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Program 

Tutorial (Venue: Super C in Aachen, see map on page 159) 
 

Monday, 13 May 2013 

13:00 – 13:30 Registration (       Super C in Aachen) 

Tutorial Session 1 
Session Chair: G. Kulcinski 

13:30 – 14:30 T1 Plasma-Material-Interaction: A tutorial 
U. v. Toussaint 

14:30 – 15:30 T2
The Engineering of Plasma Facing Components for ITER
S. Lisgo*, S. Carpentier-Chouchana, F. Escourbiac, M. 
Kocan, T. Hirai, R. Mitteau, R. A. Pitts, A. R. Raffray 

15:30 – 16:00 Coffee Break 

Tutorial Session 2 
Session Chair: G. v. Oost 

16:00 – 17:00 T3
Analysis of Plasma-Facing Materials: Issues related to 
fuel retention and material migration 
M. Rubel*, P. Petersson 

17:00 – 18:00 T4
Testing of plasma facing materials and components 
under operating conditions 
J. Linke 

19:00 - 21:00 Reception (       City palais Aachen) 
 

 

 

 

Conference (Venue: Central library lecture hall in Jülich, see page 153) 
 

Tuesday, 14 May 2013 

9:00 – 9:30 Registration (Central library lecture hall in Jülich) 

9:30 – 9:45 Opening and Welcome 
H. Bolt 

Session 1 
Session Chair: W. Jacob 

9:45 – 10:15 I1 
Plasma facing components  
for EAST and CFETR 
J. Li*, G. Luo, D. Yao, J. Chen, L. Chao 

10:15 – 10:45 I2 

The WEST project: validating actively cooled tungsten 
plasma facing components technology for ITER divertor 
E. Tsitrone*, J. Bucalossi, X. Bonnin, C. Bourdelle, H. 
Bufferand, G. Ciraolo, Y. Corre, X. Courtois, L. Doceul, D. 
Douai, A. Ekedahl, F. Escourbiac, N. Fedorczak, C. Fenzi, 
M. Firdaouss, L. Gargiulo, P. Garin, G. Giruzzi, C. Grisolia, 
A. Grosman, P. Hennequin, T. Hirai, I. Ivanova-Stanik, M. 
Lipa, Y. Marandet, M. Merola, M. Missirlian, P. Mollard, P. 
Moreau, E. Nardon, B. Pégourié, R. A. Pitts, M. Richou, R. 
Sabot, S. Salasca, F. Samaille, P. Tamain, J. M. Travère, D. 
van Houtte, R. Zagorksi 

10:45 – 11:15 Coffee Break 

Session 2 
Session Chair: G. Matthews 

11:15 – 11:45 I3 
Tungsten Erosion under combined Hydrogen/Helium 
High Heat Flux Loading 
H. Maier*, H. Greuner, M. Balden, B. Böswirth, S. Lindig 

11:45 – 12:15 I4 

Tungsten Fibre-Reinforced Tungsten: A Novel Tungsten 
Composite Material with Increased Toughness and 
Crack Resistance 
J. Riesch*, J.-Y. Buffière, T. Höschen, M. di Michiel, M. 
Scheel, S. Wurster, Ch. Linsmeier, J.-H. You 

1 
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12:15 – 12:45 C1

Current Status of Nanostructured Tungsten-based 
Materials Development 
H. Kurishita*, S. Matsuo, H. Arakawa, M. Hatakeyama, T. 
Sakamoto, S. Kobayashi, K. Nakai, H. Okano, H. Watanabe, 
N. Yoshida, T. Takida, M. Kato, A. Ikegaya, Y. Hatano, Y. 
Torikai, Y. Ueda 

12:45 – 13:45 Lunch 

Session 3 
Session Chair: B. Wampler 

13:45 – 14:15 I5 

Erosion, formation of deposited layers and fuel retention 
for beryllium under the influence of plasma impurities 
A. Kreter*, T. Dittmar, R. P. Doerner, D. Nishijima, M. J. 
Baldwin, K. Schmid 

14:15 – 14:45 C2
The sticking probability of beryllium 
T. Dittmar*, T. Schwarz-Selinger, R. P. Doerner, D. 
Nishijima, J. H. Yu 

14:45 – 15:15 C3

Effects of Helium Ion Implantations on Mechanical 
Properties of Tungsten 
D. E. J. Armstrong*, P. D. Edmondson, A. Bushby, S. G. 
Roberts 

15:15 – 15:45 I6 
The Impact of Crystal Orientation on the Surface 
Morphology of Tungsten Irradiated with 30 keV Helium 
L. Garrison*, G. Kulcinski 

15:45 – 18:15 Poster Session and Coffee (lower range: A1 … A110) 
 

Wednesday 15 May 2013 

Session 4 
Session Chair: T. Loarer 

9:15 – 9:45 C4 Review of Hydrogen Retention in Tungsten 
T. Tanabe 

9:45 – 10:15 I7 Hydrogen and Helium Effects in Tungsten 
G.H. Lu 

 

10:15 – 10:45 C5 

Deuterium Retention in Tungsten Used in ASDEX 
Upgrade: Comparison of Tokamak and Laboratory 
Studies 
K. Sugiyama*, M. Mayer, A. Herrmann, K. Krieger, V. 
Rohde, M. Balden, S. Lindig, R. Neu, H. W. Müller 

10:45 – 11:15 Coffee Break 

Session 5 
Session Chair: N. Ohno 

11:15 – 11:45 I8 

Transport and retention studies in tokamaks using 15N 
tracer gas 
P. Petersson*, M. Rubel, G. Possnert, S. Brezinsek, A. 
Hakola, M. Mayer, V. Rohde 

11:45 – 12:15 C6 
Deuterium Retention in self-damaged tungsten: 
Saturation effects 
T. Schwarz-Selinger*, W. Jacob 

12:15 – 12:45 C7 
Influence of Radiation Damage and Helium Production 
on Deuterium Retention in Tungsten 
M. Mayer*, E. Markina, S. Lindig, T. Schwarz-Selinger 

12:45 – 13:45 Lunch 

Session 6 
Session Chair: Y. Ueda 

13:45 – 14:15 C8 
Molecular Dynamics and Kinetic Monte Carlo Study of 
Deuterium Diffusion in Polycrystalline Tungsten 
U. von Toussaint*, S. Gori 

14:15 – 14:45 C9 

Retention and Permeation of Deuterium in Low-
activation Steels by Gas and Plasma Exposure 
A. V. Spitsyn*, A. V. Golubeva, M. Mayer, D. I. Cherkez, N. 
P. Bobyr, N. S. Klimov, Yu. M. Gasparyan, O. V. 
Ogorodnikova, V. Kh. Alimov, V. S. Efimov, A. Putrik, V. M. 
Chernov 

14:45 – 15:15 C10
Influence of Nitrogen on Deuterium Permeation through 
Tungsten 
H. T. Lee*, M. Ishida, Y. Ohtsuka, Y. Ueda 

15:15 – 15:45 Coffee Break 
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Session 7 
Session Chair: G. Pintsuk 

15:45 – 16:15 C11

Thermo-chemical fuel removal from porous materials by 
oxygen and nitrogen dioxide 
S. Möller*, A. Kreter, D. Alegre, H. G. Esser, P. Petersson, 
U. Samm 

16:15 – 16:45 C12

An overview of the Comprehensive First Mirrors Test in 
JET with ITER-Like Wall 
D. Ivanova*, A. Widdowson, P. Petersson, M. Rubel, E. 
Alves, J. P. Coad, A. Garcia-Carrasco, J. Likonen, L. Marot, 
G. Pintsuk 

 

18:45 – 20:00 Organ concert (       Cathedral Aachen) 

 

Thursday 16 May 2013 

Session 8 
Session Chair: I. Mazul 

9:15 – 9:45 I9 The ITER Blanket System 
P. Chappuis 

9:45 – 10:15 C13

Design Assessment of Tungsten as the 
ITER Upper First Wall Panel Plasma Facing Material 
S. W. Lisgo*, D. Borodin, S. Carpentier-Chouchana, P. de 
Marne, A. Herrmann, M. Kocan, A. Kukushkin, B. 
LaBombard, H. W. Müller, R. A. Pitts, S. Potzel, D. Reiter, 
K. Schmid, P. C. Stangeby 

10:15 – 10:45 C14

Status of the ITER full-tungsten divertor shaping and 
heat load distribution analysis 
S. Carpentier-Chouchana*, T. Hirai, F. Escourbiac, A. 
Durocher, A. Fedosov, L. Ferrand, M. Kocan, A. S. 
Kukushkin, T. Jokinen, V. Komarov, M. Merola, R. Mitteau, 
R. A. Pitts, P. C. Stangeby, M. Sugihara 

10:45 – 11:15 Coffee Break 

 

Session 9 
Session Chair: T. Hirai 

11:15 – 11:45 I10 
Degradation of Candidate Plasma Facing Materials Due 
to Neutron Irradiation 
L. L. Snead*, M. Rieth 

11:45 – 12:15 C15

Development of positron annihilation spectroscopy for 
characterizing neutron damaged tungsten 
C. N. Taylor*, M. Shimada, D. W. Akers, M. W. Drigert, B. 
J. Merrill 

12:15 – 12:45 I11 

Technology and Testing of Large Scale ITER First Wall 
Components 
A. Gervash*, R. Eaton, D. Glazunov, V. Kuznetsov, I. 
Mazul, V. Mirgorodsky, R. Mitteau, R. Raffray, R. Rulev, D. 
Semichev 

12:45 – 13:45 Lunch 

Session 10 
Session Chair: C. Linsmeier 

13:45 – 14:15 I12 

ELM divertor heat load in JET-ILW and full-W ASDEX 
Upgrade 
T. Eich*, B. Siegling, M. Bernert, G. Arnoux, I. Balboa, P. 
deMarne, S. Devaux, S. Jachmich, H. Greuner, A. 
Herrmann, G. F. Matthews, S. Brezinsek 

14:15 – 14:45 I13 
ELM simulation on tungsten as function of thermal and 
particle loads 
G. Pintsuk 

14:45 – 15:15 C16

ELM-induced melting: assessment of shallow melt layer 
stability and droplet ejection in a linear plasma device 
T. W Morgan*, T. M. De Kruif, G. G. Van Eden, G. De 
Temmerman 

15:15 – 17:45 Poster Session and Coffee (upper range: A111 … A215) 

 

19:30 – 22:00 Banquet (      Aachen Coronation Hall) 
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Friday 17 May 2013 

Session 11 
Session Chair: S. Brezinsek 

9:15 – 9:45 I14 

Power handling of the JET ITER-like wall (limiters and 
divertor) 
G. Arnoux*, I. Balboa, M. Clever, S. Devaux, T. Eich, S. 
Jachmich, P. J. Lomas, G. F. Matthews, Ph. Mertens, I. 
Nunes, V. Riccardo, C. Ruset, B. Sieglin, D. F. Valcárcel, J. 
Wilson, K. -D. Zastrow 

9:45 – 10:15 I15 

Material Migration Patterns and Overview of First 
Surface Analysis of the JET ITER-like Wall 
A. Widdowson*, E. Alves, C. F. Ayres, A. Baron-Wiechec, 
S. Brezinsek, J. P. Coad, K. Heinola, J. Likonen, G. F. 
Matthews, M. Rubel 

10:15 – 10:45 C17

Surface analysis of tiles and samples exposed to the 
first JET campaigns with the ITER-Like Wall 
J. P. Coad*, E. Alves, C. F. Ayres, N. Baradas, A. Baron-
Wiechec, K. Heinola, J. Likonen, G. F. Matthews, A. 
Widdowson 

10:45 – 11:15 Coffee Break 

Session 12 
Session Chair: M. Rubel 

11:15 – 11:45 I16 

Determination of Be sputtering yields from 
spectroscopic observations at the JET ILW based on 
3D ERO modelling 
D. Borodin*, M. F. Stamp, S. Brezinsek, C. Björkas, J. 
Miettunen, A. Kirschner, D. Matveev, M. Groth, M. Airila, S. 
Lisgo, S. Marsen, V. Philipps 

11:45 – 12:15 I17 

Fuel retention and long term outgassing with the ITER-
like Wall 
V. Philipps*, T. Loarer, G. F. Matthews, S. Brezinsek, H. G. 
Esser, S. Vartanian, U. Kruezi, S. Gruenhagen 

12:15 – 12:45 C18

The next phase of JET operation with the ITER-like Wall
G. F. Matthews*, S. Brezinsek, I. Chapman, J. Hobirk, L. D. 
Horton, C. Maggi, I. Nunes, F. G. Rimini, G. Sips, P. de 
Vries 

12:45 – 12:55 Closing 

12:55 – 13:55 Lunch 

14:15 – 16:00
Laboratory tour: 
  - TEXTOR (IEK-4) 
  - JUDITH 2 (HML) 
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Oral presentations: Tutorial 

 
 

  
Plasma-Material-Interaction: A tutorial 

 
Udo v. Toussainta 

 
aMax-Planck-Institut für Plasmaphysik, EURATOM Association, 85748 Garching, Germany 

 

The performance of present and future fusion devices depends critically on a proper understanding and 
control of plasma-material interactions. 

In ITER and beyond, plasma-facing components must satisfy multiple demands, ie. 

- damage resistance against neutron radiation and high transient heat loads (such as those due to 
Edge Localized Modes and disruptions),  

- long material lifetime despite erosion by plasma and neutral particles 

- very low permitted levels of tritium fuel retention imposed by nuclear licensing regulations.  

All these factors are tightly interlinked, for example the amount of T-retention is determined by surface 
implantation, diffusion and co-deposition, when eroded material traps the tritium. 
 
This tutorial will introduce the key processes of plasma-material interaction, provide an overview of the 
properties of several plasma-facing materials and will discuss the potential and limitations of current 
modeling techniques of plasma-material interaction.  
 
*Corresponding author: tel.: +49 89-3299-1817, 
e-mail: udo.v.toussaint@ipp.mpg.de  (Udo v. Toussaint) 
 

T1 
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The Engineering of Plasma Facing Components for ITER 
 

S. W. Lisgo*, S. Carpentier-Chouchana, F. Escourbiac, M. Kocan,  
T. Hirai, R. Mitteau, R. A. Pitts, A. R. Raffray, and  

the ITER Divertor and Blanket Design Teams 

 
ITER Organisation, Route de Vinon, CS 90 046,13067 Saint Paul Lez Durance Cedex, France 

 
The plasma facing component (PFC) designs for the ITER tokamak represent a state-of-the-art 
implementation of conventional technologies.  Engineering aspects discussed in this tutorial include the 
thermal properties of the materials employed, brazing methods, active cooling schemes, and welding.  
Also covered are plasma interaction issues that affect the layout of specific components, in particular 
the shadowing of magnetic field lines to protect tile edges, and the forces and damage pathways due to 
off-normal plasma events.  The overall assembly plan for the divertor and blanket PFC integrated 
systems is briefly reviewed, as well as the procurement status, acceptance criteria, and testing 
methods. 
 
*Corresponding author: tel.: +33 442 176523, e-mail: steve.lisgo@iter.org (S. Lisgo) 

T2 
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 Analysis of Plasma-Facing Materials: 
Issues related to fuel retention and material migration 

 
Marek Rubel* and Per Petersson 

 
Alfvén Laboratory, Royal Institute of Technology (KTH), Association EURATOM – VR,  

100 44 Stockholm, Sweden 
 
Key issues in the characterisation and detailed analysis of plasma-facing materials are presented. The 
influence of plasma operation on the material modification and fuel inventory is emphasised. The role of 
analysis in the process of material selection and qualification for usage in controlled fusion devices is 
also addressed. Various methods for the determination of fuel species in wall components are 
reviewed. The underlying physics of methods and practical aspects of analysis procedures will be 
described.  
 
Outline: 

1. Introduction: A few words on plasma facing materials and components. 
2. Brief overview of erosion processes and their impact on material modification. 
3. Tritium inventory (a short reminder; the topic reviewed in a talk on Plasma – Surface 

Interactions by Udo von Toussaint) 
 

4. General overview of surface analysis methods for studies of plasma-facing materials and 
components. 

 
5. Ion beam analysis methods:  

a. Accelerator-based ion beam techniques: RBS, NRA, PIXE, ERDA 
b. Secondary ion mass spectrometry 

6. Analysis of fuel in plasma facing components: deuterium and tritium 
7. Handling of radioactive and beryllium contaminated materials 
8. Special instrumentation  
9. Role of analysis in pre-characterisation and selection of materials for the first wall. 

 
*Corresponding author:  e-mail: rubel@kth.se (M. Rubel) 

T3 
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Testing of plasma facing materials and components  
under operating conditions 

 
J. Linke* 

 
Forschungszentrum Jülich GmbH, EURATOM Association, 52425 Jülich, Germany 

 
Construction, licensing, manufacturing of plasma facing components in future thermo-nuclear fusion 
reactors depend strongly on a comprehensive data base for all involved materials. In-vessel 
components which are in direct contact with the hot fusion plasma are among the most critical lifetime 
limiting structures in an energy generating fusion device. Therefore special attention has to be paid to 
the characterization of the plasma facing materials with respect to their thermal-physical and 
mechanical properties in a wide temperature range and the testing of the materials and components 
under operating conditions.  
All plasma facing materials and components are strongly affected by the plasma wall interaction 
processes. High heat flux components, particularly the limiters and/or the divertor will be exposed to 
quasi-stationary heat loads with power densities up to 20 MWm-2. In addition, short transient thermal 
loads (so-called Edge-Localized-Modes, plasma disruptions, plasma instabilities etc.) with deposited 
energy densities up to several tens of MJm-2 are a serious concern for next step fusion devices. To 
investigate the thermally induced plasma wall interaction processes under fusion specific thermal loads, 
high heat flux simulation tests are performed routinely in electron or ion beam test facilities. These 
experiments cover both, thermal fatigue tests with cyclic heat fluxes in the MWm-2-range and thermal 
shock tests with rather short pulses on a millisecond-timescale but extreme power densities in the 
GWm-2-range.  
The impact of 14 MeV neutrons in D-T-burning plasma devices and the resulting material damage are 
another critical issue, both, from a safety point of view, but also under the aspect of the component 
lifetime. Next step thermonuclear confinement devices such as ITER with an integrated neutron fluence 
in the order of 1 dpa (displacements per atom) do not pose any unsolvable material problems. 
However, for the safe and reliable operation of future commercial fusion reactors new radiation resistant 
materials have to be developed and tested under realistic conditions. Due to the lack of an intense 14 
MeV neutron source, complex neutron irradiation experiments are performed in material test reactors to 
quantify the neutron-induced material damage. These tests provide a valuable data base on the 
degradation of thermal and mechanical properties. 
 
Outline of the presentation:  
1. Thermal / mechanical materials characterization  
2. Thermal fatigue damage (high heat flux tests in electron or ion beam test facilities)  
3. Non-destructive examination of plasma-facing components  
4. Intense transient thermal loads (plasma disruptions, Edge Localized Modes etc.)  
5. Materials degradation by energetic neutrons  
 
*Corresponding author: tel.: +49 2461 613230, e-mail: j.linke@fz-juelich.de 

T4 
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Oral presentations: Invited talks 

 
 

Plasma facing components for EAST and CFETR 
 

Jiangang Li*, Guang-Nan Luo, Damao Yao, Junlin Chen, Lei Chao  
and EAST team 

 
Institute of Plasma Physics, Chinese Academy of Science 

 
Three generation plasma facing components have been used in EAST. Inertial stainless steel PFC had 
been used just for the first campaign when only short plasma discharges have been attempted. Fully 
actively cooled doped graphite was used for past 5 years with a divertor heat load removing capacity 
2MW/m2. ITER-like W mono-block divertor and full W tiles will be used in the second phase of EAST 
long pulse operation period starting from 2013. Hot W wall of over 350C will be used in the 3rd phase of 
EAST operation from 2016 when nearly 40MW H&CD power will be utilized on EAST. With these 
experiences of PFC together with divertor operation optimization, solid technical base will be 
established for Chinese Fusion Engineering Testing Reactor (CFETR). 
Main objectives for the first phase CFETR are steady-state operation, full cycle of fusion power and T 
fuel. Due to moderate fusion power (200MW) will be produce in this phase, power handling for PFC is 
not so critical. Similar technical approach with EAST will be used in the first phase operation of CFETR. 
 
*Corresponding author: e-mail: j_li@ipp.ac.cn (J. Li) 

I1 
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The WEST project: validating actively cooled tungsten plasma facing 
components technology for ITER divertor  

 
E. Tsitrone a,*, J. Bucalossi a, X. Bonninb, C. Bourdellea, H. Bufferand a, G. Ciraoloa, Y. Correa, X. 

Courtoisa, L. Doceul a, D. Douaia, A. Ekedahla, F. Escourbiacc, N. Fedorczaka, C. Fenzia,  
M. Firdaouss a, L. Gargiulo a, P. Garin a, G. Giruzzia, C. Grisoliaa, A. Grosman a, P. Hennequind, T. Hiraic, 

I. Ivanova-Stanike, M. Lipa a, Y. Marandetf, M. Merolac, M. Missirlian a, P. Mollard a,  
P. Moreaua, E. Nardon a, B. Pégouriéa, R. A. Pittsc, M. Richou a, R. Sabot a, S. Salasca a,  

F. Samaille a, P. Tamain a, J. M. Travèrea, D. van Houtte a, R. Zagorksie 
 

a CEA, IRFM, F-13108 Saint-Paul-Lez-Durance, France 
b CNRS – LSPM, Université Paris 13, Sorbonne Paris Cité, F-93430 Villetaneuse 

c ITER Organization, Route de Vinon sur Verdon13115 Saint Paul Lez Durance, France  
d Ecole Polytechnique, LPP, CNRS UMR 7648,91128 Palaiseau, France 

e Institute of Plasma Physics and Laser Microfusion, EURATOM/IPPLM Association, Warsaw, Poland 
f  Aix-Marseille Université, CNRS, PIIM, UMR 7345, Marseille F-13397, France 

 
The divertor is a crucial component for fusion devices, handling the highest heat and particle loads in 
the vessel. A full tungsten actively cooled divertor is foreseen for the nuclear phase of ITER, and 
implementing it from the start of operation is presently being discussed. This brings new challenges in 
terms of technology, physics and operation. The WEST project (Tungsten (W) Environment in Steady 
State Tokamak), is targeted at minimizing risks in support of the ITER divertor strategy, bringing 
together for the first time tungsten actively cooled component technology and tokamak environment. It 
consists in implementing an actively cooled tungsten divertor, representative of ITER divertor 
technology, into the long pulse tokamak Tore Supra, taking advantage of its unique capability for active 
cooling and steady state heating. 
This paper will first give a brief description of the project, focussing on the plasma-facing components 
(PFCs). The WEST lower divertor target is closely based on the ITER design (W monoblocks, same 
cross section), while the upper divertor uses a heat sink technology similar to the one of the ITER 
blanket modules (CuCrZr copper/stainless steel) with a tungsten coating (in place of the Be tiles which 
ITER will use). WEST will involve for the first time the manufacturing of W monoblocks at a large 
industrial scale. The expected output from WEST in terms of industrial procurement and PFCs 
qualification procedure is described. 
In terms of operation, the new configuration will allow for H-mode access, providing relevant plasma 
conditions for PFC technology validation. An advanced wall monitoring system is being developed, 
aimed at accurate control of PFC heat loads in a demanding metallic environment. Simulations show 
that steady state heat fluxes in the range 10-20 MW/m2 will be readily available, allowing to validate the 
power handling capabilities of the monoblocks and the detailed shaping of the leading edges. In 
addition, the long pulse capability of Tore Supra will allow performing an accelerated lifetime test of the 
components, assessing the impact of a large number of sub threshold ELMs and monitoring the surface 
evolution under high fluence plasma wall interactions. Dedicated experiments will also be performed to 
assess plasma operation on damaged tungsten components.  Finally, WEST will address the issue of 
controlling W plasma contamination over long pulses, complementing the ongoing effort in the other 
shorter pulse metallic devices. Preliminary results from integrated core-edge modeling, indicating how 
the W core content is expected to evolve with plasma conditions in the WEST configuration, are 
presented. 
 
*Corresponding author: tel.: +33 4 42 25 49 62, e-mail: emmanuelle.tsitrone@cea.fr (E. Tsitrone) 
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 Tungsten Erosion under combined Hydrogen/Helium  
High Heat Flux Loading  

 
H. Maier*, H. Greuner, M. Balden, B. Böswirth, S. Lindig 

 
Max-Planck-Institut für Plasmaphysik, EURATOM Association, D-85748 Garching, Germany 

 

Tungsten is considered to be of vital importance for the design of well performing and sufficiently long-
lived divertor components for future fusion reactors. In a power reactor divertor there will be a D/T 
plasma with a concentration of helium in the range of 5-10%. The formation of surface and near-surface 
features with typical dimensions in the range of nanometres to micrometres under irradiation with He or 
H/He mixtures has been reported for tungsten samples from a number of experiments [1-3]. The 
resulting morphology after irradiation with a H/He mixture is distinctly different from the morphology 
after irradiation with the pure species. The question how these morphologies influence the erosion 
behaviour of tungsten has been addressed in linear plasma devices and also in tokamak edge plasmas 
[4-6].  
We have devised a method to investigate this question directly and quantitatively in the micrometre 
range of erosion on actively water-cooled test components exposed to a mixed H/He beam at a power 
density of 10 MW/m². Prior to exposure markers are engraved on the samples using a focussed ion 
beam (FIB) which is implemented in a scanning electron microscope. By comparing the marker 
positions with respect to the tungsten surface before and after exposure we can measure the material 
loss directly in micrometres. The experiments are performed in the neutral beam high heat flux device 
GLADIS at our institute. GLADIS is operated with hydrogen, helium, or mixtures of both delivering 
power densities up to 40 MW/m² with particle fluxes on the order of several 1021 m-2s-1.  
In up to 600 pulses - lasting 30 seconds each - samples were exposed to a hydrogen beam with 6% of 
helium reaching stationary surface temperatures after a few seconds. Since there is massive grain 
growth during the exposure our method measures the erosion of individual grains. In order to take into 
account the crystal-orientation dependent variation of the erosion, we investigated the surfaces by 
confocal laser microscopy after exposure. The measured erosion exceeds the amount predicted by 
numerical data on physical sputtering by a factor of two. We will present the method and results with an 
emphasis on a detailed post-exposure investigation of the samples by scanning electron microscopy on 
cross sections prepared by FIB showing the temperature and fluence dependence of the formation of 
the surface morphology in depth in the fluence range of 2·1025m-2 to 7·1025m-2

. The surface 
temperatures were varied from 600°C to 2000°C covering the reactor-relevant range. 
 

[1] M.J. Baldwin, R.P. Doerner, Nucl. Fusion 48 (2008) 035001 
[2] S. Kajita et al., Nucl. Fusion 49 (2009) 095005 
[3] H. Greuner et al., J. Nucl. Mater. 417 (2011) 495 
[4] D. Nishijima et al., J. Nucl. Mater. 415 (2011) S96 
[5] S. Kajita et al., Plasma Fusion Res. 4 (2009) 004 
[6] Y. Ueda et al., J. Nucl. Mater. 415 (2011) S92 
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 Tungsten Fibre-Reinforced Tungsten: A Novel Tungsten Composite Material 
with Increased Toughness and Crack Resistance 

 
J. Riescha,*, J.-Y. Buffièreb, T. Höschena, M. di Michielc, M. Scheelc, S. Wursterd, 

Ch. Linsmeiera, and J.-H. Youa 
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b GEMPPM INSA Lyon 20 Av. A. Einstein 69621 Villeurbanne Cedex, France 

 c European Synchrotron Radiation Facility, BP 220, F-38043 Grenoble, France 
d Erich Schmid Institute of Material Science of the Austrian Academy of Science, 8700 Leoben, Austria 

 
A unique combination of advantageous properties makes tungsten a candidate for plasma-facing 
components in future fusion reactors. However, its inherent brittleness and thus the lack of damage 
tolerance is a critical concern. In particular, embrittlement during operation due to recrystallization or 
neutron irradiation is up to now an unsolved problem. In tungsten fibre-reinforced tungsten composites 
(Wf/W) the gain in strength and ductility by intense cold working in the fibres is combined with extrinsic 
toughening mechanisms. The Wf/W composite concept features a possibility of local energy dissipation 
and therefore an increased toughness. This is effective in the as-produced and in the embrittled case, 
as extrinsic toughening also works for fully brittle composite components. 
 
A novel manufacturing method for Wf/W has been developed by combining the deposition process of 
the well-known chemical coating process for tungsten with the transport process of chemical infiltration 
techniques used for the fabrication of composites [1]. The resulting process, the chemical vapour 
infiltration of tungsten (W-CVI) allows the fabrication of Wf/W composites at temperatures below 700° C 
and without mechanical load. The W-CVI method was qualified and optimized by extensive deposition 
experiments in which variations of fibre arrangement, temperature and gas flow were studied. This was 
accompanied by the development of an analytical process description taking into account mass 
transport (macro-kinetics) and deposition reaction (micro-kinetics). In conclusion, using W-CVI on a 
fibrous preform allows the fabrication of Wf/W with a density up to 95%. 
The effectiveness of extrinsic toughening in Wf/W was proven by means of sophisticated mechanical 
tests. Tests on miniaturized samples in combination with in-situ observation by high energy synchrotron 
tomography were used to identify toughening mechanisms. The contribution of the fibre plasticity to the 
toughening was studied by means of tension tests. A newly designed method for 4-point-bending in 
combination with synchrotron tomography allowed the validation of active toughening mechanisms for 
embrittled samples. Bending tests on larger samples in combination with in-situ observation in an 
electron microscope were used to show the effectiveness of the toughening. A significant increase of 
the toughness (by a factor of 2) was proven. The experimental results gave input to an analytical 
estimation which shows the high potential of Wf/W in the context of toughening [2]. 
 
[1] J. Riesch, T. Höschen,  A. Galatanu, J.-H. You, Proceedings of ICCM18 (2011) 
[2] J. Riesch, PhD thesis, TU München (2012) 
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 Erosion, formation of deposited layers and fuel retention for beryllium  
under the influence of plasma impurities 

 

A. Kretera,*, T. Dittmarb, R.P. Doernerb, D. Nishijimab, M.J. Baldwinb and K. Schmidc 
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cMax-Planck-Institut für Plasmaphysik, EURATOM Association, Garching, Germany 

 
Beryllium, as the plasma-facing material in the main ITER chamber, will be subjected to fluxes of 
hydrogenic isotopes mixed with impurities such as argon seeded for cooling of the divertor plasma. It is 
necessary to test how beryllium performs with respect to its erosion, deposition and hydrogen retention 
properties under the realistic mixed species plasma conditions. The PISCES-B linear plasma device 
offers a unique test bed for the material testing under the ITER-relevant conditions. 
 

The aim of this study was to investigate the influence of argon on the erosion of beryllium, the formation 
of co-deposited layers and the fuel retention in both the target material and the deposited layers. 
Moreover, an initial effort to qualify aluminum as a possible proxy for toxic beryllium in plasma-material 
interaction studies was made. The exposures were done under reproducible conditions, such as an ion 
flux and fluence of 41022 m-2s-1 and 11026 m-2, respectively, an incident ion energy of 100 eV and a 
sample temperature of 320±15 K, only varying the concentration of argon in the plasma from zero to 
3% and 10%. The deposited material was collected at a tungsten witness plate kept at room 
temperature.  
 

The sputtering yield of Be in a pure D plasma decreases in the course of exposure to values of a factor 
of ~10 below the predictions by the binary collision code TRIM. This low yield can be connected to the 
formation of a fine, ~10-100 nm in scale, grass-like structure on the surface. The addition of 3% Ar 
provokes the formation of ~1 µm scale cone-like structure, associated with a doubling of the sputtering 
yield. 10% of Ar suppresses the formation of the protruding surface structures, so that the sputtering 
yield remains close to the TRIM prediction. Rough surfaces are known to enhance the prompt re-
deposition fraction and to reduce the effective erosion yield [1]. While, according to TRIM, Ar at 100 eV 
has a lower yield than D for the Be sputtering, its admixture nevertheless reduces the surface 
roughness and prevents the decrease of the effective sputtering yield. The addition of 3% and 10% Ar 
reduces the deuterium retention in the Be target by 25% and more than 50%, respectively. The ratio 
D/Be in co-deposited layers is reduced by a factor of 5 by the admixture of 10% Ar. 
 

Al shows a similar behaviour with a formation of the fine grass-like surface structure and a reduction of 
the effective sputtering yield when exposed to pure D plasma. The main deuterium peak in both Al and 
Be thermal desorption spectra lies between 500 and 600 K with a comparable total amount of retained 
D, indicating resemblance of the trapping sites in both materials. Therefore, Al can be considered as a 
Be proxy when studying the properties of erosion and fuel retention. 
 

[1] A. Kreter et al., Plasma Phys. Control. Fusion 50, 095008 (2008) 
 
*Corresponding author: tel.: +49 2461 613419, e-mail: a.kreter@fz-juelich.de  

I5 



 

18 

 The Impact of Crystal Orientation on the Surface Morphology of Tungsten 
Irradiated with 30 keV Helium  

 
L. Garrison* and G. Kulcinski 

 
Fusion Technology Institute, University of Wisconsin-Madison, 1500 Engineering Drive, Madison, WI  

53706-1609 USA 

 
Samples of polycrystalline tungsten were mechanically polished and then electropolished to expose the 
grains.  Electron backscatter diffraction was used to identify the grain orientations in selected locations 
on each sample.  Then, the samples were irradiated with 30 keV He+ at 900 °C to fluences between 
1x1016 and 1x1019 He/cm2 in the Materials Irradiation Experiment at the University of Wisconsin.  After 
irradiation, samples were examined with a scanning electron microscope to view the surface 
morphology.  Different grain orientations led to different irradiated morphologies such as ripples, 
blisters, cones, or pores.  A focused ion beam was used to make cuts into the samples and allow the 
sub-surface bubbles to be viewed.  With increasing fluence, the depth of the damage on average 
increased.  The depth of the damage zone depended on the crystal orientation.  Each sample lost mass 
during the irradiation, and the mass loss increased with increasing fluence. 
 
