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INTRODUCTION
This report describes the activity of the EURATOM-CIEMAT Association during 2010 and
it is organized following the scheme of the 2010 work program annexed to the association
contract.

The Association keeps a big fraction of its activity on the exploitation of the TJ-II device.
TJ-II contributes to the European programme in the development of the stellarator as a
potential steady state disruption free reactor but it also contributes to the study of specific
tokamak phenomena from the point of view of basis plasma physics. Chapter 1 shows a
number of contributions which are directly related to specific ITER problems: transport,
including L-H transition physics, Momentum transport, fast particle physics, Tritium retention
and extraction, carbon transport and deposition.
Another strong point of the TJ-II activity has been historically the development of
auxiliary systems, in particular diagnostics. Those activities are reported on chapter 2 and they
cover the Bernstein wave heating and emission, the NBI effect on bifurcations and the
improvement in a number of diagnostics, amongst them the double pulse in the Thomson
Scattering, the pellet injector, the new Doppler reflectometer, the soft x system for Te
measurements (at high density the ECE stays under cutoff) , the Diagnostic neutral beam based
systems and a new edge imaging system based on atomic beams.
The specific stellarator physics results are reported on Chapter 3: effect of the magnetic
topology (rationals), confinement scaling, impurity transport, profile behavior and demo
oriented developments like the liquid lithium limiter. A big part of the stellarator theory effort
is reported here: new design tools for reactor relevant stellarator configurations, island
dynamics, neoclassical transport, probabilistic transport and advanced data analysis
techniques applied to TJ-II data. Details of the operation and improvement of engineering
systems in TJ-II are also reported in chapter 3.
International collaboration is mainly devoted to the joint experiment JET, with results
reported in chapter 1: operation regimes, pedestal and ELM studies, and chapter 3: fast edge
cameras and data mining techniques oriented to the development of disruption prevention
real time algorithms. Other international collaborations are related to the development of
diagnostics, interferometry, for W7X or the plasma control techniques for TCV, reported in
chapter 3. Activites on LHD invlolve experimental studies of basic turbulence phenomena with
fast cameras (Chapter 1) and theoretical developments (Chapter 3, island dynamic studies)
Emerging technologies is one of the areas of growing interest at the Association.
Chapter 4 includes a broad description of experimental activity, with lines of development on:
functional materials, diagnostics components, structural metallic materials like tungsten and
ODS alloys, structural and functional SiC. Modelling activities, extensively reported in section
4.2 also are gathering growing effort.
Other technology areas include RH, RAMI studies and Blanket development.
Chapter 5 describes the activity on career development, one of which more relevant
components is the Erasmus Mundis master in Fusion Physics and Technology. Other EFDA
related activities include the participation at FUSENET and Goal Oriented training systems:
microwave, blankets, remote handling and EFDA fellowships.

8

Asociacion EURATOM-CIEMAT para Fusión.- Annual Report 2010

Chapter 6 includes other activities like technology transfer, socioeconomics (under
EFDA) and, only for information, an extensive diction on the IFMIF and JT60 activities in the
framework of the Broader Approach.
Chapter 6 also contains the description of the activities in fusion technology facilities
and the status of the Technofusion project.
Finally Chapter 7 describes the Keep in Touch activity on Inertial Fusion.
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1. PROVISION OF SUPPORT TO THE ADVANCEMENT OF
THE ITER PHYSISCS BASIS
1.1.

Development of Candidate Operating Scenarios

Study of ELM-less regime in JET high temperature pedestal experiments and
development of ELM-free regime at JET
Recent experiments at JET were designed to explore plasmas with high temperature
pedestals, similar to the values presently expected for ITER. In such plasmas a transient ELMless regime can sometimes occur, regulated by what we call Multi-Harmonic Outer Modes
(MH-OMs). We have found that the MH-OM is a field-aligned closed helical ribbon, carrying
current in the same direction as the background current profile (co-current), rotating toroidally
with the ion velocity (co-rotating). It appears to be located at a flat spot in the plasma pressure
profile, at the top of the pedestal. The structure appears spontaneously in low density, high
rotation plasmas, and can last up to 1.4 s, a time comparable to a local resistive time
[Solano_PRL_2010, Zoletnik_EFTSOMP_2010]. MH-OMs are present in various operating
regimes but they are only observed when Te,ped>1.2 keV, Ti,ped>1.4 keV, *ped<0.09
[Solano_IAEA_2010]
The MH-OM considerably delays the appearance of the 1st ELM and slows pedestal
evolution. Experimental proposals to develop such an ELM-less regime at JET have been
presented, since the regime may be of interest for ITER. One of them has been selected as a
backup experiment for the JET campaign 2011 (Bx 2.1.1 Development of high Te pedestal ELMfree scenario).

1.2.

Energy and particle confinement / transport

1.2.1. L – H physics
To study the role of fluctuating radial electric fields and the influence of rational surfaces
in L-H transition, magnetic configuration scan experiments have been carried out in the TJ-II
Stellarator during 2010.
Some specific characteristics of TJ-II, i.e. low magnetic shear and high magnetic
configuration flexibility, allow controlling the position of low order rational values within the
rotational transform profile and, therefore, the study of how the magnetic topology affects the
L-H transition. Besides, the Doppler reflectometer installed in TJ-II in 2009 has demonstrated
to be a powerful tool to measure radial electric fields and density turbulence with very good
temporal and spatial resolution. The role of the spectral resolution in achieving this goal has
been identified and is reported in [RSI_Happel_2010].
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1.2.1.1. Investigation of the role of fluctuating radial electric
fields and influence of rational surfaces in L-H transition
A fine rotational transform scan has been carried out covering vacuum /2 values at 
= 1 between 1.59 and 1.71. Experimentally it is observed that both, the confinement
enhancement factor (H-factor) and the Er field-well in H-mode, show similar iota-dependence:
higher values are obtained in configurations with a low order rational surface, either 5/3 or
8/5, close to the plasma edge ( ≈ 0.8-0.9). These results suggest a positive influence of low
order rationals when located close to the plasma edge and may be interpreted in terms of
local changes in the radial electric field induced by the rational surface that could facilitate the
transition. These results have been published in [CPP_Estrada_2010]. Within this context, the
influence of low order rationals on the radial electric field has been studied during dynamic
magnetic configuration scans in L-mode plasmas. These experiments show a remarkable
modification of the radial electric field as low order rational surfaces approach the plasma
edge region [CPP_Bondarenko_2010].
In experiments performed close to the L-H transition threshold conditions, pronounced
oscillations in both, Er and density fluctuation level, are measured right inside the Er-shear
location. Differences in the amplitude and duration of these oscillations are found associated
to different magnetic topologies and/or heating power. The oscillations appear right at the L-H
transition and often vanish a few milliseconds later giving rise to subsequent increase in Er and
reduction in the fluctuation level. However, in some configurations the oscillations last for
longer time periods giving rise to smoother transitions with lower confinement enhancement
factor. The frequency of the oscillations ranges between 1 and 4 kHz. A detailed analysis of the
time evolution of the Doppler reflectometer signals allows the study of the coupling between
sheared flows and turbulence. The time evolution of both, Er and density fluctuations, reveals
a characteristic predator-prey relationship: a periodic behaviour with Er (predator) following
the density fluctuation level (prey) with 90º phase difference. The coupling between
fluctuations and flows found in the TJ-II experiments, described as a predator-prey evolution,
supports some bifurcation theory models of the L-H transition based on turbulence induced
sheared/zonal flows. These results have been published in [EPL_Estrada_2010].

1.2.1.2. Description of hysteresis studies during L-H and H-L
transitions in terms of local plasma parameters in TJ-II.
In the TJ-II stellarator, spontaneous L-H transitions are achieved in NBI heated plasmas.
During the H-mode, impurity accumulation and the concomitant increase in the radiation
losses often bring the plasma into the H-L back-transition conditions what allows a
comparative study of L-H and H-L transitions.
Experiments performed during 2009 using the full available NBI power to heat the
plasma have shown that, at the L-H transition, the radial electric field becomes more negative
and a pronounced Er-shear develops together with an abrupt reduction in plasma turbulence.
The time evolution of both, Er-shear and density fluctuations, indicates that the reduction in
density fluctuations precedes the increase in the mean Er-shear but is simultaneous with the
increase in the low frequency oscillating sheared flow. These observations, together with the
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amplification of long-range spatial correlation in the potential fluctuations, are consistent with
L-H transition models predicting plasma bifurcations triggered by zonal flows. During the 2010
experimental campaign, the spatio-temporal evolution of density turbulence and plasma flows
has been studied at the H-L back-transition using the Doppler reflectometer system. The
behaviour of density turbulence and flows at the H-L back-transition shows different features
as compared to the L-H transition. Moreover, different behaviour is found when exploring
radial positions at both sides of the Er-shear position or further inside the plasma column. As
the plasma approaches the H-L back-transition the Er profile gradually evolves with a reduction
in the Er-shear of about 20%. Right at the back-transition the Er-shear vanishes in a time scale
of the order of 100 s. The evolution of the density turbulence shows the distinctive behaviour
at both sides of the Er-shear layer location. While a gradual increase in the turbulence level is
measured at the inner radial positions, no change in the turbulence level is measured outside
the Er-shear layer location as the plasma approaches the H-L back-transition. The reported
evolution of the turbulence is explained as a combine effect of the Er-shear reduction and the
radial spreading of turbulence from the plasma core to the edge barrier. This result
[NF_Estrada_2011] points to the possible role of radial spreading of turbulence in determining
the width of transport barriers.

1.2.2. Momentum transport
1.2.2.1. Investigation of the radial structure of long-range
correlations (zonal flows) during edge bifurcations
The radial structure of plasma fluctuations has been investigated in the plasma
boundary region of the TJ-II stellarator [Pedrosa1]. The results obtained in NBI heated plasmas
(high density plasmas) shows the existence of plasma potential fluctuations propagating
outwards in the scrape-off layer side of the edge shear layer location and propagating inwards
in the edge region. These type of propagations have been observed in the presence of the
edge sheared flows developed at the plasma edge, in different plasma conditions, suggesting
the emergence of a momentum source linked to the edge velocity shear layer in the TJ-II
stellarator.
The results reported were made possible by the use of a fast reciprocating drive with a
rake probe made of twelve Langmuir probes radially separated 3 mm together with three
poloidally separated tips at the rake probe front, installed on a fast reciprocating drive. In the
experiments shown here, rake probe has been used to measure floating potential signals and
consequently to deduce the radial profiles of the floating potential and the radial structure of
fluctuations in the plasma boundary region of the TJ-II.
The development of sheared flows at the TJ-II plasma edge needs a minimum plasma
density or density gradient. For plasma density above this threshold value, fluctuations with
clear jumps and drops in floating potential signals propagate towards the plasma core in the
plasma edge whereas they propagate opposite in the SOL plasma. This behaviour has been
observed in ECRH plasmas, but it is in NBI plasmas (high plasma density) in that the effect is
more clearly observed. The effective radial propagation of potential fluctuations has been
investigated with and without the emergence of the edge velocity shear layer (i.e. above and
below the density threshold, nthr] At low densities (n < nthr) potential fluctuations are
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predominantly propagating radially outwards across the whole edge sampled region, whereas
above the density threshold evidence of both outwards/inwards propagation has been
observed depending on the position relative to the shear layer. In this situation the radial
effective velocity of the fluctuations inside the LCFS can be estimated in the order of 1 – 10
km/s.
Different mechanisms could explain the development of radially inwards / outwards
propagation potential fluctuations linked to the edge velocity shear layer. The effective radial
propagation of potential fluctuations might reflect both true radial propagation as well as the
poloidal propagation of turbulent structures tilted by ErxB sheared flows in the poloidal-radial
plane. Based on this argument the effective radial propagation would be radially outwards in
the edge plasma region, in a plasma region comparable to the radial extent of turbulent
structures, in disagreement with the experimental observations. Then, it is concluded that the
observed inwards effective radial velocity is unlikely explained by the (local) eddy tilting effect
of poloidaly propagating structures. An alternative interpretation is based on the influence of
plasma flows driven by turbulence. Being the Reynolds stress driven flows (RS) a result of an
internal force, the net momentum redistribution driven by RS should be zero. Then, this
mechanism is expected to provide time dependent momentum re-distribution (e.g. Er events)
propagating in opposite directions in the presence of long-range correlation effects, in good
agreement with the present experimental findings Finally, an alternative ingredient to explain
the spontaneous (radially inwards) development of plasma (toroidal and poloidal) rotation in
the edge is the preferential transport loss of particles having a particular sign of angular
momentum. Due to force balance relation, relating plasma flows and radial electric fields, this
mechanism would be consistent with the development of potential events propagating radial
inwards from the edge plasma region.
The radial inwards / outwards propagation of potential fluctuations might reflect the
momentum re-distribution linked to the development of sheared flows in the plasma
boundary region. Considering that potential fluctuations propagating radially outwards will be
lost in the SOL region or / and interacting with the plasma-wall whereas those propagating
radially inwards will remain confined, these findings suggest the development of a momentum
source linked to the edge velocity shear layer. Present findings provide a possible explanation
for the underlying physics of previous experimental results showing that plasma toroidal
rotation propagates inwards radially from the plasma edge after the L-H transition.

1.2.3. Turbulent electron transport
1.2.3.1. Description of the k instabilities (1 – 15 cm-1) in
electron dominated transport regimes in TJ-II.
During 2010 experiments Doppler reflectometry has been applied to measure
perpendicular wavenumber spectra in L- and H-mode plasmas of the TJ-II stellarator. To be
able to compare density fluctuation levels at different microwave probing beam frequencies,
the system response has been calibrated. For each confinement regime, several spectra have
been obtained in different radial regions. The L-mode spectra show a decrease of turbulence
energy towards small scales, which is seen in both 2D and 3D isotropic Navier-Stokes neutral
fluid theory and other magnetic confinement fusion experiments. Inertial ranges can be
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identified in L- mode spectra with spectral indices α (S(k)  k-α ) lying between -2.4 and -2.9.
The spectra hint that the dissipative range should be at k > 10 cm-1, although a clear
identification would require a diagnostic measuring at even higher k. In H-mode, the density
turbulence level decreases towards small scales as well, leading to the same conclusions as in
the L-mode case. The inertial ranges are slightly more pronounced with α between -3.1 and 3.3. Close to the u shear layer, the turbulence energy decreases preferably at intermediate
scales by about one order of magnitude in comparison to the L-mode measurement, in
accordance with the shear decorrelation mechanism. Further inside, where the value of the
radial electric field is strong, S(k) is reduced as well, but not as much as at the u shear ( =
0.82 – 0.84] At even more internal radii, the turbulence energy is level with the L-mode
measurement. These results were presented in [EPS_Happel_2010] and will be submitted for
publication in Nuclear Fusion.

1.2.4. Impurity transport studies
Former experiments in the stellarator W7-As have shown the onset of a high quality H
mode characterised by its high density plasmas and no impurity accumulation [Grigull P. et al
2001 Plasma Phys. Control. Fusion 43 A175]. These two important properties of the mode
suggest that a mechanism that enhances the confinement of the bulk ions but does not affect
impurities is at work. We have conjectured that this mechanism could be the onset of zonal
flows whose radial extension is larger than the typical bulk ion excursions but narrower than
the ones of impurities.
3D non-linear gyrokinetic calculations based on EUTERPE code have demonstrated the
existence of zonal flows [TPS-EUTERPE-Sanchez] and new simulations are under way in order
to check the feasibility of this conjecture.

1.2.5. Fast particle physics
1.2.5.1. Fast particle dynamics in TJ-II and LHD
Fast particle dynamics have been studied in the TJ-II and LHD stellarators, taking into
account the full 3D geometry of the device, ion-ion and ion-electron collisions and the radial
electric field. We have used the guiding centre Monte Carlo code ISDEP (Integrator of
Stochastic Differential Equations for Plasmas) with this porpose. This code deals with a test
particle population that is embedded in a background plasma, whose parameters remain
unchanged. The fast ions considered are those coming from Neutral Beam Injection (NBI). In
TJ-II, tangential NBI is considered and the birth points in 5D phase space are estimated using
FANER2 code, while we simulate the perpendicular NBI with the code HFREYA in LHD. The
steady state distribution function is calculated and, from this one, important plasma quantities
like the rotation are estimated [BUSTOS-FAST-2010]. The slowing down and the fast ion
confinement times are also estimated and compared with the experiment in these two
devices.
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1.2.5.2. Alfven modes in TJ-II
High frequency modes (150-300 kHz) are found in several magnetic configurations of TJII plasmas heated by Neutral Beam Injection (NBI] The clear dependence of mode frequency on
plasma density and mass species suggests them to be Alfvén Eigenmodes. The appearance of
these modes is linked to the presence of low order rational surfaces close to the rotational
transform profile. The Alfvénic activity has been characterized in detail with magnetic coils for
the standard configuration. Cross analyses with HIBP and reflectometer signals have yielded
spatial resolution and radial profiles of the perturbation. Correlation of magnetic coil signals
with the ones from diagnostics sensitive to edge ion losses, as Langmuir probes and a Fast Ion
Loss Detector, has been observed in some cases and characterized taking advantage of the
chirping nature of the observed Alfvénic activity. A paper on these studies has been published
in Nuclear Fusion in January 2011 [Jimenez_NF2011].

1.2.6. Integrated transport studies
As a culmination of developments in specialized codes ––to evaluate particles and heat
sources, collisional transport, electric fields etc.––, a transport suite has been put together for
integrated transport studies of TJ-II plasmas [1928079]. This integrated approach puts the
emphasis on three-dimensional features, in line with the studies on magnetic configuration
effects (see above) and extends its use to other devices as well [TerranovaPPCF2010].

1.3.

MDH stability and plasma control

1.3.1. Pedestal instabilities: the Multi-Harmonic H-mode.
The ELM-less regime mentioned in 1.1, associated with the presence of a spinning
current ribbon (m=4, n=1) at the plasma pedestal top (the Multi-Harmonic Outer Mode),
presents a challenge to MHD stability codes. A preliminary analysis of ideal linear MHD shows
that the plasma is very stable to n=1 kinks, and we have identified experimentally that the
mode is stably located at the q=4 rational surface at the pedestal flat-top, where the current
density is likely to have a minimum (no bootstrap). The relationship between MH-OMs and
related MHD modes (snakes, palm-tree modes, wash-board modes and EHO) is discussed in
[Solano_IAEA_2010]

Resonat Field Amplification has been observed preceding the 1st ELM and during ELMfree periods. Non-monotonic behaviour of RFA prior to the 1st ELM is predicted by MARS-F
and observed experimentally. Stabilisation (reduction in the RFA level) due to the MH-OM
during an ELM-free period prior to the 1st ELM has been found [Gryaznevich_IAEA_2010]

1.3.2. ELM Physics: Inboard-Outboard pedestal studies
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The ECE diagnostic at JET tokamak has been upgraded and used to measure the high
field side of the profile for the first time. The comparison between low and high field sides
gives good agreement once the effect of superthermal electrons is included and the
equilibrium as estimated with EFIT code is corrected [Barrera-ECE]. The diagnostic is now ready
to compare inboard-outboard electron temperatures both in steady state and during the ELM,
showing that the crash is simultaneous in the inner part and in the outer part of the profile.

1.3.3. ELM Losess
A study of ELM-associated energy losses in different operating regimes (baseline, AT and
hybrid) shows that in AT and hybrid plasmas ELM energy losses are larger than in similar
baseline plasmas [Zarzoso_EPS_2010]

1.3.4. Dimensionless scaling of pedestal
Joint DIII-D and JET dimensionless scaling experiments have produced pedestal profile
data with up to a factor of 4 variation in *. In these discharges the total stored energy was
found to be proportional to the pedestal stored energy. Comparison to theory-based scalings
expressed in terms of local pedestal parameters suggests an inverse dependence of pedestal
pressure on *. [Osborne_IAEA_2010]

1.4.

Power and particle exhaust, plasma-wall interaction

1.4.1. Studies of detritiation methods for ITER
During 2010, a careful analysis of the results obtained in the ammonia injection
experiments at PILOT PSI and RF plasmas, at Liubliana, was performed. The picture arising
from the analysis has provided a deep insight into the mechanism of carbon film inhibition,
and the laboratory results were extrapolated to possible ITER scenarios under carbon-based
PFC operation. [PRL, PSI1]. Moreover, new experiments were performed at TEXTOR, in which a
mixture of methane and ammonia were injected at the SOL through a limiter incorporating a
QMB. It was found that, not only a drastic suppression of deposition takes place during the
simultaneous injection of both species but, also, that some degree of isotopic exchange takes
place, thus implying a significant role of the walls in the scavenger mechanism. No major
effects on plasma performance (stability, radiation, contamination…) were detected during the
injections. Further experiments and data analysis are foreseen for 2011 on this topic. Ammonia
plasmas, which were found to remove carbon films very efficiently, were unable to clean
deposits in gaps, thus suggesting the need of ion impact for the cleaning effect. This fact was
verified by biasing the gap structure so that no ions were allowed into the gap. A negligible
erosion of the film (restricted to the very first millimetres near the plasma) was observed.
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[PSI1]. NO2 at high pressure (50 mbar) was able to fully oxidize carbon co-deposits in narrow
gaps at temperatures fully compatible with the design of ITER Divertor (540 K), with very much
improved performance respect to oxygen thermo-oxidation. Experiments were performed at
lower pressures and higher temperatures, and mass spectrometric recordings were used to
determine the main reaction products. Water formation was observed at lower pressures, but
the detection system was not conclusive at higher ones [EFDA Report]. NO2/He plasmas were
tested in a glow discharge reactor with carbonized walls. An erosion rate as high as 50 nm/min,
four times larger than that of molecular oxygen under similar conditions, was measured. New
experiments aimed at detecting the formation of water under these new carbon oxidation
techniques, by isotopic tagging of the deposits, have been initiated. Finally, an integrated
scenario for tritium inventory control in ITER under carbon-based PFC operation has been
proposed [IAEA1, NF1]. The following milestones have been achieved:
-Publication on mechanism and impact of scavenger injection on plasma contamination.
-EFDA Report on test of new thermo-oxidation techniques
-Publication on use of ammonia GD for T removal and its limitations
-EFDA Report on transport of hydrocarbons in TJ-II

1.4.2. Experimental validation of carbon transport models
Molecular beams of methane, deuterated methane, hydrogen and deuterium were
injected in TJ-II under well-characterized plasma conditions. The spatial distribution of the
cracking fragments (CH, C2 and H) was followed for the different plasma edge parameters
produced in the experiments. The kinetic energy of the fragments was extracted from
analytical fittings to the emission profiles [EFDA Report].
Milestone achieved: EFDA report on hydrocarbon cracking in TJ-II plasmas

1.4.3. Deposition in Gaps
An instrumented, mobile graphite limiter, with gas injection and deposition sample at a
gap structure nearby, was implemented for studies of the transport of physically and
chemically sputtered carbon into narrow gaps. Experiments were performed by inserting the
limiter into pure He plasmas (physical sputtering) or into H plasmas on which hydrocarbons
were puffed through the limiter. The deposition pattern on a silicon sample located into a
1mm gap was analysed. The analysis of the results is still in progress.
Milestone achieved: Diagnosed, mobile limier for carbon transport studies implemented
in TJ-II. First experiments already performed

1.4.4. Edge transport and particle and impurity source
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Activity on the development of the He beam diagnostic for edge ion temperature and
plasma rotation measurements has continued. Attempts to get absolute values of these
parameters from the recorded data have evidenced possible errors in the estimates of the
corresponding He and He+ emissivities deduced form collisional radiative models [He_beam1].
A model was developed for the extraction of the relevant parameters from the He+ emission
profiles.

1.5.

Physics of plasma heating and current drive

1.5.1. Effects of fast ions on electron distribution function
1.5.1.1. Adaptation of the FAFNER 2 code to ITER geometry
The FAFNER 2 Monte-Carlo code is a numerical tool designed to simulate the injection of
fast neutral particles into 3-dimensional magnetically confined plasmas of fusion devices, with
further ionization of some part of neutrals, toroidal circulation of generated fast ions in
plasma, accompanied with their collisional thermalization and various loss processes. The
underlying model includes the collisional effects: transfer and diffusion of energy, pitch-angle
scattering, as well as ion losses due to either charge exchange with the background neutral
particles or hitting the vacuum vessel. The FAFNER 2 code can both serve as a stand-alone
application and also be used in serial-mode conjugation with transport codes (PROCTR, ASTRA)
and codes simulating the excretion of neutrals from the vacuum vessel wall (EIRENE). A lot of
supplementary codes (ESPECTR, DISTRIB, CXESP, etc) and other auxiliary programs are
available for FAFNER 2. The long-term use of the FAFNER 2 complex for NBI modelling in TJ-II
has led to the intention of adaptation of this powerful numerical toolkit to ITER geometry, with
the aim of providing data for optimization of ITER operational scenarios. The undertaken work
[TERESHCHENKO] affords this ability. The main part of the work consisted in re-initializing the
G3D library (which is linked to FAFNER 2) so as to provide ITER configuration at its output. The
3D geometry of ITER was rendered on the basis of the 2D ITER magnetic equilibrium calculated
using the HELENA code, which was then analytically extended to a perturbed 3D configuration,
representing the ripple effect of the 18 toroidal field coils. At this stage, more accurate value
assignments for both NBI injector system parameters and realistic distribution of neutrals in
plasma are required to prepare the FAFNER 2 complex for routine modeling of NBI in ITER. In
prospect, FAFNER 2 will be plugged to a code able to estimate the rotation and current driven
by the NBI system.

1.6.

Theory and modelling for ITER

1.6.1. Study of plasma formation within the electrostatic residual
ion dump proposed for the HNB injectors of ITER
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The first results of a 3D PIC/MC code for the simulation of neutral beam injectors have
been achieved. We have developed a PIC/MC code to simulate
the NBI neutralizer and ERID. The main technical goals of the code are the following:
• explicit and fully 3D representation
• self-consistent treatment of electromagnetic interactions
• for parallel computing architectures (possibly for both distributed and shared memory
computers)

The next steps are to complete the MC routines in order to introduce collisions with a
background gas and to extend the second-order multigrid scheme to fourthorder, and to
couple it with the fourth-order algorithm for the particle evolution in time. [Rosssi-2010]

1.6.2. Study of the influence of ripple on particle transport
1.6.2.1. Estimate of transport modification due to the ITER
ripple (non-symmetric toroidally)
1.6.3. Study of the influence of heating on ion collisional transport
Although ITER is a tokamak, it is recognized that the TBMs can produce a non-negligible
ripple that might affect the confinement in an appreciable way. The effect of ripple on the ion
collisional transport is performed in a 3D ITER equilibrium using the code ISDEP, presented
above (see Section 1.2). The effect of several values of the magnetic ripple on ion transport is
studed showing that even values as low as 1% have non-negligible effects. The code ISDEP has
been used for this study instead of any standard neoclassical code since the neoclassical
ordering can be violated in the studied ITER plasmas, which are in banana regime [BUSTOSRIPPLE].

1.6.4. Statistical properties of transport: test particle experiments
and simulations
1.6.4.1. Experiments in LHD using fast intensified cameras
In 2009 a Fast Camera from Ciemat was installed in LHD. In 2010 the influence of beta
on the self-similar properties of LHD and TJ-II edge fluctuations has been investigated using
fast-intensified visible cameras and Langmuir probe measurements respectively. The LHD
heliotron has recently achieved record beta values up to 5%. Present-day limits to the increase
of beta are not imposed by disruptive MHD activity but rather by edge confinement
degradation, pointing to a major role of turbulence on edge transport. Besides, recent Fast
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camera experiments have revealed that this operational regime is characterized by the
stochastic ejection of macroscopic structures. A publication is in preparation.

