC were
investigated by means of its UV-IR cathodoluminescence (CL) and
thermoluminescence (TL). A higher sintering temperature significantly decreases the
CL emission intensity (see next figure), which is probably associated with subtle
changes in the lattice structure (beta-to-gamma transformation) as is also illustrated in a
XRD analysis. Successive irradiation-heating cycles induce a progressive increase in
the TL intensity due to an increase in the concentration of luminescence centres. For
Fusion applications, the optical activity of lithium titanate, particularly its intense and
dose-dependent luminescence might be considered as a characteristic property to
evaluate the induced-damage produced in the crystalline structure after neutron or
particle irradiation [González_2014].

Figure 3. Cathodoluminescence spectra of Li2TiO3 ceramics sintered at
increasing temperatures.
IV.1.1.2 Corrosion and compatibility of Li silicates
Compatibility studies between Li4SiO4 prepared in the CIEMAT laboratories and
Eurofer have continued until 2160 hours. The test conditions were 550 °C under an
atmosphere of He / H2 simulating the purge gas [Hernández_2014;
Hernández_2014(II)].
It has been confirmed that the corrosion attack starts with the Fe-dissolution by
dealloying, followed by the formation of different Fe and Cr oxides which seems to
limit the corrosion attack. The mechanism corresponds to an “inverse” dealloying
process; the dissolved element is nobler than the other. As a result of the corrosion
process, the surface of the Eurofer is enriched in chromium. This layer seems to slow
down a continuous attack of the base material.
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When the test times exceed 720 hours, corrosion does not progress. Under these
conditions, the oxide layer formed on the Eurofer is very compact and able to passive
the metal. Mostly are observed a series of solid state reactions between the different
oxides formed in the corrosion layer that lead to greater homogeneity in its composition.

IV.1.2 Ceramic insulators
(RO: R. Vila)

IV.1.2.1 Radiation evaluation of silica glasses
The absorption spectra of three types of silica with different OH and impurity content
(KU1, KS-4V and Infrasil 301) was measured from vacuum ultraviolet (VUV) to near
infrared (NIR) after irradiation with high energy ions: He+ (2.46MeV), O+4 (13.5 MeV)
and Si+4 (24.37 MeV) at different fluences up to 1.6 1015 ions/cm2. The projected range
in the three irradiations was ~9 µm. The predominant process of energy transfer in these
irradiations is the electronic excitation. The number of defects created in the three types
of silica, implanted with the same ion and fluence, is similar (no dependent of OH or
impurity content of silica). This effect was also observed in neutron irradiated silica at
high fluence (1022ions/m2). A saturation of the absorption spectra was obtained in the
samples implanted with Si and O when fluence increases. The saturation was obtained
for a deposited energy of ~1024eV/cm3. Defects increases with total energy deposited, at
the same fluence the number of created defects is higher in samples irradiated with Si4+
ions than in He+ implanted samples [Martín_2014].
Raman and Fourier transform infrared (FTIR) spectra of KU1, KS-4V and Infrasil 301
silica neutron irradiated at high fluence (1021 -1022 ions/m2) and gamma irradiated at
23.8MGy were obtained and compared to study structural properties of these types of
silica [León_2014].
IV.1.2.2 Ionoluminescence characterization of light ions on insulator materials
In future fusion devices, oxide ceramics such as Al2O3 for insulation applications will be
subjected not only to neutron and gamma irradiation, but also bombardment by H
isotope and He ions accelerated by local electric fields. This produces an increase of
surface electrical conductivity, potentially as serious as volume degradation. During
2013 associated ion beam induced luminescence (IBIL) has been used as a tool to
monitor material modification, indicating that partial recovery can be achieved by
exposure to air (reoxidation). The degradation has been shown to be due to the
progressive formation of oxygen vacancies (F and F+ centres), vacancy aggregates, and
aluminium colloids in the surface region, enhanced by oxygen loss caused by
preferential sputtering during irradiation [Malo_2014].
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IV.1.2.3 Characterization of H and He on insulating surfaces
Initial attempts to reverse the surface electrical degradation by reoxidation of 45 keV
helium bombarded oxides produced an apparent full recovery of surface conductivity.
During 2013 the work has explored the possibility of post irradiation recovery by
prolonged thermal annealing in air and oxygen at elevated temperatures, and the use of
low energy oxygen ion bombardment to enhance the reoxidation process. Two types of
α-alumina were studied; Deranox 995 and Wesgo 995. Surface electrical conductivity
was studied before and after different thermal annealing cycles in air, oxygen, and
during oxygen ion bombardment. In the initial stage of degradation, recovery is
enhanced by increasing annealing temperature and time, as well as exposure to oxygen.
However oxygen bombardment is only effective for severe degradation. One concludes
that in a future fusion reactor machine venting to air is a practical way to mitigate
surface degradation in situ.
IV.1.2.4 Radiation effects on other IR/VIS diagnostics components
Several irradiation experiments have been done in 3 different types of Silica, to be used
as a VIS-IR window material. It was already found that in certain conditions (low dose
ion irradiation) the surface of the window exhibits numerous cracks, degrading its
properties. In this studies we extended the type of incident ions (to experiment with
different displacement/ionizing damage ratios) and doses to obtain a better information
about this phenomenon.
I t has been found that this surface degradation appears in all the ions studied (up to
Cu) except for the lightest one( He). Calculations have been done to extract the
minimum energy (eV/nm) deposited by the ions to observe this cracks. In all cases it
was again observed that higher doses do not produce the damage, which is a highly
unexpected result.
IV.1.2.5 Definition of materials requirements in DEMO: ceramic insulators
During 2013 an exhaustive review of the corrosion processes suffered by the reduced
activation steels in contact with different breeders there has been carried out. The results
were compiled into a database that includes three subsections: liquid breeders, solid and
molten salts.
The most relevant data are listed below.
Corrosion behavior in eutectic Pb-Li
Corrosion rate is dependent on temperature, flow velocity and magnetic field. The most
important effect is the temperature.
Most corrosion data of low activation steels with Pb-Li have been conducted in
hydrodynamic loops with either thermal or forced convection. The more relevant data
were obtained in the loop “Picolo” since tests reach up 120,000 hours. Under these
conditions, the corrosion rate for EUROFER has been established on 80 µ/year for a
flow of 0.22 m / s and 480 °C; however when the temperature rises to 550 ° C, the
corrosion rate is enhanced to 400 µm / year.
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The magnetic field, although also enhances the corrosion rate, is especially important
because forms furrow structure on the steel surface that may change the mechanical
properties When magnetic field of 2 T is applied, the corrosion rate can be increased to
320 µm/year, although these results were obtained in short tests (1000 hours) and
should be taken only as indicative.
Corrosion behavior in molten salts.
In this media, the results are given by the Japanese groups with the JLF-1 steel. All tests
were carried out in static and for short times (one month maximum). The main result is
that for the same test temperature, the corrosion layer produced by Flinak is an order of
magnitude thicker than that obtained by Flibe (6 µm and 0.6 µm respectively).
Corrosion behavior in lithium ceramics.
There are few data regarding corrosion of low activation steels in contact with solid
breeders. The results that were obtained show that, although the corrosion is less
important than in liquid breeders, exists.
The Spanish and German groups have worked on the subject are agree that lithium
ceramics produce a double oxydic layer in the steel that is enriched in iron outside and
chrome inside. When tests are performed not in vacuum but Helium atmosphere, this
effect is increased and the layer thickness reaches about 25 microns.

IV.1.3 Nanostructured ODS ferritic steels development (ODSFS Task Agreement)
(RO: P. Fernández)

IV.1.3.1 Production and characterization of ODS steels
The microstructure of the nanofeatures present in the different produced ODS Fe-14Cr
alloys has been characterized. The chemical environment and cluster distribution of the
Y-rich particles has been identified using Atom Probe Tomography (APT), the thermal
stability of the vacancy-like defects has been investigated by Positron Annihilation
Spectroscopy techniques, and the volume distribution of voids and precipitates < 30 nm
have been obtained from neutron scattering data. APT data from the ODS Fe-14Cr alloy
(no Ti) show that nanoparticles contain Y, Cr and O. The positron annihilation
measurements reveal the presence of tridimensional vacancy clusters, or nanovoids, in
the HIP consolidated alloys irrespective of the treatment underwent by the samples.
Besides, the evolution of the positron annihilation characteristics induced by stepwise
isochronal annealing discloses the thermal instability of the microstructure developed in
these alloys. Instabilities start for temperatures above 950ºC. For the non-ODS alloys,
voids practically disappear, while for the ODS alloys the intensities remain significant
up to the maximum annealing temperature (1400ºC). Thus, nanoparticles seem to be
very effective in stabilizing these voids.
The mechanical properties of the produced Fe-14Cr-2W-0.3Ti-0.24Y alloy have been
obtained. The effect of heat treatments on the microhardness and tensile properties at
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room temperature was also studied. The significant softening observed after heating at
1300ºC could be attributed to the slight increase of the mean size observed, which is
accompanied by a decrease of the particle number density [Auger_2014]. Both Charpy
impact and tensile tests reveal possible inhomogeneities in the material.
Thermomechanical treatments (not only HT) should be performed.
The microstructural characterization of a powder batch prepared by CRPP, with initial
composition Fe!14Cr!2W!0.3Ti prealloyed powder + Fe2Y has been performed. A
homogeneous dispersion of nanoparticles with Y, Ti-rich compositions has been
achieved. The powder was consolidated by HIP and the material in as-HIP state is being
characterized after normalizing and tempering and is also available for subsequent
thermomechanical treatments.

IV.1.3.2 Radiation effects on ODS steels
The aim of this work was the microstructural characterization of two simultaneous triple
ion implanted Fe-14Cr-(2W-0.3Ti)-0.3Y2O3 (wt%) alloys by transmission electron
microscopy (TEM) and positron annihilation spectroscopy (PAS), in order to determine
the effect of irradiation focusing on the irradiation induced defects and the evolution of
the oxide nanoparticles and other secondary phases present in these materials. The
alloys were implanted at the JANNUS facility. Two irradiations were performed to
simulate the damage produced at DEMO per year. Both irradiations were carried out at
600ºC up to a damage of 30 dpa (calculated using SRIM), 600 appm He and 1500 appm
H. In one of the irradiations, beam degraders were used to obtain a homogeneous dose
profile to ∼ 800 nm from the surface. The main conclusions of this study are the
following: (1) No loops were detected in the matrix after the implantations. TEM only
shows few visible defects which are associated to nanoparticles. This effect is in
agreement with the slow PAS results as the S-parameter is depth independent in the
bulk. (2) Only small bubbles (< 4 nm) are visible by TEM. The irradiation temperature
seems to be over the peak swelling temperature, in agreement with previous studies. (3)
Irradiation-induced chemical evolutions could be taking place as Cr-rich precipitates
with no Ti present are observed, and Cr is detected in the larger Y-rich particles.
However, to be sure if these changes are irradiation induced, further studies are being
accomplished of the non-irradiated sample for comparison. Moreover, slow PAS
Coincidence Doppler Broadening curves are inverted after irradiation reflecting changes
probably related to evolutions in W or Ti concentrations (chemical modifications of
M23C6 or Cr,Ti-rich precipitates, NPs evolutions,…) [Parente_u.c.].

IV.1.3.3 Production and characterization of EUROFER-type steels
Development and process optimization to prepare a Reduced Activation
Ferritic/Martensitic (RAFM) steel at a pilot plant scale with a chemical composition and
metallurgical properties very close to the EUROFER steel, the main candidate for TBM
and Breeding blankets in early DEMO operation.
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An experimental RAFM steel grade was obtained in a melting Pilot Plant by means of a
High Vacuum induction melting furnace in order to assure a good chemical analysis
control in order to guarantee a reduced activation after use.
The whole manufacture process was carried out as well as the evaluation of the
microstructural and mechanical properties, the determination of the CCT curves
(Continuous Cooling Transformation) and the effects of thermal aging has been
evaluated.
Hot deformation and quench dilatometry techniques have also been used to select the
appropriate thermomechanical and thermal treatment parameters necessary to obtain the
required properties. All the data obtained both from microstructural characterization and
from the mechanical tests performed at different temperatures have shown the
attainment of results similar to the behavior of EUROFER 97-2.
IV.1.3.4 Definition of materials requirements in DEMO: Literature review of
ODSFS
The recent progress in developing new Iron-based alloys that show great promise in
meeting an outstanding balance of mechanical, physical, and radiological properties that
can be sustained under long-term service in ultrasevere combinations of high radiation
fields, thermomechanical loading conditions and chemically reactive environments have
been revised.
The conventional route to produce ODS ferritic steels based on mechanical alloying is
still under optimization in order to produce a nano-structured microstructure with
homogeneous dispersion of Ytria-particles. However, at the same time new methods to
produce this kind of steels are being exploring in EEUU, Japan, China and India. These
novel routes consist in the Gas atomization reaction synthesis (GARS), EDTA-Cytrate
and Sol-gel methods. The principal characteristic in all these methods is to avoid the
mechanical alloying step.

IV.1.4 Tungsten and Tungsten Alloys Development (WWALLOY Task
Agreement)
(RO: P. Fernández)
IV.1.4.1 Brazing development
Development of brazing processes for W-W structural joints using flexible Ti alloy tape
fillers
Ti-86Fe and Ti-46Fe fillers were carried out focussing on the characterization of TiFe/binder mixtures for flexible tape filler manufacturing. The addition of the organic
binders to the metallic powder did not modify or slightly changed the solidus and the
liquidus temperature of Ti-46Fe and Ti-86Fe powder mixtures.
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Wettability increased with the binder ratio of PPC or PAA. It could be associated to
higher interaction between the molten drop and the W substrate by diffusion and
reaction of the residual binder elements (mainly C). Fillers made of PPC binders have
higher spreading capability than those made of PAA. In the case of Ti-46Fe fillers was
difficult to control the filling of the joint clearance due to the expulsion of the most of
the molten filler by capillarity. In addition, PPC binder showed better conformability
than PAA one for lower contents. The main problem of this binder was the use of
acetone as solvent which evaporated faster than water. However, if filler tape was
protected with polymeric release films, it kept their drape and sticking characteristics.
The characterization of the W-W joints using flexible tape fillers was also made. The
highest strength was obtained using Ti-46Fe filler and the nominal shear strength was
close to 200 MPa. However, this composition was much sensible to the binder nature,
and problems of expulsion of the molten filler out the joint clearance mentioned above
mainly occurred when PPC binder was used. Shear strengths close to 110 MPa were
obtained using Ti-86Fe fillers, independently of the binder nature.
Development of brazing processes for W-EUROFER structural joints
For W-EUROFER joints research was done in the fabrication process of flexible Cu-Ti
tapes using PPC as binder. Cu-44Ti flexible filler produced joints with similar
microstructure to green and sintered Cu-44Ti foils formed by Cu-Ti intermetallics
[Ureña_2009], but with coarser intermetallics close to W substrate. There was a massive
Ti carbide precipitation at the EUROFER-joint interface and at the steel grain boundary
up to a distance of 30 μm from the interface. The brazing temperatures of 1025 and
1050 ºC used for Cu-44Ti fillers favoured the diffusion of EUROFER alloying elements
to the joint interface that generated a coarsening of the steel grains close to the joint and
a softening effect.
Cu20Ti brazed at 960 ºC produced joints with high continuity and low porosity. Lower
Ti content and lower brazing temperature reduced the diffusion phenomena and the
amount of TiC formed, that were formed up to a distance of 12 μm from the interface.
The softening of the steel close to the joint was not avoided but the microstructure of
the joint without coarse intermetallics gave rise to a higher shear strength value
(115 MPa compared to 50 MPa obtained using Cu-44Ti fillers).
IV.1.4.2 Production of small laboratory batches of W-Ta and W-TiC by HIP
W-5%Ta and W-5%TiC (wt %) were sintered following a powder metallurgy route. The
purity of the initial raw powders of W and Ta was 99.9 % whereas the purity of TiC was
99 %. The particle size was in the interval 1-5 µm for W, below 2 µm for Ta and below
40 nm for TiC. The production route was the following one:
a) The powders were mixed for 4 hours.
b) The powders were milled 70 hours for W-5TiC and 50 hours for W-5TiC.
c) The powders were submitted to a thermal treatment at 1100 ºC for three hours under a
hydrogen atmosphere. The goal of this treatment was to reduce the oxygen content in the
powders. However, the result was not as expected, since the oxygen released was taken
by Ta or TiC.
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d) The powders were introduced into a steel can that was degassed in vacuum for 24 hours
at 400 ºC.
e) The powders were sintered by HIP at 1300 ºC for two hours under a pressure of 195 MPa.