*Corresponding author: tel.: 00-1-608-265-2937, e-mail: lgarrison@wisc.edu (L. Garrison) 
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 Hydrogen and Helium Effects in Tungsten 
 

G.H. Lua,* 

 
a Department of Physics, Beihang University, Beijing 100191, China 

 
Tungsten (W) is considered to be one of the most promising plasma facing materials (PFM) candidates 
for next-step magnetically confined fusion energy systems. However, effects of hydrogen (H) isotopes 
and helium (He) particularly their retention and blistering in W remain to be key issues that need to be 
addressed. In this talk, we will discuss the effects of H and He in W in terms of the physical mechanism 
revealed by simulations in combination with related experiments. 
Let us take H blistering in W as an example. Via modelling and simulation in different scales, the 
vacancy trapping mechanism of H, the nucleation of H bubbles, and the growth mechanism of H 
bubbles in W have been thoroughly investigated. Detailed first-principles calculations show that a 
vacancy (or grain boundary) induces collective H binding on its internal surface, following by the 
formation of a H2 molecule at the vacancy center [1,2]. This will be a prerequisite for preliminary 
nucleation of H bubble inside the vacancy. Further calculations suggest a cascading effect of H bubble 
growth in W: the H solution leads to H bubble formation, inducing anisotropic strain which in turn 
enhances the H solubility to further facilitate bubble growth [3]. Based on such vacancy trapping 
mechanism, He as well as other inert gas elements such as neon and argon can suppress the H bubble 
nucleation and blistering due to their close-shell structures and occupying site in a vacancy [4], which is 
confirmed by the experimental observation.  
Difference between H and He behaviors and their synergy in W due to their different electronic structure 
will be emphasized, from which we can further consider the actual complicated H/He interaction with W 
and their effects on (mechanical) properties of W in future fusion reactors. 
 
[1] Y. L. Liu, Y. Zhang, H.B. Zhou, G.H. Lu, F. Liu, and G.N. Luo, Phys. Rev. B 79, 172103 (2009).  
[2] H.B. Zhou, Y.L. Liu, S. Jin, Y. Zhang, and G.H. Lu, and G.-N. Luo, Nuclear Fusion 50, 025016 
(2010). 
[3] Hong-Bo Zhou, Shuo Jin, Ying Zhang, Guang-Hong Lu, and Feng Liu, Physical Review Letters 109, 
135502 (2012). 
[4] H.B. Zhou, Y.L. Liu, S. Jin, Y. Zhang, G.N. Luo, G.H. Lu, Nuclear Fusion 50, 115010 (2010). 
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Transport and retention studies in tokamaks using 15N tracer gas 
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Plasma-wall interactions (PWI) cause material migration that involves erosion of wall materials, 
transport of eroded species in plasma and subsequent re- and co-deposition. A conclusive approach to 
the determination of migration processes is based on the application of tracer species. These can be 
radioactive or rare isotopes of elements being of interest in PWI studies, i.e. plasma-facing materials 
(PFM: C, Be, W) or gases such as N2 or Ne used for cooling the plasma edge, essential in high power 
plasma operations with tungsten wall components.  
This contribution provides an overview addressing the development of experimental and analytical 
procedures for Nitrogen-15 which was used for the first time as a marker in the TEXTOR1,2 and ASDEX-
Upgrade (AUG)3. 
Nitrogen-15 injection experiments were accompanied by seeding other tracers: 13C-labelled methane 
(AUG) and, in the case of TEXTOR, also tungsten hexafluoride, WF6. A large number of various probes 
and wall components were retrieved from the tokamaks and then analysed to determine a detailed 
deposition pattern and to assess the tracer retention, especially for nitrogen. 
The application of tracers makes sense only if the rare species can be measured on PFM. Methodology 
for reliable 15N analysis was developed using two different ion-beam techniques. Nuclear Reaction 
Analysis (NRA) with a 900-keV proton beam based on the 15N(p,4He)12C process is fast thus allowing 
for measurements of a large number of points. By means of Time-of-Flight Heavy Ion Elastic Recoil 
Detection Analysis (ToF HIERDA) one can quantify simultaneously several elements such as 15N, 13C, 
oxygen, etc. Both methods have good depth resolution hence 15N on the surface can be separated from 
species deposited in deeper layers. The most important results are summarized below: 
(i) Nitrogen retention reaches over 10% of the injected gas, as proven by the 15N tracer 

experiments in TEXTOR and AUG.  
(ii) The largest fraction of 15N was on protruding parts near the injection port. 
(iii) In AUG 4% of the injected gas was found in the divertor. 
(iv) Helium trapping in deposits was measured in deposits containing W and N.  
 

[1] P. Petersson et al., Nucl. Instr. Meth. B 273, 113 (2012).  
[2] M. Rubel et al., J. Nucl. Mater., in press. 
[3] P. Petersson et al., J. Nucl. Mater., in press. 
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The ITER Blanket System 
 

P. Chappuisa,*, on behalf of the BIPT** 

 
aITER Organization, 13115 St Paul lez Durance, France 

 
The ITER Blanket system main aim is to provide neutron shielding and reduce heat loads to the 
vacuum vessel and ex vessel components. The Blanket First Wall (FW) contributes to absorb radiation 
and heat fluxes from the plasma and provides limiting surfaces defining plasma boundaries during the 
transient phases. 
The FW plasma surface shape has been designed to support a maximum heat load of 4.7 MW/m2 
which implies a curvature of the Beryllium surface. Inboard elements have a combined poloidal and 
toroidal shape with twisted fingers on the poloidal edges, while the outboard panels only have a 2 D 
symmetric shape. The armour shaping and the central slot protection on the most loaded panels, 
introduces some strong constraints on the FW design. The main variants of First wall models have 
been produced, allowing to define, manufacture and test some mock-ups to qualify the Domestic 
Agency manufacturing capability. 
The shield block, supporting the first wall, has been designed for the main variant’s, taking in account 
the numerous cut outs imposed by the interfaces. Subsequently, full scale prototypes have been 
manufactured correctly, therefore qualifying the responsible DA’s 
R&D is continuing on critical items such as Ceramic behaviour under mechanical loading has been 
assessed experimentally, allowing improved confidence in the insulating pad design which react the 
Electromagnetic forces. Low friction coating and locking devices, such as Spiralock, are also part of 
the technological R&D to be addressed this year. 
The paper presents the status of the First wall, the blanket design & associated R&D after the Final 
Design Design Review.  
 
* Corresponding author: tel.: +33 4 42 17 69 25, e-mail: philippe.chappuis@ITER.org 
** Blanket Integrated Product Team : cluster of ITER and Domestic Agency teams working on Blankets 
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Degradation of Candidate Plasma Facing Materials Due to Neutron 
Irradiation 

 
L. L. Sneada,*, and M. Riethb 

 
aMaterials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge TN. USA 

bInstitute for Applied Materials, KIT. Karlsruhe, Germany  
 
The plasma of the International Thermonuclear Experimental Reactor will interact with three distinct 
classes of materials: pure beryllium, carbon fiber composite, and tungsten. Each of these materials is 
unique in their plasma-surface interactions,  microstructure and property evolution caused by neutron 
irradiation.  As the ITER neutron fluence is expected to be modest, the focus of the PFC R&D activities 
leading the selection of these three materials systems focused on understanding and mitigating the 
plasma-surface interaction at ITER relevant conditions.  However, this limited focus raises questions 
regarding the applicability of candidate first wall for systems beyond ITER such as DEMO. This 
presentation will describe how the microstructure of these candidate materials evolve under neutron 
irradiation and how that microstructure drives physical property evolution. As will be discussed, the 
neutron-irradiation-induced property evolution will have a substantial and life-limiting impact on bulk 
properties of these materials through either gross dimensional change or degraded mechanical 
properties.  Results will be presented on a number of ITER relevant plasma facing materials as well as 
single crystal and functional forms of tungsten over relevant temperature ranges and dose ranges 
relevant to both ITER and DEMO application. 
 
*Corresponding author: tel.: +1 865 574 9942, e-mail: SneadLL@ORNL.gov 
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Technology and Testing of Large Scale ITER First Wall Components 
 
A. Gervasha,*, R. Eatonb, D. Glazunova, V. Kuznetsova, I. Mazula, V. Mirgorodskya, 

R. Mitteaub, R. Raffrayb, R. Ruleva, D. Semicheva 
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The ITER first wall (FW) design has been considerably changed in the last years because of necessity 
to improve resistance to electromagnetic loads and to adapt FW performance to severe (up to 5 
MW/m2) surface heat loads. As consequence, it required to upgrade or re-develop the number of 
technologies referred to previous design. In particular, explosion bonding and hot isostatic pressure 
methods were experimentally checked to provide vacuum tight CuCrZr/SS bimetallic boundary for the 
hypervapotron (HV) type water cooling channel. To attach individual FW elements (fingers) to 
supporting structure (beam) with required strength but minimum shrinkage unique welding technology 
(weld thickness 15 mm) based on power fibre laser was developed and experimentally checked. Paper 
describes mentioned technologies and gives the examples of their experimental approbation. 
 
Along with a design and analyses of the FW panels some aspects of performance can only be validated 
by a “design by experiment” approach. This paper describes the “design by experiment” campaigns 
undertaken to determine some key parameters for armour tile size and HV cooling channel heat sink 
performance. 
To validate the thermo hydraulic design of the hypervapotron water cooling channel with respect to the 
occurrence of the critical heat flux (CHF) event (burnout – loss of water containment) the number of the 
representative mock-ups were manufactured and tested at high heat flux (HHF). Paper gives the main 
results of testing that demonstrates the required cooling efficiency and critical heat flux margin (1.4) at a 
water velocity of ≥2 m/s. 
To establish an acceptable beryllium armour tile size for the enhanced heat flux (EHF) FW panels the 
experimental campaign was carried out. Paper gives the results of the HHF experiments where the tile 
size was varied in the range 12х12х6 - 50х50х8 mm. It is shown that optimization of the tile geometry 
and joining technology provides the required cyclic fatigue lifetime of the reference FW design. 
 
In conclusion paper describes a large scale FW semi-prototype, sequence of its fabrication and further 
HHF testing programme. 
 
*Corresponding author: tel.: +7-812-462-7602, e-mail: gervash@sintez.niiefa.spb.su (A. Gervash) 
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 ELM divertor heat load in JET-ILW and full-W ASDEX Upgrade 
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The study of transient power deposition in tokamaks by ELMs onto the divertor target tiles in the 
presence of carbon is greatly affected by changes of the thermal properties of the target tile surface by 
erosion and co-deposition.  
The transition of JET and ASDEX Upgrade (AUG) into devices with metallic plasma facing components 
required some challenging upgrades for infra-red (IR) thermography. However, the absence of carbon 
chemistry and the temporal changes of the thermal surface conditions has led to a much clearer 
interpretation of heat load data for transient events like type-I ELMs. This finding has motivated an 
extensive scan of discharge parameters with optimised conditions for divertor IR thermography.  
A major concern for ITER, with operation at high current and high pedestal pressure, is the ELM loss 
energy. Presently, the expected ELM energy density deposited on to the divertor target plate would 
lead to a maximum tolerable ELM energy loss of below1 MJ. This corresponds to 0.3% of the plasma 
stored energy and is hence much below typical values observed at JET or AUG, even for mitigated 
type-I ELMs. The latter estimation is based on the assumption that the ELM energy density is 
proportional to the ELM loss energy and ELM wetted area. However, owing to the filamentary nature of 
ELMs, the corresponding deposition area is difficult to characterize. Even though it is observed that the 
ELM wetted area favourably increases with plasma current and ELM loss energy, a general scaling so 
far remains elusive.  
This difficulty has motivated a new approach to scale the ELM energy density in ITER. In this new 
approach, the ELM energy density and the ELM induced peak heat fluxes are compared to the absolute 
and relative ELM loss energy, pedestal top electron pressure and pedestal top electron density. A 
regression analysis reveals a roughly linear dependence of the ELM target energy density on the 
pedestal top pressure and notably only a weak dependence on the relative ELM loss energy. 
Additionally it is found that the highest observed ELM peak heat fluxes agree well with the product of 
pedestal pressure and plasma sound speed. Both findings are in agreement with a picture of free-
streaming ions caused by field line reconnection as the dominant parallel transport process. 
 

*Corresponding author: tel.: +49 89 3299 1927, e-mail: Thomas.Eich@ipp.mpg.de 
**See the Appendix of F. Romanelli et al, Proceedings of the 24 IAEA FEC 2012, San Diego, USA  
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 ELM simulation on tungsten as function of thermal and particle loads 
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Due to a lack of other viable solutions as plasma facing material for the nuclear phase of ITER and 
beyond, tungsten and tungsten alloys have gained significantly in importance. However, despite the 
material’s numerous favourable inherent properties, the todays expected plasma operation based 
loading conditions, i.e. the combination of high steady state and transient heat loads, the bombardment 
with helium ash and hydrogen isotopes, and the fusion reaction driven neutron loading, drive the 
material to its limits and beyond. 
 
The operational limit of tungsten is in general related to its temperature. On the one hand this means 
the comparably low temperature close to the cooling structure, where the probability of neutron induced 
degradation and failure is high. On the other hand, and this is the topic that should be addressed here, 
the temperature at the plasma facing surface. This is determined by the coolant temperature, the 
component design, and last but not least the steady state thermal loading conditions, which depends on 
the component’s location in the vacuum chamber. 
 
Depending on the steady state temperature, the material is brittle, ductile or recrystallizing, which leads 
to an increase of ductility at the expense of a reduced mechanical strength. Accordingly, the application 
of transient thermal loads, in particular during edge localised modes (ELMs) as disruptions and VDEs 
are anyhow expected to severely damage the material by melting, lead to brittle cracks or increased 
thermal fatigue damage with increasing material’s ductility. In particular the latter is a potential source 
for dust that cannot be neglected. 
 
In addition to ELMs, hydrogen and neutron induced damages play a dominant role only at temperatures 
lower than about 900 K and 1100 K due to outgassing and annealing effects, respectively. In contrast, 
helium driven surface modifications gain in importance at temperatures > 1000 K [1]. While all these 
effects are today known quite well, the most important question that will be addressed herein is the 
interaction of these temperature dependent effects with ELMs, leading either to an increase in damage, 
e.g. increased crack formation for hydrogen loaded surfaces at low temperatures, or an amelioration of 
damage as it is found for the interaction of transient events with helium fuzz. Based on all these findings 
and on the fact that material properties can only be optimized in one direction at the expense of losses 
in another directi, the operation temperature window for tungsten is quite limited and put high demands 
on plasma physics and operation to overcome the given material limitations. 
 
[1] Pintsuk G. (2012) Tungsten as a Plasma-Facing Material. In: Konings R.J.M., (ed.), Comprehensive 
Nuclear Materials, volume 4, pp. 551-581 Amsterdam: Elsevier. 
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The ITER-like wall (ILW) at JET is a unique opportunity to study the combination of material (beryllium 
and tungsten) that will be used for the plasma facing components (PFC) in ITER. Both the limiters (Be) 
and divertor (CFC W coated and bulk W) have been designed to maximise their power handling 
capability. During the last experimental campaign (October 2010 – July 2011) this capability has been 
assessed and even challenged in the case of the beryllium wall. 
The Be wall is composed of highly shaped, castellated tiles. They are optimised for a range of scrape-
off layer (SOL) power decay length 5 < q,design < 20mm. Its power handling capability, predicted with a 
simple model, has been proven to be robust by the experiments (despite unexpected power loads 
pattern). However, this capability has been pushed to its limit leading to melt events, both on the inner 
and outer limiters, which revealed that the power load is toroidally asymmetric. 
The protection system of the ILW has now been partially commissioned and the main chamber 
protection was operational. It did not prevent melt events because: 1) The surface temperature of the 
monitored PFCs was underestimated by about 200oC, and 2) the protection strategy relies on the 
assumption that the power load is toroidally symmetric.  
Operations on the bulk W divertor target were constrained by: 1) an energy load limit of 60MJ per stack 
(~60MJ/m2), and 2) the limited number of cycles of the surface temperature above 1200oC in order to 
prevent thermal fatigue. This limit has been exceeded about 300 times and no signs of damage or 
thermal fatigue have been observed by the photogrammetric survey (post mortem analysis is 
underway). The CFC W coated tiles were exposed to modest plasma fluxes with a maximum surface 
temperature estimated at 500oC on the outer vertical target. Very few delaminations, on the outer, 
horizontal target have been observed but no systematic patterns show signs of thermal fatigue of the 
coatings. 
 
*Corresponding author: tel.: +44 1235 464809, e-mail: gilles.arnoux@ccfe.ac.uk 
**See the Appendix of F. Romanelli et al, Proceedings of the 24 IAEA FEC 2012, San Diego, USA 
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This paper presents the first overview of material migration of the JET ITER-Like Wall (ILW) 
configuration.  Following the first JET ILW operations a detailed in-situ photographic survey of the main 
chamber and divertor was completed.  The images reveal a significant reduction in deposition in the 
divertor.  For example for the 20 hours of ILW plasma operations only thin transparent deposits have 
formed on tile surfaces at the inner and outer divertor corners.  This is in contrast to the carbon wall 
where deposits in excess of 100 microns formed on equivalent surfaces for carbon wall operations 
lasting 1.5 - 2 times longer.  Deposits are still found in the remote corner of the inner and outer 
divertors.  Notably coatings are seen on mirror samples in this region. 
Despite the overall reduction in deposition in the divertor the global pattern of material migration 
remains similar to carbon wall operations.  For example Inner Wall Guard Limiter (IWGL) tiles located 
near the mid plane show erosion from the central region of the tile and deposition at the outer edges of 
the tile in the scrape of layer (SOL).  In addition the pattern of deposition on the left side of the IWGL 
tiles at the bottom of the limiter and on the right side at the top of the limiter as for the carbon wall is 
also apparent [1]. 
The tungsten coatings on the carbon fibre tiles remain largely intact.  The plasma facing surfaces of 
divertor tiles show very little damage to coatings.  The failures that do exist include sub millimetre 
delaminations due to substrate variability.  In the main chamber there are arc tracks on some coated 
tiles and evidence of local melt damage due to a single runaway electron event on IWGL bottom times. 
Overall there is extremely little damage or exposure of carbon substrate. 
Key post-mortem results from surface profiles and ion beam analysis of tiles are also presented to 
support the observations of erosion and deposition from the qualitative photographic survey. 
 

[1] J P Coad, S Gruenhagen, D E Hole et al, Phys. Scr. 01 4003 (2011) 
 
This work, part-funded by the European Communities under the contract of Association between 
EURATOM/CCFE was carried out within the framework of the European Fusion Development 
Agreement. The views and opinions expressed herein do not necessarily reflect those of the European 
Commission. This work was also part-funded by the RCUK Energy Programme under grant 
EP/I501045. 
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The duty cycle of ITER is largely determined by the lifetime of the First Wall (FW) components and the 
retention of radioactive tritium which should not exceed the nuclear safety limit of ~1kg. Both subjects 
are largely determined by the erosion of the beryllium (Be) main chamber armour. JET with the ITER-
like Wall provides an ideal test bed to validate the present understanding of the first wall erosion and 
fuel retention processes. Modelling of Be spectroscopy in front of the massive Be limiters by the ERO 
code can be used to understand the complicated interplay of various effects including 3D-shaping of 
FW components and distribution of plasma parameters [1]. It also serves to validate the present 
existing data on physical sputtering of Be and to extrapolate the obtained knowledge for ITER [2]. 
 
Line intensities of BeI, BeII and BeD, and their ratios as function of plasma parameters are reproduced 
by the ERO modelling using metastable-resolved Be spectroscopic data from ADAS. Limiter plasma 
operation was chosen in the experiments as the FW erosion is more prominent as indicated by Zeff 
measurements. The contribution of impinging Be impurities from the background plasma to the total Be 
erosion yields is determined. The release of Be-D molecules as additional erosion mechanism (swift 
chemical sputtering) was studied. However, main focus of the present work is put on the physical 
sputtering yields as a function of impact energy and angle of plasma ions. The distributions of the latter 
parameters are unique for each location on the FW tiles and plasma conditions. An additional factor 
influencing erosion is the concentration of D diluted into the surface. Finally, we aim to determine a set 
of universal spectroscopic and sputtering data, which can be used for any plasma experiment and 
predictive modelling of ITER. Therefore, ERO is also applied to diverted plasmas following the 
migration of Be to the divertor as described in [3]. As a further example, ERO is also used to study Be 
erosion experiments at the linear plasmas device PISCES-B. 
 
[1] D.Borodin et al., Phys. Scr. T145 (2011) 01400; PFMC-13 
[2] D.Borodin et. al, PSI-2012, J. Nucl. Mat., doi:10.1016/j.jnucmat.2013.01.043 
[3] M.Airila et.al., same conference 
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One of the most important topics of the JET ITER-like wall project (ILW) is the assessment of the long 
term fuel retention under beryllium wall and W divertor conditions, representing the wall situation in the 
activated phase of ITER. Dedicated gas balance measurements have been done and compared with 
equivalent experiments with C-walls. The dynamics of fuel retention and release has been analyzed 
using pressure and mass spectroscopic measurements in between discharges. The gas balance data 
show a large reduction in the longer term retention (1) (reduction factor ≥10), while the dynamic 
retention during plasma exposure of the Be walls has increased (2). The reduction in long term 
retention is qualitatively consistent with the low residual carbon levels and evidence for substantially 
reduced deposition in remote areas. This contribution reports on complementary measurements of 
dynamic and long term retention during a series of reproducible H mode discharges and a detailed 
analysis of the successive long term outgassing behavior. The long term outgassing behavior 
determines the relation between gas balance data, representing the retention on time scale of hours 
after the plasma operation and the retention evaluated from post mortem analysis of wall tiles, which is 
ongoing. The observed retention and outgassing behavior in JET will be discussed in the context of our 
existing knowledge of hydrogen retention and transport with a Be wall and W divertor. Implications for 
the prediction of tritium retention in the DT phase of ITER will also be discussed with reference to the 
existing model assumptions. 
 
1) T. Loarer et al , 20th PSI conference, Aachen 2012, accepted for pub. in J. Nuc. Mater.  DOI: 
http://dx.doi.org/10.1016/j.jnucmat.2013.01.017 
2) V. Philipps et al, 20th PSI conference, Aachen 2012, accepted for pub. in J. Nuc. Mater. Doi: 
http://dx.doi.org/10.1016/j.jnucmat.2013.01.234 
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This paper presents the recent progress of nanostructured tungsten (W) based materials, focusing on 
TFGR (Toughened, Fine Grained, Recrystallized) W with enrichment of TMC (Transition Metal 
Carbides) at grain boundaries (GBs).  
TFGR W-1.1%TiC exhibits recrystallized microstructures of fine grains surrounded with GBs of random 
orientations and of fine TiC precipitates at the GBs.  The grain boundary precipitation and segregation 
of the TiC phase and its constituents lead to significant strengthening of the random GBs, resulting in 
much improved thermo-mechanical performances in the recrystallized states.  A number of the TiC 
precipitates and a large area of random GBs will act as sinks effective for irradiation induced defects.  
Therefore, TFGR W-1.1%TiC will be very promising for use as plasma facing materials and 
components exposed to heavy thermal loads in the steady state or transient mode combined with 
irradiation with high energy neutron, low energy ion and plasma that will generate an extremely hostile 
environment responsible for serious material degradation. 
Recent studies through domestic and international collaboration revealed the following unfavorable 
results in TFGR W-1.1%TiC relative to commercially available pure W materials such as ITER grade W: 
(1) Higher retention levels of hydrogen isotopes in the controlled states before high energy neutron 
irradiation, (2) insufficient thermal stability of TiC precipitates when exposed to D plasma at high 
temperatures, (3) limitations in materials fabrication associated with the processing route by a new 
powder metallurgical method of MA (Mechanical Alloying)-HIP (Hot Isostatic Processing)-GSMM (GB 
Sliding based Microstructure Modification); difficulty in producing large sized samples, inferior 
fabrication efficiency and economy, etc.  In this study each of the above issues has been thoroughly 
examined.  It will be shown that most of the issues can be essentially solved. 
 
*Corresponding author: tel.: +81 292 67 4157, e-mail: kurishi@imr.tohoku.ac.jp (H. Kurishita) 
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Reliable beryllium erosion and re-deposition coefficients are of utmost importance for predictions of first 
wall component lifetimes and tritium retention in ITER [1]. Present day material migration models 
assume reflection coefficients of Be and D from Be as well as sputtering of Be by D and Be according 
to the binary collision approximation. Given these reflection coefficients and sputter yields, the erosion 
should be balanced by the incoming Be flux if the Be seeding rate is equal to the sputter yield of Be. 
Contrary to that assumption, recent experiments at PISCES-B revealed that the measured net erosion 
rate is not changed at all if the Be concentration is equal to the measured sputter yield. In order to 
balance the net erosion rates, seeding rates one order of magnitude higher than the expected sputter 
rate had to be used [2]. This observation indicates that either Be re-erosion is much larger and/or that 
sticking is much smaller (and hence reflection is much larger) than present models anticipate.  
An effective diagnostic tool to measure sticking coefficients is the cavity probe technique: small cavities 
formed between a top plate with an aperture (“lid”) and a bottom plate (“bottom”) separated by a spacer 
are exposed to the relevant conditions, e.g. neutral species or plasma flux.  While particles arriving at 
the front surface of the lid can escape due to low sticking or local re-erosion, particles traveling through 
the aperture into the cavity are effectively trapped and most of them will eventually deposit inside the 
cavity. The sticking coefficient of the investigated species can now be determined by analyzing the 
spatial deposition profiles on the inside surfaces and by comparing the deposited layer on the directly 
exposed front surface of the lid with the integral deposition on the inside surfaces. 
In order to robustly determine the sticking coefficient of Be under plasma bombardment, we therefore 
exposed cavity probes made from polished tungsten plates to different Be flux conditions: a) pure Be 
neutrals emitted from the PISCES Be effusion cell at vacuum base pressure, which allows a direct 
measurement of the Be sticking coefficient; b) using the same Be neutral source but with 1 Pa D2 
background filling of the vacuum chamber to test the effect of neutral gas collisions on the deposition 
profiles; c) a non-plasma wetted exposure on the collector sample manipulator during a Be seeded D-
discharge to examine the effect of energetic D neutrals reflected from the target; d) direct exposure to 
Be seeded D-plasma on the target position to examine the effect of high flux D ion & neutral 
bombardment.  
The resulting samples were analyzed with 2 MeV 3He NRA to obtain spatial profiles of the D and Be 
concentrations on the surfaces. In all four cases the measured profiles show a Be sticking coefficient of 
unity and therefore an unexpected low sticking coefficient can be excluded for the explanation of the 
enhanced net erosion during the Be seeding experiments at PISCES. 
 
[1] S. Carpentier, R.A. Pitts, P.C. Stangeby et al, J. Nucl. Mater.  415, p.165 (2011) 
[2] R.P. Doerner, D. Nishijima, T. Schwarz-Selinger, Nucl. Fusion 52 p.103003 (2012) 
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Tungsten is the most important candidate material for plasma facing surfaces in any future nuclear 
fusion power device, where it will be subjected to some of the most extreme conditions of any 
engineering materials; surface temperatures of over 1000oC, damage levels of up to 50 dpa/year from 
14.1MeV neutrons, transmutation induced compositional changes and implantation of helium directly 
from the plasma. The combination of primary knock on damage from neutrons and their interaction with 
helium (present due to both transmutation and injection from the plasma) will result in accumulation of 
significant levels of helium in plasma facing tungsten. While much work has been performed to 
understand the formation of voids and “nanofuzz” under helium irradiation, until now little work has 
focused on understanding the effects the helium implantation will have on the mechanical properties of 
tungsten.  This work has used both single ion, sequential and simultaneous W+ and He+ ion 
implantations, into pure tungsten, to simulate neutron damage and helium accumulation. The effects on 
mechanical properties have then been assesed using nanoindentation. 
 
Sequential ion implantation of both W+, to a damage level of 13 dpa, and He+, to a He concentration of 
3000appm were performed in pure tungsten to produce a sample with 4 areas; unimplanted, W+ 
implanted, He+ Implanted, W+/He+ implanted. Nanoindentation was used to measure changes in the 
hardness after ion implantations in each region. In the case of the W+ ion implantation a small increase 
in hardness of ≈2 Gpa was measured at 13 dpa. However the hardness of the tungsten after 
implantation at 3000appm were found to be significantly higher, up to 11 GPa, representing an increase 
in hardness of 90% over the base alloy. When sequential ion implantation was performed (W+ followed 
by He+) the hardness increase was lower than that seen in just He+ implantation, by ≈1 GPa. TEM 
showed that there was no formation of helium bubbles at these helium concentrations. This suggests 
that self ion damage, in the form of vacancies loops, acts as helium trapping sites, which are less 
effective at hardening than helium trapped in a single vacancy. To further investigate the effect of 
helium simultaneous ion implantation was performed using the JANUS facility at CEA Saclay, France. 
Two samples were produced. One with simultaneous damage levels of 2 dpa and a helium level of 
600appm, and one with 2 dpa of damage with no helium. The mechanical properties of these were 
measured using spherical nanoindentation. The average yield stress of the self-ion implanted only 
material increased from  4.1 GPa to 5.9 GPa, and the work hardening coefficient dropped from 0.33 to 
0.20. On implantation with both helium and tungsten there was a further increase to yield stress to 
6.6 GPa, but the work hardening coefficient  increased to 0.4. This further shows that the helium has 
significant effect on the mechanical properties of tungsten, work is now ongoing to understand how this 
effects the fracture behavior of tungsten. 
 
*Corresponding author: tel.:+44 1865273768, e-mail: david.armstrong@materials.ox.ac.uk 
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Tungsten (W) is the first candidate of plasma facing wall (PFW) of a nuclear reactor.  An advantage of 
W as PFW is its low erosion resulting low deposition.  Assuming the redeposition rate is proportional to 
the erosion rate and the same hydrogen (H) concentrations in the redeposited layers of Carbon (C) and 
W, the total retention in a full W PFW reactor would be 1/100 to 1/1000 of that in a full C PFW reactor, 
owing to larger difference in erosion rates between C and W. Different from C, however, H can easily 
diffuse deep into W bulk.  Therefore, the bulk H retention in W is a major concern.  Although extensive 
studies on H retention in W loaded by ion implantation, plasma exposure, and gas charging have been 
done, reported amounts of retained H in W, and their dependencies on incident fluxes, fluencies and 
temperatures are very much inconsistent. The cause of the discrepancy is mostly attributed to 
differences in W materials, such as manufacturing methods, or microstructures and grains structures, 
and impurities. Whatever the causes of the discrepancies are, the H retention in W at above 500K is not 
likely saturated and increases with fluences [1], though the fluence dependence is uncertain, either, 
linear or square root, or in between. Hence, in order to make reliable estimation of hydrogen retention in 
a full W PFW reactor, understanding of mechanisms of the H retention in W is an urgent task. 
 
The present work is devoted to clarify the H retention mechanisms, critically reviewing reported data 
together with our recent results. According to our recent works [2,3], the hydrogen diffusion coefficient 
for dissolved hydrogen in W is large enough to release dissolved hydrogen in W after hydrogen loading, 
and only trapped hydrogen remains long even at above 500K.  Furthermore, the amount of trapped 
hydrogen is much larger than that of the dissolved H. In particular, H retention in plasma sprayed W 
(PS-W) is found to be significantly large even above 1000K [4, 5]. H trapping in defects in W is well 
known and its trapping energy is not such large as that appeared in PS-W. Hence, it is hard to assign 
what are the trapping sites in PS-W. Since surface deposited carbon on W seems to work as surface 
barrier for H release [6], impurities in W such like C and O very likely work as H trapping sites, or the 
impurities and the defects may synergistically work as the H trapping sites. 
 
In anyway, H trapping sites must be newly created during H loading, which results in the deviation from 
the square root dependence of the retention on fluence. Still the non-saturation behaviour cannot be 
interpreted by defects creation near surface layers and additional creation in deep inside is 
indispensable. This could result in significantly large H retention in W and dissipate the advantage of W 
as PFW. 
 