1.6.5. Basic Transport and Turbulence Research.
1.6.5.1. Lévy distributions
transformations.

and

Renormalization

Group

There exists evidence from simulations of turbulent fusion plasmas that tracer particle
transport may sometimes be related to Lévy statistics. As a continuation of previous work, we
have been interested in understanding how Lévy distributions can show up as fixed points of
Renormalization Group transformations (something that had been worked out for the case of
Gaussian fixed points). This has been carried out in [Calvo_JStatPhys2010], where the
appropriate transformation is introduced, and its fixed points and behavior around them are
studied.

1.6.6. Foundations of Gyrokinetic Theory.
1.6.6.1. Derivation of second-order electrostatic gyrokinetics in
general magnetic geometry
In a series of recent papers by Felix I. Parra and Peter J. Catto it has been shown that a
correct computation of the toroidal rotation and long-wavelength radial electric field in
tokamaks requires to carry out the gyrokinetic expansion up to second order in , the ratio of
the gyroradius and the macroscopic scale. However, a correct derivation of the second-order
gyrokinetic equations in general magnetic geometry was not available in the literature. Using
the phase-space Lagrangian formalism we have worked them out in a fully explicit way
[GyroLagrang100809_Cambridge2010, GyroLagrang101118_DFTUZ2010], so they can be
implemented in a computer simulation.

1.6.7. Investigation of ITG modes using the global code EUTERPE.
During 2010, a number of simulations have been carried out with the code EUTERPE. On
the one hand linear simulations have been done in the three-dimensional geometry of TJ-II. On
the other hand, non-linear simulations of ITG instabilities have been performed in simple
cylinder geometry.
In the TJ-II geometry, several problems, mainly due to the high indentation of some TJ-II
configurations, were found that required several changes in the program that is used to
interface EUTERPE with VMEC. The first linear simulations of ITG in TJ-II have been done and
the ITG instabilities are being characterized. The work is presently being finished and the
results will be published soon.
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Linear simulations have also been conducted to study the non-collisional damping of
macroscopic flows in the TJ-II geometry (Rosenbluth - Hinton test). Some results are already
available and under interpretation. Comparison of the damping in different TJ-II configurations
will be done next.
In the line of the non-linear simulations in simple geometry, several studies have been
done.
Firstly, the transport of different species across zonal flows was addressed. A bug was
found in the code EUTERPE that affected the non-linear simulations with several plasma
species. First trials using a cylinder configuration with plasma parameters and
density/temperature profiles similar to those of the W7-AS HDH discharges resulted in
numerical problems not well understood. As an alternative the transport of different species
across a zonal flows in a more simple non-linear screw pinch simulation with W7-AS physics
parameters has been chosen. The EUTERPE code has been upgraded to include the possibility
of recording the movement of a fraction of the simulated ions (markers). This has also delayed
the work in this line that is presently underway. The code has experienced several
improvements in order to be able to perform the above cited simulations more efficiently
[Saez-CPC-2010, Poster_ccp2010].

1.6.8. Computational developments
The most relevant tasks for the fusion modelling can be summarized as: first of all, it is
necessary a full understanding of the physically relevant phenomena that will happen in a
reactor, inside the plasma but also in the walls and in all the complex systems that will be
installed. Second, the necessary tools for ITER and Wendelstein 7-X exploitation must be
developed. Third, the quest for a numerical fusion reactor needs a large effort in the fields of
software and hardware development.
With these tasks in mind, all the large scale computing tools available are necessary:
computing grids and high performance computers (HPC). The latter have been customarily
used for plasma modelling by fusion community from a long time ago, while grids are used in
fusion only recently. In fact, grid activities for fusion research started as a pilot experience in
2004, in the frame of EGEE projects [http://www.eu-egee.org/]. After the EGEE projects work,
EUFORIA project [http://www.euforia-project.eu/], which bridges the fusion, the grid and HPC
communities, appears as a logic prolongation of these activities.
Beyond the use of computing grids and HPCs, it is necessary to establish workflows
among applications that can run on different architectures and can deal with different plasma
models and phenomena.
During the last year we have continued with the porting of codes to the grid. So new
common codes for both tokamaks and stellaratores were ported: The DKES code, which is used
to study te neoclassical transport in 3D magnetic confinement devices [TPS-DKEsG]; the Monte
Carlo code FANER2, which calculates the properties of the NBI heating in tokamaks and
stellarators [TPS-FAFNER2]; and the code GEM, a turbulence code for tokamaks [TPS-gGEM].
Beyond the porting of codes to the grid, we have established complex scientific
workflows among codes that run on the grid or on HPCs. An example of the results obtained by
joining a grid code and an HPC code can be found in Ref [CAPPA2010]. This workflow was
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based on just joining applications, but more sophisticated tools, like the workflow engine
Kepler, which is a de facto standard in the European fusion community [CASTEJON2010], have
been also used. This work was shown as the demo of the main achievements reached in
EGEEIII and EUFORIA projects.
______________________
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2. DEVELOPMENT OF PLASMA AUXILIARY SYSTEMS
2.1.

Heating and current drive systems

2.1.1. Electron Bernstein Waves Heating in TJ-II
We have compared different linear methods to estimate the electron Bernstein current
drive (EBCD). The expressions for the current drive efficiency have been plugged into the ray
tracing code TRUBA, which was used in previous works for electron Bernstein wave (EBW)
heating studies in the TJ-II stellarator. The driven current is calculated for different densities
and temperatures, as well as launching directions of the heating beam, which is a critical issue
in the O–X–B mode conversion scenario considered in TJ-II. The range of applicability of each
model is discussed. The influence of the Ohkawa, relativistic and frictional trapping effects on
the total current generated is studied by comparing the results obtained by pairs of models
that include and neglect those effects. The Ohkawa effect has resulted in being the least
important. Although the relativistic effects are not negligible, the main disagreement between
the results arises from including or not momentum conservation and neglecting frictional
trapping effects. The total EBCD current drive efficiency calculated is in all cases greater than
the experimental ECCD one, previously measured in TJ-II [PPCF-EBCD].
The experiments carried out during the first half of 2010 were not successful. No EBW
heating could be demonstrated although the fundamental parameters of the launched
radiation relevant for the O-X-B scenario, as proper direction and polarization, were
investigated in several sets of detailed experiments, performed in ECRH and ECRH+NBI heated
discharges. Looking for a reason that could explain the lack of results, a detailed
characterization of the EBW heating system was undertaken after the summer.
Characterization of the electron Bernstein Waves Heating system
a) Polarization measurements. In order to obtain a properly polarized wave (oblique Omode launching for the O-X-B heating scenario), two grooved polarizers were installed in the
quasi-optical part of the 28 GHz transmission line. Low power wave polarization
measurements in the transmission system were carried out by simulating the gyrotron output
radiation with a Gunn diode and an antenna producing similar horizontal polarization [ECRH1].
The polarization was measured before and after the waveguide continuous corrugated bends.
The results obtained before the waveguide bends are consistent with theory in a relatively
wide range of the polarizers rotation angles, failing only when the angle of the second
polarizer (polarization rotator) falls below 45 º or overcomes 135 º. However, the results
measured after the passing of the radiation through the waveguide bends shows that it is very
difficult to obtain the needed ellipticity. Actually, the bends strongly modify the polarization
and for the moment no theoretical calculation of their effect is available.
b) Waveguide coupling. After a comprehensive study of the Gaussian beam shape at the
entrance of the waveguide by IR calorimetric means, it was concluded that the beam is wider
than expected [ECRH1]. This produces a great amount of power losses due to the reflection at
the waveguide input. Water calorimetric measurements support this conclusion showing that
only a 75 % percent of the radiation is coupled to the waveguide, with probably a higher
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contribution of unwanted high order propagation modes. Discussions with the manufacturer
of the gyrotron and the matching optics unit (MOU), in order to fix the problem, are still
underway at the time of writing this report.
c) Internal mirror redesign. In order to achieve low field side launching in the TJ-II
complicated geometry, an internal steerable mirror is being used. A design error of the mirror
symmetry axes has been corrected in the new optimized design [ECRH1]. The mirror will be
installed at the beginning of 2011.

2.1.2. Electron Bernstein waves emission measurements (EBE)
A 28 GHz electron Bernstein waves emission diagnostic (heterodyne detection) was
installed in September 2007. During 2008, 2009 and the first half of 2010, EBE system has been
measuring in NBI plasma discharges. 28 GHz radiation is clearly obtained for line averaged
densities well above the cut off density of the corresponding X and O mode at these
frequencies. A maximum emission direction approximately consistent with the theoretical O-X
mode conversion window was determined from the experiments [ECRH2]. This work has been
carried out in the frame of the collaboration with the Oak Ridge National Laboratory, Oak
Ridge (USA)

2.1.3. NBI Heating studies
2.1.3.1. Assessment of the influence of co/counter NBI in the
development of edge bifurcations in TJ-II.
L-H confinement transitions occur when heating the plasma either with co-NBI or with
balanced (co- plus counter-) NBI, but to date, no transitions have been observed in counterNBI heated plasmas.

2.2.

Plasma diagnostics

2.2.1. Development of plasma diagnostics in TJ-II
2.2.1.1. Upgrade power supply of the ruby laser for double
pulse in Thomson scattering
The diagnostic has provided during 2010 in a regular way electron temperature and
density profiles for TJ-II discharge documentation.
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In 2010 the new Power Supply Unit (PSU) has been built by the laser company
(INNOLAS, Rugby, UK) and delivered to CIEMAT. First tests on it have been fully satisfactory,
and it is being intensively used in the plasma campaign started February 2011. The new
Pockels cell has also been installed on the ruby oscillator, making double pulse (pulse
exploitation of this experimental capability is planned for 2011. The available range of pulse
separation could be interesting for studies on fast or transient phenomena (always in NBI
regime, because the increase in density makes up for the reduction in energy implied by
double pulse operation]
Software/Hardware (SUN workstation) and Hardware (ruby laser) maintenance policies,
which have been shown to be operative in the past, have been continued during 2010.

2.2.1.2. Final development of pellet injector for TJ-II
The construction of, and preparations for, the TJ-II pellet injector (PI) continued during
2010 at both the Laboratorio Nacional de Fusión (Ciemat) and at Oak Ridge National
Laboratory, Oak Ridge, Tennessee (where the main hardware PI is being built) [McCarthy1]. In
the first instance, the tube guides for the pellets, the coldhead for pellet production, where up
to 4 hydrogen pellets can be formed, the mechanical/precursor propulsion systems, and the
light diagnostics for pellet timing were completed at ORNL during 2010. In addition, assembly
of the pellet-production and light-gate vacuum chambers, and the mount of the two-stage
cryocooler, plus associated components, were completed on a test bed at the ORNL facilities.
See Figure 1. The most critical part of this assembly was the installation and alignment of the
propulsion systems with the coldhead and guide tubes, this work being rather delicate due to
the small sizes of the pellets, i.e. between 0.5 and 1 mm in diameter. Finally, the end barrels
that connect the PI to the TJ-II were completed. Their design, which is in-house, facilitates their
fast dismount without the need to displace the PI support structure or vacuum valves
[Combs1].

In parallel, at Ciemat two in-house designed gas manifolds, consisting of fast acting
pneumatic gas valves, needle valves, gas pressure regulators, pressure transducers and gas
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storage cylinders, were procured. Of these, one will be used to provide predetermined
quantities of gas for forming pellets while the second will provide short gas pulses, at high
pressure, to the pellet propulsion mechanisms. During the second half of 2010, work began on
a remote control system for these gas manifolds. This system is based on programmable PLC
modules (SIMATIC S7-1200 by Siemens) that will enable control of these gas modules, using
LabView tools, via a PC located in the TJ-II control room. In addition, a dedicated access port
for the PI was designed and fabricated in the TJ-II workshop. When installed on TJ-II, 4
miniature vacuum valves (one for each pellet injection line), plus a large vacuum optical
window for diagnostics, were also fitted to this port. Finally, the design of a PI support
structure was completed in mid-2010 at Ciemat and fabrication of its components began in
late 2010 so by the year's end most pieces were completed. The support structure awaits
installation during 2011.
It is expected that the final testing of the PI will be performed at ORNL during spring of
2011. Once these tests have been completed satisfactorily it will be shipped to Ciemat for
reassembly and installation on TJ-II during the 2011 summer shutdown.

2.2.1.3. Doppler
reflectometry
system:
Design
construction of a new Doppler reflectometer

and

The new Doppler reflectometer in the 50-75 GHz frequency band requires the design
and construction of both, the frequency hopping system and the Doppler transceiver front
end. The frequency hopping system has been designed during this period but not yet
constructed. The system development, as for the reflectometers already in operation in TJ-II, is
being done by the IST Microwave Reflectometry Team (Cupido et al., Rev. Sci. Instrum. 75,
3865 (2004)) and will be ready during 2011. Regarding the front end, a system like that of the
present Doppler reflectometer has been disregarded due to the lack of available equivalent TJII vacuum vessel ports. A survey and an adequateness study of the available TJ-II vacuum
vessel ports have been carried out during 2010. No optimum solution has been found so far.
Band rejection and high pass filters were included in the transmission lines of the
Doppler and AM reflectometers to protect the microwave components against the high power
delivered by the 28 GHz gyrotron recently installed at TJ-II and use for electron Bernstein wave
heating. The filters were designed and developed in collaboration with the Universidad
Politécnica de Madrid and are the subject of a recently accepted publication in IEE Microwave
and Wireless Components Letters [IEEE_Montejo_2011].

2.2.1.4. Implementation of a soft x-ray multifilter system for
core electron temperature measurement.
For the purpose to estimate the global electron temperature in NBI heated plasmas, a
new diagnostic, based on the two-filters method technique, was designed and implemented
this year. After a thorough full work of simulation using the IONEQ code, it was concluded that,
instead of the usual two filters normally employed in this technique, it would be much more
reliable to use four Be filters. The low SXR signal levels together with the presence of O and,
more important, F in TJ-II led us to this conclusion. Also, the diagnostic was duplicated and two
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equal prototypes were installed in two stellarator symmetric positions. During the simulation
phase, a code was developed that takes into account the full 3D geometry of the diagnostic
and magnetic configurations. The main characteristics of the design are, the double metal
shielding, the stainless steel collimators, four AXUV20A detectors (from IRD) and external
amplifiers. The chosen Be filter thicknesses were 25 µm, 34 µm, 50µm and 75 µm. Optimum
results should be obtained with the two thicker filters, the others, can be used to increase the
performance at low signal values and to attain higher bandwidths. The design and first results
are described in [M4F_1 and M4F_2].

2.2.1.5. The Diagnostic Neutral Beam Injector and associated
instrumentation
During 2010 new light collection optics (lens and fibre array) were installed in the optical
viewport of sector B1. This viewport provides tangential access to the diagnostic neutral beam
injector (DNBI)/plasma interaction column. For light collection, a rotatable 50 mm diameter
mirror is used. The mirror is mobile as it shares the port is with a neutral particle analyser
system. This new installation has permitted toroidal velocity measurements of impurity ions to
be performed by Charge-Exchange Recombination Spectroscopy (CXRS]
The lens selected for this optics was a commercial f#1.4 50 mm camera lenses whilst
the fibre bundle was 16-way (its head consists of 12, 0.6 mm diameter, fibres distributed along
a single row with 1 mm separation, plus 4 addition fibres, two 1.5 mm above and two 1.5 mm
below this row - resulting in two sets of 3 vertical fibres] The displaced fibres are used to aid
alignment of the 12 way fibres with the neutral beam. Alignment of the mirror, lens and fibre
array with the neutral beam located 1.5 m away was achieved by i) observing the location of
light spots, when illuminating the fibres, on the inside of the vacuum vessel wall, and then
when firing the beam ii) measuring signal levels from the two sets of 3 vertical fibres. With this
set-up, coverage of the plasma poloidal cross-section at the beam is from r = -0.8 to 0.8
approximately for the standard TJ-II configuration with a 2.5 cm separation between lines-ofsight.
In order to maximize the scientific return of both the diagnostic neutral beam and its
associated optics, preliminary studies have begun on performing beam emission spectroscopy
(BES) studies from the tangentially viewing port in sector B1. These studies are being
performed in collaboration with T. Oishi of Nagoya University. BES, which is used to study
density fluctuations in plasmas, requires good spectral separation between the Ha line
emission from the plasma and the Doppler-shifted Ha line emission from the neutral hydrogen
beam, this being approximately 3.4 nm for the proposed system. In order to remove unwanted
plasma light a narrowband filter centred on 659.6 nm, with a Full-Width at Half-Maximum
hotodiode modules, with high sensitivity (around
650 nm) and internal gain plus frequency response up to 1 MHz, were procured. Initial results,
which will be reported at the 38th EPS conference, have demonstrated signal levels of the
order ≤108 W per fibre channel, thereby giving confidence that a operational BES diagnostic
may be set-up on TJ-II.
Several studies were undertaken with the DNBI in order to evaluate the sensitivity of
impurity ion temperature to best-fit parameters for the fitting profile used to obtain the
instrumentation function of the short focal length spectrograph associated with the DNBI.
From this, it was found that a correction factor is needed to correctly determine the ion
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temperature. Moreover, it was found, that for ion temperatures below about 200 eV, as is the
case for TJchosen to achieve high detected photon count rates. In an associated work, a theoretical
study, using DNBI ion temperature measurements, was undertaken to understand the
underlying causes of observed differences in proton and impurity ion temperatures measured
by neutral particle analysers, viewing along different lines-of-sight through the plasma, and by
CXRS. The study suggested the existence of anisotropies in the ion energy distribution function
[Arevalo1, Arevalo2]
Phosphor for fast-ion-loss detector.
We studied the luminescent response of ZnO:Ga, that is a promising, high time
resolution phosphor for use in a fast-ion-loss detector in TJ-II. We studied its behaviour when
irradiated by H+ ions with a range of energies less than 60 keV [SPEC_8].

2.2.1.6. Edge ion
spectroscopy.

temperature

with

passive

Doppler

We continued working on measuring the edge ion temperature in TJ-II plasmas, heated
by electron cyclotron waves and neutral beam injection, using passive spectroscopy of
impurity ions in low ionization stages. The measurements, which provide both temporal and
some spatial resolution, offer some advantages over more intrusive or more sophisticated
methods [SPEC_1].

2.2.1.7. Visible Fast Camera studies in LNF
A paper was published describing the visible intensified cameras in TJ-II [de la Cal_1].
The main topics of research in TJ-II are blob and transport studies, dust visualisation and
plasma edge spectroscopic imaging. The Upgrade of the JET KL-8 Fast Camera system and the
Collaboration with NIFS (Japan) in LHD were other working fields of the group.
Blob and transport studies
In TJ-II blobs have been observed with the intensified camera at ultra-high speed (down
to 100 ns exposure time) and with high resolution (a few millimetres) and with the double
bundle to discriminate noise. The object is a study of the fine structure of Blobs. The work is in
progress.
Dust studies in TJ-II
Dust was observed with intensified Fast Camera system without and with interference
filters such as H, C III (at 465 nm) and Li I (at 671 nm] The results are described in [de la
Cal_2].

2.2.1.8. Edge electron temperature and density profiles
imaging based on atomic beam measurements
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The helium line ratio technique was successfully applied in TJ-II to 2D imaging of plasma
edge Te and ne. The absolute radial profiles of Te and ne obtained with the here presented
method were checked in TJ-II stellarator to be in relatively good agreement with other
diagnostics within a wide range of plasma parameters for both, ECRH and NBI plasmas.
Examples of 2D Te and ne imaging include the ECH to NBI transition, an Edge Mode crash, and
blob structure. The work was orally presented in LNF and is described in detail in a paper sent
for publication.

2.2.2. Development of plasma diagnostics in JET
2.2.2.1. JET KL-8 Fast Camera upgrade
At the later part of the C27 campaign (ending October 23rd, 2009) an image intensifier
for Fast Imaging applications was installed in the fast camera system. The installation and
operation of the system was successful and the intensifier showed a robust behaviour in terms
of control and data quality (low image distortion and neutron noise) in conditions of strong
magnetic fields and neutron flux. Comparison of two similar recordings of CII light, with and
without image intensifier, gives us an average amplification factor of 30 for the signal to noise
ratio. Consequently it was proposed to extend this test period in order to have an even
stronger case on a more scientific ground before procuring such an image intensifier for JET. As
part of a second phase for this project, also including a few other small modifications and
upgrades, it was presented and endorsed at the EFDA STAC (STAC31/3.3.1) 2nd March 2010
and approved afterwards in the 44th EFDA-SC 23rd March 2010 (EFDA (10) 44-4.1] During
2010 we designed an optical coupling of the PIW protection camera and photodiode in close
collaboration with JET and an improved support structure for the Image Intensifier.

2.2.3. Development of plasma diagnostics in W7X
2.2.3.1. Optimization of the phase measurement algorithm
and studies of the noise and error sources.
The FPGA version of the algorithm has been transformed from a predictioncorrection approach to a latency time scheme. Several modifications have been made in the
system to avoid fringe jumps happening with low amplitudes in the interference signals.
Among other sources of noise, a very deep study has been carried on the nonlinear
quantization of the algorithm (fixed-point implementation in the FPGA device) and the
propagation through the pipeline (submitted to IEEE Transaction on Circuits and Systems I]

2.2.3.2. Implementation of the phase-meter in the W7-X IRinterferometer.
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The phasemeter has been installed in the W7-X lab. It has been tested with CO2-CO
lasers using two configurations [FST_Esteban_2010]:
a) One detector with diplexion of the signals
b) beam wavelength splitting and two detectors.

2.2.3.3. Design of a modular two color interferometer.
A two color Nd-YAG CO2 interferometer has been re-designed and the components
acquired. The construction of the prototype has begun.

2.2.4. Diagnostic development in ITER
Participation in association diagnostic clusters involving reflectometry, spectroscopy
(wide angle visible / IR), LIDAR, magnetics and material.

2.2.4.1. Thomson Scattering
Keep-in-touch activities related to ITER core LIDAR Thomson Scattering System have
been continued during 2010. CIEMAT is a full member of the ITER LIDAR Consortium, with
interest in participating in assessment and tests of radiation damage in materials, (density)
calibration of LIDAR system, and relativistic theory of the Thomson Scattering process. In this
connection, theoretical/numerical activities in numerical methods for first-principles
computation of Thomson Scattering spectra have been continued in the framework of a inkind collaboration with the Theoretical Physics Department of the Complutense University of
Madrid (Dr. R. Alvarez-Estrada] The result of this collaborative work has been recently
accepted for publication in Nuclear Fusion [NF_Pastor_2011].

2.2.5. Reflectometry simulations
Development of a 3D full-wave code relevant for ITER (reflectometry code consortium]
Existing full-wave codes are able to solve Maxwell equations in two dimensions (2D)
with high accuracy and provide a guideline to develop more complex three dimensional (3D)
full-wave codes. Unfortunately, the extension of 2D kernels to 3D is not straightforward as it
involves a huge amount of computational resources and very large computational times. A
rough estimation of computational resources in 3D shows that about 500 cores and 900GB of
RAM memory are needed to simulate a small region of about 30 cm x 30cm x 30cm.
Concerning the computational time a significant increase, more than one order of magnitude,
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is expected. The number of floating point operations increases about three orders of
magnitude when compared with 2D simulations. Therefore, code parallelization and
optimization are mandatory in 3D. During 2010 period the following activities have been
performed under priority support funding: a) 2D code parallelization studies and b)
Development of a 3D simplified kernel to study parallel performance in 3D.
a) 2D code parallelization studies.
These studies provide useful information on parallel performance of 2D kernels and
show the path for parallelization of the 3D kernel. Therefore, they must be considered as a first
step towards code parallelization in 3D.
The basic approach consists of dividing the 2D computational domain into smaller subdomains which are computed in parallel by different processors. Data communication
between the processors is needed to evolve Maxwell equations in time; one communication
per time step is needed. Such communication has been found to be the main limitation in the
performance of 2D kernels. Numerical studies show a good scaling with the number of
processors up to a very low number: only 4 processors. Above this value data communication
between processors degrades the scalability of the code. This finding makes not very useful to
spend a great amount of time optimizing the 2D code in such a way. However, it is expected
that data communication will play no significant role up to a much higher number of
processors in 3D. Preliminary estimations show that most of the time will be spent in
computing the electromagnetic field within each sub-domain up to a relatively large number of
processors (about 1000] Therefore, a good scalability of the code is expected.
In addition, a complementary parallelization has been identified and proposed to the
European Reflectometer Code Consortium (ERCC): the so-called SPMD (Single-Program
Multiple-Data) programming paradigm. Within the 2D benchmark activities of the ERCC it
became clear that each turbulence realization must be performed independently from each
other. Therefore, multiple turbulence realizations can be assigned to multiple processors using
the same program. The main advantage of this approach is that a perfect scaling with the
number of processors occurs since no communications are needed.
The proposed path for 3D kernel development is: optimization and parallelization for
one turbulence realization and SPMD parallelization for multiple turbulence realizations.
b) Development of a 3D simplified parallel kernel.
Based on our experience with the activities mentioned above we started studies on how
to extend the results to 3D by the end of 2010. A 3D simplified kernel has been developed and
optimized for this purpose during 2010. The kernel captures the essential algorithm’s
difficulties found in a complete 3D modeling but aspect like absorbing boundary conditions,
launching and receiving antenna, plasma turbulence, etc. have been avoided. These aspects,
which are needed for a complete 3D modelling, have no significant impact in the code
parallelization stage. Presently, the kernel runs only on a single processor machine, i.e. no
parallelization has been performed.

2.2.6. Advanced data analysis techniques
Activities in this field have been related to four different topics: identification and
location of physical events in massive databases, data processing with GPUs, development of
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parallel codes for machine learning and, finally, accurate and reliable pattern recognition
methods.
The first topic (identification and location of physical events in massive databases) has
focused most of the work. A completely general technique had been previously implemented
[ADA_1] for the automatic recognition and location of physics events within large databases.
Direct applications of this technique in JET have allowed the automatic identification of
interesting temporal segments during a discharge by means of infrared and visible cameras
[ADA_2]. Also in JET, more of 1200 discharges have been used for the automatic recognition of
226751 ELMs [ADA_3].
An automatic event recognition system using spectrograms was presented in the 18th
Topical Conference on High Temperature Plasma Diagnostics, May 16-20, 2010, Wildwood,
New Jersey, (USA) and has been published [ADA_4].
Advanced data analysis techniques have been implemented as automatic feature
extractors to determine the best physical quantities to describe data-driven models. This has
been applied to L/H transitions in JET [ADA_5] and it was presented in the above Conference.
To finish with the first topic, it should be emphasized the development of event-based
sampling strategies that can be applied either in real-time or off-line [ADA_6].
With regard to the topic about GPUs, results about the JET correlation reflectometer
were presented in the 17th Real-Time Conference. IEEE-NPSS Technical Committee on
Computer Applications in Nuclear and Plasma Sciences. May 24-28, 2010. Lisboa (Portugal]
[ADA_7].
In relation to the development of machine learning parallel codes, one article has been
published [ADA_8]. It describes the parallelization of pattern recognition systems based on
SVM and its application to the JET database. Results about classification and regression
systems were also presented to the 6th Workshop on Fusion Data Processing, Validation and
Analysis, January 25th-27th, 2010, Madrid (Spain) [ADA_9].
Concerning accurate and reliable pattern recognition systems, a classifier (based on
conformal predictions and the nearest neighbour approach) to automate the data analysis of
the TJ-II Thomson Scattering (TS) images has been developed. The classifier qualifies the
prediction with two values to provide the accuracy and reliability of the prediction. To this end,
the only hypothesis that has been assumed is the iid (independent and identically distributed
samples) assumption. This work was presented in the 18th Topical Conference on High
Temperature Plasma Diagnostics [ADA_10] and has been published in Review of Scientific
>Instruments [ADA_11]. Finally, an alternative to the nearest neighbour approach has been
analysed. It is based on a hash function method with the aim of speeding up the training
process. It was presented to the 26th Symposium on Fusion Technology, 27th September – 1st
October 2010, Porto (Portugal) [ADA_12] and has been accepted for publication in Fusion
Engineering a

2.3.