During the milling process, the powder was characterized by X-Ray, SEM and by
measuring the oxygen content. The oxygen content linearly increased on increasing the
milling time. In W-5TiC, after the thermal treatment under hydrogen, the X-Ray
measurements showed the formation of W2C.
The densification of the sintered compounds was measured with a helium
ultrapycnometer. The densification values were relatively high, 95.6 % and 96.7 % for
W-5Ta and W-5TiC, respectively.
The microstructure of the composites was studied by SEM and TEM. In both materials,
two populations of grains were found, one with a micrometer size and another one with
a sub-micrometer size.
In W-5Ta, a certain amount of Ta is dissolved in the tungsten matrix. However, pools
due to Ta segregation are also observed. The sizes of these pools are in the range 0.1-10
µm. For W-5TiC, nanometric particles of TiC have been found dispersed inside the W
grains along with TiC pools in the 0.1-10 µm range.
IV.1.4.3 Production of small laboratory batches of ODS Copper following a
powder metallurgy route
ODS-copper, Cu-1%Y (weight percentage), was produced by following a powder
metallurgy route. The initial raw powders were Cu, with a purity of 99 % and a particle
size in the interval 37-88 µm, and Y, with a purity of 99.9 % and a particle size below
400 µm. The powder metallurgy route was the following one:
a) Mixing of the powders for 4 hours in a TurbularR.
b) Mechanical alloying in a planetary ball mill at RT. The speed was 100 rpm and
the milling time was 22 hours. The ball/powder ratio was 7.3:1. For preventing the
formation of agglomerates, the powders were milled with three minutes stop every
two minutes.
c) Canning and degassing of the milled powder at 553 K for 24 h in vacuum. After
degassing the can was hermetically sealed.
d) Sintering by HIP for 2 h at 1083 K and 195 MPa.
During the milling process, the powder was studied by X-Ray and SEM. The oxygen
content and the particle size of the powder were also measured. The X-ray diffraction
measurements showed that after 2 hours milling Y2O3 was formed. It indicates that
yttrium can take oxygen from the environment during the milling process and
transforms into Y2O3. At the end of the milling process, the yttrium and yttrium oxides
particles have a sub-micrometer size and are uniformly distributed in the matrix.
After HIP, the density measurements showed that a full densification of Cu-1Y was
achieved. The grain size distribution was analyzed by Optical microscopy. The grain
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size distribution was bi-modal centered in 1 and 11 µm. In order to reduce the grain
size, some specimens were submitted to an ECAP (Equal Channel Angular Pressing)
process. The thermomechanical treatment was carried out at 350 ºC following the BC
route. The microstructure study showed that the grain size distribution transformed into
a mono-modal one centered at 0.6 µm.
The mechanical properties of the ODS Cu-1Y composites in the as-HIP condition and
after the ECAP process were studied from Vickers microhardness and tensile
measurements. The Vickers measurements at RT showed a microhardness of 0.90 GPa
for the HIP sample and 1.18 GPa for the ECAP one. In both cases the microhardness
values are higher than the corresponding for pure copper.
The tensile measurements were done at RT, 100 ºC, 300 ºC and 500 ºC. For
temperatures below 100 ºC the mechanical resistance to deformation is greater for the
ECAP sample. At 500 ºC, the mechanical properties of the as-HIP sample are better
than those of the ECAP sample. However, the mechanical properties of Cu-1Y, even
after ECAP, are worse than those of CuCrZr.
IV.1.4.4 Oxidation resistant W-alloys development
The overall objective of this task is the manufacturing by powder metallurgy of selfpassivating bulk W-based alloys for the plasma exposed areas of DEMO to inhibit W
oxidation at high temperature with release of volatile radioactive tungsten oxides in case
of LOCA with air ingress. Two alloys of compositions WCr10Si10 and WCr12Ti2.5
were successfully produced by mechanical alloying and HIPing in previous periods
[López-Ruiz_2011; López-Ruiz_2013].
The results obtained during 2013 can be summarized as follow:
− New samples of compositions WCr10Si10, WCr12Ti2.5 and WCr18Ti2.5 were
prepared by the “standard” route MA-glass encapsulation-HIP. Besides the glass
encapsulation method of previous periods, encapsulation by can was also
performed. Large ingots encapsulated by glass are found to be more difficult to
densify than small samples due to their larger weight, increasing the probability of
the ingot to leave out the glass capsule during HIPing. No ingot could be produced
during this period. From the glass encapsulated samples only 2 squares of
compositions WCr12Ti2.5 and WCr18Ti2.5 densified, which were sent to IPP for
oxidation measurements. Can encapsulation was tested for the first time with partial
success. A large interaction zone can-alloy was found after HIP leading to crack
formation and preventing the material to be extracted out of the can. Thus, either
appropriate coating has to be applied as diffusion barrier or methods to extract the
material out of the can have to be developed.
− A sample of composition WCr10Ti2 has been produced with the route of presintering in H2 at 1600°C, obtaining 91.5% density, 4% open porosity (mainly at the
borders) and 4,5% closed porosity. The samples exhibited cracks due to endcapping, indicating that the compaction pressure was too high and has to be reduced.
The Cr loss due to evaporation was low. The microstructure consisted of a W bcc
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matrix with Cr and probably Ti in solid solution, and small precipitates of α(Cr,W)
and Ti. Once the manufacturing parameters have been optimized, the samples
produced by this way can be subjected to a subsequent HIP cycle to fully densify
the material. The route looks promising in view of future manufacturing of larger
samples for intensive material tests.
− Isothermal oxidations tests at 800 and 1000°C on bulk alloy WCr12Ti2.5 were
performed by exposure to flowing air in a furnace and the results were compared to
TGA measurements at IPP at 800°C. In both cases a thin, dense Cr2O3 layer is found
at the outer surface, below which a Cr2WO6 scale and Ti2CrO5 layers alternating
with WO3 are formed. The Cr2O3, Cr2WO6 and Ti2CrO5 scales act as protective
barriers against fast inward O2- diffusion. The oxidation kinetics both for the
furnace exposure tests and for the TGA tests at 800°C is first parabolic,
transforming into linear after an initial phase [García-Rosales_2014].

IV.1.5 SiC materials
(RO: A. Moroño)
IV.1.5.1 Production of SiC/SiC low termal conductivity composites for DCLL
applications
Flow channel inserts (FCI) are of especial relevance for the dual Coolant Lithium Lead
Pb15.7Li blanket concept since the blanket efficiency strongly depends on their thermal
and electrical insulating performance. CEIT’s task within Consolider TECNO_FUS was
the development of a porous SiC based material with dense SiC coating for the FCI of
the dual coolant blanket concept proposed within TECNO_FUS. A wide parameter
study was performed for the processing of porous SiC, to select a material with low
enough thermal conductivity and sufficient mechanical strength. Two candidate porous
SiC materials were selected: one sintered at 1850ºC during 1 hour (C10A2.5) and
another one sintered at 1950º C during 30 minutes (C10A7.5). The thermal conductivity
at 700 ºC is 11 W/mK for the C10A2.5 material and 13.5 W/mK for the C10A7.5 one
[Ordás_2014]. These two materials were coated with a dense SiC CVD layer of 30 µm
thickness to obtain a protective layer against corrosion by PbLi and as Ti permeation
barrier. The coating was effective in increasing mechanical strength. The Young’s
modulus of both materials remained practically constant with increasing temperature up
to ~500 ºC. The coated materials were sent to CIEMAT for measurement of the
electrical conductivity as a function of temperature before and after 1.8 MeV electron
irradiation at 7 kGy/s (~10-9 dpa/s on the C sublattice) up to 130 MGy and 2x10-5 dpa.
The C10A2.5 material exhibited a significantly lower electrical conductivity than the
C10A7.5 one, with values ∼0.4 S/m at 400°C, in line with literature values
[Katoh_2009] and would contribute to a significant reduction of the MHD pressure
drop, assuming a FCI thickness of 5 mm [Smolentsev_2008].
The CVD SiC coated C10A2.5 and C10A7.5 samples were sent to IQS for corrosion
tests in PbLi at 700°C during 1032 h. The results indicated that the dense CVD SiC
coating, despite being as thin as 30 µm can provide partial protection against corrosion
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by O-rich PbLi. Tests performed with higher quality PbLi would most probably result in
an effective protection of the porous SiC samples against corrosion by PbLi.
Taking into account the results of the numerical simulations performed by Mas de les
Valls et al. [Mas de les Valls_2012] on the thermal balance across the FCI and the
Eurofer material (which for the TECNO_FUS DCLL blanket design are considered in
direct contact), a thickness of 6 mm is required for a FCI with 11 W/mK thermal
conductivity to keep the Eurofer temperature below its creep limit of 550°C. With these
parameters, and assuming a liquid metal (LM) inlet velocity of 0.2 m/s, a temperature
difference across the FCI of ∼170°C is obtained, while the LM temperature gain is
∼220°C and the thermal LM gain is ∼72%. When this temperature gradient is
established between the two surfaces of the FCI, the estimated thermal stress is 83 MPa.
A comparison of this value with the flexural strength measured by three points bending
tests let assume that C10A7.5 fulfills the mechanical requirements for FCI, despite the
low thickness of the coating. However, the thickness of the C10A2.5 coating should be
increased to obtain a material with higher strength.
IV.1.5.2 Characterization of SiC materials for DEMO
Reaction bonded, hot pressed, physical vapour deposited, and chemical vapour
deposited SiC samples were deuterium loaded for different times at 1.2 bar. Loading
was carried out either without irradiation, or with both sample and surrounding
deuterium gas irradiated with 1.8 MeV electrons to evaluate the radiation enhanced
deuterium absorption. After deuterium loading, with or without irradiation, the samples
were heated up to 800 C and the deuterium released was measured as a function of
temperature. The amount of deuterium absorbed during irradiation strongly depended
on the type of SiC material. In order to evaluate displacement damage effects on the
ionizing radiation induced deuterium absorption, samples of the 4 materials were
subjected to 45 keV neon implantation to produce damage in the surface region, and
then deuterium loaded during 1.8 MeV electron irradiation. It was observed that the
deuterium absorbed increased noticeably due to the displacement damage produced in
the different SiC materials. Furthermore, while for the unimplanted samples the
deuterium amount absorbed during irradiation was very different for each material type,
after implantation / damage the deuterium absorbed became very similar irrespectively
of the type of SiC [Hodgson_t.b.p].

IV.2 Materials modelling

IV.2.1 Radiation Effects Modelling and Experimental Validation (REMEV Task
Agreement)
(RO: R. Vila)
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IV.2.1.1 Rate Theory modelling of synergistic evolution of H and He in Fe: Growth
of H-He-V bubbles
Model for the simultaneous evolution of H and He in Fe
The model used in this work was built on top of the model for He, which is being
developed in a parallel task of MAT-IREMEV. The different mechanisms included in
our model are the formation of mobile He and H, the swelling phenomenon including
hydrogen and the agglomeration/recombination of intrinsic point defects. We would like
to point out here that the current model accounts for the growth of large HenVp clusters
but only accounts for the formation of small HenVpHq clusters, those explored by
Molecular Dynamics in a parallel task of MAT-IREMEV. The growth of large HenVp
clusters is possible using a Fokker-Planck approach and the binding energies obtained
with the model developed by T. Jourdan et al [Jourdan_2011]. The authors are aware
that larger bubbles containing H and He might form, which will be addressed in a future
work. Our model also accounts for the H and He energetics at the surface, ie absorption,
adsorption and desorption. He does not experience any desorption barrier when it
reaches surface. On the contrary, it was calculated by ab initio that H must overcome a
desorption barrier of 0.6 eV or 1.0 eV, for 100 and 110 surfaces, respectively.
Results: Sequential H-He implantations
In order to investigate the possible synergistic effects between H and He using our Rate
Theory model, we considered sequential H and He implantations, which can be
achieved experimentally. In particular, we paid attention to the order of implantation.
Implantation energies of H and He were chosen such that damage profiles overlap. The
implantation step was simulated with 2.5 and 5 keV for H and He, respectively. To do
so, the BCA code MARLOWE was used. On one hand, we considered the case where H
is first implanted and then He. In this case, during H implantation, our model predicts
that most H outdiffuses from the sample. This is expected since it has a small desorption
barrier to overcome and furthermore, the binding energy of VHm clusters is relatively
low according to MD calculations. Therefore, no effect of H on He kinetics is expected
in that case since the probability of reaction when He is implanted is very low. On the
other hand, we also considered the case where He is first implanted and then H. When
He is implanted first, HenVp clusters form during implantation by a quick migration of
Hei towards vacancies and also because vacancies are already mobile at room
temperature. Thus, all He and damage produced during implantation are still present in
the sample when H is implanted. However, our simulations do not predict any influence
of H in this case. This is due to the fact that the binding of H to clusters is relatively
small and H quickly dissociate and evaporates during annealing.
IV.2.1.2 Rate Theory modelling of He and microstructure evolution in Fe
Objectives
Using our Rate Theory model for He evolution in alpha-Fe, our objective is to
reproduce several implantation conditions in order to determine if the interaction In-He
could significantly affect the kinetics of He and the formation of HenVp clusters.
Interaction In-He and formation of InHe complexes
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As a first attempt to introduce the interaction In-He in our model, we considered
reactions of the type In + Hei ←→ InHe, which were implemented in our Rate Theory
code. Properties of InHe complexes, in particular their binding energies, were calculated
by MD. According to these calculations, the binding energy of a Hei atom to small In
clusters is relatively small, in the order of 0.3-0.5 eV. MD results reveal that the binding
energy In-He increases as the size increases. For a sufficiently large size, In defects
adopt a ½<111> DL structure and the binding energy of Hei tends towards the binding
energy to an edge dislocation, about 0.8 eV. In order to determine whether the
formation of InHe complexes could affect the kinetics of He and the formation of
HenVp clusters, we simulated a typical experiment of thermal desorption. Helium
implantation was simulated for an energy of 5 keV for different doses. We compared
the density of In clusters to the one of InHe complexes that form during implantation, as
obtained with our RT model for low implantation doses. The density of In clusters is
always higher than the one of InHe complexes. As the dose increases (up to
~5x1013/cm2), i.e., as the implantation time increases, we observe a depletion of small
InHe clusters for small sizes. This can be explained by the fact that small InHe clusters
have a relatively low binding energy and have a higher probability to dissociate as time
goes by. At the same time, small and mobile I1-4 clusters agglomerate to the previously
formed InHe clusters, favouring the growth of larger InHe clusters, which are more
stable since they have a larger binding energy. As a result of this competition between
dissociation of Hei and attachment of mobile I1-4 clusters, the density of InHe
complexes increases as the dose increases and even becomes higher than the density of
In clusters. In order to determine if the formation of InHe complexes could influence the
formation of HenVp clusters in the experimental conditions investigated here, and
hence, the kinetics of He, we monitored the content of He contained in HenVp clusters.
We found that as the implantation dose increases, the content of He contained in HenVp
clusters increases as well, as expected. On the other hand, the content of He
agglomerated into InHe clusters also increases with implantation dose but seems to
saturate from a certain dose. However, simulation results evidence that the content of
He attached to In clusters is always significantly lower than the content of He
agglomerated with vacancies. Therefore, in these conditions, we do not expect that the
interaction In-He could influence He kinetics.
IV.2.1.3 Molecular Dynamics study of the energetic properties of H-He-V bubbles
in Fe
The purpose of the task was to investigate the energetic properties of H-He-V bubbles
in Fe by means of Molecular Dynamics (MD), in order to predict the simultaneous
evolution of H and He in Fe, and their possible synergistic effects and the energetic
properties of the clusters/bubbles they form by agglomeration.
A range of state of the art semi-empirical potentials for the interactions H-H, He-He,
Fe-Fe, H-Fe, H-He, He-Fe, H-Fe, H-He, He-Fe have been implemented and LAMMPS
MD software has been used. The formation/binding energies at 0 K of large H-He-V
bubbles as a function of the H/He and He/V ratios has been calculated used a
combination of conjugate gradient minimization and Monte Carlo sampling on the
configuration space. A total of 50000 samples were needed to achieve energy
convergence per H-He-V bubble composition. A total of 256 cores were used at Helios
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supercomputer facilities (helios.iferc-csc.org) which represented a total of 2 wall time
hours per energy. The calculated binding energies were used as input for a rate theory
software which modelled the space-time evolution of the defects at a larger scale.
Synergistic effects have been observed on the calculated formation energies, i.e. the
energy diminishes, as the H content is increased on medium size bubbles composed of
the 9 vacancies and up to 40 He atoms (He40V9). It has been observed that the
minimum energy configuration always consists on the He atoms agglomerated in a core
in the centre of the void, with the H atoms distributed around a shell between the He
core and the Fe surface of the void. The formation energy of the bubble begins to
saturate and then increase as the the H content surpasses a certain value ~60 atoms for a
medium size bubble (He40V9), in these cases, some H atoms have been observed to
allocate outside the bubble, within the Fe bulk. In all the MD simulations, H has been
always observed dissociated although the molecular form is in principle more stable,
this is a consequence of the Fe-H surface interaction which has been reported also by
other authors.
IV.2.1.4 Development of GPU-based KMC for the prediction of nanostructural
evolution under irradiation
Objectives
The purpose of this work is the development of a fast and parallel OKMC code to
simulate the evolution of defects in Fe and FeCr under irradiation. In recent years,
general-purpose computing on graphics processing units (GPGPU) has risen as a new
computation paradigm. Whereas central processing units (CPUs) generally perform
sequential operations, graphics processing units (GPUs), also known as graphic cards,
are best suited for many simultaneous (i.e. parallel) computations. This has some
important implications regarding computing speed; in addition, GPUs are developing
currently faster than Moore's law, so performance is expected to be enhanced with each
GPU generation.
Implementation
In this work we have developed an Object kinetic Monte Carlo computational model
using a GPU programming approach to simulate the evolution of large amounts of
interacting particles in materials. To do so, we have implemented the parallel residencetime algorithm that was already implemented by other authors using an MPI approach.
Similarely to what is done in the MPI approach, in our model, space is divided into
small subdomains in order to reduce the search for potential partners of interaction to
those within the interaction range. In addition, we have introduced a separate
subdivision of space dedicated to the selection of events to be carried out. The size of
subdomains of this new mesh is independent and can be different from that used to
search for interaction partners. The finer the mesh, the more events are carried out in
parallel. In addition, reducing the size of subdomains implicitely reduces the value of
the maximum event rate in the system, thus allowing for larger timesteps. This idea was
exploited to the extreme so that each subdomain includes only one particle, what we
called the atomistic mesh. We have demonstrated that this concept allowed for a
significant reduction of computational steps and effort to be performed to reach the
specified physical time. Accuracy and performances of our GPU-OkMC code have been
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tested under different conditions. Results obtained with the GPU-OkMC are in excellent
agreement with other OkMC codes or analytical solutions. Performances of our GPUOkMC have been compared to those of a sequential OkMC, evidencing speedups in the
range [40-80], depending on the initial concentration of particles and temperature.
IV.2.1.5 Experiments for modelling validation: Resistivity measurements
A measurement system of Resistivity Recovery (RR) has been developed by Ciemat. A
new method of irradiation and measure has been achieved that provides cleaner results
than the classical method as we could remove a large part of the SRO contribution to
resistivity change. Spectra of RR have been obtained in samples Fe100-x Crx (x = 5, 10,
14) irradiating with 5 MeV Proton. These results are original and innovator for the
scientific community and very useful for the experimental validation of the
computational simulations of damage by radiation in steels. An overview of first results
has been published in Journal of Nuclear Materials [Gómez-Ferrer_2014]. A publication
concerning the new method for decreasing SRO effect has been recently accepted in the
Phys.Rev. journal.
IV.2.1.6 Experiments for modelling validation: He desorption in Fe and other
model materials
Several samples were implanted with He at Ciemat and He desorption was measured in
both installations -UPV (Bilbao) and CIEMAT (Madrid) to find out what are the key
factors that control the dispersion of obtained data and lack of repeatability ( not only
between this two equipments, but in all the experimental systems now in use European
program). One conclusion is that the first hour is crucial for He evolution, therefore
making unsuitable to send samples from CIEMAT to UPV). It has also been found that
keeping the sample in air or vacuum also change the TDHe spectrum.