[1] J.P. Roszell, et al. , J. Nucl. Mater 415, 5641 (2010) 
[2] T. Otsuka, et al., Physica Scripta, T145, 014035 (2011) 
[3] T. Ikeda, et al., Fusion Science and Technology, 60, 1463 (2011) 
[4] K. Vh.  Alimov, et al., J. Nucl. Mater, 414, 479(2011) 
[5] H.S. Zhou, et al., Fusion Eng. Design, 86, 325 (2011)  
[6] T. Shimada, et al. J. Nucl. Mater., 313-316, 204 (2003) 
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Substantial laboratory studies regarding hydrogen retention in tungsten (W) have been performed 
particularly in the last decade in order to understand the behaviour of hydrogen in W and to obtain 
reliable extrapolations of tritium inventory in future fusion reactors with W as plasma-facing material 
(PFM). In order to validate and improve these extrapolations, comparison of laboratory studies with 
data from existing fusion devices is a crucial issue. ASDEX Upgrade (AUG), with its full-W PFM since 
2007, provides a unique possibility to investigate fuel retention in a full-W environment. In this 
contribution, we report AUG studies on fuel retention performed during the last few years and compare 
the results to those of laboratory studies. 
AUG has used mainly W coated graphite tiles as the plasma-facing component. The W coatings were 
prepared by several different deposition methods with various thicknesses up to 200 m. In addition, 
two solid W tiles were installed at the outer divertor target - the region with the highest erosion yields 
and heat loads - in the 2010/11 campaign in order to assess their performance prior to the complete 
replacement of the outer divertor target from W coated to solid bulk W tiles before the upcoming 
campaign [1]. The solid bulk W tiles for the outer divertor are installed to overcome potential problems 
of W coatings, such as limited lifetime due to sputtering and accidental delamination by excessive heat 
loads, and to extend the operational parameter space. Divertor tiles were retrieved after each campaign 
for analysis and analysed ex-situ by various methods, e.g. nuclear reaction analysis (NRA), which 
allows measuring the near surface D retention and its depth profile up to about 7 m, thermal 
desorption spectroscopy (TDS) for analysis of D desorption behaviour and quantification of total D 
retention and scanning electron microscopy to examine structural and morphological changes of the 
surface. 
By eliminating carbon as PFM, the in-vessel D inventory in AUG was strongly reduced by a factor of 5-
10 due to suppression of codeposition [2]. For the implanted D  in the W tiles, the D surface depth 
profiles measured by NRA generally show the maximum D concentration at the top surface (within 
several hundred nm) with values of several at.%, and a D diffusion tail into  deeper regions with lower 
concentration (orders of 10-2-10-3 at.%). In the case of thin W coatings, D retention determined by TDS 
(total retention) agrees well to that measured by NRA (surface retention), because D diffusion into the 
graphite substrate is negligibly small. On the other hand, TDS data are always much higher than NRA 
data for thicker W coatings and solid W tile samples, indicating that more D is accumulated in the bulk 
beyond the NRA analysis depth. The increase of D retention in the solid W used in AUG shows a nearly 
square-root dependence from the incident fluence, suggesting that diffusion plays a key role for the 
retention. Nevertheless, the overall retention behaviour was still not far from the predictions 
extrapolated from laboratory studies, which confirms the validity of the laboratory results under tokamak 
exposure conditions.  
 
[1] A. Herrmann et al., Phys. Scripta T145, 014068 (2011) 
[2] M. Mayer et al., J. Nucl. Mater., 390-391, 538-543 (2009) 
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Due to the lack of an adequate source for fusion neutrons for materials science studies implantation of 
fast heavy ions is often used as a surrogate for neutron-induced radiation damage created in first wall 
materials [1]. For tungsten self-implantation is expected to be the most promising method to produce 
defects close to the surface [2,3]. In terms of deuterium retention in damaged tungsten in most cases 
saturation was observed with increasing W fluence. However different damage levels were reported 
ranging from 0.2 to 50 dpa [3-5]. In this contribution the evolution of the deuterium depth profile is 
studied in a well-defined set of experiments as a function of damaging fluence to investigate the 
expected saturation in detail. 
Self-implantation was performed at room temperature with 20 MeV W6+ ions with fluences up to 
5×1018 W/m2 (corresponding to 5 dpa according to SRIM calculations assuming a displacement energy 
of 90 eV). For this energy the expected damage maximum is located 1.3 µm below the surface. 
Polycrystalline tungsten with a purity of 99.97 % was used. The samples were recrystallized before 
damaging to minimize the amount of intrinsic defects. Deuterium loading was performed with a low-
temperature plasma with an ion flux of 5×1019 D/m2s. An ion energy of only 3-5 eV/D was chosen to 
minimize the possible production of additional trapping sites during loading and to decorate only the 
existing defects. A sample temperature of 460 K was used to avoid any defect annealing during D 
loading. Deuterium depth profiles were analysed ex-situ with the D(3He,p) nuclear reaction with 3He 
energies varying from 500 keV to 4.5 MeV to probe a sample depth of up to 7.5 µm. 
In a first set of experiments a D fluence series was conducted to follow the kinetics of D retention at this 
low temperature. Samples damaged to a W fluence of 0.5 dpa were exposed to the D plasma between 
5 and 72 hours corresponding to a D fluence of 0.1 to 1.5×1025 D/m2. Depth profiles show that with 
increasing D fluence a D retention front moves into the damaged zone with a maximum D concentration 
of around 1 %. While the D concentration in the damaged zone saturates around 1×1025 D/m2 the front 
slowly proceeds into the bulk at reduced levels of around 100 ppm. To ensure that all defects are 
decorated with D the W damage series was performed with a D fluence of 1.5×1025 D/m2. Already for 
the lowest W damaging fluence of 0.002 dpa an increase in D retention compared to the undamaged 
sample is visible. At the damage maximum a factor of 20 is observed. Besides a narrow surface peak 
the D depth profiles follow the damage profile calculated by SRIM up to a W fluence of 0.05 dpa. At a W 
fluence of 0.2 dpa the D concentration in the damage maximum does not increase any more but the 
region between the maximum and the surface fills up clearly showing the local saturation. 
 

[1] W.R. Wampler and R.P. Doerner, Nucl. Fusion 49, 115023 (2009) 
[2] B. Tyburska et al. J. Nucl. Mater. 395 (2009) 
[3] O.V. Ogorodnikova et al., J. Nucl. Mater 415, S 661-S666 (2011) 
[4] M.H.J. ’t Hoen et al., Nucl. Fusion 52, 023008 (2012) 
[5] Y. Hatano et al., submitted to J. Nucl. Mater (2013) 
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The influence of radiation damage by fast fusion neutrons on deuterium retention in tungsten has been 
studied by a number of authors during the last few years [1]. However, studies employing neutrons, for 
example from fission reactors, are still very scarce, and most authors use radiation damage created by 
fast ions as proxy for radiation damage created by neutrons. This approach neglects, that irradiation by 
neutrons leads not only to displacement damage, but also to elemental transmutations. The subsequent 
-decay of created short-living isotopes results in the accumulation of helium inside the material. 
Typically several ten ppm of He are created per dpa displacement damage in tungsten.  
 
For undamaged tungsten it has been observed previously, that during deuterium plasma irradiation 
already small amounts of additional He can change the retention characteristics for deuterium 
significantly [2]. The presence of He therefore can potentially change the retention of deuterium in 
damaged tungsten significantly. In that case investigations employing ion irradiation as proxy for 
neutrons would have only very limited informative value. 
 
Tungsten samples were damaged by 20 MeV W ions to a maximum damage fluence of 0.89 dpa. The 
damage extends from the surface until a depth of about 2.3 µm. The damaged region was subsequently 
implanted by 3He ions at 11 different energies from 500 to 1400 keV, the implantation energies and 
fluencies were selected to create a flat implanted 3He concentration profile. The 3He concentrations 
were varied from 10 to 1000 ppm. The total amounts of retained 3He were determined by means of the 
3He(d,p) nuclear reaction. These were almost identical to the implanted amounts, i.e. the retention of 
3He was almost 100%. 
 
The sample damage was then decorated from a low-temperature plasma with deuterium at a sample 
temperature of 400 K with an ion energy of 3-5 eV/D at an ion flux of about 5×1019 D/m2s to a fluence of 
8×1024 D/m2. Depth profiles of retained D were determined by means of the D(3He,p) nuclear reaction. 
The concentration of retained D in the damaged layer was about 1.5 % and decreased to about 100 
ppm  in larger depths. The deuterium depth profiles and the total amounts of D retained in the damaged 
and He implanted samples were identical within the accuracy of the measurements to those without 
additional helium implantation. The presence of He up to concentrations of 1000 ppm therefore has 
only a very small influence on the diffusion and retention properties of deuterium in damaged tungsten. 
 
[1] O.V. Ogorodnikova et al. J. Nucl. Mater. 415, S661 (2011) 
[2] V.Kh. Alimov et al., Phys. Scripta T138, 014048 (2009) 
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Tungsten is presently considered as one of the most favorable materials for plasma-facing components 
in future fusion reactors. However, as plasma-facing material tungsten will be exposed to high fluxes of 
tritium, alpha-particles and neutrons which may change the material behavior. From operational and 
safety points of view tritium retention and tritium transport are the most crucial aspects. Due to the low 
solubility of hydrogen in tungsten [1] the retention of tritium in undamaged tungsten is considered as 
uncritical. However, the situation is different if energetic particles and high-energy neutrons create 
additional defects in the material. Nevertheless, assuming a 1-D trap-diffusion model for hydrogen 
propagation it was estimated that the tritium diffusion rate is low and the subsequent (slow) saturation 
of tungsten within tolerable limits [2]. This estimate, however, does not take into account the structural 
anisotropy (i.e. grain boundaries) of polycrystalline tungsten which alters the permeation properties 
compared with single-crystalline tungsten.  
Here we report results based on molecular dynamics simulations and subsequent transition state 
studies on the influence of grain boundaries in polycrystalline tungsten on the transport of deuterium. 
After an exhaustive mapping of saddle point locations and energy minima for hydrogen as trace 
impurity, minimum activation 3-D energy migration trajectories are derived. Hydrogen transport along 
this complex spatial network exhibits a strongly modified activation energy distribution in the 
neighborhood of grain boundaries together with an altered connectivity matrix compared with single-
crystalline tungsten. The activation energy distribution is asymmetrically broadened and the mean is 
shifted towards higher energies by around 0.6 eV. In striking contrast, however, the dominating 
transport paths have a reduced maximum activation barrier compared with sc-tungsten, thus providing 
a 'short-circuit' diffusion path. The estimated transport coefficients are compared with data based on 
DFT-based modeling of hydrogen diffusion in single-crystalline tungsten. The simulations reveal that in 
the tracer limit grain boundaries can provide a fast diffusion pathway. In addition it is shown by a 
simplified analytical model that hydrogen retention estimates based on data from single-crystalline 
tungsten and 1-D modelling may fail to describe the retention dynamics in polycrystalline tungsten. 
 
[1] R. Frauenfelder, J. Vac. Sci. Technol. 6, 388 (1969) 
[2] B. Lipschultz, J. Roth, J.W. Davis et al, PSFC/RR-10-4, 1 (2010) 
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Reduced-activation ferritic-martensitic steels (RAFMS) are advanced structural materials for the 
construction of future fusion reactors with high fluxes of neutrons, such as DEMO or a Fusion Neutron 
Source (FNS). While neutrons are responsible for displacement damage, high heat fluxes may create, 
for example, high thermal stresses (and as consequence cracks, fracture), or molten/resolidified areas 
in the materials. High neutron and/or high heat fluxes may therefore strongly influence the hydrogen 
retention properties of these materials. 
 
In the present work tungsten ion irradiation was used as proxy for displacement damage created by 
neutrons. The RAFMS Rusfer and Eurofer [1] samples were damaged by 20 MeV W6+ ions to a 
damaging fluence of 0.89 dpa for simulation of neutron irradiation and by pulse heat loads in the QSPA-
T facility with 10 pulses of 0.5 MJ/m2 with a duration of 0.5 ms. 
 
The hydrogen isotope retention properties of the damaged and undamaged materials were investigated 
by exposure to deuterium gas. The deuterium retention was investigated in the temperature range RT-
773 K at pressures of 10 and 104 Pa. Deuterium depth profiles were measured by nuclear reaction 
analysis (NRA) using the D(3He,p)α nuclear reaction until a depth of about 8 µm, the total amount was 
determined by thermodesorption spectroscopy (TDS). The amount of deuterium retained in undamaged 
steel strongly increases with increasing temperature due to diffusion and trapping deep into the 
material. The dependence of D retention on gas pressure is very weak. 
 
The permeation of deuterium through Rusfer was investigated at gas loading in the temperature range 
573-923 K. At these temperatures deuterium diffuses easily through the material. The permeating flux 
increases with temperature, and with pressure as JP0.8, indicating a mixture of diffusion limited and 
surface limited processes. In order to study the influence of surface impurities the front surfaces were 
cleaned by an argon plasma discharge, resulting in an increase of the permeating flux by a factor of 
about 3 for a few hours while the front surface is free of contaminants. The estimated permeability of 
Rusfer is about one order of magnitude smaller than for EUROFER steel [2]. 
 
[1] V.M. Chernov, M.V. Leonteva-Smirnova, M.M. Potapenko, et al., Nuclear Fusion, 47 (2007) 839-848 
[2] D. Levchuk et al., Journal of Nuclear Materials 328 (2004) 103–106 
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Presently, impurity seeding as a means to reduce the power load onto tungsten (W) divertor is actively 
pursued. Specifically, nitrogen (N) has shown favourable properties in cooling the edge plasma and 
enhancing plasma performance [1]. However, N-seeding results in complex N-W plasma surface 
interactions. The complex chemistry and thermodynamics of the N-W system under fusion conditions 
are not well known. Therefore, the near surface modification of W by nitrogen implantation, and 
resulting changes in W sputtering [2], and deuterium (D) retention behaviour [3] have been studied. 
Recently, N-seeding experiments with JET ITER-like wall has been performed [4]. All results indicate 
formation of nitride compounds with corresponding increase of deuterium retention in W. The reason for 
such increase has been interpreted to be due to increased diffusion into the W bulk. 
 
Retention studies however provide only indirect evidence of D diffusion behaviour, while permeation 
studies can provide a direct measurement. Therefore, in this study, we show unambiguously the 
influence of nitrogen is to increase deuterium diffusion into the bulk. Permeation experiments were 
performed during D-N mixed ion irradiation of a thin 30 μm W specimen. These experiments were 
focused in particular on measuring the D permeation as function of temperature and N impurity in the 
ion beam, and characterizing the corresponding N accumulation in W. The ion flux was 1020 D/m2s and 
specimen temperature was 550 < T < 1100 K. Nitrogen in the ion beam was controlled by regulating the 
N2 mass flow into the ion source. The N accumulation was measured ex-situ using XPS following 
permeation experiments. 
 
The influence of nitrogen is a strong temperature dependent increase in permeation flux in comparison 
to D-only case. A maximum at T = 650 K was observed corresponding to a tenfold increase in 
permeation flux. XPS analysis clearly showed an enrichment of nitrogen (20 at.%) within 10 nm of the 
irradiated surface. At T > 650 K, the permeation flux, while larger than D-only case, decreases with 
increasing temperature. This result is due to the volatilization of nitride compounds. Interestingly, the 
permeation flux decreases at T < 650 K where nitrides are stable. These results indicates that the 
formation of nitrides themselves may not be the reason for the observed increase in permeation, but 
surface coverage by N may also strongly reduce D recombination at the surface.  
 
This study clearly demonstrates that formation of nitrides or nitrogen surface coverage of W increases 
the D diffusion flux into the W bulk. The largest increase was observed at 650 K; near anticipated 
operation temperature of ITER. It further contributes to the fundamental understanding of N-W 
interaction required to model divertor detachment plasmas during N impurity seeding and improving the 
estimate of Tritium retention in tungsten by quantifying changes in D diffusion behaviour. 
 

[1] A. Kallenbach et al., J. Nucl. Mater 415, S19 (2011) 
[2] K. Schmid et al., Nucl. Fusion 50, 025006 (2010) 
[3] O. Ogorodnikova et al., Phys. Scripta T145, 01434 (2011) 
[4] M. Oberkofler et al., J. Nucl. Mater in press (2013) 
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Thermo-chemical removal (TCR), or baking in reactive gases, is a candidate method to control the 
tritium inventory in co-deposits, which are expected to be the main tritium retention mechanism in 
nuclear fusion devices. A significant scatter of the TCR rates at apparently similar conditions was 
observed in the past, highlighting the need for better understanding of the underlying physics. A model 
based on the porosity of co-deposited layers and chemical reaction kinetics was developed. The model 
describes the diffusion of removal gas particles into the layer, their adsorption in the layer and their 
reactions with layer constituents by solving a stationary reaction-diffusion differential equation. The 
model predicts a homogeneous removal throughout the layer volume up to a layer thickness depending 
on its porosity. For thicknesses above this threshold a transition from reaction to diffusion limitation 
takes place. The integral TCR rates are proportional to the layer thickness in the reaction limited case 
and the time to remove layers is independent of its initial thickness. 
 
To confirm these findings a dedicated TCR experiment using 10 mbar oxygen at 350°C surface 
temperature of amorphous deuterated carbon layers (a-C:D) with five thicknesses of 150 to 550 nm 
was conducted. The layers were prepared using plasma chemical vapour deposition under equal 
conditions, only varying the deposition time. Moreover, a series of TCR experiments with nitrogen 
dioxide under conditions ranging from 200°C to 350°C, 20 to 200 mbar and 3 to 20 minutes of exposure 
was conducted with a-C:D layers of different thicknesses and porosity and with mixed tungsten-carbon-
hydrogen (WCH) layers. At 350°C, nitrogen dioxide completely removed high porosity a-C:D layers 
within 3 minutes. The treatment of WCH layers yielded in an uptake of oxygen while tungsten and 
carbon content change was below the detection limit. The oxygen content in all remaining layers was 
measured using nuclear reaction analysis, yielding values of about 1017 atoms/cm² for a-C:D layers and 
oxygen amounts similar to the amounts of tungsten in WCH. 
 
The linear dependence of the TCR rate on the layer thickness predicted by the model is in good 
agreement with the rates measured in the dedicated experiment with a-C:D layers. Variations of the 
TCR rate with thickness, time, surface temperature and gas pressure predicted by the model were 
compared with the available database. The good agreement between the model and the experiments 
supports the model assumptions. TCR with oxygen on a-C:H in fusion devices is well described by a 
reaction-limited Arrhenius-type dependence on the temperature and a Langmuir type pressure 
dependence. The observed non-linear time evolution of the removal rate can within the model be 
explained by changes of the porosity and material content in the layer. The obtained results are used 
for predictions of fuel removal rates in ITER. 
 
*Corresponding author: tel.: +49 2461 61-2963, e-mail: s.moeller@fz-juelich.de  
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Metallic mirrors will be essential components of all optical systems for plasma diagnosis in a reactor-
class device. A comprehensive First Mirror Test (FMT) has been carried out at JET on the request of 
the ITER Design Team [1]. The first phase, in JET with carbon walls, was completed (up to 80 h with 
59.6 h of X-point operation in 2005-2009 campaigns). Then new sets of mirrors were exposed in JET 
with the ITER-Like Wall (ILW) [3]. Two major types of experiments were done under ILW conditions with 
test mirrors made of polycrystalline molybdenum (Mo-poly). 
 Short-term exposure was accomplished for three mirrors inserted from top of the torus using the 

reciprocating probe as a carrier. The probe head was modified for that purpose: stainless steel 
with three channels for cylindrical mirrors. Samples were placed 5-7 cm in the shadow of 
mushroom limiters and exposed during 71 pulses for approximately 1200 s. 

 Long-term exposure was performed during the entire experimental campaign (20 h total with 
approx. 12 h of X-point operation) with 30 mirrors Mo-poly mirrors; four specimens were coated 
with a 1 m thick layer of rhodium (Rh). Mirrors were installed in carriers (cassettes with 
channels) placed on the outer wall and in the divertor: inner leg, outer leg and base plate under 
the load bearing tile made of pure tungsten [2].  

Before and after exposure mirrors underwent detailed surface analysis using optical techniques to 
determine reflectivity, microscopy for surface topography and a number of ion beam methods including 
nuclear reaction analysis (NRA), heavy ion elastic recoil detection analysis (HIERDA) and secondary 
ion mass spectrometry (SIMS).  
The aims of this work are to provide an overview of results obtained in JET-ILW, to compare to the 
situation with the carbon wall and, based on the outcome of the two campaigns, to discuss options for 
mirror maintenance and cleaning in a steady-state reactor. The carbon content in JET-ILW has been 
reduced by one order of magnitude in comparison to operation with carbon walls [3], one may expect 
deposition strongly influenced by Be fluxes. The essential result regarding mirrors exposed in the 
presence of metal walls is that the deposition of plasma impurity species on mirror surfaces has been 
reduced in comparison to earlier campaigns: from over 20 m in JET with carbon walls to approximately 
1 m for specimens in the divertor region. Also the deposition in channels of the divertor cassettes is 
small. No flaking, dust-forming layers have been identified. The implications of these results for first 
mirrors and their maintenance in a reactor-class device will be discussed.  
[1] M. Rubel et al., Phys. Scr. T145 (2011) 014070. 
[2] G.F. Matthews et al., Phys. Scr. T145 (2011) 014001.  
[3] S. Brezinsek et al., J. Nucl. Mater., in press, accepted manuscript. 
*Corresponding author: e-mail: daryai@kth.se (D. Ivanova) 
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The main chamber blanket modules in the ITER baseline design consist of stainless steel neutron 
shield blocks and removable first wall panels (FWPs), where the latter face the plasma.  The FWPs at 
the top of the machine are to be armoured with Be at present, but worst-case estimates of Be erosion 
show that it could prompt premature replacement of the panels.  Tungsten is a more robust option, and 
is consistent with the divertor design strategy, since the upper FWPs intersect the same magnetic flux 
surfaces as outer target W baffle.  In addition, W tile technology can offer higher steady-state heat flux 
limits, and is expected to provide improved protection of cooling water circuits under runaway electron 
impact.     
However, W sputtered from the upper panels could have a higher core penetration efficiency than W 
from the primary divertor, posing a greater threat to Q=10 operation.  Two studies were initiated: an 
investigation with the OSM-EIRENE-DIVIMP code package to look at the W transport through the 
plasma boundary to the core; and an experiment on ASDEX Upgrade (AUG) to assess W behaviour for 
ITER-like magnetic and upper divertor geometries.    
Initial results from the code study [1] indicated that ITER W core concentrations would be marginally 
within the stated limits, but a number of significant uncertainties were identified, which include: the 
strong dependence of W self-sputtering on the assumed impact angle of the W ions, Be coating of the 
W panels during operations, and the plasma conditions near the panels at high triangularity.  Efforts to 
address these particular issues have involved ERO modeling of near-surface gyro-motion, an 
evaluation of material migration with the WALLDYN code, and the analysis of SOL temperature 
gradients in ALCATOR C-Mod, respectively.  The change in the calculated core concentration will be 
presented. 
The AUG experiments did not show significant W production from the upper divertor during high-power 
ELMing H-mode, and the core W concentration did not rise when moving from lower single-null to close 
to double-null, suggesting that W is a viable option for ITER.  However, the possible impact of surface 
layers in the upper divertor and the dependence of ELM frequency on magnetic geometry both 
complicate a direct interpretation of the data.  A detailed code study is underway in an effort to quantify 
these effects. 
 
 [1] S. W. Lisgo, A. Kukushkin, R. A. Pitts, et al, J. Nucl. Mater., In press 
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In September 2011, ITER Organization (IO) proposed to study the possibility of beginning operation 
with a full-tungsten (W) armored divertor, with the objective of taking a decision on the final target 
Plasma-Facing Units (PFUs) material (carbon fibre composite or W) by the end of 2013. This period of 
2 years would enable the development of a full-W divertor design compatible with nuclear operations, 
the investigation of further several physics R&D aspects associated with the use of W and the 
completion of technology qualification.  
One of the most critical issues associated with the use of a full-W divertor in ITER is material melting 
during operation. In order to minimize the resulting surface damage, final design solutions adopted for 
the three main plasma-facing components (PFCs) Inner Vertical Target (IVT), Dome and Outer Vertical 
Target (OVT) -will be a compromise between operational requirements (need for leading edge 
protection for various plasma scenarios, optimization of the overall wetted area for power deposition) 
and increase of manufacturing costs due to increased design complexity. This paper will present the 
current status of ITER full-W divertor shaping studies and the results of the analysis of related heat load 
distributions.  
Beginning with a brief overview of the reference heat load specifications which have been defined for 
the full-W engineering activity, this paper will describe the three PFC geometry concepts being 
investigated at the IO: PFCs tilting, PFU monoblocks toroidal chamfer, and baffle “roof-shaping”. 
Particular emphasis will be placed on the “roofshaping” technique, already widely used in the ITER first 
wall panel design [1], and applied here in the OVT design to protect both toroidal extremities of the 
outer baffle during downward vertical displacement events (DW VDE), which are expected to deposit 
extremely high energy densities in this region, even during the non-active (H-He plasma) operational 
phases of ITER. In order to optimize the OVT shaping concept, 3D calculations of the surface heat load 
distributions expected during both stationary operations and transients were performed as necessary 
using numerical field line tracing codes (CASTEM/PFCFLUX). These simulations, based on poloidal 
flux maps generated by equilibrium codes (e.g. DINA) and 3D plasma-facing envelopes, were also 
verified by comparison with analytical approximations. At present, roof-shaping is achieved by an 
asymetric set-back implementation at the outer baffle lateral sides (namely 18mm and 6mm set-backs 
spread over ~90mm and ~30mm toroidal chamfers on the downstream and upstream sides 
respectively). This reasonably optimized design minimizes the required number of shaped PFUs whilst 
maintaining complete shadowing of all possible leading edges. This toroidal chamfering brings 
significant benefit in comparison with the original OVT design without chamfer. The resulting heat load 
spreading over a wider, shaped surface, achieves energy deposition mitigation factors of up to5.  
 
[1] P. Stangeby et al. Nucl. Fusion 51 (2011) 103015  
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ITER plasma facing materials must withstand significant neutron damage without excessively 
increasing tritium inventory via retention. Hydrogen isotopes are retained at material defects (e.g., grain 
boundaries, voids, bubbles), and accurately estimating retention of radioactive tritium is a key issue for 
both fuel control and fusion safety. We present initial results using positron annihilation spectroscopy 
(PAS), compared to complementary NRA and TDS analyses, to characterize bulk damage and 
retention.  PAS has become widely used in materials engineering, yet few PAS studies have been 
conducted on plasma facing components. Experiments are conducted at the Idaho National Laboratory 
(INL), and utilize the tritium plasma experiment (TPE), which is among the few facilities capable of 
performing experiments on neutron activated and tritium contaminated tungsten.  
 
Positron annihilation spectroscopy [1] is an attractive diagnostic for fusion materials for several principal 
reasons:  1) PAS is capable of detecting defects over a very wide range of sizes in bulk materials, from 
single defects to bubbles.  2) Depth resolution of 10-100’s µm can be obtained using multiple positron 
sources.  3) Hydrogen decorated voids can be distinguished from empty voids.  4) In-situ analysis can 
be performed to dynamically interrogate sample.   
 
Tungsten samples (6 mm diameter, 0.2 mm thick) were irradiated to 0.025 and 0.3 dpa with neutrons in 
the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory.  Samples were then exposed 
to deuterium plasma in TPE at 200 and 500 C to a total fluence of 1 x 1026 m-2. NRA, TDS and PAS 
were performed at various stages to characterize damage and retention. We present the first known 
results of neutron damaged tungsten characterized by PAS.  For most samples (low neutron damage 
~0.025 dpa, low deuterium implantation temperature ~200 C), the peak concentration of retained 
deuterium occurs at a depth less than 5 µm and within detection limits of NRA.  However, for highly 
damaged tungsten (0.3 dpa neutron damage; deuterium plasma exposure at 500 C) NRA reveals a 
deuterium concentration profile that increases fitfully beyond NRA detection limits (5 µm using 3.5 MeV 
3He), thus necessitating a diagnostic with greater probing depth. PAS results reveal clear differences 
between the various irradiated samples.  These results, the calibration of PAS to TDS, and a 
comparison to NRA data are presented. 
 
[1] S. Szpala, P. Asoka-Kumar, B. Nielsen, J. Peng, S. Hayakawa, K. Lynn, H.J. Gossmann, Phys. Rev. 
B 54 (1996) 4722. 
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ELM-induced melting: assessment of shallow melt layer stability and droplet 
ejection in a linear plasma device 
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Melting of tungsten during VDE’s, disruptions and slow transients in ITER present the largest damage 
risk to the divertor region during its future operation [1]. However, unmitigated type-I ELM transients 
may also lead to the formation of a shallow melt layer. Of particular concern is that this melt layer may 
lead to large scale erosion through splashing or MHD interactions, particularly due to the high 
frequency of ELMs in comparison with other off-normal events, so that a small level of erosion per 
event leads to a critical level of erosion over all. 
No current tokamak is capable of producing ELM transients of similar energy to those expected in the 
ITER divertor (1-10 GW m-2 on a timescale of ~1 ms and frequency ~1 Hz [2]). Therefore a specialized 
laboratory experiment is required to replicate these conditions. Experiments were carried out using a 
capacitor-bank based ELM simulation system at Pilot-PSI [3]. This permitted steady plasma exposure 
to be combined with a high temperature and density plasma pulse. This well replicates the effect of an 
ELM driving the tungsten surface above the melting temperature and closely approaches the scenario 
of divertor melting proposed in JET during 2013, allowing comparisons to be made. In combination with 
this plasma exposures were made in Magnum-PSI where a high power laser was used to repeatedly 
drive the sample above the melting point.  
In both cases the heating due to the laser and plasma pulse was of similar energy and time duration (~1 
ms) to ITER ELMs. Therefore heat penetration is expected to be similar to that expected from ITER 
transients and provides a good indication of the effects of ELMs in ITER. The surface temperature was 
monitored using a 2D high speed infra-red camera which permitted the calculation of time resolved heat 
fluxes through the transient by using the THEODOR code. Splashing and melt-layer motion were 
monitored using a high-speed visible camera. Eroded material present in the plasma was also 
monitored via a W I emission line utilizing a high-speed camera which enabled temporally and spatially 
resolved observations.  
Melt layer thickness was measured via SEM analysis and shows good agreement with theoretical 
predictions. Comparisons with the RACLETTE code and ANSYS calculations will be presented, as well 
as analysis of the melt layer motion and splashing effects. Current experiments indicate that droplet 
formation is negligible, and that melt layer motion is not macroscopic, but that a resolidified melt pool is 
formed with grain size enhancement down to 400 µm below the surface. Such modifications may lead 
to reduced power handling ability in comparison with pristine samples, which is of concern to the long-
term performance of the ITER divertor. 
 
[1] R.A. Pitts, S. Carpentier, F. Escourbiac, et.al.  J. Nucl. Mater. (in press) (2013) 
[2]  A. Loarte, G. Saibene, R. Sartori, et. al. Phy. Scr. T128 222-228 (2007) 
[3] J.J. Zielinski, H.J. van der Meiden, T.W. Morgan, D.C. Schram and G. De Temmerman Plasma 
Sources Sci. Technol. 21 065003 (2012) 
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This paper reports on the first post-mortem analyses of tiles removed from JET after the first campaigns 
with the ITER-like Wall (ILW) [1]. Tiles have been selected to give early indications of a number of 
issues of paramount importance to ITER. Firstly, previous JET post-mortem analyses have shown that 
during plasma operations material is eroded from the main chamber and deposited at the inner divertor, 
so tiles from the inner divertor will be analysed by the Ion Beam Analysis (IBA) techniques Rutherford 
Back-scattering (RBS) and Nuclear Reaction Analysis (NRA) to determine the amount and mix of 
beryllium/carbon/nickel deposition and deuterium retention in the tiles exposed to the scrape-off layer. 
Previously, most of the carbon was re-sputtered and transported towards the (shadowed) inner divertor 
corner where it trapped large amounts of fuelling gas [2]. If similar migration occurs with a metal wall, 
this would pose a problem for ITER, so particular attention will be paid to deposition found in this area. 
Early indications are that there are very thin films in the shadowed areas that may be primarily of 
carbon (judging from interference colours), whereas the deposits in the plasma-accessible regions have 
a silvery appearance. The first SIMS results from an inner divertor tile will also be reported if they are 
available. 
 
Marker tiles from the Inner Wall Guard Limiter (IWGL) from near the mid-plane (where most erosion 
occurs) and towards the bottom of the IWGL array (where interesting deposition is seen) will also be 
analysed by the IBA methods to measure erosion/deposition and deuterium content. Deposits in the 
main chamber may be expected to have similar Be/C/Ni ratios to that of the plasma impurities, whilst 
deposits in the divertor may be modified by the chemical sputtering and migration of carbon.  
 
[1] G F Matthews, M Beurskens, S Brezinsek et al, Phys. Scr 01 4080 (2011) 
[2] J P Coad, S Gruenhagen, D E Hole et al, Phys. Scr. 01 4003 (2011) 
 
This work, part-funded by the European Communities under the contract of Association between 
EURATOM/CCFE was carried out within the framework of the European Fusion Development 
Agreement. The views and opinions expressed herein do not necessarily reflect those of the European 
Commission. 
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This paper describes, in the light of the results obtained so far, the priorities for the further exploitation 
of the JET ITER-like Wall in the next experimental phase which begins mid-2013. JET’s first campaigns 
with the ITER-like Wall ended in July 2012 after around 3500 pulses had been run (20Hrs of plasma). 
The 2011/12 programme was gradual in expanding performance with commissioning phases 
interleaved with scientific exploitation as new capabilities such as heating power, protection systems 
and routine disruption mitigation were released. The programme combined scenario development with 
a strong focus on ITER critical materials issues. A very significant difference to previous JET operation 
was that the current remote intervention into the vessel was motivated by the need to remove long term 
samples for analysis. 
 