Plasma fuelling

2.3.1. Fuelling studies in TJ-II
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Fuelling and lithium sputtering characteristics of TJ-II plasmas by H and He were further
investigated [LiW1, LiW2]. Also, the yield of gas trapping and desorption by plasma particles in
the lithium coating was addressed for hot and glow discharge modes [PSI2]. Diffusion limited
processes at temperatures of operation near room temperature seem to restrict the possible
isotopic interchange under lithiated wall. Also, a very similar energy dependence was found for
Li sputtering and H release by a He plasma on hydrogenated lithium films, thus suggesting a
possible ejection of H-containing clusters during the sputtering process, in agreement with the
observed anomalous high energy threshold previously reported. The following milestones have
been achieved:
-Progress in understanding the sputtering mechanism of Li under mixed material
conditions
-Understanding limitation on isotope exchange on Li films

2.4.

Real time Measurement and Control

2.4.1. Development of a Fast Plant System Controller targering
Data Acquisition for ITER
ITER CODAC Design identified the need for slow and fast control plant systems, based
respectively on industrial automation technology with maximum sampling rates below 100 Hz,
and on embedded technology with higher sampling rates and more stringent real-time
requirements. The fast system is applicable to diagnostics and Plant Systems in closed-control
loops whose cycle times are below 1 ms. Fast Controllers will be dedicated industrial
controllers with the ability to supervise other fast and/or slow controllers, interface to
actuators and sensors and high performance networks (HPN]
One contribution to the 26th Symposium on Fusion Technology, 27th September – 1st
October 2010, Porto (Portugal) presented the engineering design of two prototypes of a Fast
Plant System Controller (FPSC), specialized for data acquisition, constrained by ITER
technological choices [FPSC_1]. This prototyping activity contributes to the Plant Control
Design Handbook (PCDH) effort of standardization, specifically regarding fast controller
characteristics. The prototypes will be built using two different form factors, PXIe and ATCA.
The first one is in charge of CIEMAT/UPM and the second one is in charge of IST. The
presented solution took into consideration channel density, synchronization, resolution,
sampling rates and the needs for signal conditioning such as filtering and galvanic isolation.
The integration of the two controllers in the standard CODAC environment is also presented
and discussed. Both controllers contain an EPICS IOC providing the interface to the miniCODAC which will be used for all testing activities. The alpha versions of both form factors
were presented to ITER IO and they are progressing properly [FPSC_2].

2.4.2. Plasma internal
Application to TCV
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a) Internal Inductance model:
A state space model for the tokamak transformer including the slow flux penetration in
the plasma [Romero_1] has been developed and validated for TCV [RealTimeLi_3] . The
model has an exact mathematical structure predicting the evolution of the plasma current and
internal inductance as functions of the primary coil currents, plasma resistance and non
inductive current drive. Flux penetration in the plasma is modeled without resorting to
distributed parameter simulations. Instead, a systematic procedure is applied to find the best
linear approximation for flux penetration dynamics, in terms of objective cost functions,
quantitative information criteria, frequency response, and residuals whiteness/correlation
tests. Closed loop experiments using random binary signals (RBS) imposed as plasma current
references have been conducted during 2010 in the TCV tokamak to generate the required
data for the analysis. It has been found that a second order linear approximation for flux
diffusion dynamics is sufficient to describe the nonlinear plasma current and internal
inductance time evolution to an extremely high degree of accuracy in the conditions of the
experiment. This provides considerable confidence for a future application of this model to
controller design.
b) Internal inductance observer development:
Also, a real time algorithm for plasma inductance based on standard Shafranov Integrals
and poloidal beta has been developed and implemented in a general purpose digital
architecture at TCV. The algorithm uses a total of 80 magnetic sensors: 38 flux loops, 38
Mirnov coils and 4 diamagnetic loops. It optionally computes vacuum magnetic field energy
within the vacuum vessel boundaries to obtain the plasma inductance due to the plasma
current distribution alone. Comparisons with offline equilibrium calculations have proved the
soundness of the approach. The algorithm in its present form is suitable and ready for a
control application.
______________________
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3. DEVELOPMENT OF CONCEPT IMPROVEMENTS AND
ADVANCES IN FUNDAMENTAL UNDERSTANDING OF
FUSION PLASMAS
3.1.
Optimization of operational regimes for improved
concepts
3.1.1. Influence of magnetic configuration in the development of
Edge Transport Barriers.
3.1.1.1. Role of low order rationals (iota windows) in the
development of edge transport barriers.
Iota windows have been observed when analysing the “quality” of the H-mode in TJ-II. A
fine rotational transform scan has been carried out covering vacuum /2 values at  = 1
between 1.59 and 1.71, in a shot to shot basis. Experimentally it is observed that both, the
confinement enhancement factor (H-factor) and the Er field-well in H-mode, show similar iotadependence: higher values are obtained in configurations with a low order rational surface,
either 5/3 or 8/5, close to the plasma edge ( ≈ 0.8-0.9] These results suggest a positive
influence of low order rationals when located close to the plasma edge and may be
interpreted in terms of local changes in the radial electric field induced by the rational surface
that could facilitate the transition. These results have been published in [CPP_Estrada_2010].
Within this context, the influence of low order rationals on the radial electric field has been
studied during dynamic magnetic configuration scans in L-mode plasmas. These experiments
show a remarkable modification of the radial electric field as low order rational surfaces
approach the plasma edge region [CPP_Bondarenko_2010].
An important topic in transport studies, with especial relevance in stellarator
configurations, is the effect of magnetic resonances ––low order rational values of the
rotational transform–– in plasma confinement. TJ-II data have proven that such resonances
can be sustained, contrary to previous intuition, in low magnetic shear conditions without
damaging confinement. They can be used for real-time control of plasma properties, partly
because of their effect in the radial electric fields, at least in the edge region of the plasma
[dlbCPP2010]. These results have motivated extending the studies of collisional transport to
three-dimensional geometries able to cope with broken flux surfaces [jmrbPoP2010].

3.1.2. International stellarator confinement and profile data base
and neoclassical transport
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3.1.2.1. Participation in the on-going activities of the ISCDB
and ISPDB : Coordinated Working Group meetings during
2010.
The Ciemat team has participated actively in the above-mentioned activities through the
participation in the 7th Coordinated Working Group Meeting (CWGM7) organized by IPP
Greifswald in June 2010.
Ciemat members presented seven contributions in CWGM7:
- "Magnetic resonances in low beta, shear and collisionality; but high iota plasmas"
[CWGM7_14] and "Joint Proposal to ProfileDatabase-NC transport validation-" [CWGM7_45]
by D. López-Bruna
- "Island healing in stellatarors: the case of TJ-II" [CWGM7_15] by P. Castejón
- "Role of magnetic configuration on mean and fluctuating radial electric fields"
[CWGM7_16] by C. Hidalgo
- "Status of H-mode studies in TJ-II" [CWGM7_27] by T. Estrada.
- "Global confinement in TJ-II: NBI plasmas" [CWGM7_32] by E. Ascasíbar
- "The definition and use of the concept of minor radius" [CWGM7_37] by B.Ph. van
Milligen

3.1.2.2. Neoclassical Transport studies
The neoclassical studies in TJ-II have continued in order to be able to provide transport
coefficients to the international stellarator database. The bootstrap current has been
calculated accurately for the first time using used the DKES and NEO-MC codes (see Section
3.4) and the reminder of the coefficients are going to be estimated in several regimes. In this
way we will have an accurate calculation of the full neoclassical transport matrix.

3.1.3. Liquid Li limiter in TJ-II
The design of two liquid lithium limiters with associated instrumentation for TJ-II was
finished. The heads have been built at Fluorite, Moscow. The isolation valves were purchased
and modified to fit into the restricted access of TJ-II. The design of the movable support
structure and of the outgassing chamber, under CIEMAT responsibility, has been initiated
[IAEA2].
Milestone achieved: Full design of the LLL system for TJ-II.

3.2.
Understanding
improved concepts
36
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3.2.1. Impurity transport
3.2.1.1. Laser blow-off impurity injection experiments.
Laser blow-off of low-Z (boron and carbon) material was used to study parallel and
radial impurity ion transport, as well as radial heat transport, in the TJ-II stellarator. Toroidal
transport was found to be consistent with entrainment in edge toroidal rotation.
Radial/poloidal transport and loss to the plasma edge was seen to be slower (about 5 ms) and
was clearly seen to be slower for carbon than for boron, consistent with collisional
(neoclassical) cross-field transport. Radial heat transport was observed to be quite rapid (0.1
ms time scale) [SPEC_2, SPEC_3].

3.2.1.2. Kinetic calculations of carbon impurities and hydrogen
in TJ-II plasmas.
A collisional-radiative modeling is being developed to analyse the emissivity proﬁles of
carbon ion stages, in order to determine the neutral density proﬁle in ECRH TJ-II plasmas. To
assist in the theoretical modeling, we use the collisional-radiative code ABAKO. Self-consistent
atomic kinetic calculations are performed for the hydrogen-carbon plasma mixture, thus taking
into account the coupling of these two components by means of charge-exchange
recombination processes [SPEC_4].

3.2.1.3. Fast impurity ions
A study of emission lines in the vacuum ultraviolet wavelength range revealed that
during neutral beam injection into the TJ-II fast (28keV) oxygen neutrals, that originate as
accelerated H2O ions from the ion sources, penetrate into the plasma where they are ionized
and become trapped [McCarthy2]. Subsequently, these trapped oxygen ions become further
ionized in collisions with plasma particles as they orbit around the TJ-II. Spectroscopy studies
show that these multiply ionized ions do not slow down significantly, or become lost, until they
reach their highest ionization stage. The work demonstrates the possibility of using
spectroscopic methods to study fast ions by seeding an NBI ion source with a suitable tracer
element [McCarthy3].

3.2.1.4. Suprathermal ion tails studies.
We continued working on analyzing non-thermal velocity fluctuations. We studied the
level of velocity ﬂuctuations in different scenarios of the TJ-II stellarator, by means of
measuring the apparent Doppler temperature of C4+ and protons with high spectral resolution
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techniques with spatial resolution. The level of turbulent velocities was deduced from the
difference observed between the apparent temperature of both species. This study provides a
way to explore if this turbulence plays any role in the conﬁnement of the hot TJ-II plasma
[SPEC_5]. We also studied the detection and analysis of suprathermal ions (protons and
impurities) associated to RF heating in the TJ-II plasma with a technique which consists in
combining passive emission spectroscopy to detect suprathermal ions that are present in the
plasma, and a luminescent probe to detect suprathermal ions that escape. Their combination
permits the covering of the low energy suprathermal range of a few hundred of eV to keVs
[SPEC_6, SPEC_7].

3.2.2. Experimental investigation of profiles structures and plasma
instabilities.
3.2.2.1. Profile control with impurity injection.
Perturbative experiments by external gas seeding in NBI-heated plasmas have been
continued during the 2010 spring campaign. This time, nitrogen was injected into low-power,
co-injection NBI discharges in order to try to control the density rise through the reduction of
edge electron temperature, and then the sputtering of the wall, while avoiding radiative
instability conditions. The obtained results show that short gas pulses injected into density
peaked discharges trigger the development of a quasi-stationary (lasting longer than the
spontaneously seen) radiation enhanced region at the plasma periphery. Moreover, the
observed time evolution of the experimental radiation strength at the edge (R = L (T, Z) nZ/ne =
Prad/ne2) as a function of the local temperature pointed to an increase of effective impurity
concentration (nZ/ne) in the plasma periphery, while considering global plasma parameters,
nZ/ne seemed to decrease. That scenario is compatible with impurity screening. The
experiment has been performed in several magnetic configurations and the radial differences
found in radiation behaviour are linked to the location of low order rational surfaces [PROF_1].

3.2.2.2. Ion and electron profiles similarities.
Series of reproducible shots obtained under different heating conditions have been used
to determine the ion temperature profiles. These profiles have been systematically compared
with electron temperature and density profiles obtained with the TJ-II Thomson Scattering
diagnostic. The results of the comparison show that in ECR heated plasmas the shape of ion
temperature is similar to the electron density profiles; in NBI heated plasmas the ion
temperature profile resembles the electron temperature profile. This result would permit to
obtain a rough estimation of the ion temperature profile if ion temperature values are
available at two points and if the shape of the electron temperature or density profile is
available [Fontdecaba_1].
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3.2.3. Design of an optimised stellarator using Generec Algorithms
and grid computing
The search for an optimised configuration that fulfils multiple optimization criteria is a
key topic in the path to the stellarator reactor. The investigation of the relevance of the
optimization criteria is a fundamental step to propose such a stellarator-based configuration
for a reactor. The reduction of neoclassical transport, the confinement of fast particles, based
on the omnigeneity property, the Mercier stability criterion and the ballooning stability are the
main topics that are considered in the optimization process. Once the optimized configuration
is found, the necessary coils to create it need to be evaluated in order to make an engineering
assessment of their complexity. All these steps are included in the code Stellop based on the
Levenberg-Marquardt algorithm. Stellop looks for the optimal configuration in the huge phase
space taking into account the optimization functions cyclically. Nevertheless, it is desirable to
have available other searching procedure to be able to compare the results with Stellop, since
the phase space is huge and it is mandatory to determine to what extent the found
configuration depends on the searching algorithm.
We have developed an algorithm based on metaheuristics to look for optimised
configurations. A metaheuristic is a combinatorial optimization process that tries to maximize
or minimize a function defined by the user, which is called objective function. All the
metaheuristics concepts have some commonalities like the exploration of the phase space or
the use of a predefined number of candidate solutions. As a first step to test the algorithm, we
have introduced two optimization criteria: the minimization of the neoclassical transport by
reducing the average sum of the Bxgrad(B)-drift and the Mercier criterion.
The equilibrium is calculated using the VMEC code, whose last version includes the
calculation of the Mercier stability criterion, which allows us to introduce this criterion in our
optimization process. Mercier criterion has been considered in a way that if a given
configuration does not satisfy the condition of being stable for radius smaller than a given
value, established by the user, the configuration is rejected. In the same way, the user can
specify a desired value for  or for any other parameter given by VMEC. Moreover, the
ballooning stability code COBRA will be introduced in the future to include this criterion in the
optimization process. Distributed Asynchronous Bees Algorithm [GOMEZ-ABEJAS-2010] is a
metaheuristic process designed to solve large scale computational problems using distributed
computation environments. It evolves a population consisting of a set of individuals, where
each individual represents a candidate solution for the given problem. In this case, an
individual is an equilibrium configuration calculated with VMEC. Due to the fact that all the
individuals are independent, grid computing techniques are suitable for this process. As a first
step, we have used this algorithm for TJ-II optimization varying the input Fourier modes that
describe the plasma boundary up to ±15%.

3.3.

Statistical studies of transport and data analysis

3.3.1. Probabilistic and test particle transport
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3.3.1.1. Test particle transport
In recent years, we have focused part of our research efforts to the problem of test
particle transport, as this technique can provide additional information on transport not
revealed by more common profile analyses.
We have used this technique to study transport in the numerical turbulence simulation
code CUTIE, a full-tokamak fluid code in which the turbulence feeds back nonlinearly on the
profiles. Long-range spatial and temporal correlations were detected, indicating that effective
global radial transport in CUTIE does not satisfy the traditional paradigm of diffusive transport.
Part of this result could be explained from the existence of propagating ballistic events, and
another part from a dependence of local transport properties on the safety factor: local
transport was found to depend sensitively on the position relative to specific rational surfaces
[G. Sánchez Burillo, Phys. Plasmas 16, 042319 (2009)]. These analysis techniques were then
applied to study the difference between an L-mode and an H-mode in CUTIE. This is the first
such comparison ever performed in any simulation. The analysis of self-similarity parameters
of the motion reveals that these differences, if any, are slight. Nevertheless, the study of the
mean step size indicates that transport is more local and the anomalous diffusion contribution
less dominant in the H mode [POP2010_Burillo].

3.3.2. Data analysis
3.3.2.1. Detection of the zonal flow using a new analysis
technique

A new data analysis technique was developed, specifically for the detection of (very) low
frequency oscillations with a significant long-range correlation. The technique was applied to
Langmuir probe data obtained at the TJ-II stellarator in discharges with spontaneous
confinement transitions with and without electrode biasing. A succession of low-frequency and
very low frequency oscillations was observed, preceding the confinement transition. It is
suggested that these oscillations are related to zonal flows and GAMs [NF2011_Carreras].

3.3.2.2. Bayesian reconstruction of the density profile at TJ-II
An integrated data analysis system based on Bayesian inference has been developed for
the TJ-II stellarator. It reconstructs the electron density profile at a single time point, using
data from interferometry, reflectometry, Thomson Scattering, and the Helium beam, while
providing a detailed error analysis. In this work, we present a novel analysis of the ambiguity
inherent in profile reconstruction from reflectometry, and show how the Integrated Data
Analysis approach elegantly resolves this ambiguity. Several examples of the application of the
technique are provided, in both low-density discharges with and without electrode biasing,
and in high-density discharges with an (L-H) confinement transition [NF2011_Milligen2].
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3.3.2.3. Confinement transitions and global resonances
A new phenomenon was detected at the TJ-II stellarator. The line-integrated density
measured by a microwave interferometer systematically shows bursts of fluctuations at
regularly spaced values of the mean density across a very large number of discharges. Related
modes are also observed with other diagnostics, such as the magnetic pickup coils and the
heavy ion beam probe. The mode is tentatively identified with an acoustic mode, and its
relation to confinement transitions at TJ-II is discussed [NF2011_Milligen].

3.4.

Theory and modelling

3.4.1. Island dynamics studies
The island dynamics has been studied in the two stellarators TJ-II and LHD, which are
indeed very different, since the former is an almost shearless middle size helaic while the latter
is large heliotron with strong shear. Moreover, the island does exist in vacuum in LHD, since it
is created by resonant coils, while it is a natural one in TJ-II, since the resonance appears in the
rotational transform profile. Despite of these facts, it has been shown that the poloidal flow is
a key ingredient in both devices to heal the islands, although the mechanisms to create such
flow are different in the two cases [castejon_islands_4p].

3.4.2. Neoclassical studies
The neoclassical studies in TJ-II have continued with the calculation of bootstrap current.
In order to do that, we have used the DKES and NEO-MC codes. The latter has allowed, for the
first time, the precise computation of the bootstrap transport coefficient in the long mean free
path regime of this device, since the complex TJ-II geometry prevented the use of the standard
tool DKES in such a regime. The low error bars obtained with NEO-MC allow a precise
convolution of the monoenergetic coefficients, which is confirmed by error analysis. The radial
profile of the bootstrap current is presented for the first time for a configuration of TJ-II, the
100_44_64 in this case, for three different collisionality regimes. The bootstrap coefficient will
be compared to that of other configurations of TJ-II [VELASCO-2010]. The results show
qualitative agreement with toroidal current measurements, but precise comparison with real
discharges is ongoing.

3.5.

TJ-II Engineering and Operation

3.5.1. TJ-II Engineering activities.
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3.5.1.1. Introduction.
The engineering group of TJ-II has developed the following tasks in the experiment:
-Technical operation of the device. All the auxiliary systems involved in the production of
the plasma pulses are coordinated by the engineers in charge.
-Maintenance of the components of the device and its auxiliary systems to have all of
them ready to for the experiments.
-Modifications in the systems where necessary to adapt to new experimental conditions.
-To help in the assembly of new diagnostics and its necessary auxiliary services.

3.5.1.2. Technical operation of the TJ-II.
The technical operation of the TJ-II is performed by two engineers. One of them is
located in the main control room of TJ-II and the other one is located in the control room of
the power supply building (150m away from stellarator building] The activity during the plasma
experiments is coordinated by the engineer in the main control room of TJ-II.
No special problems have been found due to the changes in the operating system of the
control programs from OS9 to VX Works and the new visualization interface screens.
As usual, the events occurred in the machine and the auxiliary systems are documented
in the TJ-II technical operation books.

3.5.1.3. Maintenance tasks.
The maintenance and inspection tasks during 2010 have been:
1. Power Supply. Annual maintenance of all the components and systems of the power
supply was done during August:
2. Generator and DC Pony Motor, transformers, rectifiers, power connection cables
were checked for lack of insulation or any other defect.
3. Mechanical parts of rotating machines were inspected for misaligning or excessive
erosion.
4. The parameters of the auxiliary systems (cooling, lubrication, etc.) were verified.
After finishing the maintenance activities a full test of the whole system was done to
verify the correct operation for the TJ-II autumn campaign.
5. Cooling System. The maintenance of the cooling plant and other cooling systems has
been done also during the summer break. Different actions have been performed:
a) The pumps of PF and HC primary circuits have been sent to the workshop for repairing
of leaks. The pumps have been dismantled and some internal components have been
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substituted. Both pumps have been tested in a test bed in the workshop before their
installation in the cooling plant.
b) The packing washers of the isolation ball valves for the coils circuits have been
replaced in order to correct some leaks trough the stems.
c) The pump installed in the cooling system for the racks of the TJ-II control system
(independent of the cooling plant) failed and had to be substituted by a new one. The one
repaired has been stored as spare.
d) A baffle system has been installed on the terrace around the cooling tower to provide
the offices close to this area with acoustic shielding. A specialized company has previously
performed a study of acoustic impact in the affected area.
6. Cranes bridges: the annual maintenance of the crane bridges installed in the different
fusion buildings, e.g. TJ-II torus hall, cooling plant, and Power Supply system, was performed.
At the end of 2010 a general audit from CIEMAT Safety Department was carried out in
all the installations included the areas of the Fusion Laboratory. A number of issues have been
detected and some corrective actions need to be implemented the next year:
-Compressors: All the compressors which provide compressed air for different TJ-II
systems, four in total, have been tested and certified by an authorized company according to
the requirements of the current Spanish legislation in the frame of Pressure equipments (RD
2060/2008]
-Control System: the maintenance of the different Control Systems of the TJ-II has been
performed. Periodic checks were made and some preventive maintenance tasks were
conducted through, as e.g. calibration and test of the whole system channels, and repairing
damage channels.

3.5.1.4. Power Supply


Bearing replacement

The most critical component of the Power Supply is the flywheel generator needed to
insulate electrically the pulses in the magnets from the grid. During the spring operation of TJ
II, an increasing of the shaft vibrations was detected and it was decided to conduct a detailed
inspection of the inner shell of the generator bearings. This inspection showed a notable
degradation of the bearing inner surface. During the summer break a set of bearing spare parts
was assembled. After replacement, the measurement of shaft vibration values and bearings
temperature appeared to be within the limits specified by the generator manufacturer. Figure
shows the pieces needed to be replaced, where some erosion was detected
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Lower bearing damaged part



Fault in the Pony Motor

In April, a failure was detected on the Pony Motor air cooling system. The motor is a DC
1.5 MW machine, which drives the TJ-II pulse generator. The protection system of the motor
cooling fan detected a current to ground. After checking the different parts a fault in the
insulation of the stator windings was found. The complete winding had to be replaced. After
this work, the motor fun was assembled again and the Pony Motor operation was reestablished. Figure shows the faulty area of the stator windings of the fan.

Fault to ground
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Stator winding of the fun. Faulty area



Cooling system

A modification of the cooling plant control system has been carried out due to the
expected difficulties to find spare parts in case of a serious fault. The control system of the
cooling plant based on a PLC SIEMENS has been upgraded from Simatic S5 to S7. The following
actions have been done:
-All the hardware has been replaced based on S7 (CPU, analogic input cards, digital input
&output cards, drivers, etc.)
-The control programme in S5 has been migrated into S7. In the new version some
modifications on the programme have been added to improve the availability and the
performance of the cooling plant based on the experience gained during the last fourteen
years of operation. Additional safety layers have been also included for better protection of
the subsystems, especially for the heating of the helical coil cooling water tank when
modulated temperature is required during the cooling cycle.
The visualization system (Scada) has been adjusted to the new programme.



Control System

The activities in relation to the TJ-II Control System during the year 2010 have been
concentrated mainly in the system upgrade as it was planned since 2008. The Control System
upgrade is nearing completion. Changes have been made without interrupting the
experimental campaigns. New functions and improvements have been set forth in the Control
System in order to facilitate the daily operation. The maintenance of the system has been
carried out regularly. The main works performed during the year are hereafter described.
Update of the control system
Continuing with the tasks for updating the Control System of the TJ-II, the Coils
Protection System has been completely finished and the system is fully operative since the
campaign start.
All the software for the Coils Protection subsystem has been rewritten and tested. The
old version, written in OS9, has been translated to the new operating system VxWorks. The
software is based in the new communication middleware architecture called X-MDS, XML
Messages Distribution Service [ENG_2]. This software has been designed to support and
simplify the upgrade of the TJ-II control system.
The Graphical User Interface (GUI) for the Coils Protection System is a set of Java
applications, which adds new features to the old one. The software has been designed
according to a client-server architecture, based on the TCP/IP and UDP protocols as well as the
X-MDS software.
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Coils Protection System. Graphical User Interface

The process to modulate the water temperature has been automatized with the goal to
avoid thermal stresses in the coils. This process has also been adapted to the new
Programmable Logic Controller (PLC) that has been installed in the Cooling System.
Fast Control system.
The Fast Control System is the main interface tool between the engineer in charge of the
operation and the TJ-II. All the preparation of the pulse sequence is through this system. Some
software improvements have been made on it. With regard to the Mode C of operation, the
number of coordinates that defines the modulation of the currents during the flat-top has
been increased in order to permit more complex waveform profiles. Automatic waveforms
offset adjusts have been carried out to compensate delays due to the distance between the
control room and the Power Supply building.
A redundant time out protection has been performed, and added to the system, in order
to guarantee the switch off of the power rectifiers at the end of the pulse. This protection
avoids the overheating of the coils in the case of a failure in the protections implemented in
the Power Supply rectifiers.
The power supply for the Scattering Thomson has been changed, and therefore, it has
been necessary to adapt the pulse trigger that starts the capacitors charge/ discharge.
A software packet has been designed and added to all the subsystems in order to
maintain the synchronization among all the computers clocks. This software uses the Network
Time Protocol (NTP]
Ground loop supervision system
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The system has been improved by means of another serial port connection which allows
an independent shell to command and monitoring the system. The software for this
connection has been performed and tested.
A technical procedure has been published with a detailed description regarding the
procedure to starting up of the system. Code: PT-TJ-CODAC-003. [PID1322031]

3.5.2. Operation of TJ-II
Plasma operation activity in TJ-II during 2010 was organized in two experimental
campaigns. The spring campaign proceeded between 9 February and 24 June, with 42 days of
operation and 1672 shots. The autumn campaign took place between 2 November and 23
December with 17 days of operation and 647 shots. The main remarks worth mentioning as
regards TJ-II operation in 2010 are:
-The ECRH system has been operating routinely with a high degree of reliability.
-The NBI system has experienced several technical problems. The spring campaign
started with only the co-injector available because the counter injector had a severe failure
(water leak in the plasma grid) in October 2009 and it was fully recovered in May 2010. Then
reliable operation was achieved with 480 kW port-through, 31 kV, 45 A, 100 ms pulses.
At the end of February also the co-injector failed due to the appearance of a water leak
in the third grid of its ion source. Full recovery was achieved in June 2010.
In November 2010 a tetrode failure happened in one of the decel power supplies. so
that only one injector could be operated until the end of the campaign
- Several sessions devoted to EBW heating tests took place along the year. So far, no
clear proof of EBW heating has been obtained.
-Li coating by vacuum evaporation has been routinely used as plasma wall conditioning
technique. The plasma operation started after wall conditioning just with boronization on 2
February. The lithiumization process was done at the campaign on 16 February, and it was
repeated three times along the spring campaign (5 May, 17 May, and 14 June). Again,
lithiumization was performed three times (2, 10 and 29 November) during the autumn
campaign.
A summary of the experimental sessions performed, along with the number of shots
allocated to each experiment/activity, is listed below:


Start-up, commissioning of control and data acquisition systems and diagnostics: four
sessions, 47 shots



Test of diagnostics: 4 sessions, 168 shots



ECRH studies: calibration, power deposition profile (modulation) and ECCD experiments: 2
sessions, 94 shots



NBI-2 plasmas (experiments devoted to optimize the coupling of the neutral beam to the
ECH target plasma: working gas, ECH providing on/off axis heating, electrode biasing,
characterization after lithium coating): five sessions, 146 shots



Rotational transform and plasma volume scan in NBI plasmas: one session, 35 shots
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Impurity transport in NBI plasmas. Evolution of radiation profiles driven by external puff:
one session, 48 shots



Alfven activity in NBI plasmas: two sessions, 77 shots



Transport studies with dynamic configuration scan in ECH plasmas: four sessions, 113
shots



2D visualization of turbulence with fast cameras: 1 session, 22 shots



Edge characterization and electric fields: Langmuir probes, fast cameras, electrode biasing,
auto-similar properties of the plasma edge, long-distance correlated structures (GAMs,
zonal flows): 10 sessions, 405 shots



Impurity transport in ECH and NBI plasmas. Blow-off impurity injection: 2 sessions, 84
shots



L-H transition and magnetic configuration scan: 3 sessions, 131 shots



L-H transition and density scan: 2 sessions, 78 shots



Plasma wall studies: Injection of molecular beams (H, D, CH4): 5 sessions, 237 shots



Tests of EBW heating: 9 sessions, 268 shots



Non-local transport and long range correlation: 2 sessions, 93 shots



Plasma edge transport studies with fast camera and double bundle: 1 session, 40 shots



Comparison between parallel and perpendicular ion temperature: 1 session, 45 shots

3.5.2.1. ECRH studies in TJ-II


t3.2 GHz ECRH system

General maintenance and improvements tasks.
The 53.2 GHz ECRH system has been working routinely with high reliability and only a
few tasks concerning the improvement and the maintenance of the system have been carried
out during 2010 among which are:
a) Installation of a larger rack inside the gyrotron pit in order to accommodate all the
high power systems in a single unit (cryomagnets power supply, gyrotrons ionic pumps power
supply, etc…]
b) Maintenance of the high voltage power supply. Two weeks during the summer were
devoted to this task.
c) Other activities concerning software updating and control system improvement.
Experimental characterization.
The experiments performed in collaboration with PLASMAIOFAN institute (see section
3.5.2.1.2 below) necessitated the verification of the linear polarizer installed in the second
transmission line and low power measurements of the polarizer were accomplished. The
measurements have shown a slight ellipticity in the input wave polarization meaning that up to
20 % of the power might be coupled to the X mode. This is probably due to a small deviation of
the polarizer from its theoretical orientation.
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Collaboration with IPF
In the framework of the collaboration agreement with IPF, one member of the ECRH
group (José Martínez) spent a three weeks period in IPF in order to acquire expertise in the
field of microwaves technology applied to ECRH systems.