IV.2.2 Modelling of insulator and functional materials
(RO: R. Vila)
IV.2.2.1 H in diamond
Modelling of NanoDiamond using modified AIREBO potential: A statistical study of
damage in diamond by cascades modifying the pka energy (Ep) was carried out using
LAMMPS code of Molecular Dynamics and the AIREBO modified potential specific
for diamond. This study allows us to estimate the growth curve of Frenkel pairs
produced in function of energy Ep and also a detailed study of the structure of the
damage locally caused (as expected, the complexity increases immediately with Ep).
We have also advanced in the study with more detail on how the different atoms of H,
D and T are located in the diamond network [Delgado_2014].
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IV.2.3 Plasma Wall materials modelling
(RO: A. Ibarra)
IV.2.3.1 Modelling of irradiation effects on W
A methodology was developed to calculate the damage due to fusion neutrons in
Materials (monocristal, polycristal and amorphous systems). This methodology is based
on the methodology developed by KIT laboratory. It consists of a combination of
Nuclear Data Libraries Processing, Neutronic Transport and Monte Carlo Binary
Collision codes.
First, the neutron spectrum for the desired area is obtained using the neutron transport
codes (MCNP5 code). This neutron spectrum and the nuclear data libraries (FENDL
3.0) are used as input for the Nuclear Data Libraries Processing code (NJOY) to obtain
the PKA spectrum. The recoil matrices are obtained using the module GROUPR of
NJOY code. The Nuclear Data libraries used to obtain the recoils matrices are FENDL3/SLIB release 2. Then, the recoil matrices are weighted by neutron spectra to get an
averaged PKA energy spectrum for each facility and irradiation spot under
consideration. The PKA differential cross sections weighted with neutron spectrum
defines the Kinetic energy distribution of the PKAs induced by a specific neutron
spectrum, that is, the PKA spectrum describes how the damage is actually produced
during irradiation, since it defines the probabilities to generate each PKA with a specific
kinetic energy. Afterwards, to evaluate the fraction of Frenkel pairs generated by PKA
with energy T, Nd(T), Marlowe code is used. Marlowe is a displacement damage
simulations code based on the Binary Collision Approximation (BCA)
This Methodology allows the design of irradiation experiments with ions to emulate
neutron fusion effects in materials. It is possible because the displacements damage
generation have been calculated using the same methodology for both neutron and ion
irradiations (starting from PKA spectra)
I had a lot of troubles with the MCNP geometrical models of the DEMO-HCLL and
ITER, therefore, I still have not had time to apply this methodology to the realistic
divertor geometrical models.
Mainly, a methodology to develop displacement damage data libraries using the
MARLOWE code is proposed in order to standardize the calculation of primary
displacement damage on compound materials.
The next step has to be the standardization of the methodology with the aim that it can
be used by the largest amount of users.
IV.2.4 Radiation effects code improvement and development
(RO: R. Vila)
IV.2.4.1 Methodology for PKA evaluation
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A methodology was developed to calculate the damage due to fusion neutrons in
Materials (monocristal, polycristal and amorphous systems). This methodology is based
on the methodology developed by KIT laboratory. It consists of a combination of
Nuclear Data Libraries Processing, Neutronic transport and Monte Carlo Binary
Collision codes. This Methodology allows the design of irradiation experiments with
ions to emulate neutron fusion effects in materials. It is possible because the
displacements damage generation have been calculated using the same methodology for
both neutron and ion irradiations (starting from PKA spectra). This methodology have
been developed in the framework of the IAEA Technical meeting “Primary Radiation
Damage: from nuclear reaction to point defects” managed by Stanislav Simakov
IV.2.4.2 Tools for MCNP and CAD interfacing
The objective of the activity [Fischer_2014] was to evaluate different tools for geometry
import in MC codes which allow to convert CAD models into the geometrical input of
MCNP code. The interface tools under study were MCAM, developed by FDS Team
(China) [Wu_2009], and McCAD, developed by KIT [Tsige-Tamirat_2005]. This task
was done as a joint activity by CCFE, CIEMAT, ENEA, KIT and MHEST. CIEMAT
was involved in the assessment of the MCAM conversion tool. In the framework of this
activity it was performed the conversion of the HCLL DEMO model 2006/2008 and, to
verify that the geometrical MCNP input obtained from the conversion process is
suitable and effective to be used for transport calculation, were performed:
- A comparison between the volumes calculated through the stochastic method
calculation of MCNP and the values given directly by the MCAM converter,
- A Neutron Wall Loading (NWL) calculation in the First Wall (FW) of the blankets
modules, and
- A Neutron Fluence Rate calculation on the FW of the modules, filling the reactor
sector with the appropriate material.
!Development of coupled radiation transport and activation calculations
This is a task devoted to the development and verification of new computational
methodologies. The coupled radiation transport and activation calculation to compute
shutdown dose rates receives the name of Rigorous-two-steps method. This is the only
method nowadays assuring an accurate spatial resolution of the activation taking into
account all the radioactive isotopes which could be generated in a fusion relevant
irradiation environment. Currently there are three R2S tools in Europe, and this task is
devoted to compare them in terms of reliability.
The UNED has developed one of these three tools, which receives the name of
R2SUNED. Accurate assessment of shutdown gamma dose rates and radioactive
materials inventories are essential for the smooth running of any future fusion reactor or
materials testing facility. An uncertain estimate of the dose rate could lead to
unexpected high dose rates during operation leading to significant delays or
complications to hand-on maintenance operations. Alternatively, an unnecessarily large
safety margin may be factored in due to the associated uncertainties, which may lead to
increased costs due to over-engineering.
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Knowledge of the uncertainty in these calculations is therefore critical, but is by no
means trivial. CCFE and UNED have sought to investigate complementary methods of
uncertainty propagation.
It is clear from the activities in 2012 that significant further development efffort should
be exerted towards a scaleable methodology for consistent propagation of relevant
uncertainties arising from cross-section data and the statistics of the Monte Carlo
simulations, from the neutron flux calculations into the inventory and the photon
transport calculations.
Multiple sources of uncertainties exist in such calculations, and it is recommended that
this is an important area for further attention with the future PPPT programme;
propagating the statistical uncertainty due to the neutron flux and spectra should be the
first priority, followed by the uncertainty associated with the nuclear data used for
transport and activation, to obtain the uncertainty in the gamma source.

IV.3 Techniques for controlling tritium inventory
IV.3.1 Tritium modelling
(RO: A. Ibarra)
IV.3.1.1 Developing of a facility for the validation of a permeator against vacuum
A facility for testing a reduced-scale demonstrator of permeation against vacuum (PAV)
has been designed with the following objectives: to test a PAV prototype; to perform
measurements of permeation in gas-phase and flowing PbLi; to analyze permeation
under a number of controlled variables (T, P, velocity, species); and to assess feasibility
of PAV as tritium extraction system for fusion reactors.
The installation consists on a closed U-shape loop provided with heating and cooling
systems, allowing PbLi movement thanks to natural convection. The loop is made of
stainless steel and has been subjected to a controlled oxidation process (formation of a
chromia layer on the surface as permeation/corrosion barrier). Au and Cu O-rings have
been used in main flanges. The PbLi inventory is about 23 liters, which are
accommodated in a melting tank at the top of the loop prior to the operation. A
dedicated glovebox with controlled Ar atmosphere is used for filling and melting
operations. Bellows valves for safety and drainage have been used to ensure better
closing and sealing, being remotely controlled through electric actuators. A vacuum
pump is attached to the a He leak detector (to be used as D detector) in such a way that
permeated hydrogen is recovered and carried to the analyzer.
During 2013 the construction and installation of the whole loop was also completed,
still pending the installation of the glovebox.
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IV.4 Development of HT superconductors for DEMO
IV.4.1 Assessment for RE-123 fusion cable joints
(RO: A. Ibarra)
The activity carried out by ENEA and CIEMAT under this task was devoted to the
study of joint technique for High Temperature Superconducting (HTS) 2nd generation
tape, called coated conductors.
Solder joints have been manufactured by ENEA taking advantage of a fixture for
temperature and load control. Procedure for low resistance joint has been studied for
Super Power tape and transferred to different type of tape available on the market.
Super Power tapes showed the best, i.e. the minimum, joint resistance. Rs = 33 and 24
nΩ per 1 cm2 area has been achieved at 77 K and 4.2 K, respectively. Joints with tapes
from other suppliers need to be more investigated.
Even though there are a lot of issues to be still clarified, these results are a good starting
point for the development of more complex joints in a multi-tape high current
conductor.
According to the working scope for mechanical and magnetic characterization of joints
between HTS ReYBCO tapes, mechanical, electrical and magnetic experiments and
FEM models have been performed by CIEMAT. It has been investigated at two levels,
single tapes and joined tapes, in order to distinguish between intrinsic degradations and
degradations caused by joints. Due to the functionality of the tapes, the parameter
selected to determine the degree of degradation has been the critical current at 77K.
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Specific model in the FEM scope have been developed taking into account the
composite structure of the tapes with a layered structure of soft and plastic structural
materials and a brittle ceramic layer concentrating the functional behaviour of the tapes.
The modelling effort includes axial and bending behaviour of the tapes, demonstrating
the brittle failure of the HTS layer and the distribution of stress along the joints between
tapes. Specific experiments for determining the behaviour of tapes under axial and
transverse stress have been carried on . Determination of the limit for reversibility has
been determined for both, transverse and axial stress, and presence of fatigue has been
pointed out. The limit has been fixed in 0.5% of strain in the axial experiments.
Characterization of single tapes and joints were performed with tapes from different
manufacturers (Super Power, American Superconductors and SUNAM).

IV.5 Fusion Safety issues
IV.5.1 Neutronics
(RO: A. Ibarra)
IV.5.1.1 Evaluation of He production at DEMO
Neutron transport calculations were performed using the MCNP model of HCLL
DEMO developed in EFDA task WP12-DTM-04-T02, July 10, 2012, with the objective
to shield the upper vertical port. These calculations were planned, since in this area, the
neutron radiation level is critical and additional shielding might be necessary.
The proposal of this task was to assess the effect of an extension of the upper breeder
blankets on the neutron loads in the upper port. Solid shielding blocks have been placed
over the upper breeder blankets. In addition, to optimize the neutron shielding, on the
one hand, two different thickness (0.2m and 0.5 m) of the shielding blocks was tested
and on the other hand, three different materials as material shielding were evaluated
(Graphite, B4C and Stainless Steel-Borated (2%) 60% + H2O 40%).
Neutron fluence rate maps were calculated in the upper vertical port area for different
shielding options proposed in this report in order to optimize irradiation conditions for
the blanket He cooling pipes in the upper vertical port.
The results show significant changes in the neutron fluence rate using a neutron
shielding. It decreases up to two orders of magnitude depending on the evaluated area:
• The fluence rate decreases by ~one order of magnitude with a 0.2 m thick
shielding.
• The fluence rate decreases by ~another order of magnitude with a 0.5 m thick
shielding.
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The shielding shape corresponding to figure 2 d provides the best neutron shielding, of
all the cases studied in this task, since the whole upper vertical port area is better
shielded.
In addition, the best results were found using material 3 as shielding material, i.e. using
Stainless Steel borated 2% (ASTM-A887-89) to 60% plus H2O to 40% (MCNP model:
material m13).
IV.5.1.2 Radiation load at TF
The objective of the task is to estimate the effect of the gap size on TF-Coil radiation
loads for the DEMO1 (HCLL). This effect has been estimated for 20, 10 and 5 mm gap
sizes and compared with the limits reported in task 03. The physical quantities of
interest are the neutron fluence (integral and fast) and the nuclear heating due to
neutrons and photons. Calculations have been performed for an average neutron wall
loading around 1.2 MW/m2 and 5 FPY of continuous irradiation (causing ~70 dpa in
steel of the FW).
The results obtained show that the criteria are met with at least one order of magnitude
of margin for all the radiation loads and all the gap sizes. The effect of the gap size is
around a 30 % decrease for neutron fluence and a 50 % for nuclear heating when
comparing the best (5 mm) to worst (20 mm) case results.
IV.5.1.3 Neutronics evaluation of DEMO reactor based on DCLL blankets
The work focused mainly on the neutronic analysis of a DEMO DCLL blanket model
developed in the frame of the TECNO_FUS Programme. After exhaustive calculations
performed during 2010-2011 in order to optimize a simplified model in terms of the
fundamental neutronic responses (such as: tritium breeding capability, nuclear heating
distribution across blanket, shield, and vacuum vessel, helium production and dpa in the
structural components of the reactor) during 2013 the final optimized simplified model
reached, has been used as reference model for the improvement of the detailed initial
3D model (next figure- 1b).
On this model it was needed to determine what influence has, on the above mentioned
neutronic parameters, the presence of a detailed divertor, the blankets structures (next
figure-1c), the chimney of the vacuum vessel and the asymmetry of the vacuum vessel
as well. In order to achieve the better capabilities of the model in terms of TBR, power
deposition in TF coil, power amplification and helium production in structural material,
the model has been iteratively modified using a CATIA macro that links the CAD
models with the MCAM interface code for the MCNP simulation of the radiation
transport.
Different materials and thickness have been tested in order to provide better gamma
and/or neutron shielding performances of different components of the reactor: the Upper
Port Plug, the Vacuum Vessel and the Shield have been optimized in order to fulfil all
the (new) radiation limits posed [Duchateau_2013] for keeping the superconductance of
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the TF coils as well as the structural limits - dpa and helium production - of the steel
components.
Different 3D detailed versions with different degree of technological maturity of the
selected materials have been reached guarantying the viability of the developed reactor
for different operational scenarios: DEMO reactor (pulsed machine operating a
continuous equivalent time of 6FPY) and Commercial Power Plant operating in
continuous during 40 FPY.

a)

b)

c)

DCLL DEMO model. 1a) simplified model, 1b) detailed model, 1c) section of the
detailed model in which it is possible to appreciate the structure inside the modules.

a)

b)

Shielding performances in the UPP and the near region of the TF coil for the DEMO
detailed model. 2a) initial power deposition, 2b) improvement with an horizontal shield
for the UPP.
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Important neutronic responses for the detailed 3D DEMO model. 3a) power deposition
in the TF coil for the different improved models, 3b) detailed mesh tally for the radial
TBR production in the inboard module sector.
IV.5.1.4 Integration of neutron activation and neutron transport calculations
A methodology was developed to calculate the damage due to fusion neutrons in
Materials (monocristal, polycristal and amorphous systems). This methodology is based
on the methodology developed by KIT laboratory. It consists of a combination of
Nuclear Data Libraries Processing, Neutronics transport and Monte Carlo Binary
Collision codes.
This Methodology allows designing irradiation experiments with ions or neutron to
emulate neutron fusion effects in materials in better way than NRT method. It is
possible because the displacements damage generation have been calculated using the
same methodology for both neutron and ion irradiations (starting from PKA spectra).
The block diagram is shown in the next figure.

Methodology block diagram.
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The resulting damage profile used to calculate damage function and damage dose was
calculated using MARLOWE code.
MARLOWE code shows to be of high interest to simulate displacement cascades in
monocrystal, polycrystal or amorphous materials. It allows exploring higher energies
(up to GeV) in a much shorter time than MD. It represents thus an interesting alternative
to MD to simulate the effects of energetic fusion neutrons in materials. In order to
accurately predict the number of stable Frenkel pairs produced in cascades, those that
will contribute to the long-term evolution of defects, the I-V capture radius must be first
calculated. This can be done using MD results obtained for low-medium PKA energies
(~keV). As an example, the capture radius of I-V pairs in Fe as a function of PKA
Energy has been calculated. MARLOWE is able to account for the recombination of
defects that occur during the cooling phase of a cascade by means of the concept of
capture radius. A constant capture radius of about 3.3ao was obtained for energies higher
than 5 keV. MARLOWE can thus be used to simulate displacement cascades with
energies higher than 5 keV in Fe with this calibrated value of the capture radius. For
lower PKA energies it was observed that the capture radius is variable and must be
determined for each PKA energy.
WORK Plan for the next three years
An extension to insulators is needed, as the NRT method has been validated mainly for
metals. Therefore, we need molecular dynamics simulations for insulators to fit the
capture radius, for example for:
• Al2O3: As a major candidate as general insulator and tritium permeation barrier
in DEMO;
• SiC: Used as “Flow Channel Inserts (FCI’s)” for DCLL DEMO concept;
• SiO2: used for diagnostic windows, fibre optics, etc.
As first step, collaboration with Dr. Kai Nordlund was proposed. It is based on using
their MD results as an input to MARLOWE to calculate the capture radius for SiO2 and
its evolution with irradiation parameters.
In addition, we are planning to develop MD calculation for Al2O3. Currently these
simulations are in progress updating the code to deal with this problem; therefore, it is
our intention for the next year to have preliminary results.
We shall also explore the possibility to work on SiC, since it is a functional material of
great interest in the nuclear fusion development program. But it is a lower priority task.
However, this part of the work is subject to the obtaining of MD results on SiC.

IV.5.2 Balance of Plant related issues
(RO: Angel Ibarra)
IV.5.2.1 Energy Storage requirements for a pulsed fusion power plant
This task focused on the need of including energy storage systems in pulsed fusion
power plants to smooth the net power injected to the grid and the internal power
consumptions of the different subsystems of the plant, thus facilitating its integration
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into the electrical networks. To this aim, an overview on power generation and
consumption profiles of the plant during the pulsed operating period is offered. This
overview permitted to identify the most important time variant power profiles within the
plant that could difficult its grid integration. Results show that H&CD systems, PF coils
and CS as well as the thermal pumps for heat extraction purposes from facilities are the
most important time-variant power consumptions of the plant, greatly affecting the
dynamics of the net power exchanged with the network by the plant.
!
IV.5.2.2 Electrical power output requirements of a fusion power plant
The pulsed nature of the fusion power plant motivates the need of smoothing its power
output in order to facilitate its grid integration. In this sense, the use of energy storage
systems to provide energy during the dwell periods of the pulsed power plant can be a
feasible solution. Instead of maintaining a steady power output, another possibility is to
admit a certain power drop during the dwell periods while still fulfilling the ramp up
and ramp down requirements of the output power profile. This acceptable power drop
would reduce the required energy capacity to be injected during the dwell periods. This
task focused, precisely, on the review of some European Grid Codes in order to come
up with comparison and statement of range regarding ramp up and ramp down values.
The task concluded with an assessment on whether energy storage devices are required
to reduce the ramp power rates of the plant and for improving the controllability of its
power output. Results show that smoothing mechanisms such as energy storage devices
should be included in the plant so as to limit power output ramp rates to 30-50 MW/min
maximum.