The first priority for the 2013 campaigns will be to provide relevant data for the ITER decision on the 
day 1 divertor material. In particular, a bulk tungsten melt experiment using a specially modified divertor 
module will study the characteristics and impact of ELM induced melting on JET operation – only JET 
has large enough ELMs to perform such a test. The second priority is to better understand why the 
change to an all metal wall has restricted access to scenarios with high confinement. This unexpected 
result seems due to a combination of the impact of the higher fuelling needed to control tungsten levels 
but in some scenarios there is also an effect related to the loss of carbon as a significant plasma 
impurity. It is a complex picture which is tied in not only with the issue of tungsten control but also to 
changes in pedestal stability and ELMs which therefore affects ELM control and power exhaust 
mitigation strategies. Integration of all ITER relevant techniques, including impurity seeding, into 
demonstration pulses which push the performance will follow on from this work. Another high priority 
item is the study of the generation and mitigation of runaway electrons which are so far not a problem 
for JET but potentially very challenging to ITER PFCs. Finally, there is still important work to be 
continued on key PWI issues ranging from conditioning to fuel retention and removal studies. 
 
This work, part-funded by the European Communities under the contract of Association between 
EURATOM/CCFE was carried out within the framework of the European Fusion Development 
Agreement. The views and opinions expressed herein do not necessarily reflect those of the European 
Commission. This work was also part-funded by the RCUK Energy Programme under grant 
EP/I501045. 
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Multi-scale Modelling of Tungsten Fuzz Formation under Helium Irradiation 
 

A. Lasa*, K.O.E. Henriksson, and K. Nordlund 
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ITER aims to be the first Tokamak fusion reactor producing more energy than it consumes, based on a 
deuterium (D)-tritium (T) plasma. ITERs divertor will be made of Tungsten (W), due to its high sputtering 
threshold and low chemical interaction. On the other hand, Helium (He) will also be present in the 
plasma, as one of the products of the D-T fusion. When the He leaves the reactor, the W-divertor will be 
exposed to a He-containing plasma. Experiments by Baldwin and Doerner [1] showed the formation of 
a fuzz-like nano-morphology in W when it was exposed to He-plasma. These results pose a new 
undesired phenomenon for the divertor that needs to be well understood in order to minimize its 
possible effects.  
 
The atomic-scale dynamics in materials can be analysed using Molecular Dynamics (MD) simulations. 
Thus, MD can be applied to study the mechanism of fuzz formation onset, including the structure 
formation and growth. On the other hand, Kinetic Monte Carlo (KMC) is a method based on simulating 
physical events (irradiation, diffusion, etc.) with known probabilities at their corresponding rate. Thus, 
KMC – being computationally less expensive than MD – is a very suitable tool to simulate the long-term 
evolution of the processes caused by these events (coalescence, desorption, etc.). 
In PFMC-14 we will present the first multi-scale model able to reproduce the experimental fuzz-
formation results, including a detailed W-fuzz onset by MD and the long-term fuzz-evolution by KMC. 
 
We first studied the He bubble formation and rupture in W by MD, including the related surface growth, 
as well as the effect of the temperature and impurities (carbon) in the above-mentioned mechanisms. 
The MD simulations reproduce the experimentally found square root of time dependence of the surface 
growth. Further, a higher temperature causes a larger bubble growth and desorption activity for the pure 
He irradiation cases, whereas leads to W recrystallization for the He plus C irradiation cases. Carbon 
acts as a local He trap for small clusters or single atoms and causes a larger loss of crystallinity of the 
W surface. 
We used this detailed description of the underlying physical processes during the W-fuzz formation to 
develop a KMC code. The KMC results match both the square root of time dependence of the surface 
growth found in experiments and its pre-factor. We also obtain a surface morphology similar the one 
observed in experiments, tendril-like columns filled with W-fuzz. 
 
[1] Baldwin and Doerner, Nucl. Fusion 48 (2005) 
 
*A. Lasa: tel.: +358 503112606, e-mail: ane.lasa@helsinki.fi (A. Lasa) 

Non-destroyable Analysis of He Bubbles in Ion Irradiated Fusion Materials by 
Conductive Atomic Force Microscopy 

 
H. Fan, Q. Yang, D. Yang, Li Sun, Y. Wu, J. Niu, and D. Liu* 
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Using a non-destroyable conductive atomic force microscope (C-AFM) testing technique, we 
demonstrate that nanoscale conductive He bubbles are formed in the implanted layer of single-
crystalline 6H-SiC, hydrocarbon coatings, CFC, and W-related materiasl, all irradiated with 60-140 keV 
He+ ions. This method can be used to efficiently compare the surface distribution of microstructures (x1 
and x3) with the one of defects or bubbles (x2 and x4) in the destroyed layer (see the attached figure). 
We find that the surface swelling of irradiated SiC samples is well related to the growth of elliptic He 
bubbles in the implanted layer. However, no obvious surface swelling is obsevered for these irradiated 
hydrocarbon, CFC, W-related materials containing a number of nanometer-sized He bubbles in 
implanted layers. It is also found that sizes of He bubbles in implanted layers and their density 
distribution are mainly dependent on the He dose and sample temperature. We discuss the 
experimental and simulation results in terms of first-principle calculation. We show theoretically that 
nanoscale He bubbles can act as an accumulator and capture the He atom diffusing along the 
implanted layer at an evaluated temperature. 
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The tritium retention is a crucial issue for next-step fusion device, such as ITER, due to safety limitation; 
the maximum tritium inventory is about 700g [1-3]. In addition, the retained particles would influence the 
fuelling efficiency, recycling, plasma density control and the neutral density particles in the boundary of 
plasma, which in turn affects the plasma confinement [1, 4]. And the database of fuel retention in 
present tokamaks is very important to predict the retention in ITER. 
 
The molybdenum was first used as plasma-facing components (PFCs) on HT-7 in winter 2010. The 
scenario of deuterium retention on high-Z wall with varied wall conditioning is shown on paper [5]. In 
spring 2012 experiments campaign, the EAST was changed to Mo as first wall with carbon divertor. 
Because EAST is the first ITER-Like entire superconducting tokamak in the world, the data of high-Z 
wall retention is very important to predict the retention in ITER with high-Z wall. 
 
Particle balance analysis shows in the whole campaign the long-term retention ratio decreased to about 
27% comparing the ~36% retention of EAST experiments campaign with all carbon first wall. The 
retention situation connected with the plasma parameters (like electron density, plasma current et al.) 
was investigated and compared with the all carbon wall results. Lithium coating is a common and 
effective method used on EAST. With lithium coating we got the first H-mode discharge on EAST [6]. 
After lithium coating on the Mo first wall at the beginning of one day, the retention ratio increased to 
very high, and then decreased shot by shot in the day. The active cooling of the first wall was used in 
this campaign. The difference between with and without active cooling was also investigated. 
 
This research was funded by National Magnetic confinement Fusion Science Program under Contract 
No.2010GB104002 and No.2013GB114004 and National Nature Science Foundation of China under 
Contract No.11075185 and No.11021565. 
 
[1] G. Federici et al., Nucl. Fusion 41, 1197 (2001) 
[2] J. Roth et al., Plasma Phys. Control. Fusion 50, 103001 (2008) 
[3] T. Loarer et al., J. Nucl. Mater. 390-391, 20 (2009) 
[4] B. Cao et al., Plasma Phys. Control. Fusion 54, 112001 (2012) 
[5] H.Y. Wang et al., Nucl. Fusion 52, 103002 (2012) 
[6] G.Z. Zuo et al., Plasma Phys. Control. Fusion 54, 015014 (2012) 
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 Grain- orientation related surface effects on polycrystalline tungsten caused 
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The problem of obtaining a smoothly polished surface on polycrystalline tungsten occurs for its 
electronic applications as well as for preparing specimens for research purposes related to  fusion 
reactor applications. In the latter case the classical metallographic polishing methods, using diamond 
abrasives, are generally applied to prepare surfaces for the study of plasma-tungsten interaction. While 
applying these  methods on as-forged and on recrystallized tungsten it was observed that by polishing 
with 3 µm diamond grit a surface roughness develops  which outlines the metal grain structure. On 
further polishing with 1 µm diamond this roughness disappeared . However, it re-appeared when 
polishing again with 3 µm grit. Apparently  the mechanical interaction between the 3 µm diamond 
particles and the tungsten crystal lattice is strongly dependent on the crystal orientation. The 
coincidence of the surface roughness patterns and the underlying grain structure could  be clearly 
demonstrated by etching.  
The present observations corroborate with the findings that the blistering due to hydrogen implantation 
is also orientation dependent. They are furthermore an incentive to characterize the sub-surface 
dislocation structure carefully when using “polished” surfaces for plasma-wall interaction studies.  
 
*Corresponding author: tel.: +32 14333087,  e-mail: wvanderm@sckcen.be  
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Plasma–wall interaction is one of the most important issues that present magnetic confinement fusion 
devices have to face. Lithium (Li) has reached an important feat in the context of plasma-facing 
materials(PFM). Li-based surfaces are now routinely used in numerous fusion devices around the 
world, such as: NSTX, TJ-II, FTU, T-11, EAST, HT-7, TFTR, and so on[1]. Like all alkali metals, Li is 
highly reactive. In air, Li reacts with all the major gas constitutes. As a low Z PFM, Li deposited on the 
first walls has a strong gettering effect on carbon and oxygen and strong H retention. 
In the last several years, the experiments of Li coating, Li powder injection and liquid Li limiter were 
carried out. Rich and good results were obtained by applying Li as the PFM on EAST and HT-7. 
However, various accidents are inevitable on a campaign of plasma discharges experiment, including 
vacuum leak, puffing reactive gas, opening vessel. They would decrease the effect of Li-based wall in 
different degree. On EAST, there was no bad influence on plasma by one time normal Li coating after 
the vacuum leaked to 100Pa. Comparing to vacuum leak, the plasma was difficult to recover just by one 
time Li coating after the vessel was filled with N2 to one ATM in order to calibrate the TS diagnostic 
system. The 24 hours He-ICRF and GDC wall cleaning were also useless. Almost all plasma disrupted 
in the startup phrase of discharges with high impurity radiation and runaway electrons behaviour 
because the Li on the wall was contaminated by N2. It was found that the plasma recovered by Li 
coating again tripled average amount. In the case of opening vessel quickly, the Li-based wall was 
protected by flowing Ar. The normal wall cleaning techniques and a great quantity of Li coating can 
recover the wall condition. If the vessel was opened long time, the Li in the vessel should be cleared by 
mechanical tools and deionized water. 
These researches supplied the methods of dealing with the contaminated Li. These empirical actions 
taken on EAST after various accidents could be referred by other Li-based wall devices. These results 
were also beneficial for understanding the mechanism of the effect of the Li-based wall. 
This research was funded by National Magnetic confinement Fusion Science Program under Contract 
No.2010GB104002 and No.2013GB114004 and National Nature Science Foundation of China under 
Contract No.11075185 and No.11021565. 
 
[1]Y. Hirooka, G. Mazzitelli, S.V. Mirnov, et al., Nucl. Fusion 50, 077001 (2010) 
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Helicon plasma discharge for wall conditioning on EAST 
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     A helicon wave plasma (HWP) discharge in an experimental advanced superconducting tokamak 
(EAST) device with a toroidal magnetic field of 1 T was investigated. The HWP was produced by a 
divergent 3-turn flat spiral and one-turn loop antenna in series that were perpendicular to the toroidal 
magnetic field and driven by a 13.56-MHz radio-frequency (RF) source. Experimental results showed 
that the plasma uniformity was improved with increasing the RF power from 500 to 1500 W and 
decreasing the helium pressure from 1 to 0.05 Pa. With increasing the poloidal field up to 0.06 T, the 
plasmas moved along the changing magnetic line force to the wall, then all of the tokamak wall would 
be scanned and cleaned. 
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 Facility for High Heat Flux Testing of Irradiated Fusion Materials and 
Components using Infrared Plasma Arc Lamps 
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A new high-heat flux testing facility using water-wall Plasma Arc Lamps (PALs) has been developed for 
fusion applications. It can handle irradiated plasma facing component materials and mock-up divertor 
components.  Two PALs currently available at ORNL can provide fusion-prototypical steady state heat 
flux conditions.  One of the high intensity PAL system, which consists of a water-wall stabilized high-
power high-pressure argon plasma arc, can produce a maximum incident heat flux of 27 MW/m2 over a 
heated area of 1x10 cm2; the other system produces 4.2 MW/m2 on an area up to 9x12 cm2.  The 
facility will be described and the main differences between the photon-based high-heat flux testing 
facilities, such as PALs, and the e-beam and particle beam facilities more commonly used for fusion 
HHF testing are discussed. 
 
A test chamber to meet the fusion materials program requirements has been built. The components of 
the test chamber were designed to accommodate radiation safety and materials compatibility 
requirements posed by high-temperature exposure of low levels irradiated tungsten articles.  The 
chamber design will allow the high-heat flux testing of typical divertor mock-up components with active 
surface dimensions of 3.5x14 cm2, anticipated for future projects.  Issues related to the operation and 
temperature measurements during testing are presented and discussed.  Results of high-heat flux 
testing of low-levels irradiated tungsten articles are presented, demonstrating the readiness of the new 
facility for irradiated samples.   
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 Hydrogen trapping in carbon film: from laboratories studies  
to TORE SUPRA applications 
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In order to assess the particle balance during long discharge plasma, a dedicated study on fuel 
retention has been launched in Tore Supra. This is called the DITS project (Deuterium Inventory in Tore 
Supra) [1]. It includes a D wall-loading campaign and the dismantling of part of the main limiter to 
analyze carefully the deuterium inventory in the material. 
An extensive post-mortem analysis program on the extracted PFC samples has been thus established 
[2]. On the dismounted TPL sector, the erosion/deposition pattern after the wall-loading campaign is 
clearly seen. The different zones analyzed were classified as erosion zones found in the directly plasma 
loaded areas and as deposition zone with thin or medium thick deposited layer in shadowed area. 
The main D sensitive analysis techniques used were TDS and NRA. The TDS measurements were 
performed at CEA Cadarache. The samples were heated at 60 °C/min up to a maximum temperature of 
1200 °C and all molecules containing H and D atoms were recorded using a mass-spectrometer. 
Desorption on the other deuterium contained fractions was negligible. The D inventory obtained by the 
TDS measurements has been compared with NRA showing a good agreement. 
A large number of TDS spectra have been obtained. In this paper, we present their analysis in the 
frame of previous work already undertaken in laboratory [3]. 
All the spectra (~20) recorded which are coming from different plasma interaction zones, present 3 to 4 
peaks between 600 and 1400K. For all the spectra, the total numbers of D (ND) and H (NH) desorbed 
have been extracted with the corresponding wall isotopic ratio. Moreover, for all the 20 TDS 
experiments, ND have been fitted by Gaussian shape functions (accuracy of fitting of less than 5%) and 
3-4 peaks are obtained. The ratio of the area of each peak to the total area of the spectra has been also 
extracted.  
Taking advantages to laboratory work [3], the different peaks appearing in the spectra are attributed to 
different hydrogen trapping processes. As an example, it appears that the peak at low temperature 
(~870K) is the signature of D trapping of low energy particles in thin near surface layers.  
The evolution of the 3 peaks will be then computed as well as the ratio ND/NH. From these results, 
differences between plasma wall interaction conditions of erosion and deposition zones are exemplified.  
 
[1] B. Pegourie et al, Journal of Nuclear Materials 390–391 (2009) 550–555 
[2] T. Dittmar et al, Journal of Nuclear Materials 415 (2011) S757–S760  
[3] LA. Airapetov, L. Begrambekov, C. Brosset et al.  Journal of Nuclear Materials  
390–391 (2009) 589–592 
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High heat flux tests and finite element analysis of W-Cu FGM  
fabricated by a novel method 
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In this work, W-Cu functional graded material (FGM) as a plasma facing component of ITER divertor is 
fabricated by bonding W and W/Cu composite-Cu FGM by using amorphous W-Fe coated copper foil 
as an interlayer through hot-pressing method. In this technique, amorphous W in the coating would 
crystallize into W substrate, amorphous Fe can diffuse into W and W-Cu substrates to form intermetallic 
compounds and then metallurgical bonding can be obtained. W/Cu composite-Cu FGM as a whole 
material without any joint is produced not by bonding method but by a novel one-step method of 
combustion synthesis and melt-infiltration in ultrahigh-gravity field. In this technique, Cu melts are 
produced by thermit reaction (2Al+3CuO=3Cu+Al2O3), then infiltrate into a designed W-Cu graded 
powder bed by the assistance of high-gravity, and after solidification W-Cu composite-Cu FGM is 
prepared. This method integrates combustion synthesis, centrifugal casting, and infiltration technique, 
needs no external heat source (the energy comes from thermit reaction) and has merits of low cost and 
easy operation. There is only one joint (W and W/Cu composite) in the W-Cu FGM.  
 
The reliability of the joint was verified by thermal fatigue test, which was performed in a 60 kW Electron-
beam Material testing Scenario (EMS-60). Finite element simulation was implemented in the ANSYS 
10.0 by using the thermal fatigue test parameters for both the W-W/Cu composite-Cu FGM and W-Cu 
modules, in which the material properties such as density, thermal conductivity and specific heat were 
acquired from ITER database. Distribution of temperature and von Mises stress were obtained from the 
simulation, showing that both the stress and temperature were lower in the W-Cu FGM than W-Cu 
modules. In addition, the comparison of W surface temperatures obtained from the experiment with 
simulation result showed reasonably good agreement. 
 
*Corresponding author: tel.: +49 089 32991495, e-mail: pei.zhao@ipp.mpg.de (P. Zhao) 
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Comparing with the traditional materials, lithium has been successfully applied in many devices and 
become more popular for its excellent properties. Lithium wall would significantly reduce impurities and 
result in very low impurity level and particle recycling in plasma[1]. In HT-7, liquid lithium limiters have 
been tested from 2009 and some encouraging results were obtained [2]. Moreover, a flowing liquid 
lithium limiter seems as a better way for plasma facing wall due to its attractive capacities, such as heat 
removal and surface recovery. This paper will show the new experimental results of flowing liquid 
lithium limiters, which has been successfully and firstly tested in HT-7 in 2012. 
Two main designs for flowing liquid lithium limiters were applied. One was using thermoelectric 
magnetohydrodynamic (TEMHD) and the other was using a thin flowing film concept. For TEMHD 
limiter [3], the lithium was filled before the experiment. During the experiment ,the limiter was heated to 
350℃. It was found that liquid lithium could flow along the trenches with a speed of about 5cm/s driven 
by the electromagnetic force, which came from the interaction between TEMHD current and magnetic 
field，though only several channels of the limiter were filled due to bad wetting. For the thin flowing film 
limiter, the liquid lithium was injected into distributor by Ar after lithium coating, and the liquid lithium 
could slowly move along the guide surface of limiter. The moving speed depended on the driving 
pressure. Lithium coating was in favor of lithium wetting and lithium uniform flow, which tended to 
reduce the lithium emission during discharge and enhance the quality of plasma. By applying flowing 
liquid lithium limiter  in HT-7, suppression of particle recycling and impurity, and improvement of the 
confinement due to a lower radiation were obtained，which was similar with the results of lithium 
coating. 
By a series of lithium experiments, some key techniques of flowing liquid lithium first wall are handled. 
However, lithium wetting should be improved and lithium emission should be reduced for further test of 
flowing liquid lithium limiter in EAST. These are necessary technique accumulation for the design a 
flowing liquid divertor for EAST and provide a new choice of plasma facing walls for future fusion 
devices.  
 
[1] Hu J S, et al., Investigation of lithium as plasma facing materials on HT-7. Fusion Engineering and 
Design, 85 (2010)930-934 
[2] Zuo G Z, et al., First results of lithium experiments on EAST and HT-7. Journal of Nuclear Materials, 
415 (2011)S1062-S1066 
[3] D.N. Ruzic, et al., Lithium–metal infused trenches(LiMIT) for heat removal in fusion devices.Nucl. 
Fusion 51 (2011) 102002 (4pp) 
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 On the modelling of hydrogen transport in the first wall of fusion devices  
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Tritium retention in the material of the first wall is one of the main issues for future fusion reactors. The 
transport of hydrogen in the first wall material is often described with 1D reaction-diffusion (RD) models 
(which take into account hydrogen diffusion and trapping-detrapping processes) and proper boundary 
conditions at the surfaces (e.g. see Ref. 1 and the references therein). In most cases only few traps 
with different trapping energy are considered. However, it is conceivable that the co-deposits, which are 
usually the main contributors to hydrogen retention, are characterised by a broad-band trapping energy 
spectrum of traps. In addition, hydrogen atoms on the surface, which both determine the dynamics of 
hydrogen outgassing and provide the boundary conditions for the RD equations, can undergo clustering 
process, which can break 1D approximation. 
 
In this presentation we i) analyze the main features of the dynamics of hydrogen outgassing in the 
presence of a broad-band trapping energy spectrum, and ii) find the conditions where clustering of the 
surface hydrogen atoms starts to violate 1D approximations and consider the nonlinear effects of the 
clustering. We review our findings in the light of available experimental data. 
 
[1] G.R. Longhurst, TMAP7 User Manual, INEEL/EXT-04-02352, December 2008 
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Plasma facing material (PFM) is one of the most crucial issues for fusion power plant, due to its very 
severe working conditions under high fluxes of H/He plasma particles, high thermal load and high-
energy/high-flux neutron irradiation. Tungsten-based materials have been regarded as the most 
promising candidates for this purpose through long-term hard investigations by the worldwide scientists 
owing to its high melting point, outstanding thermal conductivity, good resistance to erosion and 
sputtering. However, tungsten itself is not perfect yet, including severe embrittlement induced by low-
temperature, recrystallization, or radiation, which might lead to fracture or short lifetime. 
Tungsten-potassium alloy has been regarded as one of the most promising candidates for PFM, 
because its thermal and mechanical properties are greatly improved compared with pure tungsten. In 
this paper, we synthesized fine-grained potassium doped tungsten alloy by power-metallurgy method 
using SPS technique. The effects of temperature and pressure on the consolidation behaviour, 
microstructure and hardness of tungsten-potassium alloys were investigated. Compared with the 
commercial tungsten-potassium alloys, the density and granular size of the synthesized ones are 
largely improved.  
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distribution of detrapping energies 
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Tritium retention in the first wall material is one of the key issues in the performance of future fusion 
reactors. Theoretical interpretation of experimental data on hydrogen retention is almost always based 
on reaction-diffusion rate equations due to practically only this method is capable of the modeling of 
hydrogenic species transport on large time-scale relevant to first wall outgassing and hydrogen 
retention. These equations usually suggest that hydrogen diffusion is affected by trapping/detrapping 
processes in a few types of traps different by their activation energies of hydrogen release.   
 
Nevertheless, this approach sometimes fails to explain some experimental data from both fusion and 
laboratory measurements. We suggest that in some cases (e.g. highly damaged or disordered media) 
hydrogen trapping/detrapping process is better characterized by a continuum distribution of traps over 
their detrapping energies. Hydrogen transport in this case can be analyzed within the theory of random 
walk on the nodes of a lattice with distributed waiting time at each node before making another step [1]. 
We show that the waiting time distribution can be connected to the traps distribution over hydrogen 
detrapping energy. As a simple result of this consideration we see that if the distribution function of 
available traps P(E/T), where E is the detrapping energy and T is the sample temperature, is 
proportional to exp(-αE/T), the outgassing flux from the sample at a constant temperature has the 
asymptotic time dependence ~ 1/t(1-α/2) rather than 1/t0.5 in the case of classical diffusion. Notice that 
such “abnormal” behavior of the outgassing flux is often observed on tokamaks first wall [2,3].   
 
Although the consideration based on the random walk model is capable of giving some qualitative 
properties of hydrogen transport, it is difficult to obtain any quantitative results by this method. 
Therefore, we develop another approach to the problem based on an extension of the diffusion-reaction 
rate equations including the continuous detrapping energy distribution of traps. Solution of these 
equations in the case of a semi-infinite sample with uniform depth distribution of traps demonstrates the 
similar asymptotic behaviour of the outgassing flux with time as it was obtained within the random-walk 
model. 
 
[1] J. Bouchaud. Phys. Reports 195, 127-293 (1990)  
[2] B. Pegourie, et al., "Deuterium Inventory in Tore Supra: coupled carbon-deuterium balance", 20th 
PSI, Aachen 21-25 May 2012. 
[3] V. Philipps, et al., "Dynamic fuel retention and release under ITER like wall conditions in JET", 20th 
PSI, Aachen 21-25 May 2012. 
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Tungsten is considered a viable divertor candidate material to face the plasma and heat flux condition 
in a fusion reactor. W/Cu composites are key materials used to be an interlayer between tungsten and 
copper alloy heat sink materials, which relieves the thermal stress due to thermal expansion coefficient 
mismatch for the tokamak steady operation. 
 
A novel process is reported here to fabricate W/Cu composites for the divertor heat sink components, 
such as the interlayer between W monoblock or W tile and CuCrZr alloy or the interlayer between CFC 
monoblock and CuCrZr tube [1,2]. The process combines the combustion synthesis and ultra-high 
gravity (~ 1000g, g is gravity acceleration). The hot copper melt is produced by thermite reaction, and 
then infiltrates into tungsten powder compact under ultra-high gravity. In a few seconds, the copper melt 
fills the pores in the tungsten compact and solidifies quickly. Finally, dense W/Cu composites are 
produced. 
 
Two types of W/Cu composites have been fabricated by this process. One is W60Cu40 composite, and 
the other is W/Cu graded composite ( W profile ~20 wt% - 85wt%). The interface microstructure 
between the tungsten grains and the copper matrix is examined and discussed. The joining strength of 
composite is measured by three-point bending test. Finally, the thermal conductivity and thermal 
expansion coefficient of the composites have been measured and discussed. 
 
[1] M. Rieth, S. L. Dudarev, S. M. Gonzalez, et al., J. Nucl. Mater 432, 482 (2013) 
[2] Satoshi Suzuki, Koichiro Ezato, Yohji Seki, et al., Fusion. Engin. Des. 87, 845 (2012) 
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 Evaluation of Tungsten alloys for Plasma Facing Component applications 
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Tungsten is promising material for Plasma facing components in ITER like tokamak. Tungsten has 
highest melting point, high sputtering threshold and good thermomechanical properties. Limitation of a 
pure tungsten as a structural material is room temperature brittleness, almost zero tensile elongation 
and low recrystallization temperature. Alloying of tungsten with transition elements (Ni, Fe etc.), rare 
earth oxides (La2O3, Y2O3) results in better thermo-mechanical properties as compared to that of pure 
tungsten.  
Present work is focused on characterization of tungsten doped with 1%La2O3 and W1%La2O3 with the 
addition of Ni, Fe synthesized by conventional sintering route in reducing ambient. Microstructural and 
elemental characterizations have been performed on synthesized specimens by using scanning 
electron microscopy and energy dispersive X-ray spectroscopy, respectively. The density of 
synthesized specimens have been evaluated by employing Archimedes method and it is found that 
density of doped specimens has been improved significantly in spite of the fact that sintering 
temperature for synthesized alloy specimens is much lower than sintering temperature for pure 
tungsten (~1800°C). The investigation of mechanical and thermal properties of synthesized specimen is 
in progress and detailed results will be presented in research paper. 
 
[1] Michael Rieth et al., Advances in Science and Technology Vol. 73 (2010) pp 11-21  
[2] Michael Rieth, Bernhard Dafferner Journal of Nuclear Materials 342 (2005) 20–25  
[3] I smid et al., Journal of Nuclear Materials 258-263(1998) pp160-172  
[4] German RM, Munir ZA. Enhanced low-temperature sintering of tungsten. Metall MaterTrans A 
1976;7A:1873–7.  
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 Deuterium trapping in tungsten under low-energy high-flux plasma 
exposure 
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Currently developed physical models dealing with deuterium (D) behavior in tungsten (W) [1] assume 
that the nucleation of stable D-complexes, stored in the implanted material, is essentially determined by 
the concentration of radiation-produced vacancies, which act as traps for fast migrating D atoms [2,3]. 
Such model is capable of describing the ion implantation with beam energy of 5-30 keV, however, it 
cannot be applied (even qualitatively) to understanding of the inventory of D in sub-threshold high flux 
plasma conditions [4,5], i.e. when the ion energy is too low to produce Frenkel pairs in the bulk. While 
the sub-threshold implantation conditions do reflect the plasma-wall interaction expected to occur in 
ITER. Recent experimental investigations of trapping and release of D in pure W and tungsten-tantalum 
(W-Ta) alloys show that there is a considerable amount of trapped D in the bulk up to several microns 
depth, where no vacancies can be expected since their thermal concentration at the implantation 
temperature (<500 K) is negligible. Hence, the description of the trapping of D and growth of D-bubbles 
and blisters in these irradiation conditions requires alternative mechanisms [1]. We developed a rate 
theory model that takes into account non-homogeneous nucleation of D clusters at preexisting 
dislocations and dislocation loops punched-out by the growing D-bubbles. The model is based on the 
energetic parameters obtained using atomistic calculations performed in W and W-Ta alloy.  
 

[1] T. Ahlgren, K. Heinola, K. Vцrtler, J. Keinonen, Simulation of irradiation induced deuterium trapping 
in tungsten Journal of Nuclear Materials 427 (2012) 152–161. 

[2] D.F. Johnson, E.A. Carter, Hydrogen in tungsten: Absorption, diffusion, vacancy trapping, and 
decohesion, J. Mater. Res., Vol. 25, (2010) 315-327. 

[3] K. O. E. Henriksson,K. Nordlund, A. Krasheninnikov, and J. Keinonen, The depths of hydrogen and 
helium bubbles in tungsten: a  comparison, Fusion Science And Technology Vol. 50 July 2006. 

[4] Y. Zayachuk, M.H.J. ’t Hoen, P.A. Zeijlmans van Emmichoven, I. Uytdenhouwen and G. van Oost, 
Deuterium retention in tungsten and tungsten–tantalum alloys exposed to high-flux deuterium plasmas, 
Nucl. Fusion 52 (2012) 103021. 

[5] Y. Zayachuk, M. H. J. 't Hoen, P. A. Zeijlmans van Emmichoven, D. Terentyev, I. Uytdenhouwen,  G. 
van Oost, Surface modification of tungsten and tungsten-tantalum alloys exposed to high-flux deuterium 
plasma and its impact on deuterium retention, accepted for publication in Nuclear Fusion. 
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 Work function of fuzzy tungsten surfaces 
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The work function, , is a fundamental and key parameter to understand properties of a metallic surface 
interacting with plasma. Secondary electron emission (SEE) due to electron and ion bombardment as 
well as thermionic and field electron emission depend on . Electron emission is a important factor for 
the triggering of arcs, and modifies the sheath heat transmission factor, which determines the heat flux 
to the surface. Further, the sputtering yield of neutral species is also influenced by , since secondary 
ion emission (SIE) depends on . Note that most of sputtered ions cannot overcome the sheath 
potential formed in front of the plasma-exposed surface.  
 
Tungsten (W) is a promising plasma-facing material in a fusion reactor, and thus the interactions with 
plasmas have been extensively investigated under various conditions. One of the prominent features of 
W is the formation of nanostructures (so called, ‘fuzz’) on the surface of W exposed to He plasma at 
high temperatures, expected in the divertor strike point region. Preliminary measurements of  of W 
surfaces were performed in air with the Kelvin probe technique [1]. It is found that a fuzzy W surface 
has a higher  than that of a smooth surface by ~350 meV. This means that SEE due to electron 
impacts increases with fuzz, since the maximum SEE coefficient of metals, max, is empirically described 
with max = (0.35)0.5 [2]. On the other hand, measured SEE coefficients due to ion impacts at low 
energies, where potential ejection is dominant, are well represented by  = 0.032(0.78Ei – 2) [3] with 
the ionization energy of incident ion, Ei. Thus, fuzz lowers . A reduction of SEE on the way to the 
formation of fuzz during He plasma exposure was reported [4], and this can be explained by the 
increased  and the decreased , which overcomes an increase in .  
 
The Kelvin probe system will be installed in the interlock chamber of the PISCES-A linear divertor 
plasma simulator. This will enable us to investigate the work function of W surfaces (fuzzy vs. smooth) 
as well as various metals (e.g. Al surface with grassy structures) exposed to plasma with no oxide layer 
in vacuum.  
 
[1] I.D. Baikie, K.O. van der Werf, H. Oerbekke, et al., Rev. Sci. Instrum. 60, 930 (1989) 
[2] E.M. Baroody, Phys. Rev. 78, 780 (1950) 
[3] E.W. Thomas, Nucl. Fusion Suppl. 24, 94 (1984) 
[4] S. Takamura, T. Miyamoto, and N. Ohno, et al., Nucl. Fusion 52, 123001 (2012) 
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Since the installation of all-metal walls in fusion devices, the seeding of additional impurities into the 
fusion plasma has proofed to be necessary, in order to reduce the power load to the divertor targets to 
the engineering limits [1]. In ASDEX Upgrade nitrogen seeding with feedback control has successfully 
matured into a standard operational scenario [2]. In the international fusion experiment ITER, beryllium 
will cover the largest part of the inner wall of the plasma vessel [3]. A profound understanding of the 
interaction of nitrogen ions with beryllium surfaces is hence desirable. We performed laboratory 
experiments using a highly sensitive quartz crystal microbalance (QCM) technique [4,5] to investigate 
the erosion of beryllium under nitrogen impact at UHV conditions. The beryllium surfaces were 
fabricated by coating one side of a plano-convex SC cut quartz crystal with a 500 nm thick beryllium 
layer by means of a thermionic vacuum arc deposition technique [6]. Mass changes of the sample 
under molecular nitrogen ion N2

+ 

impact were deduced from monitoring the change of the resonance 
frequency of the quartz. Thus the erosion of the beryllium surface can be investigated in situ and in 
real-time with extremely high accuracy [5]. When bombarding a virgin beryllium surface, the observed 
rate of mass change depends strongly on the applied nitrogen fluence (at constant flux). For very low 
fluences the interaction between the nitrogen projectiles and the beryllium surface is first dominated by 
a high net erosion. This fast mass loss is attributed to the removal of loosely bound adsorbates. It is 
followed by a net mass increase due to dominant nitrogen implantation. After some 10

17 

N per cm
2 

have 
been applied to the surface, equilibrium conditions are established, with a net mass decrease and a 
steady state sputtering yield furthermore independent of the nitrogen fluence. This behaviour can be 
ascribed to the formation of a beryllium nitride surface layer within the ion penetration range as it has 
been observed in recent studies [7]. Furthermore, sputtering yields of the so-formed beryllium nitride 
layer under steady state conditions, i.e. where the formation and the erosion of the modified surface 
layer is in dynamic equilibrium, were investigated in detail for different incidence angles and energies.  
 