Changes in the gyrotron radiation properties induced by a small amount
of reflected modulated power

The basis for these experiments is the hypothesis that a low fraction of the gyrotron
emitted power, which is reflected back to its source, can strongly modify the gyrotron
behaviour and produce a reaction on the output radiation depending on the phase of the
reflected wave. The main result obtained in the experiments with controlled reflection carried
out during 2010 in TJ-II is a preliminary indication, obtained with "peripheral" diagnosis of the
beam, showing that the wave polarization could be changing due to the reflected power
[ECRH3]. In this case, in real plasma conditions, an oscillating coupling to an unwanted O-mode
(for the TJ-II second harmonic X mode heating case) could be happening. On the other hand, in
the controlled reflection experiments carried out during 2010, the modulation frequency of
the reflecting metallic surface (simulating plasma reflection layers) was limited by the
mechanical response of the system (a loudspeaker was used) and therefore higher frequencies
(5-15 kHz) could not be investigated. Since the effect of plasma fluctuations on the gyrotron
emitted radiation is one of the goals of the experiments, it is important to reach these
frequencies in the controlled experiments. This was started in 2010 with the proposal of a
grooved rotating plate, driven by a high-speed motor able to reach a rotation frequency of the
order of the needed modulation frequency. The design of the system was performed during
the first half of 2010 and it final testing was accomplished at the end of the year. This work has
been carried out in collaboration with the Institute of Applied Physics (Russian Academy of
Science), Moscow and Nizhny Novgorod (Russia]



Second harmonic X mode breakdown experiments in TJ-II

The dependence of the plasma breakdown time on the launching direction of the ECRH
beam was investigated for different values of the parallel refraction index (N||) on-axis and
different launched powers in TJ-II. Moreover, the dependence on the prefill pressure was also
determined using one and two gyrotrons at full power [ECRH4, ECRH5]. The tasks where
performed as a contribution to the WP10-HCD-01-02 task agreement of the EFDA 2010 work
programme [ECRH5].

3.5.2.2. NBI Heating in TJ-II


NBI Operation

In October 2009, during plasma conditioning, a major water leak appeared at the Plasma
Grid of Injector #2. The Ion Source #2 was dismounted and taken to the Laboratory for repair.
It was mounted back on the Injector in mid-December and in-situ conditioning started in
January 2010.
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The 22nd of February 2010, with the Ion Source on stand-by, a major water leak
appeared at the Ground Grid of Injector #1. The Ion Source was dismounted and taken to the
Laboratory for repair. The Ion Source was mounted back on the Injector at the end of April and
in-situ conditioning started soon thereafter.
Injection into TJ-II Plasmas did not start until May, and went on until end of June with
both injectors operative. After the summer shut down, only Injector #2 was available, due to
malfunctioning of one of the Decel Power Supplies.
Injector #1: Beam Injection
Injector #1 was available for injection from 1st to 24th of June. Beam parameters were
28 kV energy, 350 kW through-port power, tbeam ≤ 120 ms. The number of pulses per day
ranged between 20 and 36. During the autumn campaign Injector #1 was not used because its
decel power supply was not available.
Injector #2: Beam Injection
Injector #2 was available for injection from beginning of May to end of June and for the
whole autumn campaign (November-December 2010] Injection parameters in May-June were
28 kV beam energy, 350 kW Port-Through Power, 100 ms pulse duration. The number of
pulses per day ranged between 6 and 30. Beam reliability was poor, extending the pulse length
to 100 ms was difficult. Some instabilities were observed at Vdecel, that could account for the
Accel grid breaks appearing at pulse lengths beyond 50 ms. During the autumn campaign, the
Decel power supply from Injector #1was used on Injector #2. The Vdecel was free from
instabilities and conditioning to higher beam beam parameters was then possible. Injection
parameters during the November-December campaign were 31 kV beam energy, 480 kW
through-port power. The number of TJ-II shots per day with beam injection ranged from 20 to
40.
Pressure surge at Injector#2 Duct
At the very first Injection pulses in November a dramatic increase in pressure was
measured both by TJ-II and the Beam Duct pressure gauges. The peak pressure was higher
than any recorded value, whereas the Halfa signal was comparable or even lower than in the
previous campaign. This observations could signal the presence of gases other than Hydrogen
in the beam duct, coming from desorption processes at solid surfaces interacting with the
beam. Changing the beam axis orientation enhances interaction with certain surfaces while
diminishing it with other areas. Measuring pressure and Halfa emmission for different beam
orientations in pulses without magnetic field can give us a hint on the origin of the desorbed
gas. It was found that the main sources of desorbed gas were the graphite protection at TF1
(SC1) and the lower right corner of the duct.[Duct#2Gimbal_101118]. Injection into TJ-II
plasmas proved difficult: a fast raise in density was followed by plasma collapse after pulse
lengths of 50 ms. Beyond that, a fast increase in radiation from the region below the beam
entry, as collected by an array of bolometers, was observed. The detected radiation most likely
comes from reionized fast neutrals from the beam. We planned and executed a number of
experiments to try and characterize the extent of this power loss process. Pressure and Halfa
emmission grow exponentially beyond 50 ms, a behaviour typical of a cascade process, such as
reionization. On the other hand, comparing Halfa signals with/without the magnetic field of TJII allows us to conclude that the main contribution of desorbed gas comes from the areas of
direct neutral beam interception. [Duct#2Pulses50-100ms_101215]. The reionization rate of
fast neutrals is closely linked to the base pressure in the duct. It is therefore to be expected
that gas flow in the Neutralizer should have some influence in the loss of beam power. We
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conducted a series of experiments aiming to assess the role of the neutralizer gas in the
reionization losses. Pressure and Halfa measurements were carried out as well as Infrared
Imaging of the final Duct section. Although measurements are only preliminary we can
conclude is that in the present wall condition at the duct, slight differences in gas flow at the
neutralizer give rise to large differences in the reionization fraction. [Beam#2GasNeut_110124]



Ion source conditioning

We have carried out extensive campaigns of Beam Conditioning with both injectors, in
order to reach stable beam operation following the Ion Source re-construction that was
necessary after the water leaks. Due to the lack of a test bed, Ion Source conditioning must be
carried out in the injectors themselves and making use of the Fly Wheel generator of TJ-II to
provide primary power. The Motor Generator can provide 15 kV in a continuous mode (for
periods of aproximately 2 hours followed by 20 min pause for cooling] This mode of operation
has proved essential for the conditioning of our Ion Sources after the water leaks in the grids,
since many thousands of conditioning pulses have been necessary to reach stable operation.
Conditioning of Ion Source #2 has been particularly painful. At first, extracting even a
barely detectable Accel current was impossible, so we disconnected the power cables from the
NBI High Voltage Power Supplies, and proceeded to High Pot the grids with a low power High
Voltage Supply. This helped extract a moderate Accel current, but we were plagued by High
Voltage breakdowns in the Grids. We then tried to heat up the grids and epoxy insulator using
a variety of means, with the aim of accelerating the degasification processes. This external
heating did not decrease the leak current, but did help in diminishing the rate of high voltage
breakdowns. [AccelGap_100308]. When moderate beam power was finally achieved we
started injection into the plasma, while progress in beam parameters continued through
conditioning sessions outside TJ-II Operation [Iny#2Acond_Fuga_2010].



NBI Maintenance

a) Injector #1: Maintenance
-Ion Source
Following occurrence of the water leak in the Ground Grid, the Ion Source was
disassembled in order to repair the leak and perform the cleaning and alignment operations
that were needed to restore a fully functional Ion Source. The Decel and Plasma Grids were
thoroughly cleaned of the copper oxide layers, their curvature was restored through mild coldworking. A spare Ground Grid was cleaned and re-curved for a focal length of 4 m. The grids
were later mounted and carefully aligned, accurate measurements of the Accel and Decel gaps
were taken. The Ion Source was mounted again on the injector in April.
-Beam Alignment
Calorimetric measurements at the V-calorimeter showed a strong misalignment of the
Ion Source towards the left while the Gimbal was set at the nominal position. Beam
misalignment has two origins: one internal, due to grid misalignment, and one external, due to
mechanical misalignment of the Gimbal. The Gimbal misalignment is due to mechanical
tolerances in the Ion Source supports that result in the non-reproducibility of the Ion Source
alignment after disassembly and re-assembly from the Beam Box. Ion Source orientation and
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lateral displacement must therefore be measured with the Ion Source in place. The difficulty
lies in the poor accessibility and lack of free surfaces to install mechanical references. Two
utensils have been designed specifically for this purpose. The misalignment found was
opposite in sign to the existing asymmetry on the calorimeter. It is therefore concluded that
the present misalignment has internal origin. [Alignment#1_Meas] [Left-RightAssym#1]
b) Injector #2: Maintenance
-Beam Alignment
The utensils described above were used to measure the alignment of Ion Source #2 with
respect to the beam box. The results are summarized in [Alignment#2_Meas.pdf]
c) Ion source #1 and #2 (Laboratory)
-Filament fabrication (5 + ½ sets)
-Filament flange cleaning by mechanical means.
-Grid Cleaning tests: Citranox, sand paper (P1000, 3200 and 4000), silicone rubber and
rouge powder; using copper Cu-OF specimens and checking them at the optical microscope.
-Grid Leak repair trials with oxiacetylene brazing
-Extensive search and first contact with companies specialized in heat treatments and
brazing.
d) Cooling system #1 and #2
-New circuit set up at ambient temperature for use as calorimetric reference.
-Replacement of all the Ion Source’s flexible cooling tubes and connections.
-Calibration of all the injectors Flow-meters.
-Substitute the broken diaphragm pressure gauges/switches with flow switches based
on heat transfer.
e) Mechanical Drawings #1 and #2
-Ion Source mounting and Gimbal: drawings completed and properly filed
-Duct pieces: all drawings completed and properly filed
f) Control & Instrumentation system
-The control stage of the 40-years old Decel power supply of injector #2 was rebuilt. The
occasion was taken to replace with solid state components some of the thermo ionic valves for
which we had no spares and the new circuit, which is now mounted onto two plug-in cards, is
a lot easier to maintain. A recurrent oscillation problem was finally solved by adding
decoupling capacitors to the power supply tetrode filaments.
-NBI operational downtime was significantly reduced when an intermittent fault on the
HV Accel modulator deck of injector #2 was eventually traced down to a worn-out mechanical
water-cooling pressure switch. Consequently and for precaution all four pressure switches in
use in our system were replaced with electronic models.
-The injector #2's Arc power supply self triggering during grid breakdowns was solved by
replacing the old fibre link and optical to electrical converter with new ones. For good
measure the change was carried out on injector #1 as well.
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g) Power Supplies
-Modulator decks:
-a replacement Variac has been purchased. The Variac feeds the Accel tetrode
filaments and other critical equipment.
-Two units of the Accel tetrodes Ion Pump control modules have been purchased to
replace faulty ones
-Decel Power Supply:
-when the main tetrode breaks down it is sent to the manufacturer (CPI Econco) who
sends a rebuilt one as replacement
h) Titanium pumps
-wasted wires are replaced in pumps NR#2 and NL#2



NBI Upgrades

Control & Instrumentation system
-Two improvements were introduced to the user interface.
-The evaporation of the titanium pumps has become automatic and only requires one
operator to control the process of both injectors.
-Communication with the water cooling plant has been made more reliable and an
early warning system implemented allowing us to anticipate failures and to take the
appropriate actions.
-A Labview application has been developed to load traces from the DATAQ files and
compare them. This solftware is optimized for the calculation of the pumping speed for
vacuum pump system. It allows straightforward data export to excel for further data analysis.
-The Calorimeter Diagnostic has been made more efficient. A spare channel is used as a
reference and the system can now automatically discriminate bad calorimeter results from
good ones. The Labview calorimetry application has been upgraded to include on line
calculation of beam properties such as beam transmission and beam perveance.
- The prototype power supply for our so called fast ion gauge was upgraded with digital
regulators to help reduce the amount of power the module has to dissipate. The first
production power supply (UPS8) was assembled on site and installed as a diagnostic on
Injector #2 during the autumn experimental campaign. [UPS8]
-Pressure measurement at the duct of both injectors is now available thanks to the new
electronic modules UPS8 designed and built at home to feed a (universal) Fast Ion Gauge
probe. The diagnostic is now cross-calibrated allowing a direct comparison of the pressure at
both injectors.
-Direct monitoring of the titanium pump status is now installed at both injectors, making
use of a dedicated Ion Gauge probe with its corresponding UPS8 electronic module

3.5.2.3. Developments in TJ-II secure access during 2010
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In EFDA community, JET and RFX provides strong authentication mechanisms based on
SecurID infrastructure. In the case of JET, SecurID is required for external users to access to
some internal services, and this is the reason why JET has been distributing SecurID hardware
tokens over EFDA community researchers. In 2010, SecurID technology was integrated into TJII
security infrastructure. This work was presented in the 26th Symposium on Fusion Technology,
27th September – 1st October 2010, Porto (Portugal) [TJII_1] and has been published in Fusion
Engineering and Design [TJII_2]. The installed solution is fully compatible with JET and RFX
hardware tokens and provides, on one hand, a new authentication option for TJII and, on the
other hand, a real strong authentication (from the security point of view) to its users.
______________________
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4. EMERGING TECHNOLOGIES
4.1.
Development of material science and advanced
materials for DEMO
4.1.1. Functional materials
4.1.1.1. Radiation evaluation of silica glasses
The irradiation temperature effect on the UV absorption in different types of silica with
different impurities and OH content has been studied. The silica samples were irradiated at
200 ºC in a dry nitrogen atmosphere, in the Nayade 60Co gamma pool installation at CIEMAT.
The evolution with gamma dose, from 12 kGy up to 20 MGy, of the E´ defects was studied and
it was compared with the evolution for samples irradiated at 100 ºC and 30 ºC. The initial
growth rate of E´ defects increases more rapidly for higher temperature. KU1 high purity silica,
shows the most different behaviour with irradiation temperature. For this silica the ultraviolet
transmission is improved at 200 ºC. For other types of silica no improving in the transmission
was observed in irradiations at 200 ºC.

The photoluminescence (PL) emission around 1.9 eV (650 nm), excited from the
ultraviolet to vacuum ultraviolet, was investigated in neutron irradiated silica (at 1021 and 1022
n/m2 fluences) with different OH and impurity content: KU1 and KS-4V high purity silica and
Infrasil 301. The measurements were made at different temperatures from 300K to 10K. The
excitation source was a pulsed synchrotron radiation. The three irradiated silica grades show
similar excitation spectra shape, although the band intensities are different depending on silica
grade and temperature. Neutron irradiated KU1, with the highest OH content, shows the
highest PL red emission attributed to nonbridging oxygen hole centers (NBOHCs] The emission
intensity increase on decreasing temperature from 300 to 10K for the three types of silica
[SILICA_1].
Electron paramagnetic resonance (EPR) studies were carried out on neutron irradiated
(1022 n/m2 fluence) KU1 and KS-4V high purity silica. Oxygen-related centres (POR and NBOHC)
and E´ defects were analyzed and their thermal stability was also studied by heating the
samples in air up to 775 ºC. Two types of POR (peroxy radical) centers which show very
different thermal annealing were identified [SILICA_2].

4.1.1.2. Ion radiation evaluation of silica glasses
Three types of commercial silica (synthetic and natural origin) with different impurity
and OH content: Suprasil S312 (200 ppm) , S300 (<1 ppm) , and Infrasil 301 (< 8 ppm) that had
been have been previously deuterium implanted (50 keV and doses 1.5x1017, 3,5 x1017 and
5x1017 ions /cm2 ) were characterized by means of optical absorption measurements, from
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ultraviolet (6.5 eV) to infrared (2000 cm-1] In the three types of silica an increase of the optical
absorption in the ultraviolet and visible regions was measured at increasing implantation dose.
The change in the absorption detected in the infrared range is very small after deuterium
implantation.
The results of SEM-X ray analysis of implanted and unimplanted samples give a clear loss
of oxygen from the implanted surface. It had previously observed in other types of silica. The
observed optical degradation is associated to the oxygen loss. The implanted samples were
gamma irradiated up to 5 MGy at room temperature, the effect detected in the optical
absorption was due only to gamma irradiation.

4.1.1.3. Radiation induce electrical currents on insulator
surfaces
Severe electrical surface and optical degradation occurs when oxide insulator materials
are implanted to low doses (< 1020 ions/m2) with keV H and He ions at 50 to 450 ºC. The
mechanism giving rise to such surface degradation is the loss of oxygen from the vacuum
insulator surface region due to preferential radiolytic sputtering. Similarly in future fusion
devices such as ITER ceramic insulators and windows may also degrade, as they will be
bombarded by energetic H isotope and He ions due to ionization of the residual gas by gamma
radiation and acceleration by local electric fields. To monitor this potential danger
radioluminescence and particularly ionoluminescence have been used during 2010 to study
the material modification during irradiation. The experiments have been performed using the
CIEMAT 60 kV Danfisik ion implanter. Samples of alumina and sapphire have been irradiated
with 55 keV He+ ions. The samples of approximately 10x10x0.8 mm3 were cut and optically
polished, and mounted on a small oven in the CIEMAT Danfysik 60 kV ion implanter beam line
chamber. The system allows temperature control from about 20 to 600 ºC during implantation
in high vacuum (≈5x10-6 mbar] Two platinum electrodes separated by 1.5 mm were sputtered
onto the sample face to be implanted and DC surface electrical conductivity with a current
sensitivity of 10-11. A may be measured by applying 100 V between the electrodes. A new
experimental set up was mounted in order to measure ionoluminescence during implantation.
Then electrical surface conductivity and ionoluminescence will be measured simultaneously
during the implantation process. The evolution with dose of luminescence bands associated to
oxygen vacancies was correlated with the increase of surface electrical conductivity.

4.1.1.4. Characterization and radiation effects on Li silicates
spheres
During 2010 Lithium silicate (ortho and meta) were synthesized successfully.
The spray dry process followed by pysolysis has worked well for obtaining
lithiumorthosilicate (Li4SiO4] It has been obtained single-phase stable spheres of about 50
microns after heating at 750 ºC during four hours.
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The activity intends to continue along these lines is to increase the sphere size by
rotating the pebbles into a planetarium in a liquid medium using different organic additives
such Methocel.
Commercial lithium titanate powder was adquired for Granulation. The method
previously reported for the lithium silicates will be used in order to get the adequate shape
and size for the pebbles.
On the other hand, three during the year 2010 were carried out three campaigns of
implantation of H and He isotopes over different lithium ceramics by ion implantation.
H+ Implantation at 1.265 MeV and beam intensity between 90- 120 nA up to the dose of
1x10 H /cm2.
16

D Implantation at 50±0.2 keV, I=100±8 µA up to the dose of 1.5x1017 D2 /cm2 (equivalent
to 3x1017 D+ /cm2]
Analyses by different IBA techniques are being carrying out to study the behaviour of
the implanted ion in the “as implanted” samples and after different heat treatments.

4.1.2. Insulator materials for components development
4.1.2.1. Radiation resistant bolometer development
Bolometers will play an important role in the ITER diagnostic system designed to provide
information on the spatial distribution of the fusion power in the reactor vessel. They are
directly open to the plasma and therefore they will be exposed to a severe nuclear radiation
environment. Early tests have demonstrated that the JET-type bolometers with Au-meander
on a mica substrate may rapidly fail under neutron flux. Therefore a radiation-hard bolometer
design based on Pt-meander deposited on a ceramic substrate has been proposed
[BOLOMETER_1]. Initial tests on this prototype rad-hard bolometer also demonstrated the
need for a robust radiation-hard packaging [BOLOMETER_2], which would allow a detailed
post-irradiation examination (PIE) of a device strongly activated by neutron radiation.
This simplified bolometer type device which would enable in-reactor testing of more
radiation resistant substrates, meander materials, and electrical contacts, as well as facilitating
a simple PIE was considered necessary. The following report describes such a development
(Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostics Systems: Report
on Prototype resistive bolometer irradiation in gamma and neutron fields. SCK/CEN Final
Report TW6-IRRCER D9 (restricted) To be published in FED 2011)
In-reactor irradiation up to total fast neutron fluence of 0.8x1019 n/cm2, E>0.1MeV
(~0.01 dpa) have been performed of prototype radiation hard bolometers developed jointly by
the SCK-CEN and CIEMAT. This prototype bolometer has a 100 nm thick Pt meander deposited
on an alumina ceramic substrate. The technology of glass-filled binding posts to provide the
electrical connection between the thin Pt meander and the external wiring was used
[BOLOMETER_3] dedicated vacuum capsule was designed and fabricated in order to allow
irradiation at ~400 °C in vacuum with residual pressure less than 10-3 mbar. The desired
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temperature was obtained by balancing the energy income due to radiation heating and
thermal energy losses via radiation and conductive heat transfer. The resistance of the Pt
meander was measured in the course of 19 days irradiation in the BR2 material testing reactor
of the SCK•CEN. The prototype bolometer remained operational during the first half of the
irradiation cycle; then the electrical connection was lost. Visual post-irradiation inspection
showed that the binding posts remained attached to the substrate while a degradation of the
Pt-meander occurred and one of the Pt wires detached from the Pt ring due to probably a bad
laser weld.
A stable electrical contact between the delicate Pt-network of the ITER-relevant
prototype resistive bolometer and an external wiring remains an issue. The use of the binding
posts solves a part of the problem. However, the reliability of the welding of Pt-wires to Ptrings need to be improved. Also, the stability of the sputtered Pt-meander under high
temperature vacuum reactor radiation needs to be accurately assessed.

4.1.2.2. Mirrors radiation resistance
Prototype mirrors were prepared with the standard Pyrex substrate support being
replaced by high purity silica: KU1 and KS-4V to overcome the problem of activation by
neutron irradiation, of the Pyrex glass substrate due to the boron content. Boron has a large
low energy neutron capture cross-section and causes severe limitations for post irradiation
examination. The reflectivity of these prototypes mirrors from the ultraviolet to infrared was
examined, and showed high reflectivity before irradiation.
60

The mirrors were then gamma irradiated in the CIEMAT Co pool facility (Nayade) at 4
Gy/s and 170 ºC in a dry nitrogen atmosphere up to 10 MGy. Following irradiation, no
degradation in reflectivity was observed. These mirrors with SiO2 overcoated Al on high purity
quartz glass show a clear advantage over commercial UV-enhanced mirrors tested so far. The
mirrors were prepared to be irradiated in vacuum in BR1 (Mol) at 35 ºC to 1x1016 n/cm2, and
to examinate the reflectivity in a hot cell using a specially designed spectrometer system with a
remote integrating sphere to avoid radiation damage to the delicate spectrometer electronics.