IV.6 Remote handling and RAMI
IV.6.1 RAMI design guidelines for fusion facilities
(RO: A. Ibarra)
IV.6.1.1 RAMI activities for DEMO
EFDA task WP13-DTM02-T01 “DEMO Plant Availability Simulation, RBD Model
Decomposition & RAMI Design Requirements” main objective was to develop RAMI
analysis of different design alternatives (helium primary coolant options and water
primary coolant option) and evaluate their influence on DEMO plant availability.
CIEMAT contribution to such task has been a preliminary RAMI analysis of the WCLL
Blanket systems and Breeding System [Arroyo_2013].
The Plant Breakdown Structure (PBS) and Functional Breakdown Structure (FBS) have
been determined for each system. On this basis, Failure Mode and Effect Analysis
(FMEA) analysis has been developed. The failure modes and the functions and
components affected have been identified. Possible causes and consequences from
system availability point of view have been analysed, and some mitigation actions on
causes and consequences proposed. Finally, Reliability Block Diagram (RBD) analysis
has given preliminary reliability and availability results and has highlighted the critical
parts and parameters influencing the system availability.
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EFDA Task WP13-DTM02-T03 “Analysis of the time-variant states and modes of a
DEMO FPP with respect to system availability” was aimed at investigating transition
between DEMO FPP states and modes, the corresponding successful transition
probabilities as well as the impact or effect on the plant availability. That means to
analyse how the possible failures in transitions will affect the amount of time that the
plant is available for performing productive operations.
CIEMAT contribution to this task [Bargalló_2013] is focused on starting an evaluation
of the unavailability caused by no successful transitions between states. Software and
modelling approaches to perform these analyses have been evaluated and a first
approach to develop DEMO transition modelling has been done using Reliasoft
Blocksim phase diagram simulations for the LTM-POS transition.
IV.6.2 Remote Handling
(RO: A. Ibarra)
IV.6.2.1 Innovative methods for pipe flange joining/separation by (un)soldering /
(un)brazing
This work has been focused on the improvement of several features of the brazed
connector design for DEMO blanket pipes proposed in the WP12-DAS06 task 06
[Fernández_2014].
Two alternative clamping concepts to stiffen the connector were proposed, as well as a
RH device to install/uninstall them.
The mechanical behaviour of the joint between the Ni-200 parts through the BAu-4
filler metal was characterized during a cooling scenario after brazing.
Ni-Pd-Cr alloys are proposed as an alternative to BAu-4 as filler metal, considering
their mechanical properties are comparable to the BAu-4 ones. On the other hand,
different previous works showed brazed joints using BAu4 and BNi-5 keep the
mechanical properties of the original filler metal, which may be superior to the base
metal ones. This could make possible to eliminate the mechanical clamp and to improve
the integrability of the brazed connector.
The capillary flow of the BAu-4 filler metal during the brazing process was modelled
using a CFD approach, in order to establish a comparison with analytical models results.
Furthermore, a preliminary assessment on the issue of tritium permeation was made.
Finally, several recommendations were made to develop a R&D programme towards
the design, manufacture and test of a mock-up.
IV.6.2.2 Evaluation of dose rate during shutdown periods
The analyses have been conducted on the basis of a provisional HCLL DEMO1 model.
The aim is to predict radiation dose rates at relevant time periods after shutdown and in
key locations where remote handling equipment is expected to operate. Dose rates at invessel locations and at ports exits have been calculated for a considerable number of
materials used in RH equipment.
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In computing the dose rate mapping, the Rigorous-Two-Step (R2S) coupling
methodology implemented in the UNED system is used to perform activation
calculations on meshes superimposed to the real geometry and to determine the gamma
dose field resulting from neutron activation. All components of the reactor geometry has
been considered in this study taking account of different anticipated life-times for invessel equipment (1.57 FPY) and tokamak components (6 FPY). In addition, for
tokamak components (VV and TFC) a commercial power plant scenario has been
analysed (20 FPY).
In-vessel absorbed dose rates are found to range from around 2.3 kGy/h to 0.5 kGy/h at
1 week and 1 year after shutdown respectively. In the ports, the absorbed dose rate
levels range from 90 Gy/h in the lower port to 5 Gy/h in the upper port at one week after
shutdown. At 1 year after shutdown, the dose rates decrease to 15 Gy/h and 0.7 Gy/h
respectively. The differences for the points located at ports in the absorbed dose rates
between commercial and DEMO conditions are found to range from 5 to 20% for 1
week and 1 year after shutdown respectively.
Finally, the biological dose rate calculated in the ports show similar values that those
obtained for the absorbed dose rate. These values are orders of magnitude higher than
the target value for limited personnel access of 100 µSv/h. A concrete biological shield
of 1 m of thickness has been located just behind the port exits in order to estimate its
influence on the biological dose. This shield reduces the dose by 6 orders of magnitude
and therefore the reference value is met.
This task deals with the activation and decay heat calculations performed within Task
WP13-SYS02-T08 for the HCPB and the HCLL DEMO by KIT and UNED,
respectively. Both the afterheat and activity inventories are dominated by the Eurofer
steel which in both DEMO variants is employed as structural material. The decay heat
for the HCPB DEMO was shown to be larger than for the HCLL both for short (a few
days) and longer (more than a year) cooling times. This is an effect of the softer neutron
spectrum in the HCPB blanket.
For assessing the impact of potential alternative structural materials, comparison
calculations were performed by LEI for a single outboard blanket module of the HCLL
DEMO assuming High-Temperature Ferritic-Martensitic (HT-FM) steel and SS-316
(LN) as structural material. The induced radioactivity is lowest for the SS-316 until
about 200 years after shut-down. Afterwards, the activity level of SS-316 steel is the
highest. For these times, the activity of both Eurofer and the HT-FM steel is about one
order of magnitude lower.

IV.7 Dual Coolant Breeder Blankets Programme
(RO: A. Ibarra)
The Spanish program on breeding blanket (BB) technologies, TECNOFUS, finalized its
activities during 2013. The initial motivation of generating a Spanish program in fusion
technologies able to participate in the evolution of the European Fusion Program was
completely achieved. Within this program, the Dual Coolant Lithium Lead (DCLL)
concept was adopted as a promising line of future. Main achievements were collected in
an extensive document which can be summarized as follows:
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Computational neutronics
- Shutdown radiation doses in fusion reactors were calculated thanks to a new
development, R2S-UNED. This method has significant advantages in the evaluation of
the vacuum areas within a structure and is being used for the determination of the
shutdown radiation dose inside the ITER cryostat, among other applications.
- All BB neutronic parameters have been fully calculated, leading to optimized
scenarios to obtain the required TBR (1.15), also compatible with the limit of neutron
heating of the superconducting coils.
This task has resulted in a different papers and congress contributions [Palermo_2013;
Catalán_2013; Palermo (II)_2013].
Thermomechanical analysis
- Development of a finite element code adapted to the DCLL geometry, materials and
conditions. First calculations of thermal behavior of the DCLL in a simplified geometry
show acceptable temperature conditions if dual He flow is used.
Thermohydraulics & MHD
- An Open Foam based fluid-dynamic code for MHD in liquid metal was developed,
analyzing liquid metal behavior in the three BB using PbLi: DCLL, WCLL and HCLL
concepts. It was also used to model the transport of T and He within the liquid metal.
- RELAP calculations together with post processes from Open foam calculations were
implemented to take into account T transport.
- A new interatomic potential for PbLi alloys has been developed. The potential is
accurate in a wide Li concentration range, but most important, is reliable in around the
eutectic concentration of PbLi system, namely Pb17Li.
This task has resulted in a different papers and congress contributions [Batet_2013;
Batet (II)_2013].
Production and characterization of BB functional & structural materials
- RAFM steel “Asturfer” has been synthesized, defining a QA procedure for its
development and characterization on a pre-industrial (pilot plant) scale but which can be
extrapolated (in terms of cost of the finished material) to larger scales. Microscopic and
mechanical properties of Asturfer have been characterised showing that it fulfils all the
standard Eurofer requirements. Studies of Tritium permeation on Asturfer have also
been performed.
- High quality PbLi has been produced, defining a QA procedure for the reproducibility
of its production. Assessment of techniques for Li6 enrichment was performed.
- SiC insulating inserts: two different porous materials have been sintered. Thermal and
electrical conductivity have been measured before and after irradiation, indicating that a
6 mm coating would be sufficient to fulfil DCLL requirements (EUROFER temperature
< 550 ºC (creep limit); PbLi temperature above 700ºC). Corrosion tests are ongoing.
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- Permeation measurements of Tritium through Asturfer and other reference materials
were carried out in EHU-UPV.
This task has resulted in a different papers and congress contributions [Rodríguez_2013;
Peñalva_2013; Ordás_2013; Sacristán_2013].
Plant systems and technologies
- ECOSIM has been implemented as a modelling tool for complex tritium plant
systems, using special modules generated within TECNOFUS in collaboration with
EEAA. ECOSIM has proven to be more powerful that TMAP7, the traditional tool used
for those simulations.
- A new PAV (FUSKITE) has been also developed within TECNOFUS. Modelling
based on Open Foam has been performed and a prototype has been constructed by using
laser assisted powder deposition. First tests of H permeation have been performed in gas
phase; the next step will be testing the permeation in a controlled PbLi loop.
- Sensors for measuring the tritium concentration on the circulating PbLi have been
developed: a) 12 different types of perovskite type (ABO3) ceramics, working as solidstate electrolytes have been synthesized and characterized; b) permeation–based sensors
(Palladium and a-iron).
- Concerning LM-gas heat exchangers, a variety of solutions have been explored based
on the use of He/CO2 exchangers. A new recompression Brayton cycle provides an
efficiency of 46%. Novel solutions have also been developed, based on the Printed
Circuit Heat Exchangers concept.
This task has resulted in a different papers and congress contributions [Fernández_2013;
Borland_2013; Colominas_2013; Abella_2013; Serrano_2013; Serrano(II)_2013].
Safety & Environmental issues: tritium dispersion in atmosphere has been modelled
using established tools provided by Spanish weather prediction agency AEMET.
DEMO Specifications & system codes: AINA system code safety oriented has been
improved with new routines and applied to the study of loss of plasma control transients
in ITER; passive plasma termination during ex-vessel LOCA transients of ITER
blanket; and parametric studies of the plasma operating window to determine the most
severe plasma transients.
Integrated design: a preliminary design of the DCLL BB and its auxiliary systems was
performed. New tools, very competitive in accuracy and computing time requirement
have been developed for the interfacing between CAD models and MCNP neutronics
codes.
This task has resulted in a different papers and congress contributions [Rivas_2013;
Rivas (II)_2013].
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IV.8 Fusion Technology Facilities

IV.8.1 Operation of present facilities

IV.8.1.1 Operation of the van de Graaf accelerator
During the year 2013 the 2 MeV Van de Graaff electron accelerator has been operating for
37 days corresponding to 298 hours. Electrical and deuterium absorption/desorption
measurements have been performed during irradiation for SiC, SiO2, silicon and graphite..
During year 2014 it is planned to enhance an already existing permeation chamber in order
to perform the experiments at higher and more relevant irradiation temperatures (up to 450
o
C).
IV.8.1.2 Operation of the “Nayade” irradiation facility
During the year 2013 ZnS, Al2O3, CaF2 and Li-ceramics were irradiated at 1.85 Gy/s
and irradiation temperatures of 25 C in nitrogen atmosphere in the 60Co NAYADE
irradiation facility at CIEMAT. The development of a new irradiation system to perform
the gamma irradiations in vacuum was started in 2013 and will be tested during 2014.
IV.8.1.3 Irradiation line at the CMAM ion accelerator
A new ion implantation and irradiation beam line has been developed at the Centro de
Micro Análisis de Materiales of the Universidad Autónoma de Madrid (CMAM-UAM).
The beamline and the irradiation chamber have been optimized for Materials Science
and Technologies, including irradiation of materials for energy production (fusion,
fission, spallation, solar, etc.), microelectronics, photonics, etc.
This line allows to perform homogeneous implantations/irradiations in large areas (10 x
10 cm2for p+ at 10MeV) by means of a kHz electrostatic scanner. High ion beam
current and accurate dose control for a large number of ions and ionic species, with
reduced beam current loss, particularly heavy ion irradiation at high energies, up to 50
MeV. The irradiation chamber (designed for UHV) has provision for multi-technique
Ion Beam Analysis (IBA).
The set up characteristics are:
•
•
•
•
•
•

Ions from H to Pb
Irradiation chamber electrically isolated (FC).
High Current. Dose control with 4FC system & chamber current integrator
Electrostatic beam sweeper up to kHz
Irradiation of large areas
Beam degrader
84

• UHV(Compatible with load-lock loading system)
• Temperature from LN2to 600ºC
• IBA(ERDA, RBS, IL), IBMM and optical characterization in one single setup
• (Pulsed) laser excitation (Nd:YAG at λ (nm) = 266, 355, 532, 1064), through
glass/silica windows.
• Dual temperature control by IR-camera and two thermocouples in the sample
holder
• Advanced optical measurements (in-situ):
• And or Optical spectrometer
• Ocean QE6500 compac spectrometer
• Woollam Ellipsometer. Specific ports at 75º are installed for that aim
This line is provided with a multi characterization-irradiation chamber for on-line and
in-situ measurements, that allow:
• Luminescence studies in combinations with RBS, ERDA and NRA.
• Ion Beam Modifications of Materials (IBMM) techniques, and in-situ laser
interaction and optics studies.
• The sample can be cooled down to liquid nitrogen temperature and up to 600 ºC.
First studies of ion irradiation have been carried out in α-Quartz, showing a fast kinetic
of defect impurities induced by the irradiation.
!

Set up of Irradiation line at the CMAM ion accelerator
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IV.8.1.4 Permeation and diffusivity facility at UPV
Permeation tests of hydrogen have been carried out for pure Fe EFDA sample treated by
cold rolling (CR) technique and results have been compared with exactly the same
sample without CR treatment (tested before at the same facility). This allows us to test
the effect of dislocations and hardening in tritium permeation. Permanent effects have
been observed for the CR sample: increase of permeability and diffusivity. Additionally,
trapping has been observed at low temperatures for the CR sample before annealing.
Permeation tests to analyse the effect of the cold rolling technique in transport
parameters of hydrogen has also been extended to different metallurgical compositions ,
including in this case the carbon effect (FeC EFDA sample with CR treatment ) and
chromium (EFDA Fe10%Cr).

IV.8.2 TechnoFusión
IV.8.2.1 Introduction
A summary of the last four years results on the development of advanced techniques for
materials characterization in the framework of the TechnoFusión facility is here
described. Techniques using ion beams, etc., for the compositional, structural and
microstructural analysis have been applied to the characterization of fusion materials
and their main results highlighted. The development of testing module prototypes to
study the mechanical and physical properties behaviour of materials under different
fusion environments is also described. Remarkable conclusions evaluate the viability of
their application for the efficient analysis and testing of new developed materials.
Continuing the formation activities, several contributions concerning the ongoing
progress of the different tasks related to the development of TechnoFusión facilities
were presented to more than 100 attendees at the third TechnoFusión workshop entitled
"3rd Workshop on Fusion Technologies and the contribution of TechnoFusión", held on
September 2013 at CIEMAT, Madrid, Spain. The Proceedings of this workshop are now
been organized and compiled as a book. This publication represents the summary of the
TechnoFusión technical development achieved up to now.
Also, oral and poster contributions (at least 15) were given and presented in different
International and National Conferences, where a great deal of enthusiasm for the
TechnoFusión facilities was extensively demonstrated.
During year 2013 key activities took place in order to increase the diffusion of the
TechnoFusión technical and formation activities.
All the generated audiovisual material can be accessible through the web page
(http://programa-technofusion.ciemat.es/TECHNOFUSIONportal/).
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IV.8.2.2 Irradiation methods
Design and fabrication of a beam energy degrader.
When a fusion interesting material is irradiated with 14 MeV neutrons produced by the
fusion nuclear reaction inside a reactor, these neutrons go through the entire piece of
structural or insulating material. Therefore, a volume is irradiated and the structural
damage and other effects produced by neutron irradiation happen all across the
irradiated volume. When charged ions and particle accelerators are used, however, for
neutron irradiation simulation, one of the main differences observed is the strong
localization of ion irradiation effects in a very narrow volume of the sample (i.e. Bragg
peak). In order to overcome this difficulty it is possible to use a beam energy degrader.
In the case of the mechanical device designed at CIEMAT, the beam degrader consists
of an umbrella shaped wheel including nine aluminum foils of decreasing thickness and
an additional window without foil. The wheel is spinning during the irradiation and the
aluminum foils intersect the ion beam absorbing a different amount of energy for each
different thickness, producing an alternate irradiation with ion beams of different
energies that generate a wider implantation and damage profile in the target sample. The
window without any foil let the whole beam energy to reach the target sample. The
spinning speed must be high enough to avoid the aluminum foils to melt or burn. The
thermal calculations carried out at CIEMAT and Iberdrola Ingenieria by ANSYS
suggest a safe spinning speed of around 1000 rpm to avoid any thermal issue, at least
for the foil thicknesses chosen (6 to 50 µm), even though these foils will not be covered
with carbon to improve aluminum emissivity. The temperature reached by the thickest
foils (they absorb the highest amount of energy from the primary ion beam) is in the
range of 180 to 350ºC, well below aluminum melting point, for an ion beam current of 1
µA.
The CAD design developed by CIEMAT in collaboration with Iberdrola Ingenieria in
2012 has been modified to make the design more robust and friendly for the mechanical
fabrication tools. The wheel has been finally fabricated of aluminum as well at
CIEMAT mechanical facilities. The vacuum ferrofluidic feed-through was also received
in 2013 and the engine control is being currently implemented at CIEMAT. As it was
mentioned above, the original design of the beam degrader includes aluminum foils
from 6 to 50 µm able to obtain a 50 µm depth uniform implantation profile of He (15
MeV) and H (3.85 MeV) ions in a sample of Fe. The beam degrader will be tested at
CMAM, using the tandem linear accelerator of this institution for ion beam irradiation.
Design and construction of an irradiation chamber for beam degrader irradiations.
Although the beam degrader was originally intended to be tested at one of the optical
ports of the implantation chamber at CMAM laboratory, during 2013 it was finally
decided to change the first test of this device directly to a definitive specific irradiation
chamber designed and conceived for this purpose. The first designs of this specific
degrader chamber were developed on CAD tools by Iberdrola Ingenieria and they
included the beam degrader port, turbo pump port, degrader inspection windows, wire
and cooling feed-through and ion beam inlet and outlet ports. The design has been
modified to incorporate different configurations for different irradiation experiments
including the beam degrader. This is the case of the irradiation of one or multiple
samples submitted to temperature (an oven and a cooling circuit are required) or a
structural material specimen submitted to mechanical stress produced by a micro tensile
module installed inside the irradiation chamber. The CAD design of the irradiation
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chamber main body has been already finished and it will be fabricated in 2014. It
consists of a steel cylinder of 350 mm diameter with several ports for the applications
and purposes indicated above. The final design of the sample holder for especial
irradiations is still under way, although it is also planned to be fabricated in 2014.
IV.8.2.3 Plasma-Wall Interaction
Partnership project agreement between CIEMAT and the Institute of Plasma Physics
(IPP), NSC KIPT, Kharkov
The design, development, and formulation of basic specifications on the design of the
small size QSPA-PTF (QSPA-Prototype for TechnoFusion), as well as the construction
of the plasma source, is being carried out in the Institute of Plasma Physics (IPP), NSC
KIPT, Kharkov, Ukraine, according to an on going partnership project agreement
between CIEMAT and the above mentioned IPP.