[1] J. Rapp et al., J. Nucl. Mat. 337 – 339, 826 (2005)  
[2] A. Kallenbach et al., Plasma Phys. Control. Fusion 52, 055002 (2010)  
[3] A. Loarte et al., Nucl. Fusion 47, S203 (2007)  
[4] G. Hayderer et al., Rev. Sci. Instrum. 70, 3696 (1999)  
[5] A. Golczewski et al., Nucl. Instr. and Meth. B 267, 695 (2009)  
[6] C.P. Lungu et al., Phys. Scr. T128, 157 (2007)  
[7] M. Oberkofler and Ch. Linsmeier, Nucl. Fusion 50, 125001 (2010)  
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In 2012 campaign, the plasma-facing components (PFCs) of Experimental Advanced Superconducting 
Tokamak (EAST) were Mo tiles bolted to Cu alloy heat sink in the first wall region and SiC coated 
graphite tiles for divertor with the maximum heat flux tolerance up to 2 MW/m2 in steady state [1]. With 
increasing the heating power, the EAST dome and first-wall areas have to handle the heat flux of 3~5 
MW/m2 in steady state. Thus, PFMC in the areas will be gradually changed into W/Cu structure in 
coming years, employing large area connection of W/Cu components (flat-type W/Cu PFCs) [2]. Two 
different processes, i.e., vacuum hot pressing (VHP) and chemical vapor deposition (CVD), are being 
studied for the flat-type W/Cu PFCs.  
Mock-ups made by VHP technology has been developed, with an oxygen-free Cu (OFC) interlayer cast 
onto the rear side of W tiles firstly, and then followed by VHP of the tiles onto CuCrZr heat sink plate. 
The density of rolled-W tiles is 19.2 g/cm3, 99.2% of the theoretical value. Up to 100 MPa of bonding 
strength can be achieved for the W/OFC/CuCrZr bonding. Behavior of the mock-up under high heat flux 
loads has been studied. No cracks or exfoliation occurred on the W surface and W/OFC/CuCrZr 
interfaces after thermal screening test with a heat flux from 2 to 7 MW/m2. The mock-up survived up to 
1000 cycles of thermal fatigue test under 3.24 MW/m2. However cracks appeared at W side along the 
rolling direction after 350 cycles at 5.37 MW/m2. Detailed analyses are still underway. 
Blocks of CuCrZr alloy are coated with tungsten by CVD technique, with also an interlayer of OFC hot 
pressed onto the CuCrZr blocks before coating. The deposition rate is about 0.3~0.5 mm/h at 
490~580 °C. The W coating has thickness of about 2 mm, density of 19.2 g/cm3, purity of 99.9999%, 
and bonding strength about 55 MPa. Up to 150 W/(m·K) of thermal conductivity can be achieved along 
the preferred orientation of the W grains. With increasing temperature, deposition rate is faster and 
grain size getting smaller significantly. The OFC interlayer plays a significant role in achieving coatings 
without cracks. High heat flux test of the mock-up will be carried on soon. 
 
[1] B. Wan, Nuclear Fusion, 49 (2009) 104011. 
[2] G.-N. Luo, Q. Li, J.M. Chen, X. Liu, W. Liu, Z.J. Zhou, D.M. Yao, Fusion Science and Technology, 
62 (2012) 9-15. 
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In future fusion reactors, one of the key components is the Divertor. It is divided in two parts: a support 
structure called cassette body and plasma facing components (PFCs) devoted to sustain heat fluxes up 
to 20 MW.m-2. PFCs consist of the dome, inner and outer vertical targets. Due to high heat fluxes, PFCs 
are cooled by water circulation. The vertical targets are manufactured according to the monoblock 
design, which consists of an armour material (tungsten or carbon fibre composite (CFC)) and a 
structural or heat sink material (CuCrZr alloy). Due to the problem of the thermal expansion coefficients 
difference, an interlayer of pure copper is used as compliant layer between the armour material and the 
CuCrZr heat sink. The fabrication route of PFCs remains a technologic challenge to guarantee a safe 
operation of the W-armoured components. In order to reduce the risk of bonding failures, it is proposed 
to replace the soft layer by a continuous functional gradient material (FGM) between W and CuCrZr. 
These types of materials avoid interfaces and may improve the thermo-mechanical fatigue resistance of 
the components. 
In order to produce such FGMs, powder metallurgical methods are often used like Spark Plasma 
Sintering which is an alternative technique to fabricate advanced materials such as nanomaterials, 
composites and FGMs [1,2]. The first step of this work consists of the determination of SPS parameters 
for producing a W block with a perfectly controlled microstructure and density. The objective of this part 
is to establish a sintering map of the W powder selected in this project. This is done by studying the 
influence of SPS parameters (temperature (T), pressure (P), heating rate (v) and holding time at the 
sintering temperature (t)) on the microstructure and on the density. By sintering at high temperature and 
pressure (T > 2200°C, P > 100MPa, v = 100°C/min and t = 10 min) pure W with a density larger than to 
96% is manufactured. In addition, the effect of chemical composition (additives) and the powder grain 
size were also investigated. To reduce the sintering temperature (T), W powders doped with a nano-
oxide dispersion of Y2O3 are used. The Y2O3 nano-particles are found in pores and at active grain 
surfaces during sintering. Consequently, the sintering temperature for W-ODS (1700°C) is lower than 
for pure W-powder. For qualifying the SPS manufactured W- Y2O3 also as spin-off application as PFM, 
ELM-tests are performed and compared to other preparation techniques which showed promising 
results. 
 
[1] Orru R., Licheri R., Mario Locci A., Cincotti A., and Cao G., Materials Science and Engineering R63 
(2009) 127. 
[2] O. El-Atwani et al. Materials Science and Engineering 2011, 528, 5670. 
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Laser induced breakdown spectroscopy (LIBS) is a promising method for remote characterization of 
erosion/deposition processes on ITER walls. Tungsten (W) is an ITER-relevant material, therefore it is 
important to study its erosion and changes in its surface morphology when exposed to high-flux He/D2 
plasmas and find out how these changes affect the applicability of LIBS.  
 
Our previous study [1] showed that when tungsten-containing samples were exposed to hydrogen 
plasmas with moderate fluxes and with low enough ion energies, the elemental depth profiles found by 
LIBS were not influenced by changes at the surface and the results matched with the data obtained by 
other surface-analysis methods. In the present study, samples with pure tungsten coatings were tested 
using He-containing plasmas and higher surface temperatures. The main task of the study was to find 
the dependence of the laser ablation rate on plasma-caused changes in surface morphology and 
crystallinity of the samples. 
 
Samples produced by DIARC-Technology Inc with 2 µm W-coatings on Mo were exposed to controlled 
plasma discharges in Pilot-PSI at DIFFER. Samples were exposed to pure He and D2 and mixed He/D2 
plasmas. The maximum surface temperature of the samples was kept at 9000C or 12000C and the ion 
energy in terms of the bias voltage was set to -40 V or -70 V.  
 
Several post mortem methods were used to characterize the samples: SEM, EPMA, XRD, SIMS, and 
LIBS [1]. Especially, LIBS measurements were carried out to estimate the ablation rate and its 
dependence on the surface morphology. Three characteristic regions formed at the sample surface due 
to the plasma action were studied and the results were compared with those recorded from unexposed 
samples. 
 
Both mass-loss and EPMA measurements showed that the net erosion was the largest in pure He 
plasma. SEM images of three selected characteristic regions were noticeably different. XRD showed 
that plasma causes a remarkable growth of crystallites whose number increases with the surface 
temperature. LIBS measurements carried out the laser ablation dependence on surface morphology 
and crystallinity. Next the influence of these surface modifications on the LIBS results will be 
investigated. 
 
 [1] P. Paris et al, Erosion of marker coatings exposed to Pilot PSI plasma, J. Nuclear Materials, 
Manuscript PSI2012, accepted 
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Nuclear fusion puts high requirements to the plasma facing material (PFM), which has to withstand 
steady state heat loads and transient events such as edge localised modes (ELMs). A promising 
candidate material is tungsten, because of its advantageous characteristics like low sputtering rate, 
high melting point and high thermal conductivity. However, the intense transient heat loads in future 
fusion devices are expected to be above the material damage thresholds, resulting in irreversible 
damage. In order to increase the life time of PFMs and facilitate operation in a commercial reactor, an 
important challenge is improving the thermal shock resistance. 
The tested tungsten grades were manufactured with spark plasma sintering at the University of Science 
and Technology Beijing. Besides a reference material, four tungsten grades with an yttrium-content 
varying between 0.25 and 1 weight%, were compared. The addition of yttrium modifies the 
microstructure by inhibiting grain growth. The different tungsten-grades were exposed at room 
temperature to 1 ms long ELM-like heat loads. The absorbed power density of these pulses varies 
between 0.37 GW/m2 and 1.14 GW/m2. Two experimental facilities were used to apply the loads to the 
tungsten samples, a Nd:YAG laser beam and the electron beam facility JUDITH 1 at 
Forschungszentrum Jülich. From the materials response and the, if existing, resulting damage patterns, 
the average crack distance, crack width, crack depth and surface roughness were determined. 
These data indicate that the performance of tungsten at room temperature improves with increasing 
yttrium content. For W-1Y, the tungsten grade with the highest yttrium content, the damage threshold, 
between 0.76 GW/m2 and 1.14 GW/m2, exceeded those of the other samples. Beside the higher 
damage threshold, also roughening decreased and the average crack depth was lower in comparison 
with the other materials. Furthermore, three samples were tested at an elevated base temperature of 
400 °C with an absorbed power density of 1.14 GW/m2. At these loading conditions, the two materials 
with highest yttrium-content cracked. This effect is attributed most probably to the increase of the 
ductile-to-brittle transition temperature when adding yttrium. 
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It is well established that dust particles, formed in magnetic confinement fusion devices as one of the 
consequences of plasma-wall interactions, may influence the plasma stability. Their re-deposition also 
could reduce the optical transmission of diagnostic windows. For future fusion reactors dust may cause 
serious hazards connected with the release of tritium accumulated inside the plasma-facing material, 
e.g., by steam reactions in the case of cooling water leaks into the vessel. Detailed examinations of 
dust properties, amount, generation mechanism, and impact on plasma operation in present-day 
machines are needed for the operation of ITER. 
 
The work presents results of the characterization of dust collected in ASDEX Upgrade, with the special 
emphasis on size, morphology, structure and composition of the dust particles. The dust particles were 
collected after 2009 campaign using the filtered vacuum technique. The structure and composition of 
the particles were examined by high resolution scanning electron microscopy (HRSEM) combined with 
energy-dispersive X-ray spectroscopy (EDS) and focused ion beam (FIB) with special interest on the 
tungsten particles. 
 
Based on the results of investigation the following types of tungsten-containing particles were 
distinguished: 

a) spherical particles (1 to 7 µm) coated with materials of different chemical composition with three 
different microstructures: grained structure, two phase particles, and particles with two 
characteristic areas  

b) irregular-shaped particles with columnar or multilayer structure (1 to 20 µm), which may be 
small fragments of co-deposited layers or of tungsten coating  

c) multiphase ones (2 to 20 µm) with crystals rich in boron  

d) flakes (2 to 70 µm) with columnar structure, which are very likely small fragments of tungsten 
coating 

e) small particles present at/inside the large one. 

Additionally, carbon-based, iron-based and silicon-based particles were identified. 
 
This work was a supplement of investigations presented in [1], of automatic dust analyses done by 
commercial SEM-EDS system for classification of dust particles present in all tungsten AUG. 
 
[1] N. Endstrasser, F. Brochard, V. Rohde, et al., J. Nucl. Mater 415, S1085 (2011) 
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It is, by now, generally understood within the nuclear fusion community that the deuterium retention in 
tungsten is low. Among other things, this makes tungsten a promising material for plasma-facing 
components (PFCs). But it is still not yet finally clear how different types of defects in a tungsten crystal 
interact with deuterium introduced by a plasma. This leads to a large scatter of data when it comes to 
observed local deuterium concentrations, respectively concentration profiles, and diffusion coefficients. 
Considering the large scale of a future nuclear fusion power plant, the total amount of hydrogen 
isotopes stored in (and diffusing through) tungsten PFCs may yet become crucial for both safety and 
efficient operation, particularly with respect to the tritium cycle. 
 
In this presentation we will give the synopsis of an extensive survey study where tungsten samples with 
different, well-characterised microstructures were exposed to deuterium plasmas under a broad variety 
of conditions. The microstructure of the tungsten samples was systematically modified by annealing 
samples from the identical base material at different temperatures up to 2000 K. This annealing 
changes the density of dislocations and the grain size. The quantitative analysis of dislocation and grain 
boundary densities by scanning and scanning transmission electron microscopy (SEM and STEM) in 
the initial material will be presented as well as the deuterium retention of the samples after plasma 
exposure. The deuterium inventory was investigated by nuclear reaction analysis (NRA) and thermal 
desorption spectroscopy (TDS). Furthermore, surface morphologies developing under plasma 
irradiation (e.g., blisters) and their correlation to the material microstructure as well as their effect on 
retention will be discussed. These features were studied by optical and confocal laser scanning as well 
as by scanning electron microscopy. They were found to have a strong influence also on the deuterium 
retention that can under certain conditions even outweigh retention in the intrinsic traps of the material. 
 
The well-defined parameters of this study allow establishing clear correlations between the initial 
microstructure and deuterium retention: Dislocations seem to be the most important intrinsic defect for 
deuterium trapping, while grain boundaries appear to play only a minor role.  
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At present, lithium represents the paradigm of low Z material suitable for the development of liquid 
metal Plasma Facing Components for a future reactor. Ample experience about the positive effects that 
lithium walls have on plasma performance and confinement is presently available [1]. Yet, its 
application to a steady state fusion scenario is hampered by the extremely low recycling of H isotopes, 
which can lead to strong tritium inventory build-up as well as precluding the divertor high recycling 
conditions foreseen in the next step device. Therefore, devoted studies to the understanding of the H 
trapping efficiency of lithium surfaces exposed to a plasma are demanded.  
In this work, the issue has been addressed in two different experiments. First, the liquid lithium limiter 
(LLL) operating in TJ-II was exposed to H and D plasmas at several temperatures, ranging from room 
temperature to 400ºC. The limiter was fully outgassed under vacuum after the plasma exposure up to 
500ºC and the resulting TDS recorded. A characteristic peak at 375ºC was found at T up to 200 ºC, 
absent at Texposure of 400ºC. This finding was tentatively ascribed to the decomposition of the lithium 
hydride when solved into the liquid lithium matrix at 375ºC <T< 400ºC, in close agreement with previous 
reports [2]. Furthermore, laboratory experiments on which a lithium sample was exposed to a glow 
discharge of D2 or to molecular deuterium followed by TDS in situ allowed for the quantification of the 
gas uptake at temperatures relevant for the development of a liquid metal PFC scenario. Eventually, 
solid LiH was solved into the lithium sample prior to the exposure. Mass spectrometry was used for the 
detection of a possible direct release of the hydride into the gas phase.  
The results will be shown and discussed in terms of compatibility of liquid lithium elements with a future 
Fusion Reactor with respect to the tritium inventory restraint. 
 
[1] M. Ono et al. Nucl. Fusion 52 (2012) 037001 
[2] M. Baldwin et al. Nucl. Fus. 42 (2002) 1318 
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Material eroded from plasma-facing components will coat some diagnostic first mirrors in ITER and 
practical methods to remove the deposited material will be essential to ITER’s plasma operations. We 
report on laser cleaning of ITER-candidate single crystal molybdenum mirrors that were plasma coated 
with either carbon or beryllium films 150 – 420 nm thick. The carbon coating had a strongly wavelength 
dependent reflectivity, while the beryllium coatings appeared grey. Neodymium laser pulses of 220 ns 
duration (FWHM) were focused to 1-2 J/cm2 and scanned at various speeds across the surface of a 
mirror. The cleaning effect was measured with a novel method [1] that combines microscopic imaging 
and reflectivity measurements in the red, green and blue spectral regions and at the H-alpha and H-
beta wavelengths. The method is suitable for hazardous materials such as beryllium as the mirrors 
remain sealed in a vacuum chamber.  
No damage of the molybdenum mirror substrates were observed at laser intensities up to 2.7 J/cm2. 
Complete carbon film removal and restoration of the reflectivity was observed at 1.7 J/cm2 laser fluence 
and the evidence suggests that thermal stress and film buckling was the film removal mechanism. In 
contrast, the beryllium coated mirrors exhibited incomplete reflectivity restoration or in some cases, film 
blackening that may be a result of chemical reactions between the Be film and Mo substrate at elevated 
temperatures. One-dimensional thermal modeling shows that a 220 ns laser pulse heats the mirror to 
depth over 1000 nm, far beyond the thickness of a film that affects optical reflectivity. This excessive 
volume limits the temperature rise. In contrast, the modeling showed that a 5 ns pulse at lower energy 
of 0.45 J/cm2 heated a 100 nm Be film to above the Be boiling point and is a much better thermal match 
to ablation of a ~ 100 nm mirror coating. We conclude that a laser pulse in the ~ 5 ns range is optimal 
for the removal of films that affect optical reflectivity of diagnostic mirrors.  
This work was supported through ITER contract number: 395-4112. 
 
[1] C.H. Skinner, C.A. Gentile, and R. Doerner, Rev. Sci. Instrum. 83, 10D512 (2012) 
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Due to its favourable physical properties, tungsten (W) is foreseen as plasma-facing material in the 
ITER divertor. Since plasma-facing materials will be subjected to intense particle and power fluxes the 
influence of structural changes due to thermal loading on fuel retention should be investigated. 
In this work, 3 μm thick tungsten films deposited on polished bulk W substrates by magnetron 
sputtering were used as a model system to study the influence of the film microstructure on the 
deuterium retention behavior. To prepare different microstructures, W films were annealed to different 
temperatures. The corresponding structural changes were investigated by X-ray diffraction (XRD) and 
scanning electron microscopy (SEM) combined with focused ion beam (FIB) cutting. All D implantations 
were performed at 370 K with 38 eV/D incident energy and a fluence of 6×1024 D/m2. D retention was 
measured by both nuclear reaction analysis (NRA) and thermal desorption spectroscopy (TDS).  
As-deposited W films show typical epitaxial growth on the grains of the polycrystalline substrates (pre-
annealed at 1200 K) with grain boundaries perpendicular to the substrate surface. D retention in these 
films is homogeneous throughout the full film thickness with an atomic fraction of about 6×10-3 which is 
higher than the D concentration in bulk tungsten by a factor of 3. In the underlying W substrate we find 
a decreasing D profile. A high density of blisters with diameters of about hundred nm was found after D 
implantation. Surprisingly the blister density as well as blister size is larger than that found on bare W 
substrates. FIB cross-section images reveal that these blisters are located in the W substrates. They 
occur at the first grain boundaries within the substrates. After annealing at 1200 K both XRD and SEM 
results show that the films develop a texture in (110) crystal orientation. In these 1200-K-annealed W 
film the D concentration is not significantly reduced compared with the as- deposited film but blister 
formation in the substrate is significantly suppressed and the total retained D amount is also reduced. 
After annealing at 2000 K the film still contains many grain boundaries while the grains in the substrate 
have grown significantly such that grain boundaries in the substrate have strongly reduced. FIB cross-
section images reveal that additionally many cavities appeared at the grain boundaries within the film 
and at the initial interface between the W film and W substrate. This new microstructure strongly affects 
the D depth profile.  
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Tungsten (W) has been chosen as plasma-facing material (PFM) in the ITER divertor due to its 
favorable physical properties. For fusion devices with an all-metal wall, such as ASDEX Upgrade (AUG) 
and JET, it is necessary to seed impurities into the edge plasma to lower the power flux to the outer 
divertor target. Recent experiments have shown that nitrogen (N) seeding can not only efficiently cool 
the edge plasma but also improve the overall plasma performance [1,2]. Comparable observations 
have not been made for other seed impurities (Ar, Ne). But so far, little is known about the plasma-
surface interaction of nitrogen with tungsten surfaces. 
To study the effect of N implantation on the interaction of deuterium (D) plasma with W, a series of 
laboratory experiments were performed. First, the surface of bulk tungsten was saturated by nitrogen 
plasma implantation at different incident ion energies and different temperatures according to the 
parameter setting in previous work [3]. In the following we implanted D into the N-saturated W samples 
in the same device without breaking the vacuum. Surface morphology and blistering structure are 
studied afterwards by confocal scanning laser microscopy and SEM combined with focused ion beam 
cross sectioning. It is shown that for the same D fluence, N-saturated W shows a much stronger 
tendency to cause blistering than W without prior nitrogen plasma treatment.  
N content and D inventories are determined by nuclear reaction analysis (NRA) with 14N(, p0)17O for N 
and 2D(3He, p0) for D , respectively. From the D depth profile, it is concluded that the tungsten nitride 
(WN) layers formed at the surface due to nitrogen implantation can reduce the D diffusion into W. At an 
implantation temperature of 500 K this reduction is stronger compared with 300 K. 
 
[1] A. Kallenbach, M. Balden, et al., J. Nucl. Mater. 415 S19-S26 (2011). 
[2] J. Schweinzer, A. C. C. Sips, et al., Nucl. Fusion 51, 113003 (2011). 
[3] Schmid, K., A. Manhard, et al. Nucl. Fusion 50: 025006 (2010). 
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In ITER, the erosion and re-deposition of carbon with deuterium may lead to the build-up of co-
deposited films on divertor and first wall surfaces. Given that much of the plasma-exposed area of the 
divertor will be made of tungsten, it is inevitable that any deposits would also contain tungsten 
impurities. In the event that carbon materials are used in the ITER divertor into the D-T operational 
phase, periodic removal of carbon based deposits will be required to keep in-vessel tritium inventories 
within licensing limits. Thermo-oxidation has been proposed as an effective technique for removing 
such deposits [1,2]. Earlier work has measured the thermo-oxidative removal of carbon films with 
surface tungsten impurities [3], and recently there has been a comprehensive study of the removal of 
W-containing carbon films by oxygen-containing plasmas [4]. While an oxygen glow discharge can 
effectively remove the films from the tile surfaces, it is much less effective in hidden areas such as tile 
gaps. Thermo-oxidation, in contrast, is equally effective at removing carbon co-deposits from both 
exposed and hidden surfaces.    
 
This work examines the effectiveness of thermo-oxidation at removing W-doped carbon co-deposits. 
Amorphous deuterated hydrocarbon (aC:D) films, doped with W were prepared with a CD4 DC glow 
discharge, seeded with Ar to increase W-sputtering. Films were deposited on silicon wafer substrates 
facing a W-grid biased to between -200 and -1500 V, at 300 and 500 K. Both ‘soft’ and ‘hard’ films were 
produced with thicknesses in the range 0.4 - 5 μm. X-ray Photoelectron Spectroscopy (XPS) analysis 
showed the W impurity to vary from 0.0 to 6.4 % W/(W+C) depending on the deposition conditions. The 
films were subsequently oxidized at 350 °C in 2 Torr O2, in time increments totaling 8 h cumulative 
oxygen exposure. Laser thermal desorption spectroscopy (LTDS) was used to measure the D content 
of the films before and after thermo-oxidation. For undoped films and films with very little W doping (up 
to 0.07% W/(W+C)) deposited at 300 K essentially all deuterium was removed by oxidation. Oxidation 
was less effective in removing D from films with 2.5-4.0% W/(W+C). Oxidation results will also be 
presented for films deposited at higher temperatures (500-600 K) and films with up to 10% W content. 
 
[1] J.W. Davis, A.A. Haasz, J. Nucl. Mater. 390 (391) (2009) 532. 
[2] C.K. Tsui, A.A. Haasz, J.W. Davis, J.P. Coad, J. Likonen, Nucl. Fusion 48  (2008) 035008. 
[3] J. W. Davis, C. G. Hamilton, A. A. Haasz, R. G Macaulay-Newcombe, J. Nucl. Mater. 305 (2002) 66. 
[4] P. Wang, W. Jacob, M. Balden, A. Manhard, T. Schwarz-Selinger, J. Nucl.  Mater. 420 (2011) 101. 
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Tungsten (W) is presently the most attractive plasma facing material for future fusion reactors due to its 
low physical sputtering, performance at high temperatures, and tolerance of high neutron fluence. 
However, W will melt if exposed directly to large type I ELMs or disruptions in future machines. In an 
effort to mitigate W damage due to thermal transients an innovative approach was proposed to deposit 
sacrificial low-Z materials on W [1]. The idea behind this concept is that during transient heating the 
low-Z material would be vaporized and the heat load to the underlying W would be reduced. 
 
In the PISCES-B facility a pulsed high power laser with 1 to 10 ms duration is used to generate 
transient heat loads on W samples. With no Be coating and no plasma exposure, W is damaged in the 
form of surface roughening, grain growth, and melting at heat flux factors above ~20 MJ m-2 s-1/2. 
Recrystallized grains have linear dimension up to ~30 microns and the recrystallization region extends 
~130 microns below the W surface for a 10 ms laser pulse with heat flux factor of ~70 MJ m-2 s-1/2. Be 
coatings are created on polished W samples during D plasma exposure with Be seeding from an 
effusion cell. With a ~3 micron thick Be coating, the laser pulse produces a variety of Be surface 
changes including Be melting, vaporization, cracking, and delamination. Intricate Be crystal dendrite 
and snowflake-like structures are observed on the W substrate in a narrow surface temperature region 
where presumably crystal growth is energetically favourable. The underlying W is visible when the laser 
energy density is sufficient to vaporize the Be coating, and W damage is observed. The enthalpy of 
formation of a 3 micron thick Be coating is approximately one-tenth of the absorbed laser energy of ~1 
MJ/m2, and thus no significant thermal protection is expected in this case. Preliminary results indicate 
W cracks more readily with a Be coating than with no Be for the same incident laser pulse parameters. 
To further evaluate the possible mitigating effects of Be coatings, a range of coating thicknesses and 
laser energy densities will be presented. Results will also be presented with laser shots on bare W 
exposed to pure D plasma to investigate how D ion implantation affects damage thresholds. 
 
[1] C.P.C. Wong, J. Nucl. Mater. 390, 1026 (2009). 
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In 2012, the first wall material of EAST was upgraded to TZM alloy. According to the scheme of EAST 
W/Cu divertor project, the current C upper divertor will be changed into ITER-like actively-cooled W/Cu 
components before 2014 [1]. According to the present design, the EAST W/Cu divertor consists of four 
principal parts: W/Cu mono-block vertical target, flat-type baffle, end-cup and flat-type dome. 
Precipitation hardened CuCrZr will be used as the heat sink material for the four kinds of parts 
mentioned above. 
 
To confirm a reasonable chemical composition, various standards (EN 12167:1998, UNS C18150, and 
especially the ITER specifications) were referred. The effect of cooling rate, cold working and ageing as 
well as their sequence which were crucial for developing tubes and plates of good quality on 
microstructure and mechanical properties (YS, UTS and EL) was investigated and the precipitation 
behaviour of Cr-rich particles was summed up. Eddy current and ultrasonic inspections were applied for 
tubes and plates respectively to guarantee the quality of the final products. The influence of component 
manufacturing routes on the microstructure and mechanical property degradation of CuCrZr was 
addressed since manufacturing of all parts requires the metallurgical joining between the pure Cu 
interlayer and CuCrZr for which a high temperature up to 873 K (over-aged condition for CuCrZr) was 
essential for both solid state diffusion bonding techniques of hot isotropic pressing and vacuum hot 
pressing. Because of the constraint of space, dedicated end-cups were applied to connect the CuCrZr 
cooling tubes to the main 316L cooling tubes. Electron beam welding (EBW) was carried out to realize 
the complex end-cup design because it produced high aspect ratio fusion zones and narrow heat 
affected zones. To provide a sound transition of CuCrZr to 316L, Inconel 625 adapters with a centering 
shoulder were used for EBW. However, EBW generated fusion zones and resulted in the dissolution of 
Cr-rich precipitates and the decrease of strength of CuCrZr. Therefore, re-ageing was carried out to 
recover the YS and UTS of CuCrZr (this is of significance because the vast majority of the welding 
seams are located in the regions of stress concentration). 
 
[1] G. -N. Luo, et al., Progress of W/Cu divertor project for EAST. TOFE-2012, Nashville,  
August 27-31, 2012 
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The VISIONI plasmatron at the Belgian Nuclear Research Centre (SCK•CEN) is an ideal testbed for 
candidate ITER first wall materials [1].  Samples can be exposed to a plasma with electron density ne, 
electron temperature Te, ion flux and ion energy similar to the conditions expected at the ITER first wall.  
Furthermore, in the near future the device will be installed in gloveboxes inside the tritium laboratory.  
This will provide us with the unique capability to work in one device with tritium, beryllium and even low 
activation neutron irradiated samples.    
One critical aspect of plasma-material interaction is material migration.  Erosion, transport, re-
deposition and re-erosion of plasma-facing materials strongly determine the reactor component lifetime 
and the operation safety.  Material migration experiments will be performed in VISIONI.  Deposition will 
be studied post mortem.  Optical emission spectroscopy is being considered to observe sputtered 
particles and injected tracers also in situ.  The resulting deposition and light emission will be interpreted 
with the ERO 3D Monte Carlo impurity transport code [2]. 
To simulate material migration in VISIONI with ERO, however, different input parameters of VISIONI 
are first needed.  The geometrical aspects were rather straightforward to implement.  The magnetic 
field produced by the permanent magnets surrounding the vessel has already been calculated 
analytically and verified with Hall probe measurements [3].  The topic of this work is the determination 
of ne, Te and the electron energy distribution function (EEDF) in VISIONI.   
The VISIONI plasma has a rather low collisionality.  Hence, fluid calculations are ruled out.  In principal 
the electric field and plasma properties of VISIONI can be calculated with a 3D particle-in-cell Monte 
Carlo collision simulation.  For the scale of VISIONI this is, however, computationally too demanding.  A 
simplified approach, therefore, has been used.  The electric field inside the bulk plasma is neglected.  
Only the Debye sheath at the vessel walls and filaments are leading to reflection or acceleration of 
particles.  Based on these simplifications a Monte Carlo particle tracing code has been written.  
Gyromotion in the calculated magnetic field, reflection at the vessel walls, collisions with the 
background gas and electron-electron Coulomb collisions are taken into account.  A detailed parameter 
study is now being performed with this code.  These simulations will lead to a good estimate for ne, Te 
and the EEDF.  The results will be benchmarked experimentally by means of measurements with a 
movable Langmuir probe. 
 
[1] I. Uytdenhouwen, J. Schuurmans, M. Decréton, et al., Plasma and Fusion Science  
996, 159-165 (2008) 
[2] A. Kirschner, V. Philipps, J. Winter, et al., Nucl. Fusion 40, 989 (2000) 
[3] O. Van Hoey, J. Schuurmans, I. Uytdenhouwen, et al., Fusion Eng. Des. (submitted for publishing in 
SOFT 27 SI) 
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Fuel retention in wall materials is an important issue due to safety limitation of total tritium amount in 
ITER and future fusion devices. Recent results from the ITER-like Wall Project at JET [1] have shown 
much lower retention in metallic (W/Be) plasma facing components (PFCs) than in C-based PFCs. 
However, radiation-induced damage due to fast neutrons from the fusion reaction could lead to less 
favourable results having significant implications for the operation of future reactors.  
In this contribution radiation-induced damage in tungsten (W) is simulated by 20 MeV W6+ creating 
dense cascades with large clusters typical for neutron irradiation [2]. Up to now the hydrogen isotope 
retention in undamaged and damaged W was studied by ex-situ analysis, mainly by nuclear reaction 
analysis (NRA) and thermal desorption spectroscopy. Ex-situ analyses are usually done after several 
weeks of exposure with transportation of samples through air. The mobile deuterium as well as weakly 
bound deuterium in W is released during this time delay. Therefore such mobile concentration of 
deuterium cannot be observed by ex-situ NRA. Because it is essential to understand this dynamic 
retention for tokamak operation an in-situ study was conducted. The dynamics of deuterium retention in 
undamaged and damaged W exposed to atomic deuterium beam is investigated by in-situ NRA. A new 
set up enabling such analyses was developed at JSI, Ljubljana in analogy with in-situ Elastic Recoil 
Analysis (ERDA) for recording of hydrogen and deuterium near the surface [3]. The first data show 
appreciable dynamic retention in the undamaged W. However, similar deuterium retention was 
observed when measured by in-situ and ex-situ NRA in the damaged area. This means that deuterium 
is strongly trapped in radiation-induced defects whereas considerable part of deuterium in undamaged 
W is in solution sites during deuterium exposure.  
 