4.1.2.3. Window assemblies and seals, radiation enhanced T
diffusion
Analysis corresponding to the experimental results on radiation enhanced diffusion on
window assemblies was carried out. No evidence was found for D2 or He diffusion through the
three window assemblies without irradiation, i.e. leak rates are at or below the detection limit
≈5 × 10−12 mbar l/s, even for windows left for > 24 h with D2 in the gas cell. But during
irradiation all three window assemblies give very similar results for the measured leak rate
(≈1 × 10−10 mbar l/s at 200 Gy/s) with no dependence on the gas cell content (D2, He, or
vacuum) indicating that we are not dealing with radiation enhanced diffusion through the
window, bonding, or housing. During the earlier work it was observed that irradiation of
stainless steel could give rise to high leak rates in the range 10−11 to 10−10 mbar l/s due to
radiation enhancement of both the normal out-gassing and also the hydrogen content of the
steel. Although the hydrogen content in standard austenitic steel is only about 1 ppm (w), even
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in the absence of radiation hydrogen out-gassing is the most significant factor in limiting outgassing rates to below 10−12 mbar l/s per cm2 in stainless steel vacuum systems. Furthermore
about 1 in 104 of the hydrogen is deuterium. If this is out-gassed, as well as the air and water
vapour, into the system during irradiation, it cannot be distinguished from D2 (or He) diffusion
through the sample window under test. Both the fused silica and crystal quartz windows are
housed in stainless steel which could give rise to such an out-gassing effect, and help to explain
the leak rate values measured being the same (9 × 10−11 mbar l/s] The silicon nitride window
however is housed in titanium. For grade 2 titanium the hydrogen content is ≤100 ppm (w),
considerably higher than that for steel, making it difficult to explain the almost equal leak rate
measured for this window (1 × 10−10 mbar l/s] The only common factor for the three window
assemblies is the Al diffusion bonding. It is possible that the hydrogen comes from the
aluminium used, that typically contains about 0.2 l H2 per 100 g Al, i.e. about 200 ppm (w]

4.1.3. Nanostructured ODS ferritic steels development (ODSFS Task
Agreement)
a) Results of Fe-14Cr-2W-0.3Ti-0.3Y2O3 model alloys produced by MA+HIP+TMT
The reduced activation the ferritic steel Fe-14Cr-2W-0.3Ti-0.3Y2O3 (wt %) (14YWTi) alloy
was prepared using the raw elemental powder by mechanical allowing following by HIP (Hop
Isostatic Pressing] After sintering, the proceeded ingot was forged at 1423K and tempered at
1023 K (air-cooled)
These powders were mechanically alloyed in a planetary ball mill in chrome steel vessels
under hydrogen atmosphere, using a ball to powder ratio of 10:1 and a rotation speed of 300
r.p.m. All the manipulation steps for loading and unloading the powder in the grinding vessels
were carried out under an Ar atmosphere inside a glove box. The particle size distribution of
the processed powder was obtained by a Laser Diffraction technique in a Mastersizer 2000
(MALVERN Instruments] The results show a refining of the particle size after milling, with a
mode value for particle size is ~ 23 μm.
X-Ray diffraction of the 14YWTi after sintering and the thermomechanical treatments
shows the presence of a single α-phase (bcc-ferrite) in the material. The lattice parameter in
the consolidated sample has been enlarged 0.32% and the crystallite sizes are double or triple
valued respect to the milled powder.
The microstructure of the 14YWTi was studied using optical microscopy, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive
spectroscopy (EDS) analyses, and X-ray diffraction (XRD) measurements. A homogeneous
phase distribution microstructure with a heterogeneous metallographic texture was observed
in the 14YWTi. The material present precipitates that are Cr and W enriched, and Ti and Cr
enriched compared to the matrix. These preliminary microestructural results have been
confirmed in the TEM analysis. The presence of a homogeneous distribution of nanosize,
bellow 50 nm, Y rich particles has been established.
Vickers hardness tests at room temperature were performed at room temperature. The
tensile properties of the 14YWTi alloy have been investigated in the temperature range 300973 K. The enhancement factor of the yield flow in the ODS alloy compared to the one in the
non-ODS alloy was of ~ 1.7 at room temperature against 2.6~3.0 at 873 K.

59

Asociacion EURATOM-CIEMAT para Fusión.- Annual Report 2010

b) Results of Fe-14Cr-0.3Y2O3 model alloys produced by MA+SPS
The model steels Fe-14Cr(14HS) and Fe-14Cr-0.3Y2O3 (wt %) (14YHS) have been
produced from raw elemental powder following the MA route described above and
subsequent sintering by SPS (Spark Plasma Sintering] The powder characteristics and the
microstructure of the final material have been characterized according to the procedure
performed in the study of the 14YWTi alloy.
The measured density for the Fe-14%Cr alloys is 99.6% the theoretical value, while it
decreases to 95.3% for the ODS material. The achieved density is lower that the full-dense
materials obtained by a HIP sintering. Vickers hardness measurements and Charpy tests were
performed after a thermal treatment of 1123 K during 1 hour in vacuum.
The results showed an inhomogeneous microstructure and a variation of the mechanical
properties from the center to the edge of the ingot.

4.1.3.1. Grain size and microstructure
nanostructured ODS steels

optimisation

of

4.1.4. Tungsten and Tungsten Alloys Development (WWALLOY
Task Agreement)
4.1.4.1. Brazing development
The main objective of this research is developed new high temperature braze alloys that
could be applied for joining of the tungsten tile-thimble structure which constitutes the armor
material of the He-cooled modular divertor. For it, alloy systems free of nickel and other high
activation metals were evaluated, firstly from a theoretical point of view looking for stable and
high temperature melting compositions, compatible both with temperature service of the
armor system of the divertor and with the local and metallurgical brazeability of the pure
tungsten. Starting from the results obtained by present author during the development of the
EFDA Work Programme 2008-09, titanium-iron system was chosen among others alternatives
(i.e Ti-Ci, Ni-Mn, etc.) because of the low activity of their constituents and the proper melting
ranges of some of the binary compositions, with values between 1100 and 1300 ºC.
The research started from theoretical study of the Ti-Fe, Ti-Fe-Cr and Ti-Fe-Si phase
diagrams which allowed to selected several binary and ternary compositions for potential
fillers. Experimental study consisted on a thermal characterization of the select titanium alloys
Differential Thermal Analysis (DTA) to determine melting and solidification ranges.
Microestructural characterization, using Scanning Electron Microscopy with X-ray
Microanalysis (SEM-EDX), of the as-casting compositions was also carried out to identify the
phases present after solidification and their evolution during cooling. After this study,
fabricability of the select titanium fillers was evaluated following three alternative routes:
vacuum melting, plasma melting and thermal spraying; microstructures of the filler
manufactured by those methods were also studied. Brazeability of pure W with the selected
titanium fillers was also evaluated; for it, high temperature brazing tests in vacuum furnace
were carried out at temperatures 25 and 50 ºC higher than the determined liquidus
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temperature for each composition. SEM-EDX characterization and mechanical testing
(microhardness profiles and shear tests) of the as-brazed joints were also carried out. The
experimental studies filler had the following binary compositions: 80Ti-20Fe, 54Ti-46Fe, 46Ti54Fe, 14Ti-86Fe (all composition are given in wt %] Beside some preliminary studies has been
carried out with one ternary composition (Ti-60Fe-24Cr]
In the case of 80Ti-20Fe, 54Ti-46Fe and 14Ti-86Fe, W-W brazing was possible working
with brazing temperatures in the range 1200 to 1350 ºC and brazing time of 10 minutes. In all
cases, the continuity reached at the interface was high. Some porosity was found in some
solidified fillers, but it was due to the presence of pores in the slices used as filler. Beside, in
some cases, additional brazing problems, associated to grain boundary liquefaction of W was
observed because Ti diffusion. Brazing conditions and joint design must be optimized to avoid
residual stresses that would produce cracking.
An alternative route for fabricating fillers using high velocity oxy-fuel thermal spraying
(HVOF) has been also explored, and joints with controlled Ti – Fe composition were developed.
This technique would allow the fabrication of joints with brittle fillers even in complex shape
joints such as the thimble-tile one.

4.1.4.2. W-V and W-Ti ODS alloys development
Laboratory batches of W-2Ti-1%La2O3, W-4Ti-1%La2O3, W-2%V-0.5%Y2O3 and W-4%V0.5%Y2O3(wt %) have been produced by mechanical alloying and subsequent consolidation by
hot isostatic pressing [MPP_1 , MPP_2]. The powders at each stage of the alloying process, and
the microstructure of the consolidated alloys, were analyzed.
The handling of the powders and the procedures of loading and unloading of the pots
were carried out under a high purity Ar atmosphere following the next pulvi-metallurgical (PM)
route: Blending of the starting powders, mechanical alloying of the powder blends for 20 h at
400 rpm in a planetary ball mill (WC lined pot with WC balls of  10 mm, as grinding media,
were used; the ball-powder ratio was 1.3:1), canning and degassing of the milled powder at
673 K for 24 h in vacuum, and sintering by hot isostatic pressing (HIP) for 2 h at 1573 K and 195
MPa.
The produced mechanical alloyed powders were characterized. The distribution of
particle sizes in the powders was measured by laser scattering in a Mastersizer 2000 analyzer
(Malvern Instruments] The powder morphology and contend of light impurities were
determined by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS)
analyses, X-ray diffraction (XRD) measurements and LECO analyzers [MPP_1 , MPP_2]
After sintering, the density of the consolidated alloys was measured in a He
ultrapycnometer [MPP_1]The table summarizes the experimental, ρexp, and theoretical, ρth,
density obtained from ecuation

th 

100  A  B c
(100  x  y )  B C  x  A C  y  A  B

for the different materials (ρA, ρB, and ρC density of pure phases W, V/Ti and Y2O3/La2O3]
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Alloy

ρth(g/cm3)

ρexp (g/cm3)

ρexp/ρth(%)

W-2V-0.5Y2O3

18.2094

17.830(4)

97.9(1)

W-4V-0.5Y2O3

17.4975

17.288(8)

98.8(1)

W-2Ti-1La2O3

17.6985

17.235(9)

97.4(1)

W-4Ti-1La2O3

16.6951

16.780(12)

100.5(1)

16.6951

16.722(6)

100.2(1)

W-4Ti
1La2O3(R)

-

The microstructure of the produced materials were studied using optical microscopy,
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) analyses, and X-ray
diffraction (XRD) measurements. The mechanical characteristics were explored by measuring
the Vickers microhardness. The tests were done at room temperature in a Microhardness
Tester (FM-100e) applying a load of 2.943 N for 20 s [MPP_3].
The microstructure of the produced materials corresponds to a fine dispersion of oxides
in a metallic matrix. The alloys with Ti/V showed the formation of large Ti and V pools. In
addition, these pools exhibit a topographic relief that could apparently be due to martensite
formation induced by the above internal stress and impurities retained in these pools. This
point has to be confirmed by TEM studies. The present SEM analyses, preliminary TEM
observations, and FE-SEM analyses indicate that the present alloys have a submicrometric
grain structure.
The mechanical behaviour of ODS and non-ODS W alloys was studied from ambient
temperature to 1273 K the research groups ESTRUMAT-UPM and ESTRUMAT-MNM/UC3M.
Strength and toughness were measured from three-point bend test in smooth and notched
prismatic bars [MPP_4].

4.1.4.3. Oxidation resistant W-alloys development
The objectives of this task during 2010 carried out by CEIT researchers were the
optimization of the mechanical alloying (MA) parameters in SPEX and planetary ball mill and of
HIP parameters to obtain a material with highest possible density and fine microstructure. The
powders after MA and samples after HIP should be characterized and sent to IPP Garching for
oxidation tests and thermal conductivity measurements. The long term goal is to identify the
optimum alloy composition for best oxidation resistance and acceptable physical properties as
armour material.
The results during 2010 can be summarized as follows: Different MA parameters were
studied in a SPEX mill (atmosphere, vial material, milling agent] Best results were achieved
when dry milling in WC vials under Ar atmosphere for 2 h. Under these conditions,
contamination from the vial was minimized. HIPing of these powders (1300 °C, 1 h, 200 MPa)
resulted in a densification > 97%. Different MA parameters were also studied in the planetary
mill: two BPR (5:1 and 2:1) and milling times up to 40 h. A good compromise was found to be a
BPR of 5:1 and 20 h MA because of the relatively low O and C contamination, large reduction
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of crystallite size and adequate powder geometry. HIP of the powders produced at the
planetary was performed at1 h, 200 MPa and 2 temperatures: 1300 and 1350 °C. Densification
 97% was obtained for both temperatures. A significantly finer microstructure was obtained
after HIP compared to the samples produced at the SPEX. No difference in the microstructure
was observed between samples from planetary HIPed at 1300 and 1350 °C, indicating that the
ODS-like phase is efficient in inhibiting grain growth. No complete phase homogenization was
achieved even at 1350 °C, indicating that a higher HIP temperature is still required. First
oxidation tests at IPP on preliminary samples mechanically alloyed at SPEX and HIPed at 1300
°C revealed lower oxidation rate than WCrSi thin films at 600 °C, similar rate at 800 °C, and
worse performance at 1000 °C. The oxide permeation barrier consisted in a Cr2WO6 layer,
unlike for thin films, where the oxidation barrier consists in Cr2O3. Large W grains at the
surface produce defects on the Cr2WO6 barrier layer and should be avoided by improving the
manufacturing method
Dissemination of results:
P. López-Ruiz, N.Ordás, C.García-Rosales, F. Koch, S. Lindig, “Desarrollo de aleaciones de
W-Cr-Si autopasivantes frente a la oxidación para aplicaciones de fusión nuclear”, Proceedings
of the 11th National Conference on Materials, 23-25 June 2010, Zaragoza (Spain] Oral
presentation. [W-alloys_1].
P. López-Ruiz, F. Koch, N. Ordás, S. Lindig, C. García-Rosales, “Manufacturing of selfpassivating W-Cr-Si alloys by mechanical alloying and HIP”, accepted for publication in Fusion
Engineering and Design. Presented as poster at the 26th Symposium of Fusion Technology, 26th
September-2nd October 2010 Porto, Portugal. [W-alloys_2].
The LMNM group of UCIIIM university has also carried out activities related to this task.
A loss-of-coolant accident (LOCA) in a He cooled reactor would lead to a temperature rise to
1000 K due to the nuclear decay heat of the first wall components. In such a case, the air
ingress into the reactor vessel would lead to the oxidation of non self passivating first wall
materials.
The W has advantages as Plasma Face Material (PFM) compares with other materials,
but under an oxidative atmosphere it forms highly volatile oxides, such as WO3. In order to
avoid the potential problem of the formation of highly volatile radioactive oxides, LOCA
scenario establishes the need to study the oxidation behaviour of the new developed W alloys
and to improve the oxidation resistance of W and W-alloys for its use as PFM for DEMO.
The oxidation resistance of W and W-0.6Y2O3 (wt. %) been investigated in the
temperature 873  1173 K. Both materials were prepared by a powder metallurgy (PM) route
involving mechanical alloying and consolidation by hot isostatic pressing. Thermogravimetric
measurements were conducted in dry air (dewpoint 213 K] Surfaces and cross-sections of the
oxidized specimens were studied by scanning electron microscopy (SEM] Mass gain curves
were ﬁtted to a power law of the form ΔW=ktn, where ΔW is the mass gain per unit area, k is
the oxidation rate constant, n is the rate exponent and t is the exposure time.
The results have been compared with those for pure W processed by conventional
techniques. Thermogravimetric tests at 873 K revealed that the oxidation resistance of PM-W
and W-0.6Y2O3 depends on their microstructures significantly. Mass gain of W-0.6Y2O3 at 873 K
was 5 and 2 times lower than those for pure W prepared by conventional processing
techniques and powder metallurgy, respectively. This different behaviour of the materials is
related to changes in the structure and composition of the oxide scale. Above 873 K, the
oxidation kinetics was significantly accelerated for all the materials due to the growing of a
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non-protective oxide scale in the earliest oxidation stages. However, the kinetics of Y2O3containing material was still the lower, especially at 973 K. The effect of the Y2O3 particles on
the oxidation mechanism has been determined.
The study of the oxidation resistance of W-Ti, W-Ti-Y2O3, W-V and W-V-Y2O3 in the
temperature range of 600-1200 ºC is still on process.

4.1.5. SiC materials
4.1.5.1. Electrical and microstructural properties
SiC based composites are candidate materials for possible use as structural materials,
and also as flow channel inserts in Li–Pb tritium breeding blanket modules in DEMO and future
fusion reactors. Electrical conductivity is one of the properties of particular interest of this
material for fusion applications. Previous studies for hot pressed (HP) SiC showed marked
changes in electrical conductivity and considerable loss of crystalline structure after 1.8 MeV
electron irradiation at 450 °C to 420 MGy. Such electrical and structural degradation has was
observed to occur not only for HP SiC but also for CVD SiC irradiated at moderate temperature
(≤650 °C. For irradiation between 290 and 650 °C the radiation damage in HP SiC did not
exhibit any noticeable temperature dependence. However SiC is foreseen to be used in future
fusion reactors at higher temperatures, between about 800 and 1000 °C. Hence the studies on
radiation induced degradation had to be extended to cover this range of temperatures. The
main aim of the work carried out during 2010 was to assess the radiation induced electrical
and microstructural changes for HP SiC irradiated at these more relevant higher temperatures.
Samples of HP SiC were electron irradiated at temperatures up to 900 °C, and over this wider
temperature range the modification of the bulk electrical conductivity, microstructure, and
crystallinity was studied [SIC_1]. Radiation induced microstructural and electrical degradation
was observed to occur in HP SiC after 1.8 MeV electron irradiation at high temperatures (≤900
°C) in the region where it is expected SiC materials will operate in future fusion reactors. The
modification of the material is less for the higher irradiation temperature indicating that above
about 800 °C the induced damage may be partly annealed during irradiation. The degradation
was observed to occur at 420 MGy but with essentially no displacement damage (6 × 10−5 dpa)
pointing to the importance of ionization in this material. The possible use of
radioluminescence as a characterization tool was highlighted [SIC_2].

4.2.

Materials modelling

4.2.1. Radiation Effects Modelling and Experimental Validation
(REMEV Task Agreement)
4.2.1.1. Ab-initio base kinetic MC modelling of He and
displacement accumulation
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The main objective of the task performed this year by M. J. Caturla, from the University
of Alicante, in collaboration with C. C. Fu from CEA-Saclay in France, was to develop an object
kinetic Monte Carlo model (okMC) based on information from density functional theory (DFT)
to predict the evolution of the damage produced in Fe including the effect Helium and the
presence of grain boundaries, as well as to extend the okMC model to study Fe-Cr alloys. This
model is being developed in preparation for the experiments being performed in Jannus both
with single and dual beams by the CRPP-EPFL and CEA-SRMP groups.
Using this okMC model, we have studied the initial stages of nucleation of He-Vacancy
complexes at grain boundaries in Fe and compared to the results expected in the bulk material
without grain boundaries. The energetics of the grain boundary are those for a 3 {112}(110)
in Fe as calculated by C. C. Fu. These simulations reveal that at low temperatures (100 K) He
segregates to grain boundaries where it could weaken the grain boundary affecting the
mechanical response of the material, but it can not nucleate He-vacancy clusters due to the
low migration energy of He at the grain boundary. At intermediate temperatures (300 K) Hevacancy nuclei are formed at the grain boundary and growth is expected to occur by addition
of new He atoms to these nuclei. At higher temperatures (600 K) He-vacancy clusters grow
rapidly by addition of new vacancies. These results provide a possible explanation for behavior
of Fe-based steels at low and high temperatures.
In collaboration with D. Terentyev, from SCK-CEN in Belgium, C. Ortiz, from CIEMAT in
Madrid, and L. Gámez and B. Gámez from the UPM in Madrid, we have studied the resistivity
recovery curve of diluted Fe-Cr alloys (below 1 at. % of Cr] The simulations reproduce and
explain the shift of the IE peak observed experimentally as Cr concentration increases. Two
important points come out from these calculations: the higher recombination between
vacancies and self-interstitials in the presence of Cr and the importance of the recombination
ratio used between self-interstitials and Cr to reproduce the experimental observations
[KMC_1].
Finally, during this year, and in collaboration with L. Malerba, from SCK-CEN in Belgium,
we have developed a new scheme to implement an object kinetic Monte Carlo for
concentrated alloys where Cr is not described explicitly in the simulations. This new
methodology is currently being implemented.

4.2.1.2. Rate theory modelling of He and displacement
accumulation
Simulation of Desorption of He from Fe:
Using a rate theory model our goal was to simulate a desorption experiment that was
recently carried out by Wirth's team on Fe monocrystal. In this experiment, the authors
implanted He at 5 keV in Fe and then annealed the samples with a ramp rate of 1 K/s. In order
to reproduce this experiment as close as possible, the implantation step was simulated taking
into account the implantation flux and the eventual diffusion of species at room temperature.
Indeed, at room temperature interstitial He, self-interstitials and even vacancies are already
mobile and could agglomerate and/or recombine. The damage corresponding to the 5 keV He
implantation was obtained using MARLOWE code, which is based on the binary collision
approximation. Simulation results show that after implantation, most He is at substitutional
sites and trapped in small Hen clusters. Simulations also indicate that most self-interstitials and
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vacancies are trapped in small clusters. These results evidence that it is essential to account for
the diffusion of mobile species during implantation.
Then, the He desorption from implanted Fe was simulated with a ramp rate of 1 K/s (as
in the experiment] Our model predicts similar desorption features as those observed in
experiments. For instance, our model successfully predicts the presence of a desorption stage
at T~400 K. A detail analysis of simulations indicates that this peak is due to the dissociation of
small He clusters created during implantation at room temperature. Our model also predicts
desorption stages at higher temperatures as in the experiments, one at T~700 K and one at
temperatures higher than 1200 K [RT_HE_1].
Influence of dislocation on He kinetics:
We also implemented in our rate theory model the interaction of He with dislocations
that could be present in samples. In particular, we studied the influence of dislocation density
and the binding energy He—dislocation on the He desorption from Fe. Our simulation results
show that the effect of dislocations should be measurable as they strongly affect He
desorption spectra. For instance, we expect to observe a difference in desorption spectra
between samples prepared with cold-rolling and pre-annealed samples.
Simulation of He permeation in Fe:
In order to reproduce permeation experiment of He in Fe and/or FeC, we implemented
in our rate theory model the different processes that take place at the surface. Namely, these
are adsorption, desorption, absorption and recombination. An estimate of the different energy
barriers that characterize the He at Fe surface, indicates that the barrier for He to penetrate Fe
from vacuum is relatively high, about 4.39 eV. Using this energy barrier at the surface we
simulated He permeation in typical experimental conditions. Our simulation results evidence
that a very low pressure should be expected at the backside, below experimental detection
limits, consistent with the high energy barrier at the surface [RT_HE_2] and in agreement with
experimental permeation measurements which show that He barely permeates through Fe.

4.2.1.3. Experiments for modelling validation: He desorption in
Fe and other model materials
Activities during this year were divided on two techniques, permeation and thermal
desorption. Preparation of samples and comparison with simulation codes were made at
Ciemat and gas measurements were carried out at University of Basque Country (UPV] Main
results can be summarized as follow:
Permeation: technique is working without problems and measurements have been
performed on the model FeCr alloys samples provided by EFDA as part of a European roundrobin experimental WP. Isothermal experiments have been done, being temperature increased
from 150 to 550 ºC. First attempts to measure He permeation were unsuccessful and
simulation results corroborated the negligible permeation of He trough FeCr alloys. Therefore
experiments were mainly done for H permeation.
Samples measured up to now are shown in the following table:
alloy
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[mm]
(a) Fe

10.9

0.57

0.4249

(b) Fe C (50 ppm)

10.9

0.18

0.1226

(e) Fe 5%Cr

10.9

0.88

0.5211

(f) Fe 10%Cr

10.9

1.30

0.8987

(g) Fe 14%Cr

10.9

1.30

0.7914

(h) Fe 10%Cr C

14.0

1.01

1.3270

Comparing pure Fe with samples 5%, 10% and 14%Cr respectively, the effect of Cr
content on the permeation of H is clearly a reduction of permeation with Cr content (at all
tested temperatures] Although different, the activation energy does not change very much. In
contrast, C has an enhancing effect on H permeation comparing pure Fe and C doped Fe.
Results have been presented at two EFDA monitoring meetings in MATREMEVhelped to
improve the setup.

4.2.1.4. Experiments for modelling validation: Resistivity
measurements
This is collaboration between CIEMAT and CMAM (Universidad Autónoma de Madrid]
The final purpose is to be able to monitor the creation of Frenkel pairs during ion irradiation
and their annihilation following thermal step annealing. The main activity has been the testing
of the equipment that still had some problems with the minimum temperature achieved on
the sample, especially during irradiation. Several changes were done and the main conclusion
has been that experiments should be carried out using liquid He instead of liquid nitrogen.
Both the set-up and the CMAM beam line have been adapted to work with liquid He. Although
several experiments were done irradiating pure iron samples with H+ ions, the data are still
too preliminary in terms of increment with dose due to the relatively high irradiation
temperature. It is important to keep it below 50 K approximately, to assure that there is no
significant annealing of defects during the several hours required for the total irradiation. It is
expected that with these changes we will finally obtain reliable results.
Concerning sample preparation, cutting has been adapted to electro-erosion and a new
spot welding machine has been used to attach the thermocouple to the sample.
These results were presented to EFDA monitoring meetings in MATREMEV WP
framework.

4.2.2. Modelling of insulator and functional materials
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4.2.2.1. H in diamond
In this task the main goals are the characterization of H in diamond lattice and its
interaction with native defects. First, we need to identify sites that H can occupy and its
aggregation. Molecular dynamics has been applied to understand these locations and even
extended to try to calculate the IR vibrations in order to compare with experimental results.
Final results will be sent this year for publication.
In a second approach a dynamical study is needed. It is also divided in two sub-tasks: a)
lattice dynamics in pure diamond and b) the effect of H ions in vacancy and interstitial
diffusion and aggregation. During this year we completed the calculation of Frenkel pairs
formation in diamond at low energies, calculating the displacement energies in several
crystallographic directions. It is an important parameter to use in Binary Collision
Approximation codes, used for long term irradiation. Results have been sent this year for
publication.

4.2.2.2. Rate theory modelling of aluminium oxide defects
accumulation
A model for diffusion of defects in aluminium oxide has been implemented using the
partial differential equation solver PROMIS. The defects treated at this moment are the
following: aluminium interstitials and vacancies, oxygen interstitials and vacancies (the so
called F centers), F+ centers, electrons, and F2 and F3 clusters. This model was implemented
with and without an applied external electric field of 200 kV/m, in order to reproduce
experiments that were carried out at CIEMAT. However, some fundamental parameters of our
model are still unknown, such as the formation and migration energies of some defects. In
order to obtain them, ab initio calculations of intrinsic point defects in aluminium oxide were
performed by means of the SIESTA code. For instance, for the formation energy of F2 and F3
clusters we obtained values of 14.99 eV and 22.14 eV, respectively. These quantities are
essential as they will allow to extrapolate the formation energies of larger F clusters, which are
believed to be responsible for the well-known Radiation Induced Electrical Degradation (RIED)
of Al2O3.
In order to test our model, the evolution of F and F+ centres in Al2O3 under electron
irradiation was simulated in a wide range of temperatures, from 323 K to 573 K. The time
simulated was 4 hours for a radiation flux of 1 µA/cm². In the case without electric field, we
obtain an asymptotic behaviour with irradiation time for the content of F+ centres. This is in
agreement with radioluminescence spectrums that were obtained at CIEMAT. With respect to
F centres, our simulation results evidence a decrease in their concentration with increasing
temperature. This behaviour is also observed in optical density spectrums at different
temperatures. We have also reproduced the peak height in optical density for F centres in the
range of temperatures specified above.

4.2.3. Radiation effects code improvement and development
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4.2.3.1. Codes for activation and radiation source evaluation
using accelerator ion sources
Transport calculation, radiation source and activation:
The MCNPX code could be adequate for the ion transport and for the secondary particle
production and transport. However for ions, this code can only use built-in model for ion
nuclear interaction (except for incident proton, in this case the code can also use evaluated
nuclear data libraries] It has been proved [CODES_1] that for incident ions at low energy these
models are not reliable and given sometimes unphysical results.
To overcome this drawback, the MCUNED code has been developed [CODES_2] This
code is an MCNPX extension which allows handle evaluated nuclear data library for light ions
(deuteron, triton, helion, alpha] This capacity has the advantage to use more reliable data for
light ions induced nuclear reaction in the transport calculation and as consequence give a
better estimation of the induced radiation source. The recently-released deuteron Talys-based
Evaluated Nuclear Data Library, TENDL-2010, is considered a good starting point in the road to
achieve deuteron data files of enough quality for deuteron and other light-ion transport
problems in accelerator radioprotection and safety studies. The applicability of MCUNEDTENDL in the frame of the EVEDA-IFMIF accelerator prototype project has been discussed
[CODES_3] and proved its good performance.
The MCUNED code includes another features respect to MCNPX which allows the
reduction of the computing time when ions are source particles. This variance reduction
technique can reduce the computing time about a factor 100 to 10000 respect to a MCNPX
calculation (both simulation results having the same statistical error]
In regards with the activation code ACAB, the original capabilities to deal with neutron,
proton and deuteron activation has been extended to include the capability to deal with alpha
and gamma induced activation.