Scheme of the QSPA-SLIDE facility
On October 2013 a visit of a week was realised in order to discuss and debate the
scientific aspects of the conditions, and a verbal agreement was achieved. During the
visit it was also possible to observe first-hand the operation of the linear QSPA already
constructed and operating in IPP, that is based on the previous QSPA-SLIDE (QSPASpanish Linear Device) design that was made for CIEMAT. QSPA-SLIDE in
comparison to QSPA-PTF, has external B-field, besides, it has higher discharge voltage,
and higher number of voltage capacitor. (see previous figure)
After several feedbacks between CIEMAT and IPP regarding administrative conditions
of the agreement, CIEMAT has finally approved them, and nowadays is awaiting the
formal (and hopefully the last) response of IPP. The duration of the agreement would
be 18 months and the cost of the plasma source has been estimated in 10,000€.
QSPA-PTF design
The design is as is described in the next figure. More details are explained in
Technofusion report 2012.
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Scheme of the QSPA-PTF facility. A- Source; B-vacuum chamber; C- turbopump and
forepump. Source: 1—Anode; 2—cathode; 3—insulator; 4—gas valve seat; 5—cathode
collector; 6—gas valve cap; 7—anode collector; 8—casing of the gas valve coil: 9—
coil turns; 10—gas valve base; 11—rubber shock absorbers.
The QSPA-PTF can be upgraded increasing the pulse frequency (at the expense of peak
power density)
A visit to the MCPG plasma gun, of analogous performance to that of QSPA-PTF, is
planned for 2015, with the possibility of establishing collaborations between the
TechnoFusión and the University of Hyogo teams, the latter being led by Prof Kikuchi.
A concept similar to PALOMA is at present being implemented between his team and
the NAGDIS (U Nagoya) team.
The development of diagnostics, power supply systems, vacuum system and so on
would imply the collaboration of several research groups at CIEMAT and the exchange
of staff for training in situ would be arranged.
IV.8.2.4 Characterization Techniques
Few are the compositional characterization techniques that could analyse light ions
impurities inside high Z materials, which are reduced when considering those able to
perform in-depth compositional profiles. The capability of Ion Beam analysis (IBA),
Secondary Ion Mass Spectrometry (SIMS) and Glow Discharge Emission Spectrometry
(GDOES) as techniques for the depth analysis of light ions in fusion materials is here
re-viewed based on some experimental tests.
SIMS vs GDOES
A comparative study of SIMS (Secondary Ion Mass Spectrometry) and GDOES (Glow
Discharge Optical Emission Spectroscopy) techniques has been analyzed to establish
the viability of both in the elemental depth pro-filing analysis of materials [Escobar
Galindo_2010]. During this comparative study, the following were the most important
requirements followed to define the techniques limitations. For Fusion applications
involving complex structured materials (nanostructured or OSD materials), both high
lateral and depth resolutions are required to provide information about surface and indepth composition at the micro- and nano-metric levels. Since light elements are key
impurities generated due to nuclear transmutation, analytical techniques must present
high sensibility to H, and its isotopes, and He determinations. Depth profiling of
impurities and dopants is a great advantage during solid materials analysis.
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Both analytical techniques are considered destructive for surface, bulk and in-depth
elemental determination. GDOES is not a microanalytical tool, the analyzed area being
some mm2 in area. Although the depth resolution achievable is comparable to that of
SIMS, the low vacuum that can be achieved in GDOES instruments limits the technique
to low sensibility H determinations. The acquisition of elemental lateral distributions on
a microscopic scale is possible using SIMS technique and a continuous analysis while
sputtering produces information as a function of depth. One of the main advantages to
complete the analytical potential of SIMS is the possibility of 2D and 3D elemental
imaging.
From the study performed, the techniques can complete one another correcting their
intrinsic limitations, in particular the spatial resolution and the analysis quantization.
The experimental set-up for in-beam resistivity measurements
The experimental system for resistivity recovery (RR) measurements at cryogenic
temperatures [Gómez-Ferrer_2014]. has been developed within the context of
TechnoFusión project. Its main objective is to give fundamental understanding of
primary effects of radiation in FeCr alloys by obtaining information related to the
migration and recombination of simple defects in such alloys. TRR has been
successfully used in the study of radiation effects on pure metals, providing specific
information on the migration energies of single interstitials and vacancies and small
clusters. Results will be used as input/validation information to computational
simulations.
Samples of FeCr with 5 to 15 wt% Cr concentration have been studied. The study in the
alloys has revealed that coupling of defect migration mechanisms, together with shortrange order (SRO) effects, which are responsible of re-arrangement of Cr solutes, are
hiding the information. Then a new method of irradiation and measurement of RR has
been developed to get RR results where SRO effects are no longer present. The RR
curves obtained with the new method provide full information related to vacancies
migration (see next figure) and thus the deduced dynamics correspond purely to defect
recombination and clustering.

Comparison of regular RR result (black squares) with RR curve on the same material
obtained after applying the new method (blue circles).
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Analytical instruments upgrading.
In the last two years, the FNL at CIEMAT has acquired new instrumentation for
materials analysis and characterization. The elemental analysis of solid samples
applying the SIMS technique is now a relevant technique to directly analyse the
elemental composition of solids, avoiding contaminations during sample preparation.
The technique is suitable for the analysis of any element of the periodic table,
particularly the very light elements such as H, He, Li.
The equipment used for SIMS has been updated during 2013 by coupling both a
sample-loading prechamber and a second Cs ion gun. With the aim of reducing the
detection limit for D elemental analysis, it was recommended to introduce the samples
without breaking the vacuum of the main chamber by coupling a small pre-vacuum
chamber. A heater was also located in the pre-chamber top wall that removes adsorbed
water in the samples before their introduction to the main chamber.
Furthermore, the elemental analysis of elements with electron affinity (H, D, O, ... and
in general those elements located to the right of the periodic table) is much more
sensitive using a Cs ion gun in replacement of the usual O ion gas gun. Ion beams
generated from a liquid metal have a smaller diameter focus, so in addition the
implementation of a Cs gun enhance the lateral resolution of analysis.
Qualification and first test of the CIEMAT-FIB
The FIB FESEM Auriga Compact system was received in January 2013 and started to
work after installation and training on April 2013. The new double beam machine is a
powerful tool for the observation of materials microstructure and in-situ
micro/nanoprocessing, the technology consisting of an ion beam column coupled to a
scanning electron microscope. The analytical EDX, the scanning transmission and the
secondary ion detectors coupled to the Auriga vacuum chamber complete the
capabilities of this tool as a micro and nanolab machine.
The main aim of the training courses received during this year has been the acquisition
by CIEMAT operating personnel of the proper skills for TEM sample preparation by
FIB on structural (steels) and functional (insulators) fusion materials. A major concern
in the preparation of lamellae for TEM analysis is the damage induced in the sample by
30 keV Ga ions. This issue should be addressed and eventually avoided by the proper
use of 5 and 2 keV probes for the final polishing procedure after thinning the lamella up
to 100 – 150 nm with the 15 to 30 keV probes.
The system incorporates also some other secondary and backscattered electrons
detectors (SESI, In lens duo, 4QBSD) and an STEM detector for transmission detection
through thin samples at 30 keV. Some training has been also received regarding the
proper use of the EDX Bruker detector and the composition analysis of samples using
all the instrument capabilities (point and multipoint analysis, linescan and composition
mapping). The first samples for TEM lamella fabrication were W and Eurofer. Li
related corrosion layers on Eurofer have been also analysed by SEM and compositional
EDX.
Qualification and first test of the CIEMAT-SIMS
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Secondary ion mass spectrometry (SIMS) is a powerful tool for depth profile analysis of
dopants and impurities in solid materials. Moreover, is one of the few techniques able to
analyse very low mass elements (H, D, He, Li), which are of special interest in fusion
materials as final transmutation products.
The Hiden Analytical SIMS Workstation received at the end of 2012 was finally
installed on its definitive location in March 2013. The instrument presents a 1nm in
depth resolution thanks to the precision, low flow O2/Ar ion gun and the sensitive to low
mass species cuadrupolar spectrometer. The system has been fully qualified and tested
during 2013. Steels and insulators have been characterized in several experiments
including mass scanning to detect different contamination elements and depth profiling
to follow the concentration variation with depth of the elements of interest for the
analysis. Instrument optimization has been also achieved by getting very good depth
profiles of D or He implanted steel and alumina samples, of Li distribution on breeding
blankets ceramics (silicates, titanates), matrix and impurities evolution with depth on
SiC (RB, HP and CVD production techniques) and corrosion layers on steels submitted
to thermal treatments in contact with Li based ceramics. The system has also an electron
gun available, avoiding ion charge accumulation during the analysis on insulators.
A Dektak XT profile meter has been also acquired during 2013. This tool allows
measuring the depth of the craters produced by the incident primary ion beam (O2/Ar).
Therefore it is possible to transform the sputtering time into depth, obtaining the
sputtering rate for different materials and primary ion and currents.
A dozen of initial collaborations were arisen in the field of Materials for Fusion but also
to improve the technique from both an engineering and physical point of view.
Emphasis must be given to the proposal for the development of new Cu, W-based
strengthened alloys and the study of derivative oxidation processes in energy production
systems due to Fusion using SIMS technique as the appropriate tool for the in-depth
elemental analysis and species distribution. The mentioned alloys are nowadays
considered the best candidates for some divertor components in different concepts of
future reactors (i.e. DEMO). The development of the SIMS technique towards a more
efficient analysis of He (the noble gas is intrinsically difficult to be ionized) has been
proposed to direct it into the study of complementary external ionizing sources (laser
light, resonant frequencies, etc.). The reduction of the H signal is of special importance
to achieve very low H concentration values using the HIDEN SIMS instrument.
Modifications in the chamber actual design has been proposed as a first approach to
minimized or control the residual air.
IV.8.2.5 Materials Production Techniques
Production and processing of ODS/FeCr alloys:
An oxide dispersion strengthened (ODS) alloy with nominal composition Fe–14Cr–
2W–0.3Ti–xY (wt.%, x~0.24) was produced by mechanical alloying using elemental
powders, and subsequent hot isostatic pressing. The microstructure of Fe–14Cr–2W–
0.3Ti–xY has been investigated by scanning transmission microscopy (SEM) and
transmission electron microscopy (TEM) techniques and tensile and Charpy impact
tests have been performed. The effect of heat treatments on the microhardness and
tensile properties at room temperature was also studied. The results show that a fine
92

dispersion of Y–O-rich nanoparticles is achieved, together with larger (Cr, Ti)-rich
precipitates. The absence of Ti is apparent in the majority of these nanoparticles, in
contrast with reported results for ODS Ti-modified steels processed with Y2O3addition.
An alternative production route have been followed for the production of the alloy with
nominal composition Fe!14Cr!2W!0.3Ti–0.24Y. The starting materials were prealloyed powders of Fe!14Cr!2W!0.3Ti and powders of Fe2Y. The powders were were
mechanically alloy consolidated by hot isostatic pressing (HIP) for 2 h at 1373 K and a
pressure of 200 MPa. The chemical composition was determined as follows: O and C
contents in TC500 and CS600 elemental analyzers, manufactured by LECO
Corporation; Y and Cr contents by X-ray fluorescence analysis. The microstructure was
characterized by X-ray diffraction (XRD), laser diffraction, scanning and transmission
electron microscopy (SEM and TEM), and energy dispersive spectroscopy (EDS)
[Auger_2013; Auger_2014].
The effect of different heat and forging treatments on the microstructure and mechanical
properties has been investigated.
Production and processing of Copper based material:
Three copper base materials were fabricated following different routes: i) cast Cu–1
wt.%Y produced by vacuum induction melting, ii) Cu–1 wt.%Y processed by a powder
metallurgy by conventional milling at room temperature and iii) Cu–1 wt.%Y was
prepared by cryomilling following a powder metallurgy production route. The materials
were characterized by X-ray diffraction, optical and electron microscopy (SEM and
TEM) and microhardness measurements [Carro_2014]. In order to refine the
microstructure of Cu-1Y, the equal channel angular pressing (ECAP) technique was
used.
Production and processing of Tungsten based material:
Small laboratory batches of W-xTa and W-xTiC (x=1-5 wt.%) have been produced
following a powder metallurgy route that consists of mechanical alloying and
subsequent consolidation by hot isostatic pressing (HIP). The materials were
characterized by X-ray diffraction, optical and electron microscopy (SEM and TEM)
and microhardness. Final densities of 96.6 % and 96.7 % were achieved for the W-5Ta
and W-5TiC, respectively. The mechanical behaviour of the consolidated alloys was
characterized by microhardness measurements and three point bending tests.
A thermal treatment of the powder in a hydrogen atmosphere at 1100 ºC does not
decrease the amount of oxygen in the powder. The oxygen released by the tungsten
powder is probably taken by Ta. In the case of the W-xTiC material, it gives place to the
formation of W2C. TEM measurements indicate that the mechanical alloying gets a
good dispersion of the nanoparticles of TiC particles in the W matrix [Muñoz_2014].
IV.8.2.6 Remote Handling
A collaboration between TechnoFusión and JET has been developed in order to increase
the performance of MASCOT telemanipulator.
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The MASCOT master slave manipulator is used under a symmetric position bilateral
control scheme. The operator carries out various material handling tasks using a master
manipulator positioned in a control room, equipped with high definition monitors,
through which he has visual and force feedback to provide ‘telepresence’. An animated
real time graphical display of the slave manipulator, in Torus, is generated by
proprietary software (VR4Robots, supplied by TREE C Technology B.V.).
The existing MASCOT bi-lateral control provides force feedback (reflecting
acceleration and static loads) to the operator through actuators mounted in the master
controller. The same control mode is maintained regardless of the magnitude of the
move. An observation of the existing performance of the MASCOT slave manipulator is
that tasks requiring the lifting and manipulation of objects near to the specified load
capacity are restricted by the thermal capacity of the Mascot actuators. The Mascot can
be ‘rested’ – each joint has a mechanical brake which can hold a position without motor
current being applied, but obviously this increases the time to perform a task and
reduces the ‘useability’ of the system.
Main results of this collaboration have been:
1. Modelling and analysing the MASCOT's motors.
2. Choosing the most suitable model for the two-phase MASCOT motors.
3. Simulating the current implementation of the motor controllers using
Matlab/Simulink.
4. Simulating the electrical performance of one section of the motors power control
board in order to verify the damage caused by a miswiring in the system.
5. Selecting the most suitable methods to identify the electrical and mechanical
properties of the MASCOT motors.
6. Identification of the MASCOT motors.
7. Researching for information about how to model the thermal capacity of the
motors.
8. All details about this matters are described in an internal report.

IV.8.3 IFMIF activities outside of the Broader Approach Agreement
IV.8.3.1 A stepped approach to IFMIF
In the new Fusion Roadmaps developed in a number of countries in the last few years
[Romanelli_2012; Horiike_2013; Lee_2013; Wu_2013] a general tendency is to speed
up the design and construction phase of DEMO and, at the same time, to reduce the
neutron dose requirements on the materials. On the other side the specifications and
requirements on materials irradiation data for the Power Plant are maintained as before.
This new approach reduces the requirements for the early phase of IFMIF, maintaining
the long term ones. It also opens the possibility of a staged approach to IFMIF whose
construction can be developed in two phases: a first one focused on DEMO needs, that
is called DONES (DEMO Oriented Neutron Source); and a second one oriented to the
Power Plant needs. This staged approach will allow a wider distribution of the required
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investments along the time as well as some relaxed specifications for the neutron source
design during the first phase.
The conceptual design of DONES has started during 2013, based on the following
assumptions:
•
•
•

•

•

It will be based on presently IFMIF design as much as possible and must allow a
direct upgrading to IFMIF after a few years of operation (around 10 years)
Only one full IFMIF accelerator will be considered
DONES will perform exclusively high flux irradiations of structural materials. No
samples re-irradiation is foreseen: the maximum dpa level will be given by the test
module lifetime
On-site remote maintenance operations shall be reduced as much as possible. Postirradiation analysis of the irradiated materials will not be made on site, but on
materials laboratories external to the Plant
DONES cost must be kept restraint as much as possible

IV.8.3.2 Comparison of different irradiation facilities
A rigorous material testing program is essential for the development of the nuclear
fusion world program. In particular, it is very important to predict the generation of the
displacement damage in materials, because the irradiation intensity expected in fusion
conditions is such that the performance of materials and components under these
extreme conditions is unknown. To study the damage produced by neutrons in materials
of interest for fusion, a specific computational methodology was developed. Neutron
fluxes expected in different irradiation facilities (International Fusion Materials
Irradiation Facility [IFMIF] and DEMO-HCLL) and in different irradiation spots were
obtained with particles transport codes (McDeLicious, MCNP). The energy differential
cross sections of primary knock-on atoms were calculated using the NJOY code.
Resulting data were input into the Monte Carlo code MARLOWE to calculate the
corresponding displacements (i.e., interstitials (I) and vacancies (V)). However, the
number of Frenkel pairs created during irradiation strongly depends on the
recombination radius between interstitials and vacancies. This parameter corresponds to
the minimum distance below which instantaneous recombination occurs. Mainly, the
influence of such parameter on the damage function in Al2O3 was assessed in this
report. The displacements per atom values calculated as a function of the recombination
radius considered are compared to experimental data to determine the most appropriate
capture radius. In addition, the damage function and damage dose generated at different
experimental irradiation facilities are compared with those expected in DEMO. The
conclusion is that both IFMIF and TechnoFusión (future triple beam ion accelerator to
emulate fusion neutron irradiation effects in materials) facilities are suited to perform
relevant irradiation experiments for the design of DEMO.
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V Other activities
contributing to the
EURATOM fusion
programme
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V.1 Training and career development
(RO: K. J. McCarthy)

During 2013 CIEMAT has been active on the Doctoral College on Fusion science and
engineering, in collaboration with several universities both from Spain and from the rest
of Europe.
CIEMAT also participates to several GOT training projects:
- Remote Handling,
- Radiation Induced Microstructural Evolution and Strengthening in high-Crsteels (RIMES)
- GOT-4-Diagnostic Techniques
In addition CIEMAT has obtained an EFDA fellowship, G. Ratta, in the area of data
management.