This work was partly supported by EFDA and partly by HGF grant. 
 
[1] T. Loarer et al., J.  Nucl. Mater. 2013, Procedings  20th PSI conference. 
[2] O.V. Ogorodnikova, B. Tyburska, V.Kh. Alimov, K. Ertl, J. Nucl. Mater. 415 (2011) S661. 
[3] S. Markelj, O. V. Ogorodnikova, T. Schwarz-Sellinger, P. Pelicon, K. Sugyama, I. Čadež , J. Nucl. 
Mater. 2013, Proceedings 20th PSI conference. 
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The WEST project consists of a huge transformation of all the Plasma Facing Components (PFC) of 
Topre Supra from carbon to tungsten as well as the installation of in vessel coils for creating an X point. 
One of the main goal of this project is to reach heat fluxes on the W PFCs in the range of 10MW/m2 in 
H-mode. 
In this project, all the PFCs will be actively cooled in order to maintain long pulse capabilities of Tore 
Supra. In the final design of WEST, the lower divertor (main PFC) will be composed with W monoblocks 
while the upper divertor, the baffle and the ripple protections will be mainly built with tungsten coating.  
In this context, the ripple protections have to be designed for sustaining vertical displacement events 
(VDE) (10 MW/m2 for 30 msec) and disruption events (Thermal quench: 260MW/m2 for 0.5ms + Current 
quench: 200 MW/m2 for 1ms). 
The protections developed and discussed in this paper are constituted of thick CuCrZr plate (~6mm) 
with a machined network of water cooling assembled by brazing to thick stainless steel plate (~10mm). 
A tungsten coating in the range of 15µm to 500µm will be deposited on the surface of the element. 
The thermal response and the associated reliability of these protections when exposed to high heat 
fluxes are strongly linked to the temperature reached by each material. With this design, the maximum 
temperature allowed for CuCrZr is 450-550°C and 3400°C for W. Thermal analysis of several 
ripple/VDE protection designs and configurations have been carried. This first order analyse allows 
assessing the temperature range reached by both W and CuCrZr and therefore to propose 
optimisations for the overall design. Preliminary results reveal that the geometry of the cooling system 
and the water velocity have a low impact on W and CuCrZr temperature variation (between 2-10% of 
CuCrZr and W final temperature) whereas the ripple protection shaping induces a variation of CuCrZr 
and W temperature higher than 50%.  
The influence of the main parameters used for the design (ripples protection shaping, W and CuCrZr 
thickness, water cooling system geometry, water velocity) on W and CuCrZr temperature have been 
investigated and are reported. 
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The ITER first wall and divertor are high-heat-flux plasma-facing components (PFC) of the reactor. High 
surface thermal loads, intensive ion and neutron fluxes, cyclic operation regime and other destructive 
factors determine the design features and requirements for obligatory non-destructive testing of 
materials and their compounds to be observed during manufacturing of the components. 
The ITER PFCs are made as multi-layered constructions from various materials, namely, stainless 
steel, tungsten, beryllium, copper, bronze. The components are manufactured by different joining 
methods, i.e. argon-arc, laser and orbital welding, brazing, explosion welding, hot-isostatic pressing 
(HIPing). Tungsten is used as an armor material for the divertor components and beryllium for the first 
wall. 
The paper illustrates the possibility to assess the quality of multi-layered joints by the results of the 
obtained ultrasonic images. High validity of the ultrasonic testing of complicated multilayer products is 
provided by the automated system of ultrasound visualization using the interference method of object 
imaging by acoustic waves.  
In the report the authors consider also the peculiarities of application of interferential method for 
ultrasonic testing of multilayer joints produced by different technologies: bronze/steel, tungsten/copper, 
tungsten/copper/bronze, beryllium/bronze, beryllium/copper/bronze. 
It is shown that to assess the real geometric parameters of defects by their acoustic images the 
following should be undertaken: analysis of a binary defectogram (amplitude attribute), analysis of an 
interferential defectogram taking into account the amplitude and phase of the object-scattered wave 
field, measurement of real dimensions. 
Examples are given of the acoustic images characterizing the quality of materials and compounds in 
the ITER multi-layered plasma-facing components. 
It is noted that the amplitude attribute of defects is not the deciding factor in the quality assessment of 
the multi-layered components. 
The ultrasonic testing makes it possible to effectively assess the manufacturing quality of multi-layered 
products and to promptly use the obtained results to improve the manufacturing technology for the 
ITER PFCs at any manufacturing stage. 
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Reduced activation ferritic-martensitic steel EUROFER is currently being considered as a candidate 
structural material for the first wall and blanket applications for future fusion devices [1]. Fe and Cr are 
the main components of this material and it is therefore assumed that these pure materials have a 
substantial influence on the overall properties of EUROFER. As a plasma-facing material, it will be 
exposed to very high fluxes of energetic hydrogen isotope ions and neutrals. A certain fraction of the 
impinging hydrogen isotopes will be retained in the materials. Because in a future fusion reactor the fuel 
mix consists of equal parts of deuterium and tritium hydrogen isotope retention will contribute to the in-
vessel tritium inventory. The in-vessel tritium retention presents one of the main safety concerns for 
future fusion reactors. 
We have studied the retention and thermal release of deuterium in Fe, Cr and EUROFER by means of 
ion beam analysis techniques and thermal desorption spectroscopy (TDS). The samples were exposed 
to a deuterium plasma in an electron-cyclotron-resonance plasma source at a sample temperature of 
300 K using a deuterium flux of 91019٭ m-2s-1. A total fluence of 6.51024٭ Dm-2 was applied. Deuterium 
depth profiles were determined using nuclear reaction analysis technique (NRA) by measuring the 
proton yield from the D(3He,p)4He nuclear reaction as a function of the incident  3He energy. Our NRA 
results show that, at 300 K, most of the deuterium is trapped in the near-surface region. Part of the 
implanted deuterium diffuses into the bulk and is trapped by defects beyond the implantation range. In 
the case of Cr the concentration of deuterium in the near-surface region is almost hundred times higher 
than in Fe, probably due to the formation of an ordered Cr-hydride phase. In contrast to Fe, Cr forms 
stable hydrides. Deuterium profiles in EUROFER are comparable to those in pure iron. The depth 
profiles of D in Fe and EUROFER are, in addition to the general decrease with increasing depth, 
characterized by the appearance of an unusual peak-like structure at a depth of about 4 μm. Our data 
indicate that the origin of this structure is a property of Fe. This result is in agreement with a similar 
structure found recently for D in RUSFER.  We have also performed TDS measurement of the Cr 
sample which was outgassed at 293 K under 2*10-8 Pa and then subsequently subjected to a linear 
heating rate of 20 K/min up to 875 K. Our results show a very pronounced H2 desorption peak at 720K. 
In addition, a less pronounced peak from D2 appears at 610 K. The H20 signal stayed constant during 
the heating ramp indicating there was no water desorption from the sample. 
 
[1] A.-A.F. Tavassoli, A. Alamo, L. Bedel et al., J. Nucl. Mater. 329-333, 257(2004) 
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At present the erosion rate and the lifetime of ITER Plasma Facing Materials (PFM) can be investigated 
using different powerful test facilities. In particular, the plasma gun devices are able to provide 
experimental simulation of ITER transient loads and examinations of PFM under the repetitive high 
energy and particles loads. In this paper, experimental simulations of ITER-like transient events with 
relevant surface heat load parameters (energy density up to 2.4 MJ/m2 and the pulse duration of 0.25 
ms) as well as particle loads (varied in wide range from 1023 to 1027 ion/m2 s) were carried out with a 
quasi-stationary plasma accelerator QSPA Kh-50. Particular attention was paid to elaboration of 
damage of tungsten as a main candidate material for ITER divertor surfaces and also as prospective 
material for DEMO design. 
 
The erosion products emitted from the exposed tungsten targets have been registered using high-
speed digital camera. Information from consecutive camera frames with traces of particles flying from 
the tungsten surface after each plasma shot allows calculation of their velocity and the time moment of 
ejection from the target surface. Additionally mass losses of the targets were measured after the series 
of plasma shots. Erosion products ejected in the form of droplets and solid dust were also collected and 
examined with microscopy. X-ray diffraction (XRD) has been used to study the micro-structural 
evolution of the exposed targets.  
 
For plasma exposures with energy loads exceeding the tungsten melting threshold  for the QSPA 
plasma pulse, both the droplets splashing and the solid dust ejection are observed. In this study, 
analysis of dust dynamics, and particles characterization have been performed. It is found, that dust 
generation dominates after the plasma pulse end during the following material cooling. Cracks evolution 
and changes in their thickness with increasing exposition dose is studied for W grade with elongated 
grains. Dynamics of splashing and droplets velocity distributions obtained in experiments and numerical 
simulations with the MEMOS code are compared and the simulation results are verified with 
experiments in plasma guns. Possible contribution of the Kelvin-Helmholtz or Rayleigh-Taylor 
instabilities from the melt layer to the droplet splashing is considered. Differences in evolution of 
tungsten substructure after exposures with helium and hydrogen plasma streams of different duration 
are analyzed. 
 
This work has been supported in part by IAEA CRP F1.30.13 
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To simulate the performance of plasma facing components under transient thermal loading conditions 
relevant for ITER, cyclic heat loading tests were performed on a reference double forged pure tungsten. 
The tungsten was exposed to an electron beam in the JUDITH 2 facility of Forschungszentrum Jülich to 
simulate the effect of edge localized modes (ELMs). Afterwards, the integrity of the tungsten surface is 
analysed with scanning electron microscopy (SEM). Transmission electron microscopy (TEM) was 
applied to visualize the defect structure in the region of the maximal heat load. The defect structure was 
compared to the microstructure of the tungsten material from a part that was not affected by the 
electron exposure. 
Five samples of double forged, but not recrystallized, pure tungsten were provided to SCK•CEN by 
Forschungszentrum Jülich after thermal shock loading [1]. Five different exposure conditions were 
applied, simulating relevant ELMs in ITER without trespassing the cracking threshold. The parameters 
differed in the heat flux factor (absorbed power density), in the steady state heat load (base 
temperature of 200, 400 or 700 °C) and the number of pulses (103 up to 2.5*105).  
The SEM investigation revealed that surface roughening occurred on all samples. A higher heat flux 
factor, a higher steady state heat load and an increased number of pulses resulted in an increase of the 
roughening. Moreover, micrometre sized cracks were found in all samples apart from one sample with 
the least severe exposure conditions. 
The samples for TEM were prepared as such that the material about 10 µm below the exposed surface 
could be analysed. As a reference, the defect structure of a sample taken about 1.5 mm below the 
exposed surface was analysed as well. A large amount of small-angle grain boundaries, creating sub-
grains with an average size of 2 – 3 µm, were found.  In the interior of the sub-grains, a few isolated line 
dislocations were observed. It was observed that the defect structure may differ within the same 
sample. 
The defect structure in the exposed part of the material is very similar to the reference. The small-angle 
grain boundaries are still present. Differences in sub-grain structure, if any, are too small to be 
quantified. A higher amount of line dislocations were found in the samples that showed the least 
cracking. It is, however, difficult to relate this effect to the electron exposure as only the final defect 
structure, and not the evolution, can be observed. 
 
[1] Th. Loewenhoff, J. Linke, G. Pintsuk, C. Thomser, Fus. Eng. Design 87, 1201 (2012) 
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The Atomic and Molecular (A+M) Data Unit of the International Atomic Energy Agency (IAEA) [1] 
reviews progress and achievements in the generation of Atomic, Molecular and Plasma-Surface 
Interaction (AM/PSI) data for fusion program, and coordinates international cooperation in 
measurement, compilation and evaluation of AM/PSI data for fusion.  
 
The Unit has organized a series of coordinate research projects (CRP) [2] where 6-15 groups 
collaborate to measure, calculate, compile or evaluate AM/PSI data for specific data needs in fusion 
applications. Recently, the CRP on “Characterization of Size, Composition and Origins of Dust in 
Fusion Devices” where 9 groups have participated was finished. The CRP on “Data for Erosion and 
Tritium Retention in Beryllium Plasma-Facing Materials” had the 1st meeting in Vienna with 6 groups 
worldwide. The Unit is planning on a CRP on “Data for Erosion and Tritium Retention in Irradiated 
Tungsten” to start in 2014.  
 
In this conference, the CRP on “Characterization of Size, Composition and Origins of Dust in Fusion 
Devices” will be summarized and the current status of research on the “Data for Erosion and Tritium 
Retention in Beryllium Plasma-Facing Materials” will be presented.  
 
[1] http://www-amdis.iaea.org  
[2] http://www-amdis.iaea.org/CRP  
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Deuterium, helium and argon plasma exposures are used to investigate the effects of surface 
morphology changes that occur during high-fluence beryllium erosion experiments in the PISCES-B 
facility at UCSD. As reported previously [1], a fine, hair-like structure develops on the surface of Be 
targets exposed to pure deuterium, or helium, plasma. In addition, the sputtering yield measured by 
mass loss from such surfaces is a factor of 5-10 less than predicted by TRIM-like binary collision 
approximations of a pure Be surface. After beginning plasma exposure of a smooth target, an initial 
increase in the axial penetration distance of sputtered Be atoms into the plasma column is observed to 
correlate with the development of surface morphology and the reduction of the sputtering yield. At 
higher fluence, the penetration distance of sputtered Be atoms saturates and the sputtering yield 
stabilizes. Characterization of the resulting morphology as a function of incident ion energy and plasma 
fluence will be reported. 
 
In contrast, the Be sputtering yield measured during argon plasma exposure agree with binary collision 
approximations. During high-fluence argon plasma exposure, the surface of the beryllium target 
remains smooth and the axial penetration distance of sputtered Be atoms remains constant throughout 
the duration of the plasma exposure. 
 
A simple model of sputtered atoms ejected into the plasma column has been developed to understand 
the changing axial penetration distance during the D and He plasma exposure. Reducing the 
component of atoms sputtered at shallow angles, with respect to the surface tangent, causes an 
apparent increase in the observed sputtered particle axial penetration distance. One can speculate that 
the development of surface morphology during the plasma exposure acts in such a way as to increase 
redeposition of sputtered atoms on the side walls of nearby surface structures. This would result in a 
lower measured sputtering yield. Such redeposition would also result in a reduction in shallow angle 
particle ejection from the surface and could explain the increase in measured sputtered particle 
penetration distance into the plasma column.   
 
[1] R. P. Doerner et al., PSI proceedings (2012) 
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Toughened, Fine-Grained Recrystallized Tungsten (TFGR W) have been developed at Tohoku 
University, Japan [1], in order to improve poor mechanical properties of W; brittleness at low 
temperature or following neutron irradiation. TFGR W has an average grain size of ~1 µm with a small 
amount of TiC or TaC dispersoids. These features on crystalline structure serve to improved poor 
irradiation brittleness. However, If TFGR W will be used as plasma-facing materials (PFMs), its 
hydrogen retention properties must be known due to safety concerns related to tritium. 
In our previous study, we investigated deuterium (D) retention in TFGR W-1.1wt%TiC. It was found that 
when irradiated by D ion beam at irradiation temperatures of 473 – 873 K, D retention in TFGR W-
1.1wt%TiC is systematically higher than pure W. It may be due to (1) increased diffusion into bulk 
caused by grain boundary diffusion and (2) increased trapping at grain boundary or TiC dispersoids. 
Further investigation is needed to increase the D retention database and clarify D retention 
mechanisms in TFGR W. In this study, D retention in TFGR W with different kind of dispersoids has 
been investigated. And D retention in different irradiation conditions, including D plasma exposure, has 
also been studied. 
TFGR W-1.1wt%TiC and TFGR W-3.3wt%TaC specimens of 10 x 10 x 1 mm size were used. The D ion 
beam implantation into TFGR W specimens was conducted using High-Flux ion beam Irradiation Test 
device (HiFIT) in Osaka University [2], with an incident energy of 1keV, and flux density of ~1 x 1020 

m-2s-1. D fluence of up to about 1 x 1024 m-2 was implanted at temperatures of 573 – 873 K. In addition 
to beam implantation, TFGR W specimens are exposed to D plasma in the linear plasma generator. 
Following irradiations, D retention was measured by thermal desorption spectroscopy (TDS) in a 
separate apparatus. For comparison, the experiments were also made with pure W specimens under 
the same conditions. 
It was found that D retention in both TFGR W-1.1wt%TiC and TFGR W-3.3wt%TaC specimens was 
systematically higher than that of pure W specimens at all irradiation temperature. Namely at 673 K, D 
retention in TFGR W-1.1wt%TiC and TFGR W-3.3wt%TaC is 20 times higher than pure W. D retention 
in TFGR W-1.1wt%TiC and TFGR W-3.3wt%TaC is almost same at up to 673 K. But at high irradiation 
temperature of 773 K, D retention in TFGR W-3.3wt%TaC is 85% lower than TFGR W-1.1wt%TiC. TDS 
spectrum of TFGR W-1.1wt%TiC at 573K has a large peak at ~700K with small shoulder up to 1100K. 
In the case of TFGR W-3.3wt%TaC at the same temperature, its TDS spectra have these two peaks 
commonly, but height of the shoulder peak is half smaller than TFGR W-1.1wt%TiC. This is caused by 
difference in dispersoids resulting in difference in chemical affinity to D atoms. 
 
[1] H. Kurishita et al., J. Nucl. Mater. 398 (2010) 87-92 
[2] Y. Ueda et al., Fusion Design 62 (2002) 255-261 
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Tungsten is a reference material for the high-flux, low-ion-energy region of the divertor in ITER and a 
candidate plasma-facing material for DEMO. Ferritic/martensitic steels with low-activation and high 
resistance to void swelling, such as Eurofer steel, are the most promising candidate materials for 
structural components for fusion and advanced fission power generation reactors. In fusion reactors 
plasma-facing and structural components will be exposed to 14 MeV neutrons (n) together with high 
rate of helium (He) and hydrogen (H) production due to transmutation reactions. Additionally, plasma-
facing materials will be irradiated with the hydrogen fuel (T and D) and helium (He) with low energies. 
Experimental data on the influence of displacement damage on hydrogen accumulation, recycling and 
permeation in materials are very scarce, and the detailed theoretical understanding of hydrogen 
transport through damaged materials is incomplete. These data are strongly required not only for ITER, 
but especially for future fusion power reactors such as DEMO. To understand and predict tritium 
transport and retention in complicate irradiation conditions, interaction of low energy deuterium ions 
with polycrystalline tungsten (W) and Eurofer is investigated in the present work under well-defined 
laboratory conditions. To simulate the fast neutron damage produced in fusion reactors, samples were 
irradiated by 20 MeV W ions. Following to the damage production by the irradiation at different dpa 
levels, samples were exposed to low energy deuterium plasma (in the ion energy range between 5 eV 
and 200 eV per D). The D retention in each sample was subsequently analyzed by nuclear reaction 
analysis (NRA) for the depth profiling up to 6 m. The total amount of accumulated deuterium and the 
binding state of deuterium in investigated materials were found by thermal desorption spectroscopy. 
The rate of deuterium decoration of radiation-induced damage was investigated by exposure at different 
fluences and different temperatures. The saturation concentration of D in radiation-induced traps in W 
and Eurofer was found as a function of temperature. The deuterium saturation concentration in 
radiation-induced traps in Eurofer is much lower as compared to that one in W. It indicates that less 
radiation traps for deuterium are produced in Eurofer than in W during irradiation by fast heavy ions 
under the same experimental conditions. The saturation in radiation-induced trap density with dpa was 
found for both W and Eurofer. 
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Ion cyclotron wall conditioning (ICWC) is based on low temperature plasma produced and sustained by 
ion cyclotron resonance (ICR) pulses in reactive or noble gases [1]. The technique is being developed 
for ITER. It is tested in tokamaks in the presence of the toroidal magnetic field (0.2 - 2.0 T) and heating 
power of the order of 105 W.  
The aim of this work was to assess the efficiency of wall cleaning in two fundamental areas: reduction 
of the deuterium (D) content and retention of oxygen impurity species. Experiments were performed in 
the TEXTOR tokamak. Specially designed probes were used. They were cut from the dynamic ergodic 
divertor (DED) tiles retrieved from the tokamak after ten years of operation. They were analyzed in 
detail to determine the surface composition and then they were exposed to ICWC discharges: (i) 490 
ICR pulses of 0.5 s each in hydrogen to determine deuterium removal from PFC; (ii) 39 ICR pulses (150 
s) in oxygen followed by 322 more pulses (2 s each) in deuterium and 67 in helium (2s). In the latter 
case a rare oxygen isotope (O-18) was used to allow conclusive assessment of oxygen retention and 
removal. The other specific goals were to check toroidal and poloidal uniformity of fuel and impurity 
removal. The experiments followed by detailed surface analysis performed by accelerator-based ion 
beam methods resulted in several findings. 
ICWC in hydrogen caused a drop of deuterium content by a factor of more than 2 in the tile: from 
4.5x1018 to 1.9x1018 D at cm-2. Up to date, these are the first data ever obtained showing quantitatively 
the local decrease of deuterium in wall components treated by ICWC a tokamak. 
A similar decrease of the fuel content was achieved by the ICWC in oxygen. The deuterium amount on 
the surface of the tiles was uniformly reduced by a factor of 2: from 2.35x1018 to 1.33x1018D at cm-2. 
The oxygen retention in the DED tiles exposed to ICWC in oxygen was analyzed for different 
orientations and radial positions with respect to plasma. An average retention of 1.37x1016 O-18 at cm-2 
was measured. A maximum of the retention, 4.4x1016 O-18 at cm-2, was identified on a probe surface 
near the ICRF plasma edge. The correlation with the magnetic field direction and antennae location are 
studied. 
The oxygen retention was not poloidally uniform. One of the locations has shown significantly higher 
retention values (by a factor of 2.5 - 3) in comparison to other locations. This was the first experiment to 
determine uniformity of deposition and removal of seeded impurities.  
The results are encouraging. They show a significant impact of ICWC on the change of the composition 
of surfaces directly exposed to ICRF discharges. The experiments have clearly shown the advantage 
of using tracers (18O in the case) and defining next steps in research combining antenna setting, plasma 
operation and surface studies.  
 
[1] A. Lyssoivan et al., J. Nucl. Mater. 390–391 (2009) 907. 
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Tungsten and tungsten alloys are promising candidates for plasma facing components, and are 
therefore used in the current helium cooled divertor design, which is developed at KIT. However, a joint 
to other ductile materials, such as the ferritic-martensitic steel EUROFER97 or ODS-EUROFER, is 
necessary. One of the most difficult problems when joining materials with different thermal expansion 
coefficients are thermal induced stresses that lead to the failure of the joint. The approach taken for the 
reduction of thermal induced stresses is the placement of a functionally graded layer between the 
materials to be joined. 
The potential of such a graded tungsten/EUROFER97 joint has been examined by FEM [1], where 
elasto-viscoplastic simulations have been performed by varying the layer thickness, layer orientation 
and shape. The resulting stresses and strains were used as basis for lifetime estimation and for 
optimization of joining parameters. 
Three production methods (magnetron sputtering, vacuum plasma spraying and resistance sintering 
under ultrahigh pressure) have been investigated for their capability in producing functionally graded 
tungsten/EUROFER97 layers [2,3]. In a first step, non-graded samples with different mixing ratios were 
produced and characterized by nanoindentation, macroindentation, X-ray diffraction and scanning 
electron microscopy. In a second step, the produced functionally graded layers were joined to 
EUROFER97 and, if necessary, to tungsten bulk-material by diffusion bonding. The bonding and the 
graded joints were microscopically characterized and exposed to thermal cycles between 20 °C and 
650 °C. Results from this study show that these technologies are ideal for the synthesis of functionally 
graded tungsten/EUROFER97 interlayers. 
 

[1] T. Weber, J. Aktaa, Numerical Assessment of Functionally Graded Tungsten/Steel Joints for 
Divertor Applications, Fusion Engineering and Design 86 (2011) 220-226. 

[2] T. Weber, M. Stüber, S. Ulrich, R. Vaßen, W. W. Basuki, J. Lohmiller, W. Sittel, J. Aktaa, 
Functionally graded vacuum plasma sprayed and magnetron sputtered tungsten/EUROFER97 
interlayers for joints in helium-cooled divertor components, Journal of Nuclear Materials, accepted 
manuscript. 

[3] T. Weber, Z. Zhou, D. Qu, J. Aktaa, Resistance sintering under ultra high pressure of 
tungsten/EUROFER97 composites, Journal of Nuclear Materials 414 (2011) 19-22. 
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Experiments involving direct contact of plasma with material at the sub-threshold implantation 
conditions (i.e. plasma energy is too low to generate Frenkel pairs) do reveal that essential amount of 
plasma components is stored in subsurface grain. Conventionally, the trapping is associated with the 
presence of natural defects such as vacancies. However, recent experimental investigations of trapping 
and release of D in pure Tungsten (W) and tungsten-tantalum (W-Ta) alloys show that there is a 
considerable amount of trapped D in the bulk up to several microns depth, where no vacancies can be 
expected since their thermal concentration at the implantation temperature (<500 K) is negligible. 
Hence, the description of the trapping of D and growth of D-bubbles and blisters in these irradiation 
conditions requires alternative mechanisms. Here, we characterize dislocations and grain boundaries 
as possible traps for plasma components. We have applied density function theory (DFT) calculations 
to characterize the interaction of He and H with a screw dislocation and high angle tilt grain boundaries 
in W and W-Ta dilute alloys. The obtained data can be used in coarse grain models to account for 
accommodation and detrapping of D and He from the considered lattice defects. The DFT results are 
discussed highlighting experimental data and are compared with available interatomic potentials. 
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The main material currently considered for the ITER divertor is tungsten. Different tungsten alloys are 
also studied as candidate plasma-facing materials for both the divertor and the first wall of DEMO. 
Tungsten-tantalum, which was demonstrated to have favorable thermo-mechanical properties as 
compared to pure tungsten, is one of these alloys. Considering the possible use as an armor material 
for both divertor and first wall, W and W-Ta might be used in very different PWI environments, notably 
differing in ion flux. Our contribution presents the results of an experimental study of the deuterium 
retention and material modification in both materials in different flux ranges – low-flux conditions 
relevant for the first wall and high-flux divertor-like conditions. 
 
Low-flux (ion flux ~5*1019 m-2s-1) exposures were performed in the ECR plasma source PlaQ (Max 
Planck IPP, Garching, Germany), and high-flux (~1024 m-2s-1) exposures at the cascaded arc plasma 
generator Pilot-PSI (FOM DIFFER, Nieuwegein, the Netherlands). Implemented analytical techniques 
included nuclear reaction analysis (NRA), thermal desorption spectroscopy (TDS) and scanning 
electron microscopy (SEM) imaging complemented by focused ion beam (FIB) cross-sectioning. 
 
In the case of exposure to high fluences of high ion flux plasma, it has been demonstrated that retention 
is higher in W as compared to W-Ta. In such conditions, surface modification (blistering) is considerably 
stronger in case of W as compared to W-Ta. Bulk modification of W was demonstrated by NRA as well 
as by FIB cross-sectioning to be considerably stronger than that of W-Ta as well. For both materials, a 
history effect has been observed – the enhancement of retention in the material pre-exposed with high-
flux plasma – suggesting that both W and W-Ta are noticeably modified by the high-flux plasma 
exposure. In case of exposure to low ion flux the retention behavior was found to be just the opposite, 
with W-Ta featuring higher retention than W. 
 
It was found that upon high-flux exposure retention in both W and W-Ta is dominated by the plasma-
induced traps, while upon low-flux exposure retention is determined by the concentration of pre-existing 
traps, resulting from the manufacturing process and material composition. 
 
The experimental findings presented here suggest that W-Ta is a promising option for further study as 
candidate material for the use in the high-flux environment of the divertor. 
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The interaction of an intense electron beam with a metal target leads to rapid heating and cooling of the 
surface layer, accompanied by a series of phase transitions between the solid, liquid, vapor, and 
plasma phase. As a consequence of the large heat load, the metal target is eroded and a topographical 
pattern evolves on its surface. 
In this work, the process of electron beam interaction with metal targets is studied experimentally. 
Large-area electron beams with power density 5–25 GW/m2, electron energy 120 keV, pulse duration 
up to 0.1 ms, and cross-sectional area of 7–30 cm2 at the target surface are generated by the GESA 
facility at KIT. Various fast in-situ optical diagnostic tools have been set up and successfully tested 
during treatment of stainless steel, copper, and aluminum targets. Streak imaging of the target surface 
specular reflectivity is used to determine the onset of melting and re-solidification. The vapor and 
plasma phase adjacent to the target surface are characterized by time- and space-resolved 
spectroscopy [1]. Using time- and space-resolved schlieren imaging and high-resolution framing 
imaging, the evolution of surface irregularities is studied. A stroboscopic imaging technique is applied to 
capture the surface pattern during electron beam treatment. The surface temperature evolution is 
recorded by a pyrometer. After treatment, the irradiated target surface topography is captured by a 
high-resolution white light profilometer. Cross sections cut from the target are metallographically 
analyzed to obtain the melting depth and microstructure of the treated surface layer. 
The pulsed electron beam facility GESA at KIT offers the possibility to study in-situ the interaction of 
intense electron beams with fusion relevant materials. Furthermore, model experiments can be 
performed and used for validation of simulation codes. 
 
[1] W. An, Y. Krasik, R. Fetzer, et al., J Appl. Phys. 110, 093304 (2011) 
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In this paper, shear pin coated with plasma-sprayed alumina for low-voltage electrical insulation, which 
used in the Correction Coil Support(CCS) to prevent eddy current loops between Toroidal Field 
Coils(TFC) is reported. The characteristics of coating weared by 316LN stainless steel at liquid nitrogen 
temperature are investigated. After 30,000 times rolling with radial loading, the electrical resistance test 
indicated that the surface contact resistance is more than 10 MΩ/m2. And the coating is free from 
cracks, flakes and debonding. The porosity and bonding strength test shows that the coating is dense 
and in good adhesion with base materials. In addition, the surface roughness and texture are uniform. 
Therefore, it can be concluded that the coating is good enough and can be utilized in the CCS of ITER. 
 
Keywords: ITER; shear pin; plasma-sprayed alumina 
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In a future fusion reactor, tungsten coating to the blanket first wall is planned to suppress the sputtering 
erosion by energetic particle bombardment. In the case carbon is used for a part of plasma facing 
materials, the tungsten coating is simultaneously irradiated by carbon and tritium ions. It has been 
pointed out that simultaneous injection of carbon and hydrogen ions increases hydrogen retention in the 
tungsten coating since the carbon accumulated in the tungsten coating retained the hydrogen. 
However, dependence of hydrogen retention and desorption on carbon concentration has not been 
understood yet. In this work, deuterium and carbon ion beam with different carbon concentration has 
been irradiated to the tungsten coating. 
 
Tungsten with a thickness of ~50 μm was coated by vacuum plasma splaying on a rhenium/tungsten 
multi-interlayer on a carbon fiber composite substrate. This tungsten coating was irradiated by 
deuterium and carbon mixed ion beam. Flux density and a fluence were 1020 D+/m2s and 1.4×1024 
D+/m2, respectively. Sample temperature was 700 K. The carbon concentration in the mixed ion beam 
was changed from ~0.1 to ~2.8 %. The ions Dx

+ (x = 1-3)  and CyDz
+ (x = 1-2, y = 0-5) with the energy 1 

keV were irradiated. After the irradiation, depth profiles of deuterium and carbon in the samples were 
measured by secondary ion mass spectroscopy (SIMS). The amount of gas molecules (HD, D2, CHD3 
and CD4) desorbed from the samples was measured by thermal desorption spectroscopy (TDS). 
 
In the case the carbon concentration was ~0.1, ~0.8, and ~2.8 %, the deuterium retention evaluated by 
TDS was ~1.4×1021, ~0.1×1021, and ~1.9×1021 D/m2, respectively. While D2 desorption peaks between 
550 and 1300 K were found in the case of the carbon concentration of ~2.8 %, no clear D2 desorption 
peak was found in the other two cases. Curve fitting of the D2 desorption spectrum using a series of 
Gaussian functions indicated three desorption peaks at temperatures of ~810, ~1020 and ~1160 K. 
These desorption temperatures were close to those observed from the carbon tiles used in the JT-60U 
divertor. Hence, it is possible that the deuterium was retained as a form of C-D bond in the tungsten 
coating. 
 