4.2.3.2. Methodology for PKA evaluation
Present pathway to fusion reactors includes a rigorous material testing program. To
reach this objective, irradiation facilities must produce the displacement damage per atom
(dpa), primary knock-on atom (PKA) spectrum and gaseous elements by transmutation
reactions (He, H) as closely as possible to the ones expected in the future fusion reactors (as
DEMO]
The irradiation parameters (PKA spectra and damage function) of some candidate
materials for fusion reactors (Al2O3, SiC and Fe) have been studied and then, the suitability of
some proposed experimental facilities, such as IFMIF and TechnoFusión, to perform relevant
tests with these materials has been assessed.
The following method has been applied: The following method has been applied:
neutron fluxes present in different irradiation modules of IFMIF have been calculated by the
neutron transport McDeLicious code. In parallel, the energy differential cross sections of PKA
have been calculated by using the NJOY code. After that, to evaluate the fraction of Frenkel
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pairs generated by PKA with energy T, Nd(T), the Marlowe code was used. Marlowe is a
displacement damage simulations code based on the Binary Collision Approximation (BCA] The
BCA is well-established in the sense that a huge amount of results illustrates its capabilities and
limitations. We have modified and extended the Marlowe code to improve the slowing down
of ions at high and low energies. The damage calculation is estimated considering some
recombination, applying a radius of capture for close Frenkel pairs.
Finally, to analyze the ions effects in different irradiation conditions in the TechnoFusión
irradiation area, the SRIM and Marlowe codes have been used. The results have been
compared with the expected ones for a DEMO HCLL reactor.
This method has been applied to three typical but quite different candidate materials for
fusion applications.
In the case of iron, as model for structural applications, we conclude that beside their
differences, IFMIF and TechnoFusión are good candidates to study the iron alloys and steels.
The validity range of the irradiations extends from the first wall to the back of the breeder,
therefore covering the most significant areas.
TechnoFusión facility would be a good surrogate for alumina and SiC irradiation when
these materials are located in DEMO breeder zone and behind it. As many applications of
alumina (and similar insulators) are located in these regions and present use of SiC as
functional material is inside the liquid breeder zone, these results are very positive.
On the contrary, present design of IFMIF of LBVM still gives a damage function with a
quite high mean PKA energy (and maximum) for these two materials and expected positions.
Modifications are under study to adapt the neutron spectrum. [PKA_1].

4.2.3.3. Parallelization of MARLOWE code for calculation of
damage in irradiated materials
MARLOWE is a code based on the binary collision approximation that allows calculating
displacements of atoms in materials under irradiation. By definition it is much faster than
Molecular Dynamics and is not limited by the size of the simulation box, therefore allowing to
explore much higher energy conditions. However, depending on the ratio m/M and the initial
kinetic energy of the projectile, the number of displacements could be very large. Since
irradiation is a stochastic process by definition, the number of defects and the morphology of a
cascade can strongly vary from one cascade to another. For these reasons, it is desirable to run
enough cases in order to obtain a good statistics. In general, about 100000 cascades must be
calculated, which can be very CPU demanding.
In order to speed up the calculations, we parallelized MARLOWE using the Message
Passage Interface (MPI) protocol. Our strategy consists in launching N independent MARLOWE
simulations on N processors and gathers all the simulation results into a unique result. This
option implies a minimum of communication between processors since each simulation is
independent from the others. In order to launch N independent MARLOWE simulations, we
modified the core of the code so that each processor starts with a different seed for the
random number generator. This was achieved by using the id_rank of each processor and the
LeapFrogg algorithm. Finally, the desired results are obtained by gathering results from all
processors with common MPI instructions. As an example, we simulated the implantation of D,
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T and He in W at 1 keV, which are irradiation conditions similar to those expected for the
divertor exposed to the plasma. The simulations were launched on 64 processors, each
processor calculating 10000 cascades. The final result, corresponding to a total of 640000
cascades, was obtained in only 5 s. We also studied the implantation of H and He in Fe for an
implantation energy of 2 keV using 80 processors. With this parallelization strategy, it was
possible to obtain 32 millions of cascades in only about 25 min. As we can see, with the parallel
version of MARLOWE, a very good statistics can be obtained in very short CPU times.
The scaling factor obtained with this strategy is nearly linear with the number of
processors since there is no communication between processors during calculations. Hence, an
important gain in the CPU time and statistics has been obtained with this parallelization
method. Undoubtedly, this will greatly help in the investigation of damage formation in
materials under irradiation, such as those in fusion reactors. This work was carried out within
the High-Level Support Team of the HPC-FF from Jülich.

4.3.

RAMI and Remote handling

4.3.1. RAMI design guidelines for fusion facilities
4.3.1.1. Definition of needs for a general RH test facility for
Diagnostic port plugs
Completion of the definition of a Test Facility for the test and validation of the Transfer
Cask System (TCS) of ITER has been carried out as a parallel activity for the definition of RH
Test Facility for Diagnostic Port Plugs. The specification of the crane(s), viewing and
illumination system, fixed structures, monitoring and sensor devices, and control system,
lightweigh modules, safety and cost has been developed. The report is included in the F4E
global report: "Activities Related To the Development of an Air Transfer System Prototype and
Cask Transfer System Virtual Mock-Up"; F4E-2008-GRT-016 (MS-RH) Deliverable DLM.4;
October 2010 "

_______________________
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5. TRAINING AND CAREER DEVELOPMENT
5.1.

Collective training of young engineers and scientists

5.1.1. Educational activities
Participation on ERASMUS MUNDUS Master and CSA/ FUSENET activities.
Development of web FusionWiki (http://www-fusion.ciemat.es/fusionwiki/)
Participation on Fusion Technology in the Remote Handling Master of the UPM
Participation on Fusion Technology in the Extreme Materials Master of the Carlos III
University
Fusion in the MINA Master

5.1.2. Fusion training: Microwaves
5.1.2.1. Training programme on microwave diagnostics for
ITER.
The 2010 period was from 15th to 22nd month of the 22 months of training.
The trainee participated in the operation and exploitation of the TJ-II microwave
diagnostics, mainly the AM and Doppler reflectometers, and also interferometry and ECE.
Exploitation of the conventional reflectometer data recorder during 2008: the trainee
performed a detailed analysis of MHD instabilities measured using several TJ-II diagnostics,
conventional reflectometer, Mirnov coils arrays, etc, to infer their radial localization, rotation
velocity and mode number and their impact on energy and particle confinement. To this end,
he participated in the development of data mining tools within the Coordinated Working
Group for Confinement Studies in Stellarators.
Following the optimization procedure used in the present Doppler reflectometry system
(chocked-corrugated antenna + ellipsoidal mirror, perpendicularly alignment to the magnetic
field, etc.), the trainee developed the tools required for the design of the front-end of the new
Doppler reflectometer, taking into account the three dimensional magnetic field, plasma
geometry and vacuum chamber ports constrains.
Supervised by Dr. M. Hirsch the trainee visited IPP-Greifswald for a two months period.
The trainee became familiar with the Project Diagnostics for Wendelstein 7-X. Main topic
during the two months was microwave stray radiation which results from non-absorbed
Electron Cyclotron Heating (ECRH) and current drive (ECCD) beams and may lead to severe
impact on microwave absorbing in-vessel components. During the training he actively
participated in operation and data evaluation at the MIcrowave STray RAdiation Launch
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facility, MISTRAL. He developed and tested graphite bolometers as microwave detectors and
used these tools for a characterization of the power flux density distribution in MISTRAL as
well as in an attached W7-X port. Moreover the power load to thermocoax cables and bellows
were studied. He developed data evaluation software, documented the results as a part of the
MISTRAL project [RSI_König_2010].

5.1.3. Fusion training in Breeding Blankets
Activity within the EFDA goal oriented training programme, in collaboration with IPPGarching, KIT- Karlsruhe, and CEA_Cadarache
EFDA GOT for Breeding Blankets (EUROBREED)
EFDA GOT for Remote Handling
EFDA GOT for IR / Visible

5.1.4. Fusion Technology Summer School
The 2010 TechnoFusión summer school entitled "TechnoFusión como gran Instalación
Científica Nacional" was held during the 7th and the 8th of July 2010 at the UPM summer site
in La Granja, Segovia, Spain. This school is framed on the formation and outreach activities of
the ICTS TechnoFusión, which are being one of the main topics during the last two years. The
school Direction is driven by Prof. Dr. M. Perlado (Instituto de Fusión Nuclear, UPM) while the
Secretary is due to Dr. María González (LNF-CIEMAT). According to the agenda, on Wednesday
the 7th the conference will be focussed on a general introductory lectures, whereas Thursday
the 8th will be dedicated to the description and objectives of the seven technical areas of
TechnoFusión and the afternoon round table, as the conclusion of the school. Fifteen of the
best known scientists related with several Fusion development fields participated as speakers.
More than 25 students attended the summer school, who stressed the interest of most of the
conferences.

5.2.

Career development fellowship

5.2.1. Training in design of fusion components
Mechanical and electromagnetic calculations with FE commercial tools
________________________
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6. OTHER ACTIVITIES CONTRIBUTING TO THE EURATOM
FUSION PROGRAMME
6.1.

Public Informations

Continue with Ibercivis Project, which develops a desk top grid based on citizen PCs

6.2.

Technology transfer

Fusion Technology Platform, driven by CIEMAT

6.3.

Socioeconomics Studies for Fusion

6.3.1. EFDA Times Model
6.3.1.1. New modelling approach for intermittent renewable
sources (WP10-SER-ETM-4)
This project included the following tasks.
Review of technical solutions which are feasible to reach very high penetrations of
renewable energies. Cost analysis of extra infrastructure. Review of the state of the art and
future evolution of storage technologies for renewable energy sources with special focus on
concentrating solar thermal technologies
Implementation of the new approach and inclusion of renewable technologies with
energy storage in EFDA TIMES
Designs of new scenarios
CIEMAT has participated in all the subtasks, first carrying out an analysis of the state of
the storage technologies through a deep search on public available reports. Data on costs and
costs evolution of solar thermal power plants has also been gathered. Then most reliable data
has been selected to update CSP technology in the model database. ETM has been
implemented with the new data on energy storage for renewable technologies and some
preliminary results have been obtained.
A report, including the literature review, the new technology added in the SubRes of the
model and some test results, has been produced
Reference:
WP10-SER-ETM-4 Draft December 2010.
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6.3.1.2. New transport fuel alternatives (WP10-SER-ETM-6)
This project included the following tasks.
Identification of current and future best available technologies for road passengers and
freight transportation
Economics, technical and environmental data gathering on those technologies
Introduction in EFDA-TIMES
Scenario calculations
CIEMAT has participated in all the subtasks. The work focused, in a first approach, on
biofuels as new fuel alternatives. Economic, technical and environmental data on bioethanol,
biodiesel and biomethanol has been gathered. Then, from this data, existing biofuels in the
model have been updated and new biofuels have been included.
Also hybrid electric cars, with gasoline and with diesel, have been added to the transport
technologies portfolio of the model. Some results from test runs have been obtained.
A report, including the description of the updated and new biofuels and new hybrid cars
introduction with the corresponding data, some test results and conclusions, has been
produced (Ref WP10-SER-ETM-6 Draft January 2010).
Finally, CIEMAT continued collaborating with the other teams of EFDA and attending the
working sessions in Garching.

6.3.2. Sociological Research on Fusion:
Communication and Integrated Framework

Awareness

&

6.3.2.1. Pilot multi-method study to explore evaluation options
for the Fusion Expo travelling exhibition (WP10-SER-ACIF-4xx-05/CIEMAT)
Fusion Expo is a travelling exhibition owned by the EU/EFDA, which provides a learning
and public information resource about (nuclear) fusion power in Europe. Since the exhibition
was first designed, a considerable volume of research-based evidence on public understanding
of, and reasoning about, fusion power has been assembled by EFDA-SERF. In the light of these
research developments, Ciemat & Cardiff University proposed work to examine the relative
effectiveness of different approaches to evaluating the exhibition. To do so a pilot multimethod evaluation of the effectiveness of the Fusion Expo was carried out in Spain during the
period March-April 2010 when the exhibition was hosted by the Catalan Museum of Science
and Technology (Terrasa, Barcelona). The multi-method evaluation combined both
participative (short questionnaire, free drawing, photo diary and focus groups), and
observational methods (video recording, observation and thermographs). A detailed analysis
of the corpus of data was carried out to assess both the effectiveness of the exhibition, and of
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the range of methods used in the evaluation exercise. A Draft Final Report of this Task was
sent to EFDA in December 2010.

6.3.2.2. Integrated sustainability assessment of energy
systems including the fusion option: Evaluative study (WP10SER-ACIF-2-xx-02/CIEMAT)
The ISAF project leaded by SCK-CEN aims to build a platform for a sustainable energy
policy discourse, engaging decision makers and researchers related to fusion energy and to
other energy technologies. To this end, a Reflection Group on Sustainable Development was
run in Brussels in November 2010. This pilot stakeholders’ involvement exercise, brought
together researchers, civil society representatives and policy makers related to
energy/environment fields, with the aim to inquire different understandings of the concept of
sustainability and the usability of these different perceptions in the context of energy
governance.
The Ciemat-Cardiff University contribution to the ISAF project focussed on the
evaluation of this pilot engagement exercise from the point of view of ISAF objectives. Thus,
the workshop was evaluated as a deliberative process, as a consultation exercise, and as
agenda-setting exercise. Two data collection methods were applied. First, an observational
protocol to evaluate a deliberative process that provided qualitative data (from verbatim
quotations, observers’ notes and group dynamics) during formal sessions and informal
activities. Second, an evaluation questionnaire that offered a quantitative picture of the
general satisfaction with the workshop. It was delivered to participants at the end of the
session. A Draft Short Report of this Task was sent to EFDA in December 2010.

6.4.

Activities related to the Broader Approach

6.4.1.

IFMIF/EVEDA Project

6.4.1.1. Accelerator Facilities: RF system
The main aim of the Radiofrequency Power System (RF Power System) is to provide the
required RF power to the IFMIF/EVEDA Accelerator Prototype which will be installed in
Rokkasho, Japan [RF_1] Through its design, manufacturing and operation, the second aim is to
validate its concept to be applied for the future IFMIF accelerator.
Description of the work performed in 2010:
- The LLRF capabilities have been extended and the Prototype LLRF manufacturing has
been completed at ALBA-CELLS facilities. The communications between LLRF and Central
Control System based on EPICS has been developed and at the end of the year more than the
half of the signals can be read from an EPICS environment.
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- Circulators: The design of the 250 kW circulator was developed by AFT Microwave
(Germany]
- RF Module platforms: Simulations have been done in ANSYS of a spatial structure with
the dimensions and weights of the main platform of the RF Module, resulting in the need of
reinforcing the structure. The redesign has been done avoiding dangerous resonances. The air
and water cooling circuits of the platforms has been completely defined, including pressure
regulators, filters, flow rate sensors and pipes.
- The Module Control System is based on a Simatic S7 PLC which will monitor and control
all physical parameters within each RF Module. Moreover, this PLC will communicate with the
RF Local Control System through an OPC server. All the interfaces between each PLC and all
the subsystems have been identified.
- Air Cooling System: Three different options have been studied during 2010: centralized
(in the shelter or in the RF Area) and distributed. The distributed solution has been finally
selected based on one 11kW blower per each RF Module.
- Auxiliary Power Supplies: A study of the different commercial power supplies was done
during 2010, finally TDK-Lambda power supplies have been chosen. Except one power supply,
all the auxiliary PS for the Prototype RF Chain have been delivered at Ciemat at the end of
2010.
- Tetrodes Protection System: The aim of this system is to guarantee the safety and
correct operation conditions of the tetrodes. The preliminary design has been developed in
2010.
- 400kW HVPS: The manufacturing contracts of two HVPS with different technologies
have been awarded in December 2010. One is based on commercial TDK-Lambda power
supply with some modifications in order to fulfill the most important requirements. This PS will
be used for the first tests with the RF proto-chain. The second HVPS is being designed by
GreenPower Technologies (Spain]

6.4.1.2. Accelerator Facilities: Beam Dump & HEBT
The preliminary design of the HEBT Line was presented at the HEBT and MEBT Lines
preliminary Design Review held on January 2010 [BD1, BD2]. As a result of the review new
beam dynamics studies were launched to confirm the chosen option of steerers coils nested
the quadrupoles coils (analysis of the sextupole component and of the quadrupole-steering
cross-talk) and to study the effect of the location and real accuracy of beam position monitors
[BD3]. Occasional situations like magnet failure and beam tuning have also been studied.
Additionally a layout revision has been performed taking into account the latest
changes: the additional shield wall, the lead shutter preliminary design, new beam position
monitor locations and the last changes in the diagnostic plate. This revision is important as a
basis to clarify space availability and interfaces with beam instrumentation and vacuum
elements.
During 2010 the preliminary design of the local shield has been changed substantially.
The new local shield, [BD4, BD5], which includes a 25 cm thick iron layer, limits beam-on dose
rates outside the accelerator vault to values below the applicable legal limits and allows handson maintenance in most of the accelerator vault. It has been shown that no shielding ceiling is
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necessary in the beam dump cell. An additional room surrounding the last part of the HEBT
line after the last quadrupole with 20 cm concrete walls has been proposed with the double
objective of collimating the unshielded neutron stream from the beam dump and of separating
a small higher dose rate area from the rest of the vault where unrestricted hands-on
maintenance is possible.
Some changes were also introduced in the beam dump cartridge design (stiffening ring
and cylindrical scraper have been eliminated] The detailed design of the cartridge and that of
the local shield have progressed significantly and will be finished in 2011. The installation
strategy has been defined. Detailed simulations of the cooling system have been performed to
make design choices [BD6].
To demonstrate the feasibility of inner cone manufacturing by electrodeposition and to
define in detail the manufacturing procedure a 1500 mm cone prototype is being
manufactured and several test samples have been produced [BD7]. Experimental
determinations of mechanical properties of electrodeposited copper have been performed
and the possible joint by electrodeposition of different parts has been characterized. Chemical
composition determinations have been also done. Activation analysis shows that the observed
impurities are not relevant. One of the issues that must be clarified is the type of core to be
used for the electrodeposition process. Small copper cones have been produced using
different cores, and their internal surface composition and finishing have been analyzed. A
prototype of the tip has been manufactured as well to gain experience and knowledge on the
achievable radius at the tip.
A 1:1 scale cartridge is being manufactured and will be used for checking the water flow
performance (pressure loss, vibrations) and for testing the instrumentation (hydrophones] The
cone and shroud of this prototype, which require strict tolerances at the cooling channel
surfaces, will be made of several pieces joined by electron beam welding. The tip support can
be dismountable so that different designs can be tested if needed.

6.4.1.3. Accelerator Facilities: Diagnostics
A Preliminary Design Review for the IFMIF-EVEDA Beam Instrumentation (BI-PDR) was
held in CEA-Saclay (May 2010] An international team of experts in the beam instrumentation
accelerator field was invited to evaluate the preliminary designs of the beam instrumentation
devoted to the characterization of the main beam parameters of the IFMIF-EVEDA accelerator
[DIAGS_1].
During 2010, extensive work including design, prototype fabrication and tests has been
done for FPMs and BPMs as well as a first preliminary design of the slits.
(I) Beam Transverse Profile Monitors (FPMs) based on Fluorescence:
Two different prototypes of non interceptive beam profile monitors have been
designed, one based on a photomultiplier array (PMT) and another based on a custom
intensified charge injection device (CID) camera.
Both prototypes have been tested at CNA-Sevilla using 9 MeV deuterons and 18 MeV
protons. Two tests campaigns were performed at CNA during 2010, from 3-7 May and from 1-4
June. The profiles measured by each prototype have been compared with a rotating wirescanner and a good agreement between them was found. Some challenge points were
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checked during the beam tests. i.e. ability to measure big beam sizes (FWHM~24 mm) of a
continuous deuteron beam, calibration procedure in the experimental hall, measurements
under high gamma doses (up to 80 mSv/h) and neutrons (15 mSv/h for neutrons), beam
current and pressure scans, profile intensity linearity checked for both parameters with
FWHMs remaining constant along both scans. Extrapolation to IFMIF-EVEDA (using 9 MeV
deuteron data) and the final IFMIF (using 18 MeV proton data) demonstrating the ability to
perform such measurements. The main results were presented as invited talk at 46 th ICFA
Advances Beam Dynamics Workshop on High-Intensity and High Brightness Hadron Beams
(HB2010) [BI_1] and the 3rd IFMIF Workshop [BI_2].
(II) Beam Position and Phase Monitors (BPMs)
Up to 20 beam position monitors will be installed in the IFMIF-EVEDA accelerator
distributed between different subsystems i.e. 4 inside the MEBT, 8 inside the SRF linac and 8
inside the HEBT. Because of each subsystem idiosyncrasies, different types of BPMs have been
chosen for each one, e.g. capacitives for the MEBT, cryogenic for the SRF, and striplines and
capacitives for different locations along the HEBT.
Mechanical designs and EM optimizations have been performed for every BPM together
with a wire test bench to validate all the IFMIF-EVEDA BPMs. Cryogenic buttons have been
already manufactured and tested at CERN and in the CIEMAT test bench. Moreover, the
electronics acquisition is being developed by the ESS Bilbao team. Several prototypes have
been tested and compared based on IQ demodulators and log amplifiers. Better performances
are found with the log amplifiers. A prototype was constructed and tested during the January
2011 using the CIEMAT test bench and cryo-BPMs with promising results. The main results
were presented at the 3rd IFMIF Workshop [BI_2].
(III) Slits for Emittance and E. Spread measurements
A preliminary conceptual design of the slits that will be used for emittance and energy
spread interceptive measurements was presented in the Beam Instrumentation Preliminary
Design Review.

6.4.1.4. Accelerator Facilities: SRF & MEBT
Contribution to the Superconducting RF Linac (SRF] An optimization has been performed
to obtain the required integrated field while minimizing the fringe field at the cavity flange and
the working point of the superconducting wire on the load line. An active shielding, using an
anti-solenoid, is chosen to decrease the fringe field at the cavity entrance. Round NbTi wire
will be used, assuming the theoretical filling factor (90.7%] The final configuration selected for
the steerers is a pair of racetrack coils connected in series (see Figure 3] Field quality is modest
but acceptable for a corrector. The wire will be the same used for the outer solenoid. The
helium vessel will be fabricated in stainless steel. The Cold Beam Position Monitor (CBPM)
body is part of the vessel endplate to save space and guarantee a good alignment with the
magnetic axis. A poster has been presented in the conference IPAC 2010, held in Kyoto
(February 2010][SRF_1] [SRF_2].
The design of the vapor-cooled current leads has been started. There are several
alternatives under study, but the most promising one is with slotted bars, to increase the heat
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transfer surface between the helium and the current lead. Glass fiber composite will be used
as support and insulation in this configuration.
The selection of the power supplies for the main solenoid and the steerers has been also
started. Two suppliers have been selected as main candidates. The first version of the drawings
of the helium vessel and the assembly method, where all the coils are mounted, has been
already produced.
Solenoid package manufacturing: the main solenoid has been wound with
superconducting wire. Everything, including manufacturing of the tooling, is prepared to
wound the outer solenoid and the coils of the steerers.
Medium Energy Beam Transport Line (MEBT] A Preliminary Design Review was held
together with the HEBT at the beginning of the year [MEBT_1, MEBT_2, MEBT_3, MEBT_4,
MEBT_5, MEBT_6, MEBT_7, MEBT_8]. Thereafter, the main work has been focused in
following the recommendations of the PDR committee and review the design according to the
new beam dynamics issued during the mid of the year. The new beam dynamics has relaxed
the requirements for the buncher E0LT and swapped the previous doublet-triplet
configuration, to a triplet-doublet configuration. This has added some delay to the planned
activities, like the design of bunchers, magnets and interfaces.
Several new structures were simulated for the bunchers and a feasible solution was
finally obtained for the new specifications. The coupler and tuner were also
electromagnetically simulated. The beam loading was also studied. Manufacturing techniques
for each type were partially evaluated. A meeting will be held in the first half of 2011 in order
to select the cavity type and launch the first proto manufacturing.
The design of the magnets was refined in agreement with the considerations of the PDR
committee. At the end of the year several manufacturers were contacted. They propose some
small changes to the design which were studied. The contract for the manufacturing of the
first magnet was launched and first magnet will be supplied during the second half of 2011.
The specifications of the scrapers were clarified with the beam dynamics group. Several
manufacturers have been also contacted to carry out the engineering design and an offer is
also expected. The contract was also launched and a scraper detailed design will be provided
during the second half of 2011.
Vacuum simulations have been redone taking into account the scrapers and the new
beam dynamics design.

6.4.1.5. Radioprotection design of IFMIF/EVEDA facility
A new design of the beam dump of the IFMIF/EVEDA facility has been produced in order
to comply with the radiological requirements of the facility. With this new design, biological
doses have been reduced below legal limits during operation. The task involved evaluating
existing nuclear data for deuteron interaction with matter, and not existing experimental data
of secondary particle production, choosing and modifying data from the best models available
in transport codes. With these data, a characterization of the secondary neutral particle
production at the beam stop has been produced [RADIOPR_1].
The radiation shield has been designed for the beam stopper of IFMIF/EVEDA
[RADIOPR_2]. The conical beam stop is enclosed in a cylindrical water tank with think iron
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external walls. This combination of material has proven to be especially effective to the high
energy neutrons and photons from deuteron interactions. Concrete walls have been placed in
front of the beam dump shield to focalize the inevitable particle losses through the accelerator
beam inlet.
An activation analysis has been performed with also calculation of the associated beamoff biological doses. A restricted diagnostic room has been designed to isolate the high dose
rate areas, ensuring the possibility of hands-on maintenance in the rest of the accelerator
vault.

6.4.1.6. Test and Target Activities: Radiation effects on IFMIF
Target diagnostics
Related to this task, no new activity was carried out during 2010.

6.4.1.7. Test and Target activities: RH Engineering
The “Preliminary Definition Report of maintenance and RH System of the Test Facilities
in IFMIF”, [RHE_1], has been produced to advance the definition of the Maintenance and
Remote Handling System in the Test Facilities of IFMIF. The chapters advanced during this
period are essentially: Generation and selection of alternatives of design, definition and
specification of the cranes, servomanipulators, tools and viewing system. A starting point of
the Maintenance System has been produced.
The 50% completion of the ‘Definition Report of Maintenance and RH System of the Test
Facilities in IFMIF’ has been carried out during the second semester of 2009. This report has
the major importance since it will be the starting point for the Design Report. The ‘Definition
Report’ is aimed for the ‘Preliminary Design Review’ (PDR) of the Activity II of the PA ED04, and
provides information in order to monitor the progress of the definition of the design and to
assure that the draft technical requirements are properly defined. It defines the concept of the
Maintenance and RH System for the Test Facilities, focussed on the maintenance of the new
concept of Target & Test Cell, the September 09 TTC or MTC9 or similar concepts.
The
paper “Preliminary definition of the remote handling system for the current IFMIF Test
Facilities”, doi:10.1016/j.fusengdes.2011.01.131, has been published in Fusion Engineering and
Design. It describes the cranes in the RH System in the Test Facilities of IFMIF and the
alternatives for the rescue of the RH Equipment, particularly the cranes.
The proceedings paper “Progress on the maintenance and RH systems for the IFMIF Test
Facilities” [RHE_2], for the Proceedings of the 3 IFMIF/EVEDA Workshop was developed. It
summarises the progress performed in the definition of the Maintenance and RH Systems
A study of the rescue and recovery of the RH Equipment in the Test Facilities in IFMIF
was carried out in the “Preliminary assessment of the recovery and rescue scenarios and
implications in the design of the RH System and buildings of the Test Facilities in IFMIF”,
CIEMAT ref. CI-IF-TFRH-019. It studies a series of failure events and the design features and
actions to reduce the failure probability, the rescue operations if needed, and the maintenance
procedures to return to normal working condition.
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6.4.1.8. Test and Target activities: Medium Flux modules
engineering
The conceptual design of the Liquid Breeder Validation Module and its experimental rigs
has been completed during 2010. The draft thermalhydraulic calculations over the module
structure have demonstrated that the temperature of the module walls is acceptable, which
guarantees the mechanical functioning of the module in absence of more information from the
mechanical calculations that are currently on course.
The conceptual design of a rig for tritium permeation experiment has been developed.
The tritium produced in the LiPb capsule has been calculated and its permeation studied.
These values have been compared with the ones obtained in a HCLL blanket. Thermalhydraulic
calculations have shown that the desired range of temperatures in the experimental capsule
(300-500 ºC) can be obtained with low temperature gradients in the walls.
The instrumentation required for both to assure the mechanical integrity of the
structure and the data collection of the experiments has been also assessed.
This work has been explained in the technical report BA_D_2227RL v1.0 [MFTM_1] and
in the contribution to the 3rd IFMIF Workshop [MFTM_2].