V.2 Public information
(RO: J.A. Jiménez)

The main Public Information activities at the Laboratorio Nacional de Fusión (LNF)
comprise the development of the web site, production of educational material and the
organization of visits to the laboratory.
The web site has been recently completely overhauled and the number of visitors has
increased notably. Special attention is paid to the inclusion of audiovisual and
educational material.
The laboratory receives regular visits on Fridays mainly from high school students from
the Madrid region but, occasionally, from other parts of the country. Special visits and
seminars are organised for university students, assistants to scientific conferences
celebrated nearby, members of scientific associations, politicians and Members of the
Parliament amongst others.
A new leaflet showing the main activities of the LNF has been edited and it is
distributed at main scientific events and visits with specialist knowledge on nuclear
fusion. When requested, the LNF delivers scientific advice to the press in its areas of
expertise. There is a continuous collaboration with the former EFDA (now
EUROfusion) Public Information office sharing ideas and creating new material.
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V.3 Socioeconomic studies in nuclear fusion
V.3.1 EFDA TIMES Model
(RO: Yolanda Lechón)
V.3.1.1 ETM Task Coordination (WP13-SER-ETM-T01)
Task coordination involved two parts: project management, focused primarily on the
project work coordination with a view to the ETM programmatic goals achievement,
and model management focused mainly on the maintenance and development of the
EFDA TIMES and on transversal technical support to tasks in order to ensure the
coherent implementation of the improvements to the model
Within the project management, CIEMAT team has 1) participated in the organisation
and led the 1st Workshop on Review, update and integration of scenario files and subRES in April 2013 in Garching (Germany), 2) participated in ISNFT 2013- Satellite
Meeting on the Socio-economic dimensions of Fusion Energy in September 2013 in
Barcelona (Spain), 3) co-organised the 2nd Workshop on EFDA TIMES and ETSAPTIAM in the 64th Semi-annual ETSAP meeting in November 2013 in Roskilde
(Denmark), 4) organised the annual EFDA-TIMES meeting, 5) participated in joint
meetings with the social group, 6) organised periodical teleconferences and 7)
participated in dissemination activities such as the coordination and write of an article to
be sent to Energy Policy, the presentation of the ETM model in the ISNFT symposium
and the presentation of the ETM model in the ETSAP workshop.
Within the model management, CIEMAT team has 1) fixed bugs, 2) reviewed the
technical and economic data of the power technologies, 3) introduced the updated data
into the model, 4) distributed the updated model version, 5) maintained the information
in the ftp server, 6) built of a new scenario matrix and 7) developed and implemented
new scenarios

V.3.1.2 Model Maintenance (WP13-SER-ETM-T02)
This task was split into three subtasks:
• WP13-SERF ETM-T02.1: Review and update of data in sub-RES sections
• WP13-SERF ETM-T02.2: ETM documentation update
• WP13-SERF ETM-T02.3: Maintenance of software framework
CIEMAT team has been responsible of subtask WP13-SERF ETM-T02.1 and subtask
WP13-SERF ETM-T02.3.
WP13-SERF ETM-T02.1: Review and update of data in sub-RES sections
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CIEMAT team has reviewed and updated data on technology costs, mainly based on
previous literature searches. The team has also organised a first workshop was held to
jointly discuss and make final decisions on the use of those data. Then, existing files,
SubRES files, have been modified but also new files have been built to analyse the
economics of fusion in the long term and how those parameters would affect market
penetration.
The results of this analysis were presented by the CIEMAT team in the satellite meeting
Socio-economic research on Fusion Energy: Overview and Practical Implications
within the 11th International Symposium on Fusion Nuclear Technology (ISFNT) in
Barcelona, September 2013.
WP13-SERF ETM-T02.3: Maintenance of software framework
This task referred to the currently used software frameworks including the TIMES
model generator, the GAMS/Cplex optimisation framework, the Git versioning software
tools, the Excel-based framework for the preparation of model results as well as the web
platforms.
The work done by CIEMAT team in this task has been already described in WP13SER-ETM-T01: ETM Task Coordination, model management.

V.3.1.2 Model Development (WP13-SER-ETM-T03)
This WP was divided into three subtasks:
• WP13-SERF ETM-T03.1: Setup of a new fusion module as sub-RES
• WP13-SERF ETM-T03.2: Implementation of a fusion module for TIAM
• WP13-SERF ETM-T03.3: Setup of scenario files for dissemination activities
WP13-SERF ETM-T03.1: Setup of a new fusion module as sub-RES
CIEMAT team has collaborated with ENEA-RFX, responsible of the subtask, in
designing and implementing a new fusion module for EFDA-TIMES. A range of
possible parameter variations has been implemented for various sensitivity analyses
within the EFDA-TIMES.
WP13-SERF ETM-T03.2: Implementation of a fusion module for TIAM
CIEMAT team has identified possible improvements and bugs of the fusion fuel cycle
as it was described in the ETSAP-TIAM model. Solutions to fix those bugs were
proposed and implemented in a fusion module to be included in ETSAP-TIAM. The
module consisted of data of Lithium mining, description of the new technologies in the
fusion fuel cycle (power plants, fuel tech and mining), and Lithium trade between the
global region and each region of the model.
WP13-SERF ETM-T03.3: Setup of scenario files for dissemination activities
CIEMAT team has implemented and documented various scenario files for the analysis
of the global energy system evolution at medium and long term under different
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assumptions. Those scenarios have been implemented into the ETM model. The files
have been put in the EFDA ftp server.
V.3.1.3 Dissemination activities (WP13-SER-ETM-T04)
Dissemination activities entailed:
• WP13-SERF ETM-T04.1: Update and maintenance of ETM base scenario tree
and common dissemination material
• WP13-SERF ETM-T04.2: Fusion analysis
• WP13-SERF ETM-T04.3: New ETM internet platform
CIEMAT team has been responsible of subtask WP13-SERF ETM-T04.1 and subtask
WP13-SERF ETM-T04.2.
WP13-SERF ETM-T04.1: Update and maintenance of ETM base scenario tree and
common dissemination material
CIEMAT team has produced a set of dissemination materials for general use by the
public relation offices of EFDA and partner institutions. The results of the scenarios are
available in the web page of the model that is part of the EFDA site developed in
subtask 4.3. The results are shown in the form of interactive figures of electricity
production in several time periods and regions of the model.
WP13-SERF ETM-T04.2: Fusion analysis
CIEMAT team has carried out an in-depth analysis of fusion, concentrating on a multi
criteria comparison amongst different periods (2050, 2070, 2100) and different model
regions (emerging economies, developing countries, OECE and non OECD regions).
The different patterns of fusion penetration have been evaluated against other
decarbonized technology options, focusing on the penetration of fusion, the share in the
total electricity systems, the evolution with time, the costs of this penetration, and
additional influences identified by sensitivity analysis.
V.3.1.4 Other activities
" Conversations with the engineers group involved in DEMO at Culham Centre for
Fusion Energy to discuss on the possibility of building an interdisciplinary team to
address DEMO costing methodology. The debate is open
" Meetings with the social group in SERF to identify synergies and set a joint
collaboration for future research
" Answer to questions posed by researchers or professors interested in the ETM model
and results
V.3.1.5 Deliverables
− D.2.1. Review and update of data in sub-RES sections. Report
− D.3.2. Implementation of a fusion module for TIAM. Report and set of files
− D.3.3. Setup of scenario files for dissemination activities. Report and presentations
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for dissemination
− D04.1: Update and maintenance of ETM base scenario tree and common
dissemination material. Report
− D04.2: Fusion analysis. Report and possible article in journal
− Final Report. ETM Task Coordination. WP13-SERF ETM-T01

V.3.2 Public perception of fusion research
(RO: A. Prades)
V.3.2.1 Social Construction of fusion in the Web (WP12-SER-ACIF-1)
The purpose of the activity “Social Construction of fusion in the Web” was to examine
the nature of the content of information about nuclear fusion on the Internet.
Researchers at Cisot-Ciemat conducted a quantitative and qualitative content analysis of
a sample of web pages and documents (blog entries, online documents, etc.) about
fusion energy in Spanish and English. The web documents were collected by using
three different search terms in Google Search in May 2013. A total of 286 web
documents in both languages were analysed. The structural characteristics of the
websites, the general valuation towards fusion and the thematic content were analysed
by means of a quantitative protocol and a thematic guide. A report covering all the
research process in this activity was prepared and sent to EFDA in November 2013 (Ref
WP13-SERF-ACIF-T01.1).
V.3.2.2 Confrontation of fusion and other emerging energy technologies’
representations in the public discourse (WP13-SERF ACIF-T01.2)
The second activity was aimed at researching how various energy emergent
technologies, including fusion power, are presented in the print media of different
countries, by characterising their frames and comparing their positive and negative
assessments. The activity was a follow-up of WP12-SER-ACIF-1, which conducted an
analysis of news from German, Spanish and Portuguese journals regarding fusion and
fission. Taking advantage of the database of news collected for WP12-SER-ACIF-1, we
complemented it with the collection of news articles concerning other emerging energy
technologies such as hydrogen, off-shore wind power, energy-related applications of
nanotechnology, biofuels from microalgae, tidal and wave power and fusion power. A
report was produced in December 2013 based on a content analysis of the media
coverage of these eight emerging energy technologies (Ref WP13-SERF ACIF-T01.2).
V.3.2.3 Dissemination activity: Satellite symposium at ISFNT (WP13-SER-ACIFT03)
In the third activity, a “Satellite Meeting on the Socio-economic Dimensions of Fusion
Energy” was organized by Ciemat and Cardiff University at the 11th International
Symposium on Fusion Nuclear Technology hold in Barcelona, Spain, in September
2013. The aim of the activity was to facilitate exchanges of information and knowledge
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among researchers in the socio-economic dimensions of fusion, as well as to promote
the visibility of this research among the wider fusion community. The meeting provided
a showcase for existing European socio-economic research on fusion (SERF), most of
which forms part of the EFDA-SERF programme, highlighting the broad range of
investigations and the key findings to date. It was designed to focus primarily on the
very practical applications of these areas of research, and to be of interest to a wide
audience within the fusion community. It was a public event opened to ISFNT
attendees. A report including the abstracts of main presentations and conclusions and
recommendations was produced by Ciemat and sent to EFDA in October 2013 (Ref
WP13-SER-ACIF-T03).

V.4 Engineering activities related to TJ-II experimental device
(RO: J. Alonso)

The activities are organized in three sections: the ones for the development of the
experimental operation of the device, the ones dedicated to the maintenance and repairs
of the auxiliary and peripheral systems supporting the experimental operation, and the
ones for the development of modification and installation of new elements for
diagnostics and plasma heating systems.

VI.4.1 Technical operation of TJ-II
The engineers of the group participate in the technical operation of the TJ-II. During the
working time an engineer if in charge of the device, the other one is charge of the pulsed
motor-generator and the power supplies for the coils and plasma heating system. The
working day is divided in two shifts.
The engineer close to the device, in the main control room, carries out the following
tasks: the preparation of the pulse sequence, the surveillance of the adequate
development of the pulse and the verification of the signals of the current in the coils,
the mechanical displacement of coils and the coil terminals and the temperatures in the
cooling systems after the pulse. Between two pulses the grounding detection loops, the
parameters of the cooling plant and the detailed study of the mechanical displacements
(in case of any abnormal recording) is carried out. In the case any request from the
experimental physicists to go inside the torus hall for diagnostic adjustment, the
engineer is ready to follow the strict rules to guarantee the access of the people in a
safety manner.
The engineer in charge of the power supplies is located in the control room of the
electrical building and he has to adjust the set point of the current in the coils for the
next pulse and the corresponding values of the electrical protections in all the circuits.
When a pulse is requested from the main control room, the engineer proceeds to
accelerate the generator and to prepare the whole system to launch the current in the
coils as soon as it is required by the engineer in the TJ-II.
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VI.4.2 Maintenance and repairs
TJ-II device
At the beginning of the year the audit of all the electrical systems were carried out by a
qualified external institution. Every two years this verification of the whole experiment
and their peripheral and auxiliary systems guaranties that the modification in them are
in accordance with the standards and no risk is present for the persons or equipment
around.
Cooling Plant and cooling circuits
The routine maintenance of the TJ-II cooling plant and cooling circuits has been
performed along the year without any special or abnormal activities. During the year the
procurement of two (spare) differential pressure transmitters for the flow measurements
in the cooling circuit of TJ-II central coils have been done. These flow meters provided
by Honeywell are based on orifice plates connected to the ΔP transmitter. In the past
they have been repaired in several occasions by the replacement of the electronic plate.
Because the central coils cannot be in operation without all their parameters being
continuously checked, in order to no compromise the development of the experiments
for long time these spare sensors are considered necessary.
Maintenance of air compressors
The maintenance of all the compressors which provides compressed air for the different
TJ-II systems has been performed within the year. Some repairs have been performed in
the compressor devoted to the TJ-II diagnostic system (the compressor is a scroll type
without oil lubrication). The following activities have been done: the replacement of the
motor bearings and rotor balancing and the replacement of the drying unit placed inside
the compressor.
Power supplies
From! the! middle! of! July! to! the! end! of! August! the! foreseen! maintenance! for!
transformers,! motor"generator! set! and! other! components! was! carried! out.! No!
abnormal!situation!that!could!bring!about!additional!intervention!was!detected.!!
During!the!first!months!of!the!year!the!synoptic!panel!with!the!drawing!of!circuits!
and!indicators,!located!in!the!electrical!building,!has!been!repaired!by!the!Control!
Group! of! TJ"II.! The! task! was! done! through! the! software! reconstruction! of! the!
communications!module!in!the!PLC:!the!code!was!written!in!AWL.!!
!
Control system
Periodic checks were made and some preventive maintenance tasks were conducted
through, as e.g. calibration and test of the whole Control System channels, and repairing
damage channels.
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VI.4.3 New developments and support tasks
Cooling Plant and cooling circuits
During the repairs done at the end on the previous year in the large pump of the
secondary circuit of the cooling plant it was detected a no adequate operation of the
thermal protection of the motor windings: the RTD inserted in between the turns in the
three phases were not properly connected. A new electronic inserted in the control
circuit was prepared that allows the three elements connected in series to surveillance
the temperature of the copper and to stop the pump in the case of abnormal high
temperature.
Power supplies
During the summer break in the TJ-II experiment the substitution of the high pressure
pumps in the oil circuit of the bearings of the motor-generator shaft was carried out. The
pumps had lost a bit of their characteristics necessary to move up the shaft during the
start-up phase.
Control system
New functions and improvements have been set forth in the Control System in order to
facilitate the daily operation. The main works during the year 2013 are hereafter
described.
Continuing with the implementation of novel magnetic configuration sweep control
system for the TJ-II, which started the last year with the installation of a Rogowski coil
outside the vacuum vessel, a new Rogowski coil has been installed inside the vessel.

Figure 1. Control system overview
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Specific electronic instrumentation systems have been developed in order to transmit
the two Rogowski signals from inside the experimental hall toward the Fast Control
System, located in the main control room. The Rogowski signal inside the vessel
measures the plasma current, whereas the outside one signal measures the sum of both,
the plasma current and the induced in vessel wall current.
The development system has been prepared to establish a reference for plasma, torus or
vessel current while the coil configuration currents are swept during a single plasma
discharge. It can also be run in a special simulation mode, which does not require
powering the TJ-II device, intended to be for commissioning and experiment
preparation purposes.

!
Figure 2. PID graphical user interface
Preliminary tests with the system have shown its ability to perform rotational transform
scans while establishing a waveform for torus current independently, despite variable
plasma conditions. This opens up new experimental possibilities to study the influence
of rotational transform and shear independently.
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The figure 1 shows the PID control. The signal selected for feedback can be selected
from several options: plasma current, vessel current, torus current (plasma+vessel), and
a simulated plasma current (only plasma current option is shown in the diagram). The
control system is prepared to establish a reference for plasma, vessel or torus current
while the coil configuration currents are swept during a single plasma discharge.
The Fast Control System runs the real time control algorithms and high-level
protections with a 1 kHz sampling rate. This includes a fully programmable
proportional integral derivative (PID) digital controller with anti-windup, protections on
coil current limits (up to 7.2 kA in OH) and ramp rates (less than 50 kA s−1), as well as
failsafe coil current control actions. Control and safety parameters are fully
programmable through Java web interfaces, figure 2, and uploaded before the pulse.
In addition, a Java based interface, shown in figure 3, has been developed in order to
facilitate the visualization of plasma and vessel currents.

Figure 3. Plasma and vessel currents

Two different types of control experiments have been performed during the
commissioning of the system. In the first one it has been tested the ability of the
feedback system to perform a magnetic configuration sweep without inducing any
plasma current, so the low shear features of the vacuum iota profiles are preserved. In
the second type we have tested the ability to control the magnetic shear using different
levels of induced ohmic current ranging from –4 kA to 4 kA.
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A new software has been developed in order to uploading automatically all the signals
recorded by the PID control toward the TJ-II Data Acquisition System. A graphical user
interface, shown in figure 4, has been designed facilitating the selection of the signals.
With the new PID control all the Data recording has been increased from 3 to 10
seconds.