In the case the carbon concentration was ~0.8 and ~2.8 %, the depth integral of the deuterium signal 
intensity measured by SIMS was ~3.4 and ~10 times higher than that in the case of ~0.1 %. This result 
does not agree with the deuterium retention determined by TDS. Since the present TDS counted only 
deuterium atoms desorbed as four kinds of molecules(HD, D2, CHD3 and CD4), the deuterium retention 
determined by TDS could be underestimated. However, this discrepancy indicates a possibility that the 
retained deuterium in the tungsten coating is also desorbed in the form of hydrocarbons such as CDx 
and C2Dy, which was not measured in this study. 
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In nuclear fusion reactors, tungsten surface will be exposed to helium particles, which are produced by 
nuclear fusion reaction. By the bombardment of helium particles, it has been found that nanostructures 
are grown on the tungsten surface [1]. It is an issue whether nanostructures are formed on the surface, 
because the formation of nanostructure may have a negative impact in fusion reactor material such as 
an initiation of arcing [2]. Recently, it has been revealed that the nanostructure was annealed out when 
the surface temperature was raised without helium irradiation [3]. The fact that the nanostructure was 
reintegrated to the bulk material suggested that there exists a threshold helium flux where the growth 
and annealing is balanced. In this paper, experiments are conducted to seek the threshold helium flux 
for the nanostructure growth in the divertor simulator NAGDIS (Nagoya Divertor Simulator)-II. 
Experiments were conducted in the linear divertor simulator NAGDIS-II. During the tungsten specimen 
was exposed to helium plasma, the optical reflectance was measured using a helium neon laser at the 
wavelength of 633 nm. At the same time, from the backside of the specimen, the radiation around 633 
nm was observed with another spectrometer for the temperature estimation. The temperature was 
calibrated using the optical emittance estimated from the measured reflectance and radiation. The 
potential was changed between negative and positive voltages alternately to control the helium flux and 
surface temperature. When the specimen is negatively biased, ions are irradiated to the specimen, 
while the electron irradiation heats up the sample without ion bombardment when the specimen is 
positively biased to 0-20 V. 
In one case, at the surface temperature of ~1500 K, the optical reflectance decreased when the helium 
flux was higher than ~5x1021 m-2. On the other hand, the reflectance gradually recovered when the flux 
was lower than the value and the nanostructures were not grown on the surface. Although the threshold 
flux may alter when the irradiation condition such as helium ion energy, irradiation history, and so on 
are different, the present results reveal that there exists a helium flux threshold for the nanostructure 
formation. From the experiments under several different conditions in the surface temperature range of 
1300-1600 K, it was found that the nanostructures grew on the surface when the helium flux was 
greater than some threshold, while they were reintegrated to the bulk tungsten when the fluence was 
lower. Although it seems that the threshold could change by the irradiation history and surface 
morphology etc., the results suggested that the nanostructures are not grown on tungsten surface when 
the helium flux is low enough, say lower than 1021 m-2 for the surface temperature higher than 1400 K. 
 
[1] S. Takamura, N. Ohno, D. Nishijima, et al.,  Plasma Fusion Res. 1, 051 (2006) 
[2] S. Kajita, S. Takamura and N. Ohno, Nucl. Fusion 49, 032002 (2009). 
[3] M. Baldwin and R. Doerner, J. Nucl. Mater. 404, 165 (2010). 
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After the installation of the ITER-like wall at JET, it was anticipated that eroded beryllium from the main 
wall is transported to the tungsten divertor and form mixed-material deposits as soon as plasma 
operation commenced. To investigate this process, the operation with the ITER-like wall was initiated 
with a long series of identical Ohmic discharges. The migration was followed up in monitoring 
discharges which had an Ohmic phase in identical plasma shape and plasma conditions [1,2]. This 
allows determining the characteristic time constants for the formation of a stationary equilibrium of wall 
sources. The characteristic times were found to be comparable to those in pre-ILW experiments using 
heavy Be evaporation [3]. 
 
In this paper, Be erosion from the main wall, Be migration into the divertor and its deposition on W in 
the initial operation phase are modelled with the 3D Monte Carlo impurity transport code ERO. The 
simulation covers the inner wall and the inner divertor. To generate the plasma background for MC 
tracing of impurity particles we use the OSM code and a wall-conforming grid, which allows reproducing 
closely the measured plasma conditions close to material surfaces (Te,IT ≈ 5–10 eV, ne, IT ≈ 2–4 x 1019  
m-3). The formation of potentially significant mixed materials, in particular Be2W, is investigated by 
applying for the first time the upgraded surface model of ERO with plasma-surface interaction data for 
Be/W compounds in addition to pure elements [4]. 
 
We compare the modelled impurity densities in the plasma and their temporal evolution to the 
spectroscopic BeII line (527 nm) and Zeff measurements. The strength of the main chamber erosion 
source and the resulting plasma beryllium content are the key parameters that define the Be divertor 
deposition, resulting from Be impurity transport in the edge and divertor plasma. Initial results indicate 
that compound formation changes the gross erosion and deposition but the net effect remains small. 
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During the last three campaigns (August 2011-July 2012) JET has been operated with the new ITER 
like wall (ILW) containing bulk Be tiles (main chamber), bulk W lamellas (divertor G5 tiles) and W 
coated CFC tiles with a thickness of 10-15 m for the main chamber neutral beam shine-through 
related tiles plus some critical recessed areas of the wall and inner divertor tiles G3, G4. Thicker 20-25 
m W coatings were used for outer divertor tiles G6, G7, G8 and inner divertor tiles G1. 
 
During the C28-C30 campaigns the ILW was periodically inspected by IVIS (In Vessel Inspection 
System) without breaking the vacuum. After these campaigns the JET chamber was open and the wall 
was inspected with a high resolution camera. The marker tiles were removed from the chamber and 
they have been inspected in the beryllium handling facility. The main results of these observations, after 
more than 3000 pulses, could be summarized as follows: 
- Minor W-coating delaminations along in-plane carbon fibres of the CFC substrate have been detected 
on individual tiles (one G6, two G8, two Inner Wall Guard Limiter) but there is nothing systematic which 
would suggest thermal fatigue related damage. This might be associated with the variability of substrate 
material in conjunction with machining across fibre planes.  
- Signs of arcing and deposition of Be can be seen on W coated CFC wing tiles and poloidal limiters 
which are located near to beryllium limiters.  
- The marker tiles looks fine without delaminations or other damage.  
- The only clear melt damage is on the W-coated bottom tiles of the 16 inner wall guard limiters which 
were hit by a beam of runaway electrons early in the commissioning phase. This is a possible source of 
the tungsten particles which were observed during the campaigns. 
- The overall picture on the W coatings from the ILW looks good.   
In parallel with the JET experiments the same W coatings were tested in Magnum-PSI with the aim to 
get more information about their limits under realistic thermal loading conditions including steady-state 
and ELM-like transients. This was part of a programme of experiments aimed at understanding 
differences between transient heat load test results previously obtained with electron and ion beams. 
The experiments were carried out with a CFC sample (80x70x40 mm) coated with 20 µm of W using 
Combined Magnetron Sputtering and Ion Implantation technology.  
The coating survived without delamination to 2875 pulses of about 1 ms with a power density of 80-120 
MW/m2. The peak surface temperature during tests was in the range of 350-540 C. These parameters 
exceed those for typical ELMs with ITER-like Wall. 
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Tungsten is envisaged as plasma-facing material for future fusion devices. In the recent years many 
studies regarding the hydrogen retention and surface morphology were performed on various W 
grades. For some grades, many results are published [1-3]. But experiments are often performed under 
quite different exposure conditions. In particular, fluence and flux are often different. It is still under 
discussion how the used W grades contribute to the reported variation in the retention, which easily 
differs by one order of magnitude, and to the observed surface morphology features, which range from 
spherical blister to stepped and volcano-like extrusions.  
Therefore, in this study, five different grades - including the ones predominantly studied in [1,2] - were 
exposed simultaneously to a D plasma, i.e., receiving the same exposure (specimen temperature: 
500 K, energy: 38 eV/D, flux: 1020 m-2s-1, fluence 1026 m-2). The fluence of 1026 m-2, needing 12 days of 
exposure, was chosen to allow comparison with exposures of reasonable length at higher fluxes, e.g. 
Pilot-PSI or [1].  
The investigated W materials were produced by Plansee, Austria, and A.L.M.T. Corp., Japan, with a 
purity of 99.97 and 99.99 wt.%, respectively. The Plansee materials were delivered after two different 
deformation processes (hot rolling and forging) leading to different grain morphologies. One of these 
and the Japanese material were recrystallized at 2000 K. This together leads to 5 specimens; three of 
strongly distorted material (including “ITER grade” W) and two recrystallized ones.  
D retention was determined by nuclear reaction analysis (NRA) using the D(3He,p)4He reaction 
providing depth profiles up to ~7.5 µm. The (sub-)surface morphologies were studied by scanning 
electron microscopy (SEM) in combination with a focused ion beam (FIB) and by confocal laser 
scanning microscopy (CLSM). 
The high D retention in the non-recrystallized Japanese W compares well to results measured at higher 
flux [1], but the corresponding recrystallized material shows a much smaller retention (~1020 D/m2) 
compared with experiments at higher flux [1]. This may be due to different surface morphologies and 
material modifications developing under plasma impact: At high flux, massive in-grain distortions as well 
as large plateau-like features were observed [1]. Here, only a few of these features were found. 
Besides that, only the hot-rolled, non-recrystallized Plansee W developed significant surface 
morphologies with corresponding cavities located at depths up to ~25 µm, which were proofed to be 
gas-filled by mass spectroscopy. The absence of surface features on the recrystallized Plansee 
material may be correlated with the strong recrystallization texture present in this material.  
The observed surface modification and D retention of these five W grades are discussed in the light of 
previous studies. The possibility of predicting the behaviour of other W grades is also briefly explored. 
 

[1] V.Kh. Alimov et al.., J. Nucl. Mater 420, 519 (2012) and references [6, 8, 9, 15, 16, 21] therein. 

[2] A. Manhard, Deuterium Inventory in Tungsten after Plasma Exposure: A Microstructural Survey 
(Ph.D. Thesis, TU Munich), Technical Report IPP 17/34, Garching 2012. 

[3] A. Manhard et al., J. Nucl. Mater 415, S632 (2011). 
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Ferritic/martensitic steel, especially EUROFER97, is a candidate for wall materials of future fusion 
devices. One crucial aspect for these materials is to understand tritium transport and retention because 
of safety reasons. A dedicated study of native hydrogen in EUROFER97 was conducted in order to 
understand hydrogen isotope retention and exchange. 
In this work double-side polished EUROFER97 samples were used, which were normalized by 
standardized heat treatment (hardening: 980°C, 30 min,  cooling rate > 40°C/min, tempering: 750°C, 
2h), in order to get comparable grain sizes, micro structure, and the martensitic phase. After heat 
treatment the microstructure was analyzed by X-ray diffraction and scanning electron microscopy with 
focused ion beam cross sectioning. The average grain size is around 5 µm consisting of sub-grains of 
about 200 nm up to 1 µm.    
The native hydrogen content in EUROFER97 was determined by thermal desorption spectroscopy 
(TDS). At first samples were heated with linear ramps between 5 and 15°C/min up to 600°C. The 
temperature range up to 600°C is used in order to keep the material in the martensitic phase. 
Background measurements were performed for each sample TDS measurement for correction of the 
raw data. Native hydrogen starts to release at 300°C and shows maxima at about 480°C, 520°C and 
600°C. The total amount of hydrogen released up to 600°C corresponds to a concentration of the order 
of 150 ppm (atomic).     
Subsequent TDS measurements of these samples up to 1000°C show the release of additional native 
hydrogen with a peak at 840°C, which corresponds to the phase transition temperature of EUROFER97 
from the martensitic/ferritic (bcc) to the austenitic (fcc) phase of about 800°C. This additional released 
amount corresponds to about 30 % of the amount released up to 600°C. TDS measurements were 
repeated after storing the out-gassed samples at room temperature in air for one month. No uptake of 
hydrogen in the volume is observed after this storage period. 
Samples with native hydrogen content which were gas-loaded under deuterium atmosphere of 1 bar at 
400°C and 600°C show a strongly reduced release of hydrogen by TDS measurements with peaks at 
480°C and around 800°C. In addition significant peaks appear at 300°C and 520°C decreasing down to 
the background level at around 800°C. The deuterium TDS results exhibit peaks at the same 
temperatures (480°C, 520°C) as the hydrogen signal released from the native sample. Further analysis 
reveals that under gas-loading isotope exchange takes partly place by substitution of hydrogen by 
deuterium.  
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The need for a fast and nondestructive method for the characterization of the thickness/uniformity of a 
metallic coating on large areas of plasma facing components (PFC) led us to develop a combined 
transmission/fluorescence X-ray technique [1,2].  
The coating uniformity analysis is performed using: i) high resolution X-ray tranmission (XRT), ii) X-ray 
fluorescence mapping (XRF) and iii) X-ray backscattering (XRBS). It permits measuring the thickness of 
layers and therefore determining the 2-dimensional erosion pattern on a whole PCF (max. 300x150 
mm2) without need for vacuum or sample preparation. The measurement time per point is relatively 
short (down to few secs) and therefore thousands of points can be measured in a matter of hours.The 
measurable thickness range is much larger than for other methods (from <10 nm to >20 m); consistent 
with the W thickness range of the coated JET ITER-like wall tiles (ILW) and of the FGG coated tiles of 
ASDEX Upgrade.  
XRBS was successfully applied as a reference free method for the determination of W coating 
thicknesses on low Z materials (FGG coated tiles). In this method the backscattered X-ray radiation by 
a substrate with low effective atomic number is attenuated by the coating material in direct correlation 
with the coating thickness.  
However, in the case of coated CFC tiles one cannot neglect the influence of the morphology of the 
CFC substrate on the microbeam backscattering profile with back-scattering intensity oscillation of up to 
20% between the pitch-fibres and the pan-fibres. This effect is rather difficult to be compensated for in 
our XRBS procedure.  
Fortunately, the coating process makes use of a Mo intermediate layer [3]. This allows introducing 
another technique based on the fact that the Mo interlayer produce X-ray fluorescence radiation which 
is attenuated in the W coating in direct correlation with the coating thickness. Coatings with a similar 
structure (i.e. 5 µm W on top of 3 µm Mo) are applied on the erosion markers used on the bulk 
tungsten lamellas in JET. These methods require elaboration of calibration samples and calibration 
methods.  
The thickness results obtained by X-ray techniques are validated with measurements by other methods 
(RBS, GDOS and SEM).  
 
[1] I. Tiseanu, et al., Surf. Coat. Technol. 205 (2011) 192. 
[2] I. Tiseanu et al., Phys. Scr. T 145 (2011) 014073. 
[3] C. Ruset et al., Physica Scripta, T128, 171-174 (2007). 
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The extrapolation of edge localized mode (ELM) induced heat fluxes from current devices such as JET 
and ASDEX Upgrade (AUG) to ITER is a challenging but vital task in order to assess the lifetime of the 
ITER divertor target, the acceptable ELM loss energies and hence the operational range.  
Fast infrared thermography at both devices resolves the fast ELM induced heat fluxes on time scales of 
a few hundred microseconds. These transient heat loads range between 10 MW/m² and 100 MW/m² 
and ELM energy densities of 15 - 200 kJ/m². 
However, uncertainties of these measurements are comparably large (about a factor of two) due to 
unknown exact thermal properties of the divertor target surfaces for such short time scales arising from 
surface inhomogeneities. Such large error bars are in particular worrying when comparing two devices 
of different linear dimension in order to derive a multi-machine based scaling for ELMs.  
The derived power densities depend very sensitively on the local emissivity as well as on the surface 
heat transfer coefficient employed in the data evaluation model. So far these parameters are only 
roughly known. 
Therefore we perform dedicated experiments in the high heat flux test facility GLADIS with defined 
temporal shape of heat fluxes. Tungsten test samples of divertor materials from JET and AUG are 
investigated at a power density of 25 MW/m². The temporally and spatially well characterized loading 
conditions in GLADIS allow the experimental determination of the surface heat transfer coefficient and 
of the emissivity on the required timescales. Results will be presented for bulk tungsten and for the W 
coatings employed in the JET divertor as well as in the AUG divertor. 
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This work presents a laboratory-scale experimental investigation of the erosion and the behavior under 
redeposition of rhodium (Rh), which is of interest for diagnostic first mirrors (FMs) in ITER. 
Erosion by the plasma particles and redeposition of the sputtered material may significantly affect the 
behavior of plasma facing components, including diagnostic FMs. Such phenomena can lead to a 
dramatic decrease of the specular reflectivity of FMs, posing a serious threat on the performance of 
diagnostic systems [1]. Due to its high reflectivity in a wide wavelength range and acceptable sputtering 
yield, Rh is one of the important candidates for FMs in ITER. High cost of Rh as a raw material 
envisages its use as a thick film on a suitable substrate. Among the possible coating techniques, pulsed 
laser deposition (PLD) permits the production of Rh films with realistic properties for fusion applications 
[2]. The capability of tailoring the morphology and the structure of the coatings at the nanoscale with 
PLD technique [3] could be exploited to minimize problems related to erosion. ITER plasma will contain 
impurities such as tungsten and beryllium; however, before investigating their effects, those related to 
pure deuterium have to be addressed. 
With the aim of understanding the erosion characteristic of the Rh films, three different PLD 
morphologies were exposed to pure deuterium plasma: the total fluence at the end of each exposure 
was 1020 ions/cm2, corresponding to the CXN fluence onto mirrors in ITER erosion dominated zones, 
accumulated during several hundreds of discharges. Constant bias of -200 V and temperature of 150°C 
were maintained on the sample. The results show how the nanostructure of the films influence their 
erosion. 
In order to experimentally simulate the redeposition phenomenon onto mirrors, PLD was employed to 
produce carbon and tungsten deposits with controlled morphology and nanostructure, resembling the 
characteristics of those found in the currently operating tokamaks. The same laser system has been 
exploited to develop a suitable laser cleaning of Rh films from these contaminants [4]. Process 
parameters have been properly optimized towards the achievement of a satisfactory contaminant 
removal, preserving the integrity of Rh mirrors. Laser cleaning efficiency has been evaluated in terms of 
mirror reflectivity recovery and by means of SEM analysis. 
 
[1] A. Litnovsky, V. Voitsenya, T. Sugie, et al. Nucl. Fusion 49, 075014 (2009) 
[2] A. Uccello, D. Dellasega, S. Perissinotto, et al., J. Nucl. Mater. 432, 261 (2013) 
[3] M. Passoni, D. Dellasega, G. Grosso, et al., J. Nucl. Mater. 404, 1 (2010) 
[4] A. Uccello, A. Maffini, D. Dellasega, et al., Fusion Eng. Des. Accepted. 
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One of the critical problems in fusion experiments is the power load on the divertor. To limit this load it 
is desirable to increase the radiated power by puffing impurities into the plasma. Nitrogen has been 
established as standard gas to control the divertor heat load in ASDEX Upgrade [1]. 
However, the results on formation and stability of tungsten nitride layers formed by the implantation of 
nitrogen from the plasma into the tungsten walls are contradictory [2,3,4] and the erosion of WN by 
deuterium has not yet been measured. An improved understanding of these processes is required to 
predict the global migration of nitrogen, which influences the erosion of the walls and the amount and 
distribution of nitrogen in the plasma. 
We therefore started comprehensive studies, including small scale laboratory experiments, as well as 
tokamaks and computer simulations to gather and combine additional information. 
Laboratory experiments are used to check and enhance our knowledge about N accumulation in 
tungsten, the thermal stability of WN and erosion under deuterium bombardment. They were performed 
in a system equipped with XPS, which allows following the surface composition evolution while 
bombarding the W surface with N or D from ion guns. To check the agreement between experimental 
measurements and TRIDYN simulation a detailed model is used to calculate XPS intensities from 
TRIDYN depth profiles.  
The TRIDYN simulations of nitrogen implantation at low surface temperatures show reasonable 
agreement with XPS results. Erosion of tungsten nitride with deuterium ions matches TRIDYN 
simulations if the surface binding energy of nitrogen is set to zero. Furthermore it was found that the 
nitrogen content is more sensitive to the temperature during implantation than during consecutive 
heating, where diffusion seems to be the limiting factor. 
Experiments at ASDEX Upgrade are performed to study the migration of nitrogen by spectroscopy and 
ex-situ ion beam analysis of samples exposed to plasmas with varying amount of nitrogen puffing. To 
model transport, accumulation and re-erosion of N in AUG, the code WallDYN [5] is applied. This code 
combines parameterized results from DIVIMP (with an extended grid), TRIDYN and laboratory 
experiments to simulate the temporal evolution of plasma facing surfaces.  
 
[1] A. Kallenbach, R. Dux, et al., Plasma Phys. Control. Fusion 52, 055002 (2010) 
[2] K. Schmid, A. Manhard, Ch. Linsmeier, et al., Nucl. Fusion 50, 025006 (2010)  
[3] O.V. Ogorodnikova, K. Sugiyama, et al., Phys. Scr. T145, 014034 (2011) 
[4] A. Kallenbach, M. Balden, R. Dux, et al., J. Nucl. Mater 415, S19 (2011) 
[5] K. Schmid, M. Reinelt, and K. Krieger, J. Nucl. Mater 415, S284 (2011) 
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Arcing is one process of plasma-surface interaction (PSI) occurring on plasma facing components 
(PFCs) that produces macro-particles and emits them into the scrape-off layer (SOL) plasma. The 
distributions of particle diameters, velocities, and directions with respect to the surface depend on the 
composition and structure of the surface as well as properties of the burning arc (e.g. the arc current). 
In fusion machines equipped with W-coated PFCs arc tracks are observed post-mortem and W-
particles are identified as a component of the dust. W atoms or ions eroded from a macro-particle flying 
across the SOL plasma are not subject to prompt re-deposition onto a PFC. Therefore, macro-particles 
constitute an essential source of W in the SOL and even may result in an impurity entry into the region 
of confined plasma if the particle succeeds to path the SOL and cross the last closed flux surface 
(LCFS). 
 
To assess the role of arc produced particles as a source of W-impurities results from laboratory arcing 
of W-coated PFC-material concerning the size, velocity, and direction of macro-particles are combined 
with model calculations of the heating, cooling, and evaporation of W particles flying through a 
simplified SOL plasma.  
In the laboratory experiments arcs were ignited and burned on realistic W-coated graphite PFCs in 
vacuum and the emitted particles are collected using Si-wafers. The collected particles are analysed in 
selected areas on the wafer to reveal their size, shape, and chemical composition. Combining the 
geometry of the experimental set-up and the locations of investigated areas on the wafer the directions 
of the particle orbits are reconstructed. Particle velocities are deduced from observations of the arc 
discharge with fast cameras. 
The model calculations assume a simplified SOL of given thickness consisting of a plasma exhibiting 
exponential profiles of density and electron temperature with given realistic boundary values at the 
LCFS and realistic radial decay lengths. The calculation follows a test macro-particle of given size 
made of W starting at the PFC limiting the SOL and moving with a given velocity and direction. The 
mass reduction due to evaporation is calculated during the flight taking into account the heating by the 
surrounding plasma, radiation cooling, secondary electron emission, space charge limitation, and the 
heat capacity of the particle. The finite heat conduction within the particle and the screening of the 
particle by the produced vapour cloud are neglected. 
The main result is that a W-particle from the large-size end of the distribution seen in laboratory arcing 
and having a typical velocity is able to pass a SOL of 10cm thickness filled with a realistic plasma and, 
finally, inject a certain amount of W-material into the confined plasma region. 
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Reduced Activation Ferritic Martensitic (RAFM) steels are candidate materials for first wall and breeding 
blanket structural application in future fusion power plants. The use of bare RAFM steel as first-wall 
material in a fusion reactor, at least in selected areas of the main chamber, has been proposed. As 
probable plasma-facing material, RAFM steel will be subjected to intensive fluxes of energetic 
deuterium (D) and tritium as well as 14 MeV neutrons (n) from the D–T fusion reaction. One possibility 
to investigate the influence of n-produced defects on the hydrogen isotope inventory is to simulate 
displacement damage using irradiation with energetic heavy ions. 
 

RAFM steels F82H (Japan) and Eurofer containing correspondingly ~0.7 and ~0.4 at.% W were used in 
this work. F82H samples were exposed to high ion flux deuterium plasma composed of D2

+ and D+ at 
sample bias potentials of -60 and -200 V. The ion flux and fluence were 1022 D/m2s and 1026 D/m2, 
respectively. The surface modification after plasma exposure was examined by scanning electron 
microscopy, X-ray photoelectron spectroscopy and Rutherford backscattering spectroscopy.  
 

Some F82H and Eurofer samples were irradiated with 20 MeV W ions at room temperature. As a result, 
the near-surface layer (up to about 3 µm) of the samples was damaged to 1.2 displacements per atom 
at the damage peak located at a depth of about 1.8 µm. The damaged and undamaged RAFM samples 
were exposed to D2 gas at a pressure of 100 kPa and temperatures, Texp, in the range 473-573 K. In 
addition, the damaged F82H samples were exposed to the D plasma at Texp of 323 and 423 K. 
Deuterium depth profiles in these sample were determined by the D(3He,p)4He nuclear reaction at a 3He 
energy varied from 0.69 to 4.0 MeV allowing determination of the D concentration up to a depth of 10 
μm.  
 

After exposure of the F82H samples to the D plasma, W-enriched near-surface layers are formed. The 
fraction of W on the steel surface varies from ~0.05 to ~0.3, depending on plasma exposure conditions. 
At exposure temperatures Texp  460 K, nano-sized W-enriched agglomerates are observed on the 
surface. However, at Texp = 770 K and a bias potential of -200 V, a coral-like nano-structured near-
surface layer is formed.  
 

In damaged RAFM samples loaded with deuterium, deuterium decorates the damage profile. The D 
concentration in the damage zone varies from ~10-1 at.% for Texp = 323 K to ~10-3 at.% for Texp = 573 K.  
 

The authors would like to thank Dr. H. Tanigawa (JAEA) for providing F82H samples. This work was 
supported by Broader Approach Activities in Rokkasho, Japan. 
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The exploitation of high plasma current regimes in the RFX-mod reversed field pinch experiment has 
made apparent that the graphite first wall affects plasma performance and makes the operation very 
much dependent on plasma wall interaction. In fact, Hydrogen retention in the graphite wall of the RFX-
mod device and strong influxes during plasma operation made very difficult density control especially at 
high plasma current regimes, explored up to the RFX-mod maximum design value of 2 MA. On the 
other side, in RFX-mod the same regimes revealed to be the most performing ones when density 
control problems are overcome by long graphite cleaning sessions or graphite coating by means of 
Boron or Lithium deposition [1]. These treatments require long application times (of the order of several 
hours) and the duration of their effectiveness in RFX-mod spans from one to tens of shots, depending 
on the treatment and on the plasma current. 
 
Both to enhance density control and to possibly access new operational regimes, in RFX-mod the 
replacement of the first wall with tungsten coated graphite is under evaluation. As a first step it is 
considered to insert W multilayer coated samples in the device vessel up to the first wall. Physical 
Vapor Deposition (PVD) and Plasma Spray techniques are considered for the coating and the samples 
are equipped with a set of thermocouples. The insertion location will be monitored with an infrared 
camera and spectroscopic diagnostics to measure the power deposition and the W ions influxes. We 
report on the preliminary tests that have been carried out to characterize the adherence of the W 
coatings on the graphite samples and the morphological characteristics of the coated layer.  
 
[1] Puiatti et al. presented at the 24th IAEA Fusion Energy Conference, San Diego, USA, October 8-13, 
2012, EX/P5-01 
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Metallic First Mirrors (FMs) will play a crucial role in the ITER optical diagnostic systems. Being the first 
element of the optical path which allows light to cross the neutron shielding, FMs will be placed close to 
the plasma and, therefore, will be subject to erosion and/or deposition. Especially net deposition can 
degrade the reflectivity of FMs heavily, endangering the reliability of the optical measurements. 
Regarding the mirrors in net deposition conditions, two possible cleaning techniques, namely plasma 
cleaning and laser cleaning, are currently being considered. 
 
This work presents the results of the plasma cleaning tests of molybdenum mirrors deposited with 
aluminium and tungsten, among which Al was used as a replacement for beryllium [1]. Deposits of Al 
and W mixtures were obtained on the surface of single crystalline and polycrystalline Mo mirrors by 
adding impurities into deuterium plasma using magnetron sputtering [2]. The samples were biased to -
200 V and heated up to 150 °C, simulating the boundary conditions expected near FMs in ITER [3]. The 
deposition setup and parameters were set in such a way that the obtained deposits had a porous 
surface structure. Without breaking the vacuum, three different plasma creation methods have been 
investigated for removing the deposits: an external RF / Kaufman source and RF plasma directly 
created on the mirror. 
 
Plasma cleaning experiments have been performed in the same high vacuum system using different 
gases (argon, neon and deuterium with ion energies varying from 150 to 500 eV). Initial and final ex situ 
reflectivity measurements, in situ reflectivity measurement during deposition and cleaning, scanning 
electron microscopy, and chemical surface analysis using in situ X-ray photoelectron spectroscopy 
have been carried out for each sample in order to evaluate the efficiency of each cleaning technique. 
Pure Al / Al oxide (analogous to beryllium oxide expected in ITER), pure W / W oxide and mixed Al/W 
deposits have been cleaned with RF plasma created on the sample using argon, neon, and argon 
deuterium mixture with ion energy between 150 and 350 eV. Using the Kaufman source, it was possible 
to remove Al/W deposits with 300 eV argon ions. The external plasma source was not able to clean Al 
oxide due to electrically insulating nature of the deposits. 
 
[1] L. Marot, Ch. Linsmeier, B. Eren, et al., Can aluminum or magnesium be a surrogate of beryllium?, 
submitted to Fusion Engineering Design 
[2] M. Wisse, B. Eren, L. Marot, et al., Rev. Sci. Instrum. 83 (2012) 013509. 
[3] B. Eren, L. Marot, M. Wisse, et al., Journal of Nuclear Materials (2013), doi: 
http://dx.doi.org/10.1016/j.jnucmat.2013.01.184 
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Nitrogen puffing on the divertor is being tested to cool the plasma edge in fusion devices. By injecting 
N2 into the reactor, the radiation losses in the plasma increase, thus lessening the heat load on the 
divertor surface. However, the introduction of N2 into the H2 plasma gives rise to physical and chemical 
processes that are not yet well understood. One of the major concerns is the formation of NH3 
molecules. Because NH3 has a relatively high boiling point, a significant production of ammonia during 
N2 injections could cause serious fuel retention issues. The technological and operational restraints of 
the tokamak environment, along with the presence of various hydrogen isotopes and other 
contaminants make in situ tokamak assessment of ammonia production a very difficult task. 
 
In support of the fusion device based research, we performed laboratory experiments to assess the 
ammonia production in plasmas of N2 – H2 mixtures. The plasmas were produced by means of 
microwave and inductively coupled radiofrequency power supplies, with the maximum forward power of 
300 W and 1000 W respectively. The pressure of the source gas mixture ranged from 20 Pa to 200 Pa. 
Reaction products formed in the plasma processes were analysed by means of a differentially pumped 
residual gas analyser. The results indicate that the maximum of ammonia production occurs at the 
nitrogen concentration of around 10 at. %. Experiments of NH3 destruction in the same experimental 
conditions however indicate that the ammonia production in N2 – H2 mixtures could be hindered in order 
to reduce the fuel retention by the subsequent dissociation of NH3 in the plasma. 
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The first wall (FW), which directly faces the plasma and removes the plasma heat loads, is one of the 
most critical and technically challenging components in ITER. The FW panels consist of Be in the form 
of tiles covering their surface, high strength copper alloy as heat sink material, and stainless steel as 
structural material. Bonding between the 3 different materials is obtained by Hot Isostatic Pressing 
(HIP). High heat flux (HHF) testing represents one of the most appropriate methods to qualify the 
design and manufacturing techniques of the FW component. 
 
Two small-scale Normal Heat Flux (NHF) FW mock-ups, manufactured by Fusion for Energy (F4E), are 
tested in the electron beam facility JUDITH 2 at Forschungszentrum Jülich to determine the 
performance of this design under thermal fatigue. The mock-ups are loaded cyclically under various 
surface heat fluxes (2 - 3 MW/m²) with ITER relevant water coolant conditions. In this study, 3D FEM 
thermo-mechanical analyses are performed with ANSYS 14 to calculate the behaviour of the mock-ups 
under thermal fatigue. The 3-D temperature distribution obtained from the analyses is used for safety 
criterion estimation. The stress and strain distribution analyses results are used to evaluate the drivers 
for the failure initiation. Besides, the experimental data, such as the surface temperature measured by 
infrared camera, the bulk temperature measured by thermocouples, and the mock-up integrity proved 
by optical camera are reported. A comparative study between the simulation and experimental results is 
performed. The component behaviour under HHF load is interpreted from both theoretical and 
experimental points of view. 
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Transition from C-based materials to W for the divertor targets renders the injection of controlled 
impurities in the edge plasma mandatory to radiatively cool the divertor plasma in order to reduce the 
walls damage and erosion from the plasma heat loads. Different noble gases like Ne and Ar have been 
tested, but the best results so far have been obtained with N2 seeding in the ASDEX Upgrade tokamak. 
In these experiments also an overall improvement of the plasma confinement was detected due to a 
strongly reduced power load to divertor walls and the total supression of W influx into the plasma [1,2]. 
These effects have been ascribed to the expected lower electron temperature in the divertor, but also to 
the development of tungsten nitrides films at the surface of the W tiles reducing the W sputtering. 
 
In-situ nitriding by He/N2 glow discharge has been proposed for W impurity reduction in JET and 
ASDEX-Upgrade. However, in this way the layers are only 3-5nm thick, which could be insufficient to 
withstand long pulses or heavy heat loads like ELMs. So W tiles coated with tungsten nitrides could be 
an alternative. Therefore thin films of WNx were deposited on Si and W substrates  in the same 
deposition chamber with plasma sources orthogonally mounted, by both reactive RF-magnetron 
sputtering from pure W targets in an Ar/N2 mixture, and RF generated N ions bombardment of 
previously deposited W layers [3]. The sample holder can be rotated in situ to allow for multilayer 
deposition in order to obtain thicker layers by N ion bombardment [4]. 
 
Finally these films have been subjected to high flux Ar plasmas in the MAGNUM-PSI linear plasma 
device, where they exhibited a smaller sputtering than pure W samples. These first results will be 
interpreted according to the properties of the films previously characterised by different techniques like 
SEM, HR-TEM, XRD, XPS and HR-AES. 
 