6.4.1.9. Test and Target activities: Microfission chamber
validation activities
The reporting of the validation phases PH1 and PH2 results was completed during the
first months of 2010. These phases were performed during 2009, at CIEMAT and SCK·CEN.
Main conclusions were addressed in the report BA_D_2262EQ [FC_1].
During 2010, two prototypes of fission microchamber, model CFUR43/C5B-U8, have
been ordered to PHOTONIS for performing the experiments of the last validation phase, PH-3.
These chambers will be included in the foreseen 2011 irradiation of the IFMIF capsule in BR2.
The main objective of this PH-3 is to demonstrate the detectors’ robustness under
intense neutron flux. The robustness of the detector is to be demonstrated in a long irradiation
campaign (at least 5 cycles corresponding to 0.8 dpa] In addition, the detectors will be exposed
to temperatures representative for IFMIF, i.e. approximately 200 ºC, which are higher than
those of the PH-2 (80 ºC] No ionization chambers will be irradiated in this phase.
The technical characteristics of the acquired detectors are the same than those of the
PH-2 fission chamber, in order to obtain reproducible data. They are designed to operate in
current mode with signals of the order of several µA. The prototypes have the following
values:

R1
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Description

Value

Anode Radius

1 mm
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R2

Cathode Radius

1.25 mm

D

External diameter

3 mm

h

Length of the deposit

13 mm

L

Detector length

48.5 mm

The fissile material is uranium, with a total deposited mass of 300 µg. The uranium
content is the following (Total activity: 4 Bq (0.0134 Bq/µg)):
isotope

mass

%

238

299.39 µg

99.797

235

0.60 µg

0.2016

234

0.01 µg

0.0004

U
U
U

The first detector has been already fabricated and sent to Mol; the second one is in
process of being delivered.
The summary of the work performed during 2010 has been included in the contribution
to the 3rd IFMIF Workshop [FC_2].

6.4.1.10. Design Integration: Safety
Regarding IFMIF accident analysis, after a revision of PSAR (Preliminary Safety Analysis
Report) accident sequences definition and evaluation of the needs for evaluating them,
especially MELCOR code for fusion applications, this activity was kept in standby, and it will
probably be moved on other participants of the project.
Collaboration with IFMIF Project Team has been developed in order to define the safety
process for IFMIF engineering design activities. Revision of IFMIF Safety Specifications, defining
the criteria, objectives, principles and criteria and hazard evaluation techniques, was
performed. And a first approach to the licensing process of IFMIF from Spanish point of view
was tackled.

6.4.1.11. Design Integration: RAM evaluation



Database:

The collection of data from other similar facilities and related fields was continued for
completing IFMIF RAM database [RAM_1] Moreover, the data capture methodology for IFMIF
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validation activities and experiments was completed and a HTML failure report created
[RAM_2]



Test Facility RAM model:

A RAM analysis of the Test Facilities has been developed according to the design stage.
Many assumptions regarding design and other considerations as success criteria were made in
order to be able to show first results and conclusions. The weak points from RAM point of view
were highlighted and a redefinition of success scenarios was set out for further analysis.
[RAM_3] This is a first step in the process to use RAM as a design tool.



Accelerator Facility RAM model:

The accelerator RAM model has been updated and extended. On going work including
the development of PBS (Plant Breakdown Structure), FMEA (Failure Mode and Effect Analysis)
and Fault Tree model is being performed for IFMIF accelerator facility through adaptation from
prototype design, in order to update the first RAM analysis of accelerator [RAM_4]



Definition of RAM engineering process:

In the framework of coordination of RAM activities for IFMIF, the process in order to
integrate RAM in engineering design of IFMIF has been defined. The necessary organization,
tools, deliverables, schedules, reporting has been established [RAM_5], as well as the different
levels of activities, the interaction between RAM and design and the iterative process to assure
RAM implementation into the design [RAM_6]

6.4.2.

JT-60 SA Cryostat

6.4.2.1. Cryostat design and manufacturing for the JT-60SA
Tokamak
Within the participation of the Broader Approach (BA) activities the engineering group
of TJ-II is carrying out the design, specification, contacting and manufacturing follow-up of the
Cryostat of the JT-60SA experiment to be assembled in Naka, Japan. Taking into consideration
the assembly sequence of the machine the lower part of the Cryostat is the first piece to be
located in place prior to any other component. Because of that the manufacturing has been
divided in two phases: the first one for the manufacturing of the lower part, named Cryostat
Base (CB), and the second one for the manufacturing of the upper part, named Cryostat Vessel
Body (CVB).
Cryostat Base.
During the last year the activities in this component were the following:
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a) The detailed design including FE calculations [CRY_1], CATIA models and 2D drawings
were finished.
b) Preparation of the specification for call for tender.[CRY_2]
c) Launched of the call for tender to a number of companies with enough capabilities for
the manufacturing of this large component.
The manufacturing contract was signed in July. The rough material was ordered and the
manufacturing tests started. However the contract has been transferred to other company
four months later starting because of internal problems in the awarded company. The
manufacturing is proceeding with a small delay. Activities of contract following-up of CB will
continue for the next two years. Figure Y.1.1.1 shows the final design of CB.

Cryostat Vessel Body.
The agreement included in the BA specified the commitment of the manufacturing of
the whole Cryostat in Spain but without any hole for access inside of it: for ports for the
Vacuum Vessel, for maintenance, electrical and gas lines, etc. During the first design phase it
was pointed out the risk to manufacture a piece with narrow tolerances that later on in Japan
will be opened wit the necessary holes for welding of rather big ports. In order to avoid the
deformations produced in this process a new sharing of the work was agreed between EU and
Japan: the top lid of the CVB would be manufactured by Japan, and the middle sections would
be manufactured by EU but including all the ports and flanges. Additionally the rough material
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would be supplied by Japan. With this new approach the activities carried out in the CVB last
year have been:
a) Starting of the FE calculation of the whole CVB.
b) Preparation of the CATIA model of the middle sections according to the new sharing.
c) Starting of the preparation of the 2D drawings.
d) Preparation of the preliminary version of the call for tender specification.
All the documentation will be finished for the first semester of the next year in order to
proceed with the call for tender for manufacturing. Figure Y.1.2.1 shows the present design of
the CVB including the top lid.

References
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CRY_1: Limit Analysis and Structural Analysis with Bolted Joints (Code: IN-ST-SAC-005)
CRY_2: Technical Specifications for the industrial supply of the JT-60SA Cryostat Base
(Code: ES-ST-CB-001)

6.4.3. DEMO R&D
6.4.3.1. SiC/SiC characterization
The work during 2010 continues in the characterization of three different SiC materials:
HP-SiC (Goodfellow, compacted by hot press), RB-SiC (Goodfellow, prepared by reaction
bonded) and CVD-SiC (private supplier, obtained by CVD] It was developed a methodology for
etching the polished surfaces. Thus, the most effective method found was the immersion in
molten alkali (KOH) for times longer than eight hours. The IR-ATR and UV-VIS (this only for
CVD-SiC) spectroscopy have been incorporated to that usually used for the microstructural
characterization as SEM-EDAX or TEM. Comparing the typical bands of the SiC before and after
irradiation is another tool to understand the effect of the irradiation.
On the other hand, two HP SiC samples were implanted at room temperature with He at
45 keV in a 60 keV acelerator in CIEMAT up to doses of 5x1016 ions/cm2. One He preimplanted
sample was mounted on a special chamber into the CIEMAT Van de Graaff accelerator and
was irradiated with electrons of 1.8 MeV so that is could be assessed Helium desorption
induced by radiation at different temperatures. The second sample pre-implanted with helium
was simply heated and thermally stimulated desorption evaluated. Comparing the results of
both samples was possible to assess the effect of radiation.

6.4.3.2. Insulators ceramics
Although not directly a fusion relevant material, radiation studies on lithium niobate
(LiNbO3) a radiation resistant opto-electronic oxide material, are highly appropriate due to its
close similarity with Al2O3 (main fusion insulator candidate) as well as to other Li containing
aluminium, silicon, and titanium oxides (potential tritium breeding materials] Such materials
will be used in future fusion reactors where they will be exposed to a high flux of neutrons and
gammas giving rise not only to tritium and helium generation, but also to damage associated
with displacement and ionization, all of which will modify their properties. The aim of the work
during 2010 was to evaluate both the stability of the LiNbO3 within a radiation field, and the
radiation induced release of He from the material, as well as to investigate the potential to use
radioluminescence as a tool to monitor material modification and degradation. To examine the
effect of displacement damage and ionization, single crystal coherent lithium niobate was
irradiated with 1.8 MeV electrons in a special chamber mounted in the CIEMAT HVEC Van de
Graaff accelerator beam line. Radioluminescence and optical absorption was measured in-situ
as a function of dose (≤ 3x10-6 dpa] In order to evaluate the possible radiation enhancement of
He release, lithium niobate samples were pre-implanted with He ions at 45 KeV up to a dose of
5x1017 ions /cm2. The implanted samples were then irradiated with 1.8 MeV electrons at
temperatures between 20 and 450 ºC, and ionizing dose rates up to 500 Gy/s, in an
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experimental set up which permitted one to measure the release of He during irradiation and
in this way any radiation enhanced He desorption could be evaluated. Radioluminescence and
optical absorption measurements indicate that LiNbO3 is highly resistant to ionizing radiation
damage up to about 20 MGy, and that the structured luminescence spectrum can make a
useful contribution to radiation damage studies. The results for desorption indicate that
release of He is enhanced by several orders of magnitude when exposed to ionizing radiation
[INSULATOR_1]

6.5.

Fusion Technology Facilities

6.5.1. Operation of presently available facilities
6.5.1.1. Operation of the van de Graaf accelerator
During the year 2010 the 2 MeV Van de Graaff electron accelerator has been operating
for 40 days corresponding to 208 hours. Optical, electrical and diffusion measurements have
been performed during irradiation for SiC, Si, graphite, diamond, stainless steel and LiNbO3. A
new system to measure radioluminescence during electron irradiation was designed and initial
measurements are expected to be carried out during 2011.

6.5.1.2. Operation of the “Nayade” irradiation facility
Irradiation of different types of silicas and lithium silicates at 2.7 Gy/s and irradiation
temperatures of 27 and 200 ºC in nitrogen atmosphere have been performed during the year
2010 in the 60Co NAYADE irradiation facility at CIEMAT.

6.5.1.3. Irradiation line at the CMAM ion accelerator
Work in the irradiation room at CMAM is an on-going activity. During this year the
activity dedicated to the line projected for implantation has been relatively low. The first is
that the effort has been devoted to the beam line where resistivity recovery experiment is
installed (due to the important problems found and already mentioned in 4.2.1.4] The second
is due to the fact that CMAM facility is continuously operating and available beam time for
testing is quite reduced. After solving the mentioned problems we expect to increase the
activity in the implantation line.

6.5.2. TechnoFusión
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6.5.2.1. Introduction
The development of Fusion constitutes one of the greatest technological challenges for
humanity. For the next 20 to 30 years, the development on technological components for
future commercial reactors rather than on basic plasma physics has been highlighted. The
most important challenges for fusion research are the selection, development and testing of
materials, together with the design of energy extraction systems and tritium production
methods. At this moment, Spain has a unique opportunity to be at the forefront of this new
technological field. However, there is a need for new facilities to simulate the extreme
conditions to which materials and components will be exposed inside of a fusion reactor.
TechnoFusión (the National Centre for Fusion Technologies) is a singular scientific and
technological facility located in the region of Madrid, Spain, which will bring together the
infrastructure required to develop the technologies needed in future commercial fusion
reactors. The performance of materials and components under the extreme conditions of a
fusion reactor is largely unknown, and this is precisely what TechnoFusión intends to explore.
For this purpose, facilities are required for the manufacture, testing and analysis of critical
materials. Additional resources are planned to develop and exploit numerical codes for the
simulation of materials in special environments, to develop remote handling technologies and
other areas related to the management of liquid metals. In summary, the ICTS TechnoFusión
consists of seven large experimentation areas, whose recent advances in their technological
development will be reviewed below.
During this year several actions took place that has increased the diffusion of the
TechnoFusión technical and formation activities. Among others, the organization of a Summer
Course with the support of Universidad Politécnica de Madrid and directed by Dr. M. Perlado.
Twelve seminars were given to more than 20 students during the 2 days course entitled
“TechnoFusión como gran Instalación Científico-Tecnológica Nacional“. An introduction on
Fusion technology and the basic aspects of the future ICTS facility were overviewed by relevant
speakers from the ITER project, government of the Madrid region, director of the Fusion
National Lab, etc. More detailed technical talks concerning each of the actual TechnoFusión
technological areas were given by the related coordinators, in which an update of the
objectives, required equipments and advances achieved during the last year in every facilities
were reviewed. Continuing the formation activities, several seminars and national workshops
were organized through the year, whose generated audiovisual material is accessible through
the web page:
http://programa-technofusion.ciemat.es/TECHNOFUSIONportal/
Also, conference and poster contributions were given or presented at five different
International and National Conferences, where a great deal of enthusiasm for the
TechnoFusión facilities, mainly the triple accelerators line lab, the remote handling irradiation
room and the Lithium liquid loop, was extensively demonstrated. Two Master Projects
concerning the technical analysis of issue aspects of both the radioprotection in the Materials
Irradiation Lab and impurification systems of the Lithium liquid loop were developed and could
be also checked out through the mentioned website.

6.5.2.2. Irradiation methods
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a) Magnetic design of the reference sample holder.
The goal was to irradiate metals in high magnetic fields (as expected near first wall in a
magnetically confined fusion reactor) looking for some differences in long-term damage
evolution. Therefore, to avoid the spurious trajectory modification of the triple ion beam, a
first possibility was to try to irradiate with neutral ion beams, using some charge exchange
mechanism after the acceleration phase.
Part of the task was to look for some efficient way of neutralization of the incident
beams (H, He and heavy ions), similar to the one used in fusion for the Neutral Beam Injection
system. The main conclusion is that, using these methods of charge exchange, and for the
expected energy ranges, the efficiency is very low, making this system useless in practice.
As a second way to solve the problem was then started, calculating the effect of the
magnetic field on the trajectories of the three ion beams and a strategy to be able to irradiate
the same area of the sample with all of them, despite this magnetic deflection. The
calculations, obtained with a double coil surrounding the sample, are very encouraging and we
expect to start some preliminary irradiation using only a permanent magnet just behind the
sample (magnetic field orthogonal to the sample) during the first half of 2011 and then to
prepare a setup with higher magnetic fields using a double coil.
The interpretation of results is not straightforward because a quite delicate TEM
(transmission electron microscopy) study is necessary after the low temperature irradiation to
elucidate whether or not a change in damage formation exist by the application of a magnetic
field.
b) Beam degrader design and prototyping.
After last year effort on extensive revision of concepts, a rotating target with several
thin metals sheets has been chosen based on calculations for an iron target. During 2010 these
studies were extended to other expected targets (like Al2O3, SiC, W alloys, etc.) and a first
results is that the number of foils and its range (minimum to maximum thickness) depends a
lot on the incident ion and target. The implication is that several wheels sets had to be
prepared depending on the irradiated material or a more versatile system has to be designed.
One possibility would be using a double wheel, one for decades and another for units (in terms
of thin foil thicknesses) but a careful analysis indicated that even with this system we cannot
cover all the possibilities. The decade foil should be left static during a long time period (while
the other wheel rotates continuously) and then shifted to the next value. But initial values
obtained for foil heating makes unrealistic this solution.
In terms of material for foil composition, due to its combination of oxidation resistance,
stability and thin foil fabrication, aluminium seems a good candidate. As cooling in this regime
is done primarily by radiation, a very thin carbon evaporation seems a good choice to increase
emissivity (as used in other similar systems as spallation disks)
As a conclusion, a design effort is still important to define the best strategy, or to
determine the limits in the obtainable energy spreading for each beam-target.

6.5.2.3. Plasma-Wall Interaction
An intense activity has been developed on the design of some critical components of the
PALOMA facility during 2010.
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1º.- A detailed study of the possible use of super-conducing coils for the linear plasma
device has been undertaken. The use of liquid He or super-cooled, compressed He gas in
combination with different types of available superconducting materials was evaluated in
terms of budget, security, maintenance, commercial availability and reliability. A critical aspect
of the design was the evaluation of the forces arising between adjacent coils due to the field
gradients required by the QSPA device and its close coupling (collinear configuration) with the
linear plasma. A supporting structure was designed accordingly. The stringent access
restrictions found as a consequence of the bulky structure, critically affecting pumping and
diagnostic access, have motivated the full redesign of the system configuration.
2º.- Multichannel Plasma Source: The need of a fairly broad beam (5 cm) in the linear
plasma devices called for the development of a multi-beam source in which several (3)
individual plasma streams are merged. Important progress was obtained at PILOT PSI in this
point by the use of an external, biased ring. Some inter-talk between individual beams took
place , but a careful choice of the ring geometry and biasing, implying strong rotation of the
beam system, precluded spatial inhomogenities in the resulting blend. A strong participation in
these experiments by members of TechnoFusion Team was provided.
3º.- The design of the QSPA facility at IPP Kharkov was finished. A test bench is presently
considered for in situ characterization of the plasma at Kharkov. Extensive work on the
possible integration of both Plasma Components of PALOMA has been carried out through
2010.
4º.- .Exposure Chamber: The chamber was designed at the very conceptual level, due to
the existing uncertainties on the final coupling of the full system. Estimates about the required
investment on pumping system and sample manipulation were made based on commercially
available options.

6.5.2.4. Liquid Metals
During 2010 the design of the circuits of the Laboratory of Liquid Metals has progressed,
mainly focussed on aspects related to the materials of the loops.
On one hand, an assessment of the materials to build the free surface experiments
circuit has been performed. The compatibility of several steels (austenitic versus low activation
ferritic-martensitic ones) with liquid Lithium and with the operational conditions of the circuit
has been studied and compared. The impurities content has been assessed on each case in
order to propose a conceptual design of a purification system for such circuit [LM-1]
On the other hand, the study of viability of operating the materials compatibility circuit
under high temperature ranges has started. Several options (different materials chosing, high
temperature coatings, etc.) are being envisaged, paying special attention to aspects suchs as
fabricability, commercial availability, etc.
These works have been carried out with the support of Master MINA and IDOM.

6.5.2.5. Characterization Techniques
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The main objective in the TechnoFusión Materials Characterization Techniques Area is to
provide the researchers with the appropriated tools to demonstrate the effects of the
radiation field and particles in conditions similar to those of a future fusion reactor, improving
the synergy between this Area and the other TechnoFusión laboratories. For this purpose and
during this technical development phase, the viability of advanced techniques for their
application in fusion materials is being established. In addition, the development of testing
prototypes to perform experiments with materials and devices embedded in different fusion
environments is also being considered. Some remarkable conclusions can be extracted from
the obtained preliminary results [CARACT-1]
Light ion (H, D) depth profiles in ceramic and metallic matrices are accurately obtained
using IBA and SIMS techniques. In order to avoid the outgassing due to material long storing at
room conditions, the determination of H as a function of the annealing temperature should be
performed straightaway after the ion implantation. The temperature threshold determination
for the ion diffusion process would be an important data for the incoming experiments.
Particularly in the case of ceramic materials, the study of ion implanted diffusion profile with
varying composition, density and microstructure is highly recommended, as well as the
definition of the implantation limit as a function of lithium content.
A double beam (SEM and FIB) instrument is an adequate tool to process fusion
candidate materials at micro and nanoscales. The excellent depth and lateral resolutions
during ion beam sectioning of high strength W alloys and Li-based or SiC ceramics allowed the
direct observation of even nanostructures thanks to the extremely fine polished finishing and
the great secondary electron detector response. This fact allows to study the material
microstructure without following the so time consuming processes of classical polishing and
thermal grain highlighting. Nevertheless, both ion beam induced damage and material loss
should be minimized, particularly when irradiated materials would be processed. Next step will
be the fabrication of microprobes for micromechanical testing from fusion relevant materials.
The feasibility study of micromechanical testing using a developed creep and creepfatigue module located inside of an irradiation chamber coupled to the line of the accelerators
materials irradiation facility has been considered. The device features impose the use of a noncontact elongation measurement and a thermal radiation heating systems. However, a further
definition of some development aspects is still under discussion: the specific probe geometry
and dimensions for each mechanical test able to perform, the temperature distribution
simulation during irradiation, the need of some extra systems (such as refrigeration, etc.).
The increasing interest of studying the behaviour of materials under stress while
immersed in a liquid lithium flow has also promoted the development of a creep and creepfatigue modules integrated in the TechnoFusión experimental liquid lithium loop. The
existence of some uncertainties remains, being necessary to continue the development by
optimizing the temperature stability and studying the probe geometry and dimensions prior to
the fabrication of a prototype creep module in a static liquid regime.
A special irradiation chamber coupled to different irradiation sources has been here
proposed to study the transport properties of light elements in the presence of radiation and
temperature. The instrumentation to performed Thermal Helium Desorption Spectrometry
(THDS) was already fabricated which was considered as a prototype for the update and in-line
connection to the future TechnoFusión accelerators facility. However, preliminary He thermal
desorption results were obtained on pure Fe, finding a good agreement with previous
publications and the Rate Theory modelling applied.
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Most relevant results concerning resistivity behaviour after ion irradiation in pure Fe
showed enough accuracy and apparent reproducibility on Radiation Induced Resistivity (RIR)
measurements. However, temperature control and electrical connections need to be
improved. Also samples from FeCr alloys and other fusion candidate conducting materials
should be characterized before concluding the technique setting parameters. Experiments
cooled with liquid Helium (instead of liquid Nitrogen) will be very convenient to perform.

6.5.2.6. Materials Production Techniques
In order to establish the feasibility of different material production techniques that must
be operative in the Materials Production and Processing (MPP) facility of TechnoFusión for the
development and fabrication of materials for nuclear fusion technology, different alloys of
interest for the EFDA materials program and production routes have been carried out in the
LMNM laboratory at the UC3M. This laboratory presently operates as an associate laboratory
of TechnoFusión. The produced and processed alloys were:
Fe-Cr and ODS Fe-Cr model alloys in different processing atmospheres. The production
atmospheres that have been investigated are Ar, He and H
W-Ti and W-V alloys non reinforced and reinforced with a fine dispersion of Y2O3 or
La2O3 oxides [MPP_1, MPP_2, MPP_3, MPP_4]
Production of Fe-14Cr-2W-0.3Ti alloy non reinforced and reinforced with a fine
dispersion on nanometric Y2O3 particles
ODS, non ODS EUROFER steel and Fe-Cr model alloys processed through different routes
of Equal channel angular extrusion (ECAP) [MPP_10]
Fe-Cr, ODS Fe-Cr, W-Ti and W-V alloys non reinforced and reinforced consolidated by
Spark Plasma Sintering (SPS) technique.
Tasks 1, 2, and 3 have established that the powder metallurgy route and subsequent
consolidation by hot isostatic pressing is a successful technique for the production of advanced
materials having a specific composition or microstructure [MPP_1, MPP_2, MPP_3, MPP_4,
MPP_5, MPP_6, MPP_7, MPP_8, MPP_9] This production procedure allows the fabrication of
nanostructurated materials with compositions that cannot be developed by other techniques.
The production atmosphere has proved to be a critical parameter to obtain a material with the
required microstructure and properties. Mechanical alloying and manipulation of the material
in a hydrogen atmosphere allows the improvement of the microstructure and mechanical
properties of the produced materials. In the case of ODS reinforced Fe-Cr alloys, the
mechanical alloying of the initial elemental powders in an Ar atmosphere produces, after
sintering, a microstructure with a heterogeneous dispersion of Y2O3 reinforcing particles having
a wide distribution of particle sizes, whereas the use of hydrogen as processing atmosphere
produces a microstructure with a homogeneous dispersion of nanometric Y2O3 reinforcing
particles. Tungsten alloys have been delivered for their mechanical assessment by the
ESTRUMAT group to the Polytechnic University of Madrid.
The SPS technique has been considered as an alternative consolidation and sintering
technique to HIP or traditional sintering techniques. SPS production route allows the fast
consolidation of materials by means of Joule heating produced by Direct Current pulses of very
high current intensity that are applied in combination with a uniaxial pressure. Six batches of
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Fe-14%Cr and Fe-14%Cr-0.3%Y2O3, pure-W, W-0.6% Y2O3, W-4%Ti and W-4%V have been
sintered by the SPS technique. The mechanical alloying conditions of the powders have been
identical to those used for the HIP sintered alloys. The microstructure and mechanical
properties of the resulting sintered materials have been discussed above, and the detail study
of the microstructure, mechanical properties and a comparison with similar materials
produced in the LMNM laboratory following HIP sintering route is underway.
Grain refinement through Equal Channel Angular Pressing (ECAP) is a thermomechanical
process in which an ingot of the material is pressed along a bent channel at a certain
temperature. Deformation occurs by simple shear, so there is no change in the dimensions of
the processed sample. Different processing routes, A, C, BA and BC have been explored for the
processing of EUROFER-97 steel and Fe-14%Cr alloy (Ref. MPP_10)
The main effect of ECAP on the microstructure of tempered EUROFER and Fe-14%Cr
alloys processed at a temperature of 823 K is the fragmentation of grain into subgrains. A
detail study of the microstructure and the mechanical properties in the temperature range of
300-900 K has been carried out. It has been observed a steep increase in the hardening ratio
for the materials processed by 4 or 8 passes, which is accompanied by an abrupt change in the
temperature trend of their uniform and fracture elongations. However, tensile behaviour of
materials is dependent of the number of passes and processing route. As an example, 1 pass or
2 passes via route C drive to mechanical properties similar to those found in as-received
material but different microstructures.

6.5.2.7. Remote Handling
Several activities have been and are being developed in the area of Remote Handling in
TechnoFusión.
1) CIEMAT is participating in the project “Remote Manipulation Techniques for Nuclear
Fusion Research Centers” coordinated by the UPM, in the framework of the ‘Plan Nacional de I
+ D + I (2008-2011)’.
2) CIEMAT is participating in the ‘Red de Robótica y Manipulación Remota para
TECHNOFUSIÓN (R-RMRT)’ in the framework of the ‘INVESTIGACIÓN FUNDAMENTAL del Plan
Nacional de I + D + I (2008-2011)’, coordinated by the CSIC. The objective is to create a training
program, integrate the robotic companies with the research centres and researchers, and
create a net for enhanced collaboration between the participating centres. A visit to the JET
facilities and the participation in the standards for RH have been carried out.
3) CIEMAT is participating in the multinational proposal for the ‘EFDA Goal Oriented
Training Programme’-Remote Handling, coordinated by TEKES (Finland] This Programme aims
for the practical formation of several engineers for ITER RH in a collaborative international
environment. The Kick-off meeting and the advancing in the contract of a researcher are the
two major actions performed.