Figure 4. Graphical user interface for uploading signals.

V.5 Engineering activities related to ITER

During 2013 the engineering group has been involved in three contracts between F4E
and different CIEMAT partners to develop the corresponding tasks for ITER. The
activities are here after described focused in the engineering work.
V.5.1 Magnetic Field Reduction System for the Heating Neutral Beams
F4E launched a global contract with a number of independent tasks in 2010, the
GRANT 22. The contract was assigned to the CCFE offer with CIEMAT acting as third
party. The Magnetic Field Reduction System was assigned to CIEMAT and the work
was carried out by the engineering group and two additional engineers from the
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Departamento de Tecnologia within CIEMAT. The work was divided in two tasks: the
Passive Magnetic Shield, and the Active Correction and Compensation Coils.
The two tasks were carried out during three years and CIEMAT presented almost all the
models, design specifications and calculation results included in the scope fixed by
F4E/IO at the end of 2013.
V.5.2 Plasma Position Reflectometry
Activities for the Plasma Position Reflectometry were included in a common contract
the F4E-FPA-375. The contract to carry out the activities in this diagnostic was
assigned to a consortium of three laboratories: the IST (Portugal) acting the leader of
the consortium, CIEMAT (Spain) and IFP-CNR (Italy). The Unit of Engineering
participates in this contract. Description of these activities are included somewhere else
in this annual report.
V.5.3 Equatorial Visible/Infrared Wide Angle Viewing System
Activities for the Equatorial Visible/Infrared Wide Angle Viewing System were
included in a common contract the F4E-FPA-407. The contract to carry out the
activities was assigned to a consortium of two laboratories and a private company: CEA
(France) acting the leader of the consortium, CIEMAT (Spain) and BERTIN
TECHNOLOGIES (France). The Unit of Engineering will participate also in this
contract signed at the end of 2013.

V.6 Other activities
V.6.1 Quality Management System for the Engineering Unit
(RO: M. Medrano)
During the first half of the year the Engineering Unit of the National Fusion Laboratory
at Ciemat implemented a Quality Management System for design activities, fulfilling
the requirements of standard ISO 9001:2008.
In July 2013 the organization was awarded with the ISO 9001:2008 certification by
IQNet and AENOR (certification bodies) in the following field of activities:
“Undertaking of research and development projects for the design of components and
systems for experimental devices in the field of fusion technologies”.
The certification is valid for three years.
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VI Activities related to the
Broader Approach

115

VI.1 IFMIF/EVEDA Project
(RO: A. Ibarra)
VI.1.1 Introduction
Spanish participation in the IFMIF-EVEDA project has been very important in the
engineering design of IFMIF and the LIPAc subproject (Linear IFMIF Prototype
Accelerator), whose objective is the construction and testing of an accelerator similar to
those designed for IFMIF, although with a lower energy.
During 2013, the engineering design of IFMIF has been completed. In this last period
Ciemat has provided engineering designs of all systems that is responsible (irradiation
area and IFMIF accelerators system9. Ciemat, has prepared the design systems and
components reports, and has also actively participated in the activities of review and
integration of the different contributions of the research centers and universities
involved in the project (Europe and Japan) as well as the definitive edition of the
Intermediate IFMIF Engineering Design Report (IIEDR), final report of the IFMIFEVEDA project in design of IFMIF engineering. Indeed, the principal investigator of
this performance has been responsible at European level of this subproject, acting in
practice as the last responsible for the design of engineering of IFMIF.
Regarding of LIPAc, Ciemat, has continued with the design and manufacture of systems
for which it is responsible. Systems that must be built and operating with greater
urgency in Rokkasho have been development with priority: Diagnostic systems
(Diagnostic Plate), medium energy transport power line (MEBT) system and systems of
high RF power. 2013 has been characterized by the construction and testing of several
prototypes of some components or first units of superconductors solenoids, high power
line (HEBT), or the Beam Dump.
VI.1.2 Accelerator Facilities: RF system
The following paragraphs summarize the progress in the major components of the RF
Power System:
LLRF: The integration of the first LLRF prototype with the RF Prototype Module,
which started on May 2013, has been successfully completed. The next functionalities
have been tested: feedback loops (tested at maximum RF power, 220 kW), diagnostics,
interlocks, fast emergency stop (<10 µs), low power test in pulsed mode operation (in
open and closed loop). Several software updates have been required during the tests, in
order to optimize the behaviour of the LLRF and improve the user interface. The
integration of the second LLRF prototype with the next RF Module (2x105kW) started
on December 2013. Two units of the LLRF series have been manufactured and are now
under validation tests.
Power Circulators (series): A setting problem was found in the circulators already
delivered and some of them could have to come back USA for being updated. A new
batch (4 units) has already arrived to Spain (February 2014)
RF Prototype Module: Some difficulties were encountered with the AFT circulator and
the TDK Lambda HVPS which have been preventing the correct progress of the tasks.
At the time of preparing this report, these technical difficulties were solved. The
Prototype RF module has been successfully tested and is now under operation for SRF
LINAC couplers conditioning.
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RF Modules (2x105kW and 2x200kW): The 2x105kW RF Module was completely
assembled. Several difficulties due to missing component and a different and
unexpected design delayed their commissioning. A solution was found and was
implemented by IBA and Indra (beginning of 2014).
Two more RF Modules (each module consisting on two RF chains able to deliver
200kW) were completely assembled.
400kW Greenpower HVPS: The installation was completed and the HVPS was started
up from its local control system up to full power.
HVPS series manufacturing: Contract signed with Jema Energy (Spain) for
manufacturing is under execution on schedule. The manufacturing details of the outdoor
components -the first to be manufactured and shipped to Japan- were already provided
in October 2013.
RF Water Cooling System: In order to take into account the main water requirements
from JEMA HVPSs, some modifications were included in the technical specifications
for the manufacturing of the RF water cooling system. Other modifications have also
been included in the specifications with the aim of reducing the installation tasks at
Rokkasho site, like some pre-installation of components and the welding of some water
manifolds before being shipped to Japan.
16kW RF Solid State Power Amplifier (SSPA) for MEBT cavities: the contract with
Broad Telecom (BTSA, Madrid) to provide this equipment is under execution without
any delay. The 1.2 kW RF Basic Module was already at factory along 2013. Integration
and Acceptance test for the first 16kW module were foreseen for February 2014; its
delivery for buncher high power test was performed in March 2014.

RF Modules test bench

First RFQ RF Module 2x200 KW
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First RF Module Solid State Power Amplifier SSPA 16 KW

First Series HVPS from JEMA
VI.1.3 Accelerator Facilities: Beam Dump & HEBT line
During 2013 the main effort has been concentrated on the preparation of the technical
specifications for the procurement of the main components.
HEBT Line:
The HEBT Line design has been completed and updated. The main improvements are
the following:
- General revision of design from the point of view of installation and alignment:
flanges definition, support locations and bellows
- Interfaces revision: with diagnostics, SRF linac, shielding elements…
The 3D mockup has been updated accordingly including among others the final designs
of the diagnostics, the details of the interface between the HEBT line and the Beam
Dump Cell wall, etc.
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The technical specifications for the manufacturing of the eight quadrupoles and twelve
corrector magnets of the HEBT line and for the procurement of the cooling skid for both
MEBT and HEBT magnets have been written.
Beam Dump:
The first piece of the final cartridge has already been manufactured. The inner cone
flange was received in CIEMAT on April 2013 after passing successfully the
dimensional metrology and leak test at the manufacturer premises.
Technical specifications for the manufacturing of the cartridge inner cone and for the
local shield have been drafted. To complete the specifications the following activities
have been required:
- The 3D model of the shield has been completed and updated. A global revision of
interfaces, penetrations, fulfillment of seismic requirements and alignment
feasibility has been performed.
- For the definition of the inner cone acceptance tests both radiography and
tomographic techniques have been explored by performing inspections of the 1.5 m
prototype cone, especially at the electrodeposited joints with the tip and flange
- A big effort has been devoted to the study of the applicability of ASME code to the
design, manufacturing and tests of the cartridge and shield.
The manufacturing procedure proposed for the inner cone includes some improvements
to avoid imperfections found in the prototypes. After a thorough study of the codes and
standards and the testing and examination of the prototypes with different techniques, a
list of acceptance tests has been worked out.
For the local shield, contacts with possible manufacturers have started. As a result of
these, some issues such as proposed manufacturing procedure, materials and tolerances
are being studied or revised.
VI.1.4 Accelerator Facilities: Diagnostics
During 2013, the final design of all the beam diagnostics and instrumentation were
finished, prototypes manufactured and for some of them even the series was
manufactured. A brief description of the activities is summarized below ordered by
diagnostic.
-BPM (Beam Position Monitors): The manufacturing of the prototypes of most of the
BPM’s continued. A) Diagnostic Plate’s BPM successfully manufactured at CIEMAT
workshops. Several coupling between electrodes and TDR tests were carried out
successfully to analyze and characterize the pickup with good agreement with respect to
the simulations. B) The eight button-type cold BPMs (to be installed in the SRF linac)
were selected using capacitance and diameter criteria from the total series
manufactured. C) MBPM prototype tests required a change of the feedthroughs where a
solution based on laser welding was applied. Concerning the electronics, the schematics
of all the boards was finished and the prototype completed and tested in the second half
of the year.
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The vacuum leak test of the prototypes of most of the BPM’s has been done
(Cryogeneic-BPM, MEBT-BPM and DPLATE-BPM). This vacuum test was successful
at vacuum level <10-12 mbar.l/s

Prototype BPMs manufactured
-FPM (Fluorescence Profile Monitors): After redesigning the different FPMs units (the
units located in DPlate have been doubled in spatial resolution), the design of the Dplate
FPMs and HEBT FPMs were frozen.

DPlate’s FPMs manufactured
All the DAQ electronics were ordered and received at CIEMAT. The manufacturing of
all the FPM units was completed. All the components (PMTs, custom electronic boards)
were ordered and received at CIEMAT also.
-Slits for Emittance Measurements: The technical specifications for the redesign and
manufacturing contract of the slits were written during the second quarter of the year
and the manufacturing launched. The contract was signed in October the awarded
company AVS. The preliminary and detailed designs were completed within the end of
the year.
-Diagnostic Plate Support Structure: After some interface problems detected between
some diagnostics, the final design of the DPlate mechanical support and alignment
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supports for diagnostics was performed and finally frozen. The manufacturing phase for
the mechanical and alignment supports as well as vacuum chambers started in the
second quarter of the year and finished by the end of the year, being ready for the
assembly, integration and initial test phase planned for 2014.
-Vacuum chambers and supports: The interfaces between CEA, INFN and CIEMAT
diagnostics as well as the detailed designs and final approval were done. The second
half was dedicated to the manufacturing drawings and final manufacturing. Common
CEA-CIEMAT vacuum chambers, the alignment supports for each diagnostic located in
DPlate and the DPlate support structures itself have been manufactured successfully.

SEMGrid-FPM common chamber (left), DPlate FPM chamber (center) and DPlate
structure (right)
The vacuum pumps have been updated to take into account the specific needs during
commissioning phase and the nominal position. Turbo-molecular pumps are selected
and will be used during commissioning as primary pumps whereas the half of the ionic
pumps will be removed from its nominal position.
VI.1.5 Accelerator Facilities: SRF & MS
Resistive magnets:
During year 2013 the technical specifications for the magnet series and the power
supplies tendering were under preparation.
Buncher:
Several preparatory tests to guarantee the successful fabrication of the bunchers were
carried out: brazing of ceramics with copper pipes for the coupler window,
measurement of the thermal conductivity of the resin to fix the cooling circuits, electron
beam welding of the stem dummies, test of polyurethane pipes, and clamping of the
cooling circuit. All the manufacturing drawings were produced after a long iterative
process and the material was procured.
Scrapers:
The scrapers were successfully manufactured and tested. The following tests were
carried out over the component: materials acceptance, metrology, vacuum leak tests of
the collimators brazing, vacuum leak tests of the assembly, readout of thermocouples.
The precision and accuracy of each collimator was also validated. The requirement of
less than 100 um was fulfilled.
Beamlines and BPM’s:
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The fabrication of the first chamber with BPM was launched [Podadera_2013]. A
problem with the RF vacuum feedthroughs delayed the fabrication of the chambers.
New feedthroughs were ordered (around three months of lead time). A new process for
the welding of the new feedthroughs was discussed with the manufacturer and the
feedthrough supplier.
A complete thermomechanical study was carried out to analyse the effect of the
shielding of the wedge bellows, to protect them from beam losses.
Vacuum system:
One of the turbomolecular pumps was changed to an ionic pump to improve the vacuum
quality near the SRF. A hot cathode gauge was placed in-between the last two magnets
to monitor the vacuum level in the beampipe.
Assembly:
The prototype support was being manufactured at the CIEMAT workshop.
Concerning the final support, the design included the support for the ionic pump, and all
the pump supports were done removeable to ease the connection between the MEBT
and SRF.
SRF- Solenoid package [Orsini_2013]:
All the coils have been successfully prototyped. All of them are wet impregnated with
epoxy resin (Araldit 2011). The first cold test was the training of both solenoids. The
first quench was at 241 A, the next one already at short sample current limit (263 A),
without any detraining in the following quenches.
The second cold test was the training of all the coils together. No quench at the steerer
coils, even at 50% above nominal current. The first quench of solenoids happened at
240 A with the steerer background field, the following ones at critical current (263 A).
The third cold test was the training of the solenoids at horizontal position. The beam
pipe was closed, thus no helium was present in the pipe. Up to six quenches took place
at critical current, without any detraining. In conclusion, the magnet design was
validated.
The coils are surrounded by a stainless steel vacuum vessel. It has to be licensed
according ASME code, due to the requirements coming from JAEA. It is a challenge
mainly for the weld preparation, because there are demanding requests on position
tolerances, with very difficult access to the welds. The procedure for licensing has been
started with the help of a notified body, Qualicontrol. A mock-up vessel has been
fabricated and sent to CEA/Saclay to check: The feasibility of the weld preparations, the
mechanical tolerances after assembly and welding, the integration with the cavities in
the clean room. It will not be equipped with ASME-compliant seals, due to time
constraints. Instead, standard Conflat flanges will be used.
Concerning the current lead design, vapor cooled current leads were chosen, because of
moderate heat losses and simplicity. Manual valves are used to balance the cooling in
each pair of current leads. The only pending point is the choice of ASME compliant
seals. Cryomagnetics commercial current leads have been successfully tested.
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VI.1.6 IFMIF Engineering
BA Agreement mandated IFMIF/EVEDA 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. The Intermediate Engineering Design of IFMIF
has concluded during the first half of 2013 (though the validation activities still
continue) and all the design work performed has been described in the "Intermediate
Engineering Design Report" (IIEDR) edited by CIEMAT. The IIEDR is made of the
following documents: Summary Report [Project Team_2013], IFMIF Plant Design
Description Document (PDD) [Project Team (II)_2013] together with its Annexes,
IFMIF CODA Cost Estimate Report [Project Team (III)_2013] and IFMIF Systems
Design Description Documents (DDDs).
The IFMIF Plant Design Description Report describes the main technical characteristics
of IFMIF at the Plant and Facility level, making special emphasis on integration aspects.
History of IFMIF, its legal framework and relevance in the world nuclear fusion
program; main IFMIF Requirements and Specifications used as a reference for the
design; Plant Configuration, Layout, Control Architecture, Maintenance and Remote
Handling scenarios, together with a summary of the RAMI and Safety studies; a
summary description of the Accelerators, Test and Target Facilities as well as the
Conventional and PIE Facilities are the content of this document.
The PDD includes also a number (7) of Annexes with more detailed information of the
Design Guidelines and Database, the different studies performed (like RAMI and
Safety), together with Product Breakdown Structure and Interface Management, a full
3D Mock-up Model, Licensing Scenarios and Beam Dynamics. In addition, the
complete information about the engineering design performed at system level for the
different IFMIF components can be found in the Systems Design Description
Documents (34 reports).
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VI.1.7 Accelerator Facilities: Safety and Radioprotection
A study and report has been produced considering the main radiological issues in the
accelerator facility (AF) of IFMIF. The following main conclusions can be extracted
from this report.
• Radiation sources in the HEBT can be properly shielded so that activation and
residual doses are low enough to allow access after 12h cooling time. Heavy
shielding is required around the HEBT beam line in the RIR, in order to avoid
acute activation of materials.
• The premises of one accelerator may be occupied while the other accelerator is
operating. This requires special shielding plugs to isolate workers from the
particle streaming from the lithium target.
• Air and cooling water activation are low and do not pose a radiological problem.
Their production of tritium under irradiation is moderate in those elements but
much higher in the aluminium scrapers and collimator.
• Radioactive waste products do not require active cooling. Iron and copper
magnet elements can be manipulated hands-on almost immediately, but
activated beam pipes, scrapers and collimator may require long times before
allowing to this manipulation.
• The vicinity room of the accelerator vault and BTR may be occupied during
operation of the accelerator, despite of the RF penetrations across walls.
• The penetrations in the RF bay floor for the coaxial lines may leak some
radiation, but in such low fluxes that light shield (even the coaxial cables) serve
for proper attenuation.
• Residual doses in the accelerator room are acceptably low at 100 cm distance,
with the exception of the RFQ and matching section, which require 1.5 days
cooling time before reaching the 25 µSv/h limit.

VI.1.8 Test and Target activities: RH Engineering
The final Intermediate Engineering Design of the RH systems for the Access Cell and
the Test Cell of IFMIF has been completed during 2013 [García_2013].
First of all, the requirements and the interfaces of the system have been identified. Then
the technical specifications of the main components of the RH systems have been
developed (a double beam overhead crane 120 ton capacity (HROC) plus the higher
accuracy mast crane (ACMC); the servomanipulator to perform the
connection/disconnection of flanges, electrical connectors, etc. installed in the ACMC;
tools for performing the generic RH operations and auxiliary tools and equipment; the
viewing and illumination systems necessary to perform the RH operations; the control
system, etc..). A market survey has been performed, searching the availability of
qualified commercial suppliers capable of satisfying the requirements and specifications
of the RH Equipment.
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The engineering design has also included safety studies (safety check list, hazards
source list and preliminary safety FMECA where the causes of accidents creating the
most critical events have been considered).
RAMI requirements have been identified and as first step for the RAMI studies, the
functional analysis of the RH systems was performed. A full RAMI FMEA focused in
availability has been developed in the framework of the RAMI studies for the Test
Facilities (see section VI.4.1.12) taking into account Human Reliability Assessment
(HRA) to quantify human errors when operating RH equipment. Design criteria such as
single failure cranes and other have been taken into account to increase availability.
The following figure shows the main RH equipment proposed.