6.5.2.8. Simulation Techniques
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The ICTS TechnoFusión will include a Materials Irradiation facility conceived to simulate
the damage caused to the reactor materials due to the neutron and gamma radiation. The
facility will be formed with two tandem-type accelerators (for implantation of proton or
deuteron and helium) and a multi-ion cyclotron (for heavy ions irradiation] Irradiating samples
with a triple beam will allow reproducing the material damage due to fusion neutron fluxes. In
a separate building the gamma damage will be reproduced using an electron accelerator with
a converter.
Below is a summary of the results obtained on preliminary studies concerning the
radioprotection assessment of TechnoFusión facilities [SIMUL_1] Complementary information
on recent results can also be consulted in the Material Modelling: Radiation effects code
improvement and development chapter, previously reported elsewhere in this report.
The MCUNED code has been used in order to perform radiological protection studies in
TechnoFusión Materials Irradiation Area. The advantage of using this code instead the MCNPX
is the variance reduction technique implemented in MCUNED code, which allows obtaining
lower statistical errors in the results, in a shorter time than that necessary using MCNPX.
Regarding the simulations carried out, the parameters required for performing
experiments in the materials irradiation lab have been studied and determined. It has been
established the required proton beam current with which the iron sample will be irradiated
according to the neutron damage to be reproduced. Nickel has been proposed as the most
suitable material for the sample holder due to its lower production of secondary particles,
especially neutrons.
The neutrons and photons produced as a result of the iron sample irradiation give rise to
a dose field in the laboratory which has been analysed in order to establishing the shielding
requirements. Through Monte Carlo transport simulation, the equivalent ambient dose in each
point of interest has been calculated. The dose rate in the concrete wall will decrease
exponentially, reaching values totally acceptable for a concrete thickness of 266 cm. The
analysis of photon and neutron contributions to the dose in the concrete wall allows to
determinate that shielding could be optimized using a neutron absorbing material, especially
in the most internal wall layer, whereas in the most external area a layer of a higher density
material, as lead, could be better included.
Ongoing work includes material activation studies, due to transmutation changes in the
isotopic composition of the material, which gives radioactive isotopes emitting radiation
responsible of the residual dose. Also, studies regarding sample holder refrigeration will be
carried out, since for electric currents close to 1 mA, the energy deposition in the material is
very high and makes necessary to use refrigeration, or a beam dump coupled to the vacuum
vault with own refrigeration, component designed for stopping the proton beam.

6.6.

Participation in ITER and F4E

6.6.1. Preliminary CODAC studies for the design and development
of the European Test Blanket Modules (TBM) Systems
Within the tasks for the Grant 09 for the design of the European TBM two documents
have been created by the TJ-II Control Group:
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a) “Preliminary definition of the HCLL Main Control Room equipment needs”
[Ref. 05.6_TBMCA.2009.D4DC.0001_f1.0_(T07-D1)]
b) “Preliminary definition of the HCPB Main Control Room equipment needs”
[Ref. 05.6_TBMCA.2009.D4DC.0002_f1.0_(T16-D1)]
In these documents an estimation of the screens and facilities to be installed in the ITER
Main Control Room has been done for TBM operation during the plasma experiments. The
design takes into account all the rules, standards and constrains defined in all the ITER
documents for control systems. Also the experience gained during the design of the TJ-II
control room and during the operation of the experiment has been considered.
In addition some small study has been done for other tasks within the Grant for the
preliminary definition and integration of the instrumentation to operate and control the TBM.
These studies comprise: location, type of sensor, technology proposal and evaluation of
industrial state of the art besides the assessment of compatibility with TBM environmental
conditions.

6.6.2. Detailed design and procurement of the call for tender
documentation for the magnetic shielding of the ITER Heating
Neutral Beam Injectors (HNBI).
The activities in the Grant 22 have been started this year. CIEMAT is collaborating in this
project in tasks 6 and 7 acting as third party of CCFE Association that won the F4E call for
tender. The aim of the tasks is to produce a detailed design of the two elements that will avoid
the stray magnetic field of ITER coils to go inside the beam path:
a) A set of high magnetic permeability plates called the Passive Magnetic Shield (PMS).
b) A set of compensation coils called the Active Correction and Compensation Coils
(ACCC).
This year the basis for the detail design of both elements have been produced, in task 6
for PMS and in task 7 for ACCC.
CCFE reference numbers:
NBDI-DRD-0006
NBDI-DRD-0007

_______________________
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7. INERTIAL CONFINEMENT FUSION, KEEP IN TOUCH
ACTIVITIES
7.1.

SCIENTIFIC DEVELOPMENT IN TARGET DESIGN

7.1.1. Radiation hydrodynamics and jet impact fast ignition
7.1.1.1. ARWEN code development
A major update of the ARWEN code in 2d has been released for the ILE-PP and SFINX
European projects. A slight reduced will be released for HiPER project during 2011. Many tests
and benchmarks have been performed in order to check the accuracy of the new numerical
schemes implemented for high energy density simulations. This is the final release prior to the
3D version [REF_RAD_HYD_1], [REF_RAD_HYD_2], [REF_RAD_HYD_3], [REF_RAD_HYD_4],
[REF_RAD_HYD_5], [REF_RAD_HYD_6], [REF_RAD_HYD_7], [REF_RAD_HYD_8].

7.1.1.2. NLTE and temporal ionization
A fast ionization routine for the ARWEN code has been developed and tested. It has
been compared alone with stationary results of the NLTE workshops databases for various
elements (C, Al, Ar, Fe, Ge, Kr, Xe, W, Au...) and various conditions of temperature and density.
The same comparison has been conducted systematically with stationary ionizations computed
with the SCRIC code for Molybdenum. The maximum number of excited states has also been
tested to be able to take into account high densities and pressure ionization. Non stationary
conditions have also been tested in comparison with the few available NLTE workshop cases
for C and Ar. Other comparisons have been conducted for Molybdenum with EHYBRID and for
Fe with published results of Los Alamos detailed code (the mean ionization computed by our
code is within the error bars of the results of other codes comparison). Concerning transient
ionization, our velocity is within an order of magnitude of other codes velocity. However, it
seems to remain too slow -by a factor of two – with the most recent computations as well as
leading to a too large ionic distribution around closed shell ions.)
Inside the fast ionization routine, we have included a semi transient computation of
gain. The whole routine has been tested as postprocessor of the ARWEN code for a real
Molybdenum Ni-like X-ray laser. Afterwards, it has been included in the hydro module of
ARWEN and tested with this hydro module alone. Finally, the routine has been tested alone
with brutal changes of temperature. Apart from showing that the routine is stable and doesn't
fail in various conditions, it has shown comparable results with many aspects of the
experiments even if the time duration of the laser is over evaluated.
A database for many elements has been computed and included in the code.
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With the SCRIC code, we have computed Fe and Ge transmission spectra to model the
LULI 2008 experiments. A complete set of configurations has been selected for these elements.
In homogeneities in density and temperature have been taken into account leading to much
more comparable results.
Still with FAC and the SCRIC code, a complete set of configurations have been selected
for the simulation of Molybdenum spectra and have shown that radiative losses are
overestimated when NLTE effects are not taken into account. A complete set of configurations
has also been extracted for Xenon in the frame of the HIPER research [REF_RAD_HYD_7],
[REF_RAD_HYD_8], [REF_RAD_HYD_9].

7.1.1.3. Multimaterial Simulations
We have computed a conservative numerical method for modeling strong shock waves
in warm dense matter in which two or more materials are present. The basis of the algorithm
is a conservative second-order Godunov method for approximating solutions of the type
originally proposed by Colella and Woodward [2] for the compressible Euler equations for a
single material. The approach to modeling cells that contain more than one material species is
based on an algorithm for modeling two or more gases that is due to Colella, Glaz and
Ferguson. The results in 1D are in agreement with theoretical models. We have also done
extensive simulations in 2D in cartesian and cylindrical coordinates with satisfactory results.
Several benchmarks have been performed showing the numerical stability of the interface
tracking and the accuracy of the algorithm.
With this method fully implemented in ARWEN code, we can simulate the whole cone
guided target, as well as several experiments that are related to fast ignition and central
ignition cases [REF_RAD_HYD_3], [REF_RAD_HYD_8].

7.1.1.4. Equation of State data
A new methodology has been developed to create thermodynamic tables suited to use
in hydrodynamic simulation codes. First an analytic and simple model is used to compute the
basic thermodynamic data like pressure and internal energy and this data is arranged in a table
in function of temperature and density. After that, we compare our analytical data to shock
wave experimental data (particularly Hugoniot curves) and adjust the tables to these data
using an empirical multiplier of the Helmholtz free energy. Finally thermodynamic tables that
reproduce the shock wave experiments are obtained.
Before using these data in simulation codes, the thermodynamic tables must pass a
consistency exam because hydrodynamic codes need a stable equation of state to bring
correct results [REF_RAD_HYD_1], [REF_RAD_HYD_5], [REF_RAD_HYD_8].

7.1.1.5. Radiation Transport in cone preheating
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Final version of radiation transport code with TSA and DSA schemes, and multimaterial
treatment has been done during 2010. This new version is faster than the previous one and
with better convergence properties in multigroup Sn calculations. A fruitful collaboration with
Prof. Mima group has produced extensive comparisons of the code with experimental data
and numerical simulations from other codes. The results shows that for prepulse heating of
the cone in a FI target is an important issue that can be solved partially with CH coating
[REF_RAD_HYD_2], [REF_RAD_HYD_5].

7.1.1.6. Opacity data
Over the last year a new model for the generation of opacity data tables in local
thermodynamic equilibrium has been included in BiGBART. In addition to the average atom
calculation, BiGBART can solve the Saha equation to determine the charge state distribution
and level probabilities to be included in the opacity computations. BiGBART makes use of
database binary files computed with FAC code, with detailed or configuration-average levels,
in order to avoid in-line time consuming self-consistent computations for each temperaturedensity point. Although BiGBART is not meant for spectroscopy purposes we have checked the
improvement of the calculations with experimental measurements [REF_RAD_HYD_7],
[REF_RAD_HYD_8].

7.1.2. Atomic Physics
The code ABAKO has been updated to work with fine structure of atomic data and to
include the effects of an external radiation field. There have been also included nonmaxwellian distributions for the free electrons beyond the bi-maxwellian distribution, for
treating suprathermal electrons. These new developments can permit to analyse the diagnosis
of photoionized plasmas, where the external radiation fields are very important. It is possible
to diagnose the electron temperature and density and also the temperature of the planckian
radiation field.
ABAKO is now able to treat multicomponent plasmas or mixtures, both in LTE and NLTE.
A simple approximation to calculate the electron capture cross section in terms of the
collisional excitation cross section has been adapted to work in a detailed-configuration
accounting approach, thus allowing autoionizing states to be explicitly included in the kinetics
in a fast and efficient way. Radiation transport effects in the atomic kinetics due to line
trapping in the plasma are taken into account via geometry-dependent escape factors.
The utility of ABAKO for plasma spectroscopic application is also outlined with several
comparisons with experimental results.
A flexible computation package for calculating radiative properties for low and high Z
optically thin and thick plasmas has been presented, both under local thermodynamic
equilibrium using a new hydrogenic model pure relativistic, which permits not only determine
detailed average opacities but also equations of state.
We have improved the coefficients of the analytical expressions for the radiative opacity
of several Z plasmas in a wide range of temperature and densities. These formulas are
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obtained fitting the proposed formula to mean opacities data computed by using the code
ABAKO/ RAPCA. Work is referenced in [REF_ATOMIC_1], [REF_ATOMIC_2], [REF_ATOMIC_3],
[REF_ATOMIC_4], [REF_ATOMIC_5], [REF_ATOMIC_6].
International collaboration was kept during this time mainly with European laboratories
as: Imperial College, University of Check Republic; also with laboratories and universities in
USA, as: University of Reno, University of Michigan, Lawrence Livermore National Laboratory
and University of Rochester. With Osaka University, in the area of photoionized plasmas,
determining opacities for gold and xenon. We have been the organisers of the 14th
International Workshop on Radiative Properties of Hot Dense Matter in Marbella in October.
We have also participated in the 37Th EPS Conference on Plasma Physics, Dublin and in the
18th Topical Conference on High-Temperature Plasma Diagnosis, New Jersey.

7.2.

MATERIALS for IFE (and MFE) UNDER IRRADIATION

7.2.1. Radiation Damage and Chamber Dynamics for IFE
We have continued our effort on the search of fruitful synergies in materials for IFE and
MFE. First, in the framework of the European IFE project HiPER, we have studied by means of
finite element simulations the thermo-mechanical effects on W first wall under IFE irradiation
conditions [REF_MAT_1]. We have obtained values for key parameters in chamber design from
the materials response point of view [REF_MAT_2]. Then, we have carried out a thorough
comparison between realistic IFE and MFE irradiation conditions of plasma facing materials
(including IFE and MFE first wall and divertor) [REF_MAT_3]. The most remarkable and often
ignored conclusion is that, with the exception of the fatal MFE disruptions (which will be
avoided), the plasma facing materials are subject to comparable thermal loads both in IFE and
MFE reactors and therefore, present similar thermo-mechanical response. On the other hand,
regarding radiation-induced atomistic effects differences appear due to the very different
ranges of ion energies in IFE (from keV to MeV) and in MFE (in the eV range). In order to
minimize negative effects originated by atomistic defect evolution (e.g. vacancy clustering,
helium bubbling) we are developing nanostructured materials with the goal of taking
advantage of their self-healing properties [REF_MAT_4]. Despite the differences mentioned
before, the development of these new materials can be beneficial for both IFE and MFE
approaches. Intense ongoing work is being devoted to grow W and C-based nanostructures,
irradiation under realistic conditions, appropriate characterization and modelling. Whereas
irradiation facilities to mimic both IFE and MFE conditions are only compatible to a certain
extent, characterization and modelling can be carried out with the same methods and
techniques. Good examples are the Technofusion project for fusion materials development
(Madrid) and the multi-scale modelling studies routinely done at Instituto de Fusion Nuclear
(Madrid).
We have also continued working in FeCr alloys. Firstly, we have completed our previous
work about the reliability of using the new version of the concentration dependent model
(CDM) potential in radiation damage studies [REF_MAT_5]. Next, we have extended
calculations of point defects with this new version of the CDM potential to include multiple
defects and complete the evaluation of its applicability for radiation damage studies. We have
applied the new version of the CDM to the study of the vacancy formation energy as a function
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of the Cr concentration. This study has been performed for Cr concentrations which range
from 1 to 17%. Results show a linear dependence of the vacancy formation energy on Cr
concentration for values above 6% of Cr, while it is almost constant in the region below 6 % Cr
concentration. We have also performed calculations to study the dependence of the formation
energy with the local distribution of Cr atoms. The conclusion we have reached is that if Cr
atoms are further away than second nearest neighbor position with respect to the vacancy,
the effect on the formation energy is small. [REF_MAT_6]. Finally, we have performed
calculations of the effect of Cr concentration in a bcc Fe matrix on binding and formation
energies of vacancy clusters up to 5. Calculations have been done with the two-band model
(2BM) potential and with the new version of the CDM potential previously studied. Initially,
calculations to determine the cluster geometry more stable to each cluster size have been
performed. Once the more stable geometry for each cluster size has been determined we have
used it to calculate the binding and formation energies, exploring all the possibilities of the
cluster environment. The main conclusion we have obtained is that similar results are obtained
for both potentials, and whereas a little difference it is appreciated in the formation energies
which increases with the Cr concentration and the size of the cluster, the binding energy is the
same for both potentials and does not depend on the Cr concentration. In addition, we are
carrying out a more fundamental study following the ideas presented in [REF_MAT_4] to
fabricate self-healing materials. In brief, we are developing nano-structured Fe alloys with the
goal of obtaining structural material with superior radiation resistance.
One of the important facts to be studied is the diffusion and retention of light atoms (H,
D and He) which can be produced by transmutation or introduced by interaction with the
plasma, in the materials to be used in future fusion reactors. The understanding of this
phenomenon is crucial in order to be ready for the design of the future reactor. Preliminary
studies of diffusion and retention (depth profiling) of light atoms, in Li-based materials and
steels by means of thermal desorption spectroscopy (TDS), secondary ion mass spectroscopy
(SIMS) and ion beam analysis techniques (elastic recoil detection, ERD, and resonance nuclear
reaction analysis, RNRA) have been carried out. The main result is that H and D outdiffuse from
the samples at temperatures lower than 200ºC and that the diffusion strongly depends on
sample microstructure. More detailed studies are going to be carried out in order to estimate
the diffusion constant as a function of material type and microstructure.
A critical issue for IFE is the final lens. It must be located at a relatively short distance
from the chamber centre (8 m in HiPER) to provide an adequate spot (tens of microns) on the
target. The material of choice is silica due to its good radiation resistance. Despite this fact, ion
mitigation strategies are necessary to avoid melting. Anyway, the lens will be exposed to
significant neutron and gamma fluxes. Silica has been also selected for a number of optical
elements in MFE reactors. Note that these elements will be subject to comparable doses of
neutrons and gammas. Therefore, common work can be carried out for both IFE and MFE
applications. Under these considerations, we have performed calculations based on a simple
model of colour centre evolution to estimate the final lens lifetime under realistic HiPER
neutron and gamma irradiation conditions [REF_MAT_7]. According to the calculations the
choice of silica seems adequate for an experimental facility operating with bunches (aprox. 1
per day) of several shots per bunch. Extrapolation to a power plant operating in continuous
mode is speculative due to the simplicity of the defect evolution model, however, the fact that
defects annealing is very effective at reactor operation temperatures keeps silica as a
promising material to withstand the radiation fluxes originated in IFE reactors. In order to
study the behaviour of silica under continuous IFE operation we are carrying out a more
fundamental work consisting of extensive experimental and modellization activities on silica
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and other related optical ceramics such as TiO2, LiNbO3, quartz. The goal is to explore effects
that can become important in the long term, such as annealing, recrystallization, compaction
and electronic excitation, see e.g. [REF_MAT_8], [REF_MAT_9], [REF_MAT_10], [REF_MAT_11]
[REF_MAT_12]. Finally, an experimental campaign has been devised for silica irradiation at NIF,
which currently can provide the most realistic 14 MeV neutron and gamma irradiation
scenario. With the help of appropriate models for defect formation and the use of Molecular
Dynamics taking into account electronic excitation effects, prediction of silica behaviour under
power plant conditions will be more realistic.
On the other hand, an ensemble of “mirror shock generation” and “double impact”
method shock wave generation simulations were generated for different structures of
materials of interest in the present plans of main inertial fusion campaigns. Calculations were
done using advanced molecular dynamics simulations and EAM/MEAM potentials by means of
the package LAMMPS.
Up to now, we have modelled shock-wave generation and propagation in single crystal
materials Fe, Ta, W, showing their structural behavior at pressures from 1 to 50 Gpa,
[REF_MAT_13]. Boundary effects in double layer conformations of bcc/fcc materiasl FeAl, and
bcc/bcc interfaces FeV, are also being evaluated.
We have set up the basis to study new sort of nanostructured materials, like
nanocrystaline Fe, Cu, and Ni. They are currently being tested under high-pressure conditions.
In addition, we have developed a method to model nanoscale porous materials in an “ad hoc”
target scenario. First results are expected in the last semester of 2011.
Pb17Li is today a reference breeder material in diverse fusion R&D programs worldwide.
One of the main issues in these programs is the problem of liquid metals breeder blanket
behavior. The structural material, constituting the blanket should meet high-performance
requirements because of extreme operating conditions
In particular, the knowledge of the function linking the tritium concentration dissolved
in liquid materials with the tritium partial pressure at a liquid/gas interface in equilibrium,
CT=f(PT), is of basic importance because it directly impacts all functional properties of a blanket
determining: tritium inventory, tritium permeation rate and tritium extraction efficiency.
Nowadays, understanding the structure and behavior of this compound is therefore a real goal
in fusion engineering and materials science.
Molecular dynamics seems the perfect tool in order to understand some of the abovementioned problems. Therefore we have implemented several EAM potentials both for Pb and
Li to carry out Classical MD simulations using LAMMPS. During 2010 we have managed to
develop a cross potential in order to simulate the LiPb system and a LiPb EAM/cd potential is in
progress with satisfying first results.
We expect during 2011 to obtain, after validate our LiPb cross potential, the interaction
of Pb17Li with single species like tritium or helium that will be carefully modelled in the
context of breeding blanket modules. This is of scientific and technological importance
because of the complexity of measuring physical properties like solubility and general
behaviour of He and T in liquid metals.
An Object Kinetic Monte Carlo model is being developed for dilute (less than 1% Cr) FeCr
alloys. Starting from a set of parameters for defect energetics in pure Fe that was able to
reproduce the resistivity recovery curve of electron irradiated b.c.c. Fe, the model was
modified to include the effects of Cr on the mobility of radiation defects, using information
obtained either from density functional theory or molecular dynamics calculations. This model
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was then applied to study isochronal annealing after electron irradiation of FeCr alloys varying
Cr concentration following the experimental conditions. We focused on the recovery stages
ID2, IE and II attributed to correlated and uncorrelated recombination between vacancies and
self-interstitials and migration of self-interstitial clusters, respectively. The calculations have
shown the importance of the choice of the capture radius for the interaction between a
substitutional Cr and self interstitial Fe. We also considered for these dilute alloys the
influence of clusters with high Cr content on defect evolution [REF_MAT_14].
International Collaboration is established with Rutherford Appleton Laboratory,
University of Oxford, Oxford Instruments (U.K.), Check Academy of Science, Commissariat
l’Energie Atomique / France (different laboratories in Paris, Bordeaux (including LMJ
personnel), Grenoble), ENEA Italy, HZ Dresden Rossendorf Laboratory and GSI Darmstadt in
Germany, JRC Petten in Nederland, SCK CEN Mol Belgium, and Institute Lebedev in Russia.
Concerning USA, a very large collaboration, with exchange of personnel and PhD plus Post Doc,
is already established in radiation damage simulation and experiments (and also in neutronics
analysis) with Lawrence Livermore National Laboratory with an active participation in LIFE
project and NIF experiments on Fused Silica damage in a near future; cooperation is already
established with exchange of personnel with Los Alamos National Laboratory, University
California San Diego and Berkeley, and also with Spallation Neutron Source at Oak Ridge
National Laboratory. Concerning Reactors design (neutronics and safety) and material damage
of first wall materials for Inertial Fusion, including hydrodynamics and thermal – stress effects,
a very large relation including experiments in TIARA facility has been already followed such as
previous years with Institute of Laser Engineering Osaka University and Tokyo Institute of
Technology. In this area the Institute organize the First Workshop on IFE-MFE synergy under
mandate of EURATOM, and Workshop of HiPER Laser Fusion Project including the Executive
Board Meeting. Participation in SOFT, ANS TOFE, EPS Conferences are some of significant ones.

7.2.2. Safety and RadioProtection
The aspects under study in this field has been: materials selection for the target bay and
reaction chamber, evaluation of dose rates, calculation of shields and waste management
assessment of the components of the target bay.
A preliminary design of HiPER 4a, integrating optical components, tubes, chamber and
shields was studied. It was calculated the prompt and residual dose rates [REF_SAFETY_1] and
this design were evaluated from the standpoint of dose rates to workers. Radiological
evaluation of the different areas is performed following the dose rate to workers criteria.
Then, the critical components of the target bay were identified and it was proposed a change
of some materials of the target bay to improve the situation [REF_SAFETY_2].
Finally, it was performed an evaluation of the candidate steels for the reaction chamber
from the standpoint of waste management [REF_SAFETY_3], [REF_SAFETY_4]. The selected
alloy is the ferritic-martensitic steel T91 (9Cr-1Mo), allowing a commercial concentration of
impurities without additional activation concerns. Different waste management strategies
have been found possible and attractive, allowing cooling times shorter than 30 years for this
alloy.
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Some computational aspects has been improved to perform the work, mainly focused in
the description of the geometrical model and in the coupling between MCNPX and the
activation ACAB code aimed to make easier residual dose rate calculations.
The selection of the fissile material for the inner coating of the fission chamber (FC)
plays the most crucial role in order to assess the pertinence of sub-miniature fission chambers.
A comprehensive study is performed in order to assess the pertinence of fission chambers
coated with different fissile materials for high neutron flux detection .Three neutron scenarios
are proposed to study the fast component of a high neutron flux:(i) high neutron flux with a
significant thermal contribution such as BR2, (ii) DEMO magnetic fusion reactor, and (iii) IFMIF
high flux test module. In this study, the inventory code ACAB is used to analyze the following
questions:(i) impact of different deposits in fission chambers; (ii) effect of the irradiation
time/burn- upon the concentration; (iii) impact of activation cross-section uncertainties on the
composition of the deposit for all the range of burn-up/irradiation neutron fluences of
interest. The complete set of nuclear data (decay, fission
yield, activation cross-sections, and uncertainties) provided in the EAF2007 data library
are used for this evaluation [REF_SAFETY_5].
We have addressed an uncertainty analysis to draw conclusions on the reliability of the
tritium prediction under the potential impact of activation cross section uncertainties. The
prediction of the tritium production is required for handling procedures of samples, safety &
maintenance and licensing of the International Fusion Materials Irradiation Facility (IFMIF). A
comparison of the evaluated tritium production cross-sections with available experimental
data from the EXFOR database has shown insufficient validation. And significant discrepancies
in evaluated cross-section libraries, including lack of tritium production reactions for some
important elements, were found. Here, we have addressed an uncertainty analysis to draw
conclusions on the reliability of the tritium prediction under the potential impact of activation
cross-section uncertainties. We conclude that there is not sufficient experimental validation of
the evaluated tritium production cross-sections, specially for iron and sodium. Therefore a
dedicated experimental validation program for those elements should be desirable
[REF_SAFETY_6].
We assess the capability of present codes/methodologies to predict uncertainties in the
fuel cycle parameters (isotopic inventory, doses, radiotoxicity, …). The sensitivity/uncertainty
and the Monte Carlo methodologies implemented in ACAB code is described and the
applicability to different nuclear fields is presented. We have studied the impact of activation
cross-section uncertainties on relevant fuel cycle parameters, and the nuclear data
requirements are evaluated so that such parameters can meet the assigned design target
accuracies. We conclude with recommendations for future nuclear data measurement
programs, beyond the specific results obtained with the present nuclear data files and the
limited available covariance information [REF_SAFETY_7].
Finally, our ACAB code developed by DENIM can be requested from NEA Data Bank
(NEA-1839 package) since 2009. The ACAB code is a computer program designed to perform
activation and transmutation calculations for nuclear applications. ACAB has been used to
simulate realistic operational scenarios of very different nuclear systems: inertial fusion,
magnetic fusion, accelerator driven systems,... Until 26th March 2010, several international
Institutions are retrieved this code from NEA Data Bank: TURKEY(YUZUNCU YIL UNIVERSITY) ,
UKRAINE (Kharkov Institute of Physics and Technology), FRANCE (IRSN - DSU/SEC/LERD),
GERMANY (GRS), SPAIN (Universidad de Malaga, SEA Ingenieria y Analisis de Blindajes S.L.,
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IDOM, UPM), UK (NNL, CCFE), SWITZERLAND (NAGRA), ITALY (POLITECNICO TORINO)
[REF_SAFETY_8].
International Collaboration are similar to those mentioned in 7.2.1, but also a very
intense collaboration with IFMIF Design Group need to be remarked.

______________________
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