CAD desing of main RH equipment for the Test Facilities

VI.1.9 Test and Target activities: Medium Flux modules engineering
In the framework of the IFMIF-EVEDA project, the Intermediate Engineering Design
of the Liquid Breeder Validation Module (LBVM) has been completed during 2013
[Casal_2013].
The LVBM mainly consists on a 316 LN stainless steel container housing 16
EUROFER capsules filled with LiPb, where experiments related to liquid breeders such
as permeation, compatibility, behaviour of the liquid metal, etc..will be performed under
irradiation, and at controlled temperature. The engineering design of the module
covered first, the proposal of its experimental capability together with the analysis of
the suitability (by neutronics studies) of the IFMIF medium flux area to perform
relevant experiments for liquid breeders. The result of this analysis was the proposal of
a Neutron Spectral Shifter based on tungsten to be installed behind the module, to
optimize the irradiation conditions for the experiments.
The thermohydraulic and mechanical behaviour of the module design has been checked,
being a major issue the lack of codes and standards for the design of components under
the hard irradiation conditions of IFMIF. Tritium transport studies have also been
performed to demonstrate the feasibility of the tritium permeation experiments. Other
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issues coped have been the hazards and safety aspects, from the conventional point of
view (liquid metal) as well as from the radiological point of view. RAMI analysis (see
section VI.4.1.11) led to some design modifications to improve the reliability of the
module. The fabrication process of the module and the maintenance operations
(disassembly) have been also proposed. Finally, a rough cost estimation has been
supplied. The following figure shows some aspects of the LBVM design.

CAD desing of LBVM (left), dose around the module after 11 months irradiation and
24h cooling (center) and fluiddynamics calculations (CFX, right)

VI.1.10 Design Integration: Safety
A technical note “LIPAc radiation calculation” has been produced as cooperation with
CEA, leadered by CIEMAT. This report includes the main results regarding
radioprotection of the facility. The main goal of the document is to highlight the
radiological issues related to the facility, and to prove that effective measures have been
taken in order to preserve the safety of public and personnel, as well as to minimize the
environmental impact of the facility during and after its operating lifetime.
Since the beginning of the project now there is new information and tools to handle the
problem: experimental data has been obtained regarding neutron production from
deuterons, and computational tools have been developed in order to make use of the
best nuclear data in the calculations. As a result, the reliability of the results presented
here has dramatically increased from almost full uncertainty (first reported results
showed zero neutron production at 5 MeV) to a still important but bounded value,
whose sources are now more clear for future improvements.
The analysis of dose rates during operation has shown that the existing design can
provide enough attenuation of the neutron and photon field so that public and workers
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are properly protected. Both prompt and residual doses have been considered in the
study.
VI.1.11 Design Integration: RAM evaluation
The final iterations of RAMI analysis for Accelerator Facilities (AF) and Test facilities
(TF) have been completed. From these studies design recommendations and provisions
for future operation and maintenance of IFMIF accelerator have been derived. The
design recommendations are mainly related to redundancies, more reliable solutions,
position of critical components (accessibility), modularity, over-design or derating and
flexibility in Machine Protection System. These recommendations have been proposed
together with designers taking into account experience and alternatives from other
related facilities. Design alternatives have been analysed especially for critical systems
from availability point of view, and considerable improvements in availability have
been found. This implementation would lead to reach the requirement for most of the
accelerator systems and for the AF.
Furthermore, a simulation of the whole operation and maintenance of the AF has been
performed adapting AvailSim software to IFMIF project. This tool is able of simulating
the operation behaviour of the accelerator optimizing the balance between the degraded
operation of the beam and the number of maintenance stops. Although, the results from
such simulation shows results of beam efficiency lower than the first estimated, this
analysis confirms the idea that the improved design results come very close to the
availability requirement of AF.
RAMI analysis for TF has been completed with the availability calculations considering
degraded modes operation and RAMI strategies implementation. Moreover, the remote
handling activities in the TF have also been improved focussing in the consequences of
human behaviour. With these criteria the inherent availability results for TF is over
96%, and it is demonstrated an impressive improvement through the RAMI oriented
evolution of the design.
The dedicated RAMI analysis for Remote Handling systems has been developed with
twofold orientation. On one hand, assessing the impact on the schedule maintenance
operations for which the main requirement is to accomplish the needed operations for
modules replacement in the given time. And on the other hand, evaluating the impact of
RH possible failures on the different scenarios of unscheduled maintenance (curative
maintenance) inside Test Cell. Human Factor has been considered in the calculations
through HRA (Human Risk Analysis) methodologies implementation.
Apart from RAMI analysis of AF and TF, CIEMAT has been in charge of the
coordination and integration of the whole RAMI analysis for IFMIF plant. In this line,
the RAMI analysis of CF has been developed in collaboration with Tractebell company.
And the RAMI analysis of the LF has been completed by ENEA. CIEMAT has
integrated the RAMI analysis at plant level [Arroyo_2013; Project Team(IV)_2013].
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VI.2 Activities for JT-60SA tokamak

VI.2.1 The Cryostat for JT-60SA
(RO: J. Botija)
Spain is in charge for supplying of the main part of the cryostat, the lower part and the
intermediate body, in the super-advance tokamak JT-60SA. The engineering group of
TJ-II in Laboratorio Nacional de Fusion at CIEMAT is charge for the construction of
the component. Because of the assembly sequence in the tokamak the lower part of the
cryostat must be the first piece to be put in place whereas the intermediate body and the
top cover (supplied by the Japanese Domestic Agency) must be assembled in a very end
phase. CIEMAT decided to run the project in two independent industrial contracts: the
first one for the cryostat lower part, the so called Cryostat Base, and second one for the
intermediate body, the so called Cryostat Vessel Body Cylindrical Section. The Cryostat
Base has been supplied and assembled in Naka at the beginning of 2013.
During the last year a number of activities were carried out in the Cryostat Vessel Body:
-

Additional mechanical calculation (Finite Element Analysis with ANSYS tool
against ASME code requirements) to study specific aspects of the piece.

-

Finishing of the 3D CAD model (configuration model).

-

Preparation of the drawings for the call for tender.

-

Preparation of the call for tender specifications.

A short list of companies able to carry out the manufacturing of the component was also
prepared.
In the middle of the year the administrative documentation was prepared and the call for
tender launched. After studying the technical proposals of the companies a number of
visits to their workshops were necessary to verify the utilities and capabilities
mentioned in the offers. Finally the contract was signed at the end of November with
the chosen company. The rough material for the fabrication, supplied by JA Domestic
Agency in July 2012, was consigned to the manufacturer.

VI.3 DEMO R&D
VI.3.1 SiC/SiC characterization
Different silicon carbides were loaded with deuterium and at the same time both, gas
and material, were electron irradiated in order to evaluate radiation induced reaction
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between deuterium and the ceramic material. The microstructural characterization of
these materials D-implanted were carried out by SEM and optical techniques. The
deuterium content in the matrix was analysed by SIMS, determining the depth at which
it is located and the bonds formed between the implanted ion and the components of the
matrix. The results clearly showed radiation enhanced reaction between hydrogen
isotopes and Si atoms increasing the hydrogen isotope absorption especially in the case
of the reaction bonding SiC (RB-SiC) during irradiation.
The effect of thermal treatments on the desorption of hydrogen isotopes implanted in
different silicon carbides also have been studied. The loss of the hydrogen isotopes
depending on the thermal treatment and the material was quantified by SIMS.
VI.3.2 Insulators ceramics
During ITER and DEMO reactor operation Li-Pb blanket flow channel inserts made
from SiC will be exposed to both radiation and tritium. Absorption, desorption, and
tritium diffusion are expected to occur and will strongly depend on the irradiation
conditions; temperature, and neutron and gamma fluxes. Previous results showed that
marked deuterium absorption, associated with silicon deuterium bonding, occurs for
SiC materials when subjected to a radiation field, and that this radiation enhanced
absorption strongly depends on the ionizing radiation and also on displacement damage.
Here the roles played by irradiation temperature, dose rate, dose, and deuterium gas
pressure are addressed for reaction bonded SiC. The results obtained during 2013 show
that radiation induced deuterium absorption depends linearly on total ionizing dose and
deuterium gas pressure, but not on dose rate. Behaviour with irradiation temperature is
more complex, and clear changes in the deuterium thermal desorption are observed to
occur depending on irradiation temperature. SIMS results for high temperature loaded
RB SiC are consistent with radiation enhanced diffusion [Hodgson_t.b.p.].
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VII Inertial Confinement
Fusion
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VII.1 Radiation-Hydrodynamics
(RO: M. Perlado)

1.- We have been working in X ray laser interaction with matter, from sources of X ray
laser produced by plasma amplifiers or FEL. In the first case we study how to increase
the power of the laser beam by using more efficiently the energy stored in the plasma
amplifier. In the second case we study the interaction of the X ray photons with matter,
in a non-equilibrium time dependent atomic physics and electron distribution. One of
our goals is to fully characterize experiments with states of matter not available in other
experiments.
2.- Production and interaction of High Harmonics with matter. HH can be used as a
probe beam for meassure electron densities in plasmas, a technique that we simulate
with high accuracy.
3.- Target design. We redesign the concept of jet driven ignition as publised in 2005.
4.- We are working in the analysis of experiments related to radiative shock waves, both
for Astrophysics laboratory and for indeirect drive.

VII.2 Atomic physics
(RO: M. Perlado)

1. The generation of radiative properties databases of high energy density plasmas, both
in LTE and NLTE thermodynamic regimes, for their implementation in hydrodynamic
simulations of plasmas of special interest in inertial fusion, with particular emphasis on
the case of shock-ignition, and laboratory astrophysics. The feasibility of coupling a
collisional-radiative model in these hydrodynamic simulations is being also an
objective.
2. To advance in the research and microscopic characterization of shock waves with
relevance in the field of inertial fusion and laboratory astrophysics that will allow us to
get a better comprehension of these relevant phenomena. Special emphasis is being
placed on the modelling and simulation of the population kinetics and their radiative
and thermodynamic properties (such as monochromatic opacities and emissivities, mean
opacities and radiative power losses,…), and the characterization of the hydrodynamic
instabilities due to thermal cooling in the post shock. In principle, studies will be carried
out on shocks generated by high-power lasers (GEMINI, ORION and ASTERIX) and
pulsed power device (MAGPIE, Z-pinch configuration).
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3. A detailed atomic kinetic and spectroscopic model is being developed for a timedependent analysis of core conditions in ICF spherical implosion experiments at
OMEGA driven by adiabat-shaping laser pulses (including that typical of shock-ignition
approach). Effort will be done to extend the application of spectroscopic techniques
and investigate their implementation on planar-geometry designs similar to shockignition-related experiments performed at LULI, PALS and OMEGA.

VII.3 Materials under irradiation and systems for IFE Facilities
(RO: M. Perlado)

VII.3.1 Final optics
We have already studied the conditions that a final optics system based on silica
transmission lenses will have to withstand in pre-commercial conditions (150 MJ yield
at 10 Hz). Based on that, we have found relevant engineering parameters such as the
lens-target distance (>14 m) or the operation temperature (>800 K) necessary to
maintain a low concentration of colour centres and therefore high transparency.
In order to maintain the lens temperature constant at any time (start-up, normal
operation, different output regime…) we have designed an engineering system based on
a cooling fluid. The system has been designed to optimize the most important operation
parameters, i.e., uniformity and efficiency, to avoid aberrations and fulfil the final optics
demands.
VII.3.2 First wall
One of the challenges in the design of future nuclear power plant is to develop
materials capable to resist in the hostile environment of a fusion reactor. Because of its
low sputtering yield, low-activation, high melting point, high thermal conductivity and
low thermal expansion, tungsten is one of the most attractive materials proposed for
first wall applications in nuclear fusion reactors. Even when W is assumed to be the best
candidate as plasma facing material (PFM), some limitations have been identified that
have to be defeated in order to fulfil specifications i.e. an important point of concern to
the light species behaviour (H, D, T and He). Light species accumulates forming over
pressurized bubbles that drives to blistering and exfoliation.
One alternative to delay the appearance of blistering and exfoliation effects is
the use of materials with a grain size in the nanometer range, so called nanostructured
materials. The behavior of these materials under irradiation is very much dominated by
the large density of grain boundaries (GBs), which at room temperature (RT) act as (i)
annihilation centers for Frenkel pairs (self-healing behavior) and (ii) pinning centers for
light species. These two facts may drive the delay (shift to higher irradiation fluences)
of the formation of over pressurized bubbles. Nevertheless, the behavior of light species
in nanostructured materials has not been sufficiently addressed, especially from the
experimental point of view.
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We have already deposited nanostructured pure α-phase W coatings with a
thickness of up to 4 µm with a columnar structure. The average diameter of the columns
is around 100nm. We have carried out a morphological and microstructural
characterization of the coatings.

VII.3.3 Structural Materials
VII.3.3.1 Definition of Structural Materials under the base of FeCr with evaluation
of lifetime under IFE conditions
Calculations on Defects-Loops and Defects-Dislocation interaction has been pursued
with computational methodology using Molecular Dynamics and Kinetic MonteCarlo to
define the formation diffusion and final concentration of defects in a structural material
under neutron flux typical in IFE systems.
The connection with production and experiments of irradiation of these materials
(including ODS) under neutron and ion-equivalent conditions will be followed and
referred to extract final conclusions.
One area to investigate is to have a better idea of pulsed effects in the materials.
VII.3.4 Light species interaction and implantation with first wall and structural
materials
We are considering mainly the H and He gases potentially implanted in first wall and
generated by nuclear neutronic reaction in the wall and structural materials. It is well
know the deleterious effect in the materials and, when considering tritium, the
radiological impact. The global area is the simulation of properties of W and
nanostructured W and comparison by using Quantum Dynamics and Molecular
Dynamics with experimental results in our own program and elsewhere. The main
deliverables are:
1.- Analysis of the mechanisms of interaction of H and He with W and NANO-W.
2.- Study of mechanical properties of NANO-W with H and He implantations.
3.- Understand diffuion of H and He in NANO-W.
VII.3.5 IFE systems
VII.3.5.1 Neutronic Analysis
With the base of IFE reactors already developed in different laboratories the goal and
deliverable is being the potential new analysis of the neutron flux, heat deposition and
tritium breeding. Definition of engineering of reactor would be reconsidered and new
calculations performed including radiation damage, gas implantation, and power plant
cycle.
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VII.4 Target material study
(RO: M. Perlado)

VII.4.1 Hydrogen Isotopes: modelling of materials
By using multiscale modelling it has been developed a method to study molecular
Hydrogen looking for the best properties to generate larger efficiency in the ignition
process in IFE.
The main deliverables now are:
1.- Simulation of the mechanical properties under manufacturing conditions with
cryogenic temperatures and pressures below 1 Gpa.
2.- To study phase transitions and mixtures in solid Deuterium.Tritium relating the
inhomogenities of phases HCP-FCC with growth of instabilites during shock wave
propagation.
3.- To study properties of capsule layers solid materials and its dynamic in the
implosion phases.
4.- EOS representing phase transitoins of Deuterium-Tritium from the first stages of
compression and preignition.
5.- Shock propagation in materials such as Be nanostructured, nanodiamond, and foams.

VII.5 Nuclear data analysis
(RO: M. Perlado)

VII.5.1 Evaluation of Damage Energy Cross-Section up to 150 MeV and the
Generation of their Uncertainty
The aim of this work is to generate a complete neutron damage energy cross-section
library up to 150 MeV including and uncertainty estimation.
1.- processing and comparison of damage energy cross-section data from different
ENDF files is planned. NJOY99 will be used to perform the processing. It will be
assessed the accuracy and completeness of current nuclear data libraries (JEFF-3.1/x,
ENDF/B-VII.1/x, TENDL-20xx, …) for different isotopes or materials. Visualization of
these damage energy cross-sections will be performed with JANIS4.0
2.- an assessment for damage energy cross-sections above 20 MeV is considered. It can
be seen that some isotopes in JEFF-3.1.1 (such as 54,56,57,58Fe) show an unphysical
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discontinuity at 20 MeV. In order to understand the problem at 20 MeV, an update in
NJOY to calculate sensitivities to different channel reactions is needed. In particular, the
information of neutron production reactions and MT5 section is needed. This sensitivity
analysis of the damage energy cross-section to the different nuclear reaction channels of
many reactions will be used to understand the problem of this jump.
3.- Implementation in NJOY/HEATR with a damage efficiency factor coming from
BCA-MD model.
4.- Work is to assess:
o the potential impact of the uncertainty in the efficiency factor provided by the
OECD/NEA primary damage group
o the potential impact on nuclear data uncertainties in the damage energy crosssection
VII.5.2 Nuclear data Improvements and Development of Tools
VII.5.2.1 Improved dpa cross section data library
The dpa data library developed in the previous specific grant GRT-168.01 is considered
preliminary since the problems of the nuclear data at and beyond 20 MeV could only
partially solved with the applied approximations. The purpose of this new activity is to
remove these deficiencies by using most complete and reliable evaluations, and thus
providing consistent recoil distributions. Above 20 MeV suitable data from recent data
libraries, e.g. recoil spectra from TENDL-2013 will be used. Additionally, improved
concepts for dpa cross sections, such as those provided in GRT-168.01 for the
EUROFER constituents will be utilized to to update the dpa data library.
VII.5.2.2 Analyses of the concrete activation in specific ITER and IFMIF shielding
applications, and identification of dominant nuclides for activity and radiation
dose
Starting of Analyses of the concrete activation will be performed for specific ITER
(CCFE) and IFMIF (UPM) shielding applications. The dominant nuclides will be
identified for the activity and the radiation dose. A review of the status of the respective
activation cross section data will be done by comparing e. g. EAF-2010, TENDL-2013,
and other sources. Relevant experiments will be selected which could be used for
benchmark studies. Based on the analyses performed, including those on selected
experimental benchmarks, recommendations shall be given for improved evaluations of
deficient cross sections.
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