[1] K. Schmid, A. Manhard, C. Linsmeier, et al. Nucl. Fusion 50, 025006 (2010). 
[2] R. Neu, A. Kallenbach, M. Balden, et al. Journal of Nuclear Materials (in press). 
[3] T. Acsente, E.R. Ionita, D. Colceag, et al. Thin Solid Films, 519, 12, (2011) 
[4] D. Alegre, T. Acsente, C. Logofatu, et al. EMRS, Strasbourg, 14-17 May 2012. 
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Hydrogen isotope retention and release in beryllium is an issue as this element is planned to be used in 
ITER. Different trapping sites of hydrogen have been identified using thermal desorption spectroscopy 
(TDS) [1]. First principles calculations predict that beryllium hydride (BeH2) may also be formed [2], in 
agreement with previous TDS measurements [3]. In the gas phase, BeH2 is a linear molecule [4] while 
in the solid phase, it is bended [5]. However, how H is bonded to Be for implanted Be is not yet fully 
characterized. Our aim here is to complete TDS results by vibrational analyses deduced from Raman 
microscopy, allowing information on H content, H bonding and Be structure to be obtained. 
 
A polycrystalline Be sample (purity 99.8 %) was irradiated by D ions (a few keV/atom, a few 1017 cm-2) 
and the D areal densities were determined by means of NRA. Vibrational changes induced by D 
irradiation were then studied by Raman microscopy. 
  
We have identified three vibrational modes (1, 2 and 3 at 906, 615 and 1398 cm-1, respectively) 
whose frequencies are close to those identified for solid BeH2 (taking into account the isotopic sqrt(2) 
factor). This indicates that D is bonded to Be inside the material similarly to how D is bonded in the 
BeD2 bended molecule. The Be-Be band of solid Be at 458 cm-1 is also observed. When the D areal 
density increases, the frequency of the Be-Be mode red-shifts and the intensity of the BeD2 modes 
increase. Note that we have also found an unexpected signature in the range 1680 -1740 cm-1 which 
may be attributed to a the linear form of BeD2 as this spectral range is close to the 3 vibrational mode 
frequency of the gas phase molecule [4]. We have also investigated the homogeneity of the surface in 
terms of D content and carbon pollution. For high D areal densities, the D distribution is non-
homogeneous at the micrometer scale, following the dendritic structure visible by optical microscopy. 
This distribution is not correlated to that of carbon. 
 
We will pursue these studies to validate Raman microscopy as a tool for characterizing the D content of 
irradiated Be samples, that could be useful for ITER.  
 
[1] M. Oberkofler, Ch. Linsmeier, J. Nucl. Mater 415, S724 (2011) 
[2] A. Allouche, M. Oberkofler, M. Reinelt, et al.  J. Phys. Chem. C 114, 3588 (2010) 
[3] M. Reinelt, A. Allouche, M. Oberkofler, et al., New J. Phys. 11, 043023 (2009)  
[4] J. Shayesteh, K. Tereszchuk, P. F. Bernath, et al, J. Chem. Phys. 118, 3622 (2003) 
[5] S. Sampath, A. I. Kolesnikov, K. M. Lantzky, et al. J. Chem. Phys. 128, 134512 (2008) 
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Transient thermal response of He-irradiated tungsten was investigated in this paper. Tungsten samples 
were pre-implanted with 50keV He ions to fluences 5×1021 m-2 ~ 1×1023 m-2 at room temperature. Then 
the transient thermal load were exerted with intense pulsed ion beam (IPIB) irradiation. As a control, a 
group of tungsten samples were irradiated with IPIB only. Scanning electron microscope (SEM) and 
transmission electron microscope (TEM) were used to reveal the surface morphological and 
microstructure changes. We found that the fluence of pre-implanted helium ions affect the thermal 
response significantly. More and more severe melt and ablation occurs as the fluence increasing. This 
may be charged to the formation of helium bubbles. 
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Tungsten is considered as the promising high flux material owing to its perfect high temperature 
performance and low trillium retention, high sputtering energy threshold and low neutron induced 
radioactivity. However, tungsten has some inherent disadvantages, such as hard machining due to high 
ductile and brittle transformation temperature (DBTT) and relatively low re-crystallization temperature, 
thus limiting the operation temperature of fusion plasma. Therefore, an effort to lower the DBTT and 
increase the re-crystallization of pure tungsten is being conducted by grain refinement and alloying. On 
the other hand, W has to be bonded with heat sink or structural materials to make high flux 
components, thus the bonding technology between W and CuCrZr alloy is requested. Furthermore, 
experimental scenarios are constructed to evaluate the high heat flux performances of W materials in 
the simulated fusion environments.   
In this paper, the progress of different grade W materials, such as refinement gain pure tungsten, W-
TiC alloy, W-K alloy, and fast chemical vapor deposition W at Southwestern Institute of Physics (SWIP, 
China) are overviewed. Their high heat flux performances were evaluated by newly constructed 60 kW 
electron beam material testing scenario (EMS 60). Experimental results indicated refinement grain high 
pure tungsten (purity of 99.995%), W-TiC (0.5 wt. %) alloy and W-K (less than 100 ppm) alloy has 
better thermal shock resistance capabilities than commercial powder metallurgy tungsten. Meanwhile a 
numerical simulation of the thermal shock behaviors of W materials was also carried on by finite 
element analysis.  
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The first wall (FW) in ITER will be exposed to intense plasma-surface interactions (PSI) in long high 
performance discharges. The high erosion rates of wall materials followed by re-deposition will lead to 
both problems of plasma-facing components (PFC) lifetime and fuel retention due to co-deposition. 
Therefore, it is important to understand the erosion and re-deposition processes to make reliable 
predictions for ITER. The 3D Monte-Carlo code ERO, which simulates surface erosion, impurity 
transport and deposition in a given background plasma, has been used to estimate the target lifetime 
and tritium retention of the ITER divertor and main chamber. However, further code development and 
benchmarking with existing experiments is still necessary. The ITER FW panels are shaped toroidally to 
optimize them with respect to high heat loads and to protect leading edges from the direct impact of 
high plasma flux due to misalignments [1]. However, this design leads to plasma-shadowed regions, 
where impurity re-deposition can happen without subsequent re-erosion. In previous studies, beryllium 
(Be) erosion, re-deposition and tritium retention by co-deposition of ITER FW panels under steady-state 
burning plasma conditions have been modelled with both 2D guiding centre MC impurity transport code 
LIM [2] and 3D full gyro-orbit code ERO [3]. Modelling results from the two codes show good agreement 
if the same physical erosion data is used. In a continuation, LIM-ERO benchmark should be compared 
with existing experiments. 
 
The dedicated benchmarking experiments have been carried out recently at the full superconducting 
tokamak EAST, with the similar configuration as ITER. A tile shaped as a proxy for ITER FW panel with 
carbon coatings on the surface was inserted into the EAST at the outboard midplane using Material and 
Plasma Evaluation System (MAPES). He plasma discharges were performed to avoid chemical erosion 
of carbon. The tile was located in the scrape-off layer (SOL), 25 mm behind the last closed flux surface. 
The local SOL parameters are measured by Langmuir probes mounted on both sides of the tile. The 
geometry of the shaped tile has been implemented into the ERO code. The real magnetic configuration 
obtained from EFIT calculations is taken into account to determine the incident flux of He ions. Various 
modelling parameters such as physical sputtering yields, fraction of different He ions in plasma can 
affect the results significantly. The influence of main uncertainties of different parameters on the 
modelling results is analyzed. 
 
[1] P. C. Stangeby, R. Mitteau, J. Nucl. Mater 390-391, 963 (2009) 
[2] S. Carpentier, et al., J. Nucl. Mater 415, S165 (2011) 
[3] D. Borodin, et al., Phys. Scripta T145, 014008 (2011) 
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The Deuterium Inventory in Tore Supra (DITS) project [1,2] was aimed at studying retention in the 
carbon Plasma Facing Components (PFCs). The D content of deposits was shown to be not uniform in 
depth: it starts from D/D+C ~ 20% for the last deposited layers, and decreases down to a few % deeper 
in the bulk [2]. This indicates that a long term D-release occurs, even at low temperature [3]. Raman 
microscopy, which gives information on both the bonding state and the structure of materials at the 
microscopic scale, was done on such samples. This rapid and non destructive technique has revealed 
that deposits corresponding to the last deposited layers are amorphous (a-C:D), whereas deposits 
corresponding to the first deposited layers are more organized [4].  
 
This study is in the framework of the DITS campaign: we have studied how D was desorbing when the 
deposit was heated in the 120 - 300°C temperature range. TDS measurements during long baking 
operations (~24 hours) of Tore Supra at low temperatures have shown that the time dependence of the 
D-release follows a power law without saturating. Raman microscopy has been used to characterize the 
structural evolution of carbon on long time scales (days to weeks). We highlight the links of structural 
evolution and D-release by our approach which consists, both  for Tore Supra deposits and reference 
a-C:D layers (same as in [5,6]), in comparing desorbed species evolution (recorded by TDS) to material 
structure evolution (recorded by in-situ Raman microscopy when heating under argon atmosphere). 
The D-release kinetic was found to follow three regimes. First, a quick step (~1 hour or less depending 
on temperature), and then a longer step with a D-content power law behavior, followed by a saturation 
regime. These timescales could have a significant impact on the estimated amount of D retained. 
Indeed, the observed saturation indicates that – for a given temperature of baking – only a given 
proportion of the trapped deuterium can be released whatever the duration of the baking.  
 
[1] B. Pegourié et al., J. Nucl. Mat. 390-391 (2009) 550-555 
[2] B. Pegourie et al., J. Nucl. Mater. (2013), http://dx.doi.org/10.1016/j.jnucmat.2013.01.019 
[3] S. Panayotis et al., J. Nucl. Mater. (2013), http://dx.doi.org/10.1016/j.jnucmat.2013.01.232 
[4] C. Martin et al., J. Nucl. Mater. (2013), http://dx.doi.org/10.1016/j.jnucmat.2013.01.165 
[5] T. Schwarz-Selinger, A. von Keudell, W. Jacob, J. Appl. Phys. 86, 3988 (1999) 
[6] C. Pardanaud, C. Martin, P. Roubin, et al. submitted 
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The high melting point, high sputtering threshold and low tritium inventory rendered W as a potentially 
suitable material in fusion devices [1-3]. The major problem associated with presently available 
tungsten grades as structural materials is its brittleness at lower temperatures. This is further worsened 
by irradiation embrittlement. One of ductility improvement strategies that have been followed is 
producing composite, e.g. brittle W matrix is reinforced by short fibres or powder of tantalum.  
 
The composites, with Ta contents of 10 or 20 at.%, were produced from pure elemental powders (W-Ta 
powder composites) and pure W powder and Ta fibre (W-Ta fibre composites) with a diameter of 100 
μm by low energy ball milling in argon atmosphere and consolidate via spark plasma sintering (SPS) at 
temperatures ranging from 1200 to 1600 ºC. W-Ta composites were irradiated by means of He+ (pre 
implantation step) and D+ ion beams at RT temperature with fluences in the 1020-1021 at/m2 range. X-ray 
diffraction (XRD), scanning electron microscopy (SEM), Rutherford backscattering spectrometry (RBS),  
nuclear reaction analysis (NRA) and thermal desorption analysis (TDS) have been used to study these 
materials. 
 
The investigations have shown that deuterium retention induced microstructural modifications 
producing blistering in Ta plates as well as in W-Ta composites. Higher deuterium retention in the 
surface was observed in the composites than in the W plate. Moreover these studies demonstrate that D 
retention is associated with the He enrichment in the irradiated surfaces and revealed that D trapping is 
diferent between the alloys and the composites. 
 
[1] N Baluc et al., Nucl. Fusion 47, S696-S717 (2007) 
[2] K. Sugiyama et al., Nucl. Fusion 50, 035001(2010) 
[3] R.E. Nygren, R. Raffray, D. Whyte, M.A. Urickson, M. Baldwin, L.L. Snead, 
J. Nucl. Mater. 417, 451-456 (2011) 
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As the armor material for plasma-facing components in fusion devices, tungsten will be subjected to 
high flux helium plasmas bombardment. Experiments have shown that that the implantation of helium 
can give rise to the formation of oversized bubbles and surface pinholes. The long-term evolution 
models, such as kinetic Monte Carlo (KMC) and rate theory (RT), are usually used to simulate these 
macroscopic phenomena. However, these calculations require previous knowledge on rate parameters 
such as the interactions between defects as well as stabilities and mobilities of the defects, which can 
be extracted from the short-term simulations such as Molecular Dynamics (MD) calculations. In this 
paper, we present a new method to determine the effective capture radii (ECRs) and the binding 
energies of helium-related defects in tungsten based on MD simulations. It is observed that, the ECR of 
an interstitial helium atom trapping helium interstitials (denoted as He-Hen, n=1–3) decreases with 
increasing temperature, except for the He-He2 case at T<400K. The traditional view that the ECR 
approximately equal to the lattice constant, which was widely used in KMC and RT models, is only valid 
for some cases. However, the ECR between an interstitial helium atom and a substitutional helium 
atom (denoted as He-HeV) is always around the third nearest-neighbor tetrahedral positions of the 
HeV. The same ECR for He-He and He-HeV at T>750K indicates that the coalescence course may 
mostly governed by the interactions between the helium and tungsten atoms, not by the attractions 
between the helium atoms. The diffusion coefficients Dn for helium clusters are also investigated. He2 
can migrate more quickly than single He atom does at T<400K while its diffusion path changes at 
higher temperatures. Another counterintuitive observation is that D5>D3>D4 at T<500K, which can be 
attributed to disordered structure of He5. The Arrhenius relation can well describe the diffusion of Hen in 
the temperature range from 300K to 550K, while the diffusion mechanism is no longer standard 
thermally activated at higher temperatures. All these results can provide some insightful information for 
understanding the initial stage of helium bubble formation in tungsten, and also for the requirements of 
long-term evolution methods such as KMC or RT models. 
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Molecular dynamics simulations were performed to study the bombardments of high flux and low 
energy (≤200eV) helium atoms on tungsten surface at high temperature (≥1500K). The behaviour of 
helium and the response of the surface were investigated.  The formation of helium clusters near the 
surface has been observed and the helium incident energy, tungsten temperature and pre-existing 
vacancies play roles on the growth of the helium clusters. During the formation of helium clusters in the 
tungsten surfaces, the interstitial atoms are produced and evolved into bundles of <111> crowdions in 
accompanying with the production of dislocation loops in {111} planes.  The bundles of <111> 
crowdions exhibit one dimensional diffusion along (111) direction. The diffusion could be hurdled by the 
helium cluster in the diffusion path. However, it is likely that the bundles of <111> crowdions will finally 
move onto the top of the surfaces. The rupture of the helium clusters and, in accompanying, the escape 
and re-deposition of the tungsten atoms have been also observed. The complex combination effects of 
the helium clusters and the interstitial atoms results in the growth of the surfaces.  It was also found that 
the orientation of the tungsten surfaces has significant influence on helium trapping and blistering. More 
helium can be trapped in (111) tungsten surfaces.   
 
*Corresponding author: tel.: +86 28 85412104, e-mail: qhou@scu.edu.cn (Q. Hou) 
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Understanding the complex events that constitute the plasma-wall interactions in a fusion reactor is 
crucial for maximizing the lifetime of the reactor's plasma facing components and minimizing their 
tritium uptake. Particles that are forced to leave a reactor wall structure via one of many erosion 
mechanisms will enter the hot plasma and may eventually return to a surface. This surface could 
consist of particles of the same kind, be located in a distant area and therefore be comprised of a 
completely different material, or be a mixture of elements present in the reactor. How the returning 
particles (either molecules or atomic species) react when in contact with the surface, and vice versa, 
depends on the species at hand. Intricate chemistry can be involved as in the hydrogen-carbon system 
and the behaviour of mixed surfaces might deviate from what could be expected based on their 
elemental components. Sputtering, reflection and sticking/deposition are some of the possible important 
processes which have to be considered.    
 
Atomic-scale modelling can provide valuable insight into the governing processes, and thus contribute 
to accurate large-scale predictions. In this work, we use molecular dynamics simulations to study the 
fate of several different fusion relevant species returning to a beryllium surface. The species (Be, BeD, 
C, W) are considered to be neutral (with a low impact energy) or ionized (accelerated by the plasma 
sheath). Different impact angles are also taken into account and special attention is paid to the effect of 
deuterium content in the Be surface. It is, for instance, seen that the reflection is increased if deuterium 
is present compared to a pure surface.   
 
The results are compared to previous assumptions used in the 3D plasma impurity transport code ERO, 
were the reflection and sputtering of returning impurity species play an important role. At present, 
tabulated values estimated from TRIM calculations are normally used, which might be unsuitable for the 
low-energy regime. Based on the new simulations, corrections to the input in ERO are proposed.     
 
*Corresponding author: tel.: +358-919150036, e-mail: carolina.bjorkas@helsinki.fi (C. Björkas) 
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We present an experimental investigation on the relation between the nano-structural properties of W 
films, deposited by Pulsed laser Deposition (PLD), and deuterium (D) retention arising from exposure to 
high-flux deuterium plasmas. 
W coatings have been recently adopted to cover plasma facing surfaces of first walls in Tokamaks (e.g. 
JET ITER-like wall) [1]. Neutrons, particles, e.m. radiation deeply change first wall material properties 
during machine operation, inducing modifications at the nanometric level, like vacancies, defect 
formation and nanocrystalline growth [2].The dependence of deep diffusion in metals on particle fluxes 
and radiation damage is largely unknown and requires further research also because of the lack of 
knowledge of the influence of materials properties at the nanoscale on macroscopic behavior. 
To investigate this issue we deposited by PLD nanostructured W coatings and characterized them by 
high resolution SEM, XRD and EDS [3]. Thanks to the flexibility of PLD it is possible to study a wide 
range of coating compositions, structures, growths and morphologies, by changing the process 
parameters. The coatings are dense, non-porous and exhibit different crystalline structures, ranging 
from highly crystallographic oriented with columnar structure to “amorphous like” structure with a high 
level of nm defects (crystalline domain size less than 2 nm). We exposed the films to high-flux (>1024 m-

2s-1) D plasmas in the divertor simulator Pilot-PSI, to investigate the deuterium retention and erosion 
properties. Surface temperatures below 520K and between 600-950K were adopted, to investigate the 
effect of vacancy migration during D implantation. Thermal Desorption Spectroscopy measurements 
show that retention properties are highly influenced by nanostructure and disorder. The measured 
retention levels are similar or even much higher than the highest measured in pre-damaged W. Surface 
morphology changes, like bubble formation and nano-crystalline structures, were found. 
 
[1] C. Ruset, E. Grigore, I. Munteanu, et al., Fus. Eng. & Des 84, 1662 (2009) 
[2] M. Victoria, N. Baluc, C. Bailat, et al., J. Nucl. Mater 276, 114 (2000) 
[3] D. Dellasega, G. Merlo, C. Conti, et al., J. Appl. Phys  112, 084328 (2012). 
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Tungsten is proposed to be used as plasma-facing material in ITER and DEMO. However, a drawback 
of tungsten is in its poor thermo-mechanical properties. Titanium carbide (TiC) and tantalum carbide 
(TaC) doped tungsten demonstrated improved ductility at low temperatures, high resistance against 
radiation damages, and good resistance to crack formation [1]. This work is devoted to the investigation 
of deuterium retention in these doped tungsten materials. Retention in pure tungsten was investigated 
for example in [2, 3]. 
Samples were manufactured at Tohoku University (Japan) and were made of tungsten doped either 
with 1.1 wt% TiC or with 3.3 wt% TaC. These samples were either irradiated by a mass-separated D3

+ 
ion beam with an ion energy of 200 eV/D at a temperature of about 310 K in the installation HSQ to 
fluences of 1×1022 D/m2÷1×1024 D/m2, or irradiated by deuterium ions (mainly D3

+) with a mean energy 
of 38 eV/D extracted from an electron-cyclotron resonance plasma in the installation PlaQ. Irradiations 
in PlaQ were performed at 300 K and 600 K to fluences of 6×1022 D/m2÷6×1024 D/m2. 
The surface morphology of the samples was investigated by scanning electron microscopy. Deuterium 
depth distributions up to a depth of 7 m were measured by nuclear reaction analysis using the 
D(3He,p)α reaction. The total amount of retained deuterium was determined using thermal desorption 
spectroscopy (TDS). 
Deuterium retention in both doped tungsten materials was about the same as in stress-relieved pure 
tungsten for both ion energies at low temperatures and at the highest fluences. The main amount of 
retained deuterium was concentrated within a few m near the surface. At 600 K, deuterium retention in 
doped tungsten after irradiation to the highest fluence was several times higher than in stress-relieved 
tungsten; and the deuterium depth distribution at 600 K extended much deeper than at 300 K. Besides, 
the main TDS peak from doped tungsten was shifted by about 200 K towards higher temperatures after 
irradiation at 600 K. These observations indicate that: a) at 600 K the main amount of deuterium in 
doped tungsten is retained in defects in the bulk of the target, b) the concentration of these trapping 
sites in doped tungsten is higher than in stress-relieved tungsten, and c) these defects have a higher 
detrapping energy. 
 
[1] Masayoshi Kawai et al., J. Nucl. Mater. 431, 16 (2012) 
[2] A. Manhard, K. Schmid, M. Balden,W. Jacob, J. Nucl. Mater. 415, S632 (2010) 
[3] O.V. Ogorodnikova, J. Roth, M. Mayer, J. Appl. Phys. 103, 034902 (2008) 
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Current divertors in use in fusion devices suffer from limitations that may prevent their scaling to larger 
and higher power machines. Sputtering, thermal stress, and radiation damage all threaten to limit the 
lifetime and suitability of solid divertors in future fusion devices; divertors that must withstand heat 
fluxes of >10 MW/m2. A possible solution may lie in a concept under development at the University of 
Illinois, the LIMIT concept1. This divertor solution pursues a unique method of implementing a flowing 
liquid metal divertor into fusion devices using TEMHD. Experimental velocities of .22±.03 m/s measured 
at UIUC under a magnetic field of .059T agree well with theoretical predictions of .23 m/s. At higher 
magnetic fields, the velocity is predicted to slow, however, the most important criterion is that the lithium 
surface is continually being refreshed, so smaller velocities can be tolerated. LIMIT has shown promise 
in recent experiments at HT-7 with a 2T field yielding a measured lithium velocity of 3.7±.5 cm/s as 
compared to a predicted velocity of 4.4cm/s. A flowing liquid metal divertor would, by virtue of its liquid 
nature, solve many of the issues faced by solid divertors. Furthermore, if the liquid metal is lithium, then 
several other benefits are engendered; namely, the inducement of low edge recycling regimes resulting 
in higher energy confinement times and higher edge stability. Future experiments in the TELS facility 
under construction at Illinois and at Magnum PSI will demonstrate its feasibility for implementation in 
other fusion reactors. Experimental and modeling work on varying the flow geometry and magnetic field 
strength will be discussed.  
 
[1] D.N. Ruzic, W. Xu, D. Andruczyk, M.A. Jaworski. Lithium-metal infused trenches (LiMIT) for heat 
removal in fusion devices.  Nucl. Fusion 51 (2011) 102002 
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The accumulation of primary radiation damage including point defect, cascade and sub-cascade 
formations in different irradiated fusion structural materials is analyzed here using new theoretical 
model based on the solution of Boltzmann transport equation for displaced moving atoms and 
development of NRT model modification taking into account elastic and inelastic processes under fast 
neutron irradiation at high primary knock-on atom energies. This new model is based on analysis of 
elastic collisions of primary knick-on atoms (PKA) with lattice atoms using Tomas-Fermi interaction 
potential. It is very important that the proposed models allow also investigating elastic and inelastic 
interactions of fast neutrons with lattice atoms for obtaining PKA energy spectra for elastic and inelastic 
scattering processes for different neutron energy spectra of fusion reactors. Based on these developed 
models the numerical calculations for main characteristics of point defects, cascades and sub-cascades 
in different materials were performed using the neutron fluxes and PKA energy spectra for ITER and 
future fusion reactor DEMO. The main characteristics of cascades and sub-cascades are determined 
here including the distribution of sub-cascades per one PKA in the dependence on its size, average 
number of point defects per sub-cascade combining suggested new model and NRT approach, sub-
cascade’s cross-sections and generation rates for both elastic and inelastic processes. The developed 
models allow determining the total numbers, displacement cross-sections and generation rates for point 
defect production and cascade and sub-cascade formations for the different fusion neutron energy 
spectra. On the basis of these developed models the numerical calculations for the main important 
characteristics of radiation damage production including point defect, cascade and sub-cascade 
formations in different fusion structural materials such as Fe, V, C, Al, Be and W were performed using 
the neutron energy spectra for fusion reactors: ITER and future fusion reactor DEMO. The obtained 
numerical results for main these characteristics of point defects, cascades and sub-cascades under 
fusion irradiation conditions in these fusion structural materials are compared here with the same 
results obtained in these materials using neutron energy spectra of High Flux Irradiation Reactor (HFIR) 
and IFMIF neutron source with the consideration of elastic and inelastic processes. 
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Formation of different mixed deposited layers can degrade the performance level of plasma-facing 
components and enhance fuel retention in future fusion reactors. Thus, their first walls should be 
actively monitored in between plasma discharges to determine the locations, thicknesses and material 
compositions of the mixed layers. Laser-Induced Breakdown Spectroscopy (LIBS), studying the 
spectrum emitted in a laser-induced ablation process, is a potential method for these kinds of in situ 
studies. In this contribution, the feasibility of LIBS on analyzing ITER-relevant material mixtures was 
tested. The results were compared with data obtained by the standard ion-beam methods RBS, NRA, 
and SIMS. 
 
For the experiments, various 500—2500-nm thick coatings with different Be-W ratios were produced by 
the TVA method at MEdC. To investigate fuel retention in these coatings, part of the samples were 
doped with D during their deposition, and some of the non-doped samples were implanted with 200-eV 
D at IPP Garching. 
 
By studying the intensities of selected spectral lines of Be and W as functions of the number of laser 
shots, the depth profiles of these elements could be found to match with the profiles given by SIMS. 
The elemental composition of the mixed layers was further determined using the Calibration-Free LIBS 
method (CF-LIBS) [1], and the results agreed well with those obtained with RBS. This shows that LIBS 
is able to provide quantitative information on the samples with better than 5% accuracy. 
 
Only the implanted coatings contained enough D for reliable analysis. Due to limitations in the laser 
fluence, the first retention studies were done only using SIMS and NRA. The results indicate that the 
implantation depth of D is independent of the thickness of the coating: in pure Be coatings, the D signal 
vanished after 300 nm, whereas D was present throughout the studied Be-W layers. 
 
The ablation rate of the mixed layers was found to be slightly higher than those of pure Be coatings, 
indicating a degraded structure of the W-rich alloys compared to bulk Be. For the D-implanted samples, 
the ablation rates were further increased due to lattice defects caused by D bombardment. Full 
characterization of different types of doped and non-doped mixed materials is thus needed to obtain 
proper calibration for LIBS-based diagnostics in, e.g., ITER and to correctly estimate the thickness of 
co-deposits and fuel retained in them. 
 
[1] A. Ciucci et al., Applied Spectroscopy 53 (1999) 960—964 
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Tungsten is an actively studied candidate material for the first wall of fusion reactors due to its low 
erosion yield by physical sputtering and a small accumulation of plasma fuel in it. However, under 
reactor conditions intense power and particle loads can lead to increased erosion of W, and transient 
effects such as ELMs and disruptions may severely damage plasma-facing components (PFC) made of 
W. It is therefore essential to establish a concise picture on erosion, re-deposition, and migration of W 
during long-term plasma operations. 
 
We have addressed the topic by exposing a number of W-coated marker tiles to plasma discharges in 
the outer strike-point (OSP) region of ASDEX Upgrade (AUG) during the 2010/11 experimental 
campaign. The campaign-integrated erosion of the different markers was determined by Rutherford 
Backscattering Spectroscopy (RBS), while Secondary Ion Mass Spectrometry (SIMS) was applied to 
investigate the depth profiles of different elements in the surface layers. The W coatings were 
approximately 2 m thick and had three poloidal stripes of different surface roughness on them; the 
original Ra values of the stripes ranged from 0.4 m to 6 m. For comparison, one of the OSP marker 
tiles was equipped with poloidal W, Mo, Cr, and Al marker stripes (thickness 2-4 m) and with surface 
roughness of a few m in terms of the Ra values.  
 
Our results indicate that the net erosion rates of rough W coatings are 4-8 times smaller than those of 
smooth layers. We attribute this noticeable difference both to significant re-deposition of W in valleys 
shadowed by protruding surface features and to the protective effect of thick co-deposited layers on the 
rough surfaces; the rough W markers contain 5-10 times more boron, carbon, and deuterium than the 
smooth ones. One would also have expected the erosion of rough coatings being suppressed because 
of only the highest peaks on the surfaces were in direct contact with the plasma. However, this seems 
not to be a major issue since the surface roughness of the coatings did not change considerably during 
the 2010/11 plasma operations.                
 
The comparison between the different plasma-facing materials revealed that the erosion rate increases 
with the decreasing charge number Z of the PFC material. Compared to the maximum erosion rate of 
W, about 0.03 nm/s or 2×10-24 nm/D atom, molybdenum had been eroded approximately 2-3 times 
faster and chromium, simulating here steel, some 3-4 times faster. The whole aluminium layer had 
been damaged because of its low melting point, and the results obtained from it cannot thus be used as 
representative values for the erosion yield of beryllium.   
 
This work was carried out within EFDA ITER Physics Support activities.  
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In ITER, tungsten will be used for divertor region because of its low sputtering yield and high melting 
point. To mitigate the power load to the diverter, impurity seeding by Ar, Ne and N gases are proposed. 
Hence, tungsten will be exposed to seeded impurity ion bombardment as well as hydrogen isotopes 
and He ions. From previous researches, it is known that surface modification induced by ion 
bombardment significantly affect hydrogen isotope behaviour in materials. In particular, it is well known 
that implanted He significantly alter tungsten surface morphology and H diffusion properties. Such 
changes impact tritium inventory and release in fusion devices. Therefore,  it is important to study the 
effects of various ion bombardment of Tungsten and its impact on Tritium retention. 
 
In this study, tritium trapping behaviour in tungsten specimens pre-irradiated with He, Ne, Ar, and N 
plasmas was studied. First, various Tungsten specimens were exposed to Ne, Ar, and N plasmas to a 
fluence of 5.0 x 1024 /m2. For He plasmas, the He fluence varied from 1021 - 1024 /m2. The bias voltage 
was set at -80 V. The irradiation temperature was 973 K. After plasma exposure, the specimens were 
exposed to deuterium (92.8 %) and tritium (7.2 %) mixed gas at the Hydrogen Isotope Research Center 
in Toyama University. The total pressure was 1.2 kPa and the exposure time was 3 hours. In order to 
distinguish trapping at surface and bulk the specimen was exposed at 77 K and 573 K, respectively. At 
573 K tritium and deuterium diffused into bulk while at 77 K bulk diffusion was limited. The trapped 
tritium amount was determined using imaging plate (IP) technique. This technique measures the tritium 
areal densities integrated over several tens of nanometers in depth.  
 
In case of 573 K gas exposure experiments, pre-irradiation by He, Ne, and Ar plasmas resulted in an 
increase in trapped tritium compared to non-irradiated specimen. The N-irradiation did not result in 
significant changes. Specifically, the He-irradiation resulted in six times increase compared to non-
irradiated case. This indicates that He irradiation increased Tritium trapping within several tens of 
nanometers in depth. 
 
In case of 77 K gas exposure experiment, the tritium areal density measured for He-irradiated 
specimens was about 30 times lower than 573 K gas exposure experiment.  At implanted He fluence 
less than 5.9 x 1023 /m2 , no significant difference compared to non irradiated specimen was found. At 
implanted He fluence of 5.9 x 1024 /m2 , the tritium areal density was 2.5 times higher than non-
irradiated specimen. This result suggests that an increase in surface area by He implantation shows a 
fluence dependency.  
 
In this presentation, further details of surface investigations with AFM and SEM is shown, to discuss 
about relationships between surface morphology and tritium areal density. 
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Existence of dust particles in future tokamaks (ITER, DEMO) is a matter of great concern - their 
presence in plasma leads to radiative losses and is responsible for several major safety issues [1]. 
Thus it is essential to study the behaviour of dust in existing fusion devices and to create a database for 
future ones. The ASDEX Upgrade (AUG) tokamak in IPP Garching provides unique opportunity to study 
behaviour of dust particles in full-tungsten big scale device. Dust experiments in AUG can thus provide 
valuable input for modelling codes in order to provide more reliable predictions for ITER. 
 
The TRACE algorithm, developed at Institut Jean Lamour, automatically extracts trajectories of a large 
number of the particles from fast imaging data, allowing a statistical analysis of particle trajectories [2]. 
Information contained in video from a single camera cannot provide correct picture of dust particle 
movement. It is possible to get real dust trajectories only using stereoscopic measurements. Two fast 
cameras installed in different sections of tokamak were used for this purpose in AUG: a Photron V7.10 
camera (256*320 pixels, 10000 fps) and a Phantom V7.3 camera (256*256 pixels, 10000 fps). The 
viewing geometry of the cameras was accurately calibrated comparing the camera image to CAD 
drawing during discharges where the vessel structures were clearly visible. Special 3D reconstruction 
mode for TRACE algorithm has been developed to combine data from these cameras with respect to 
their position and to the tokamak geometry. Reconstruction of 3D coordinates of events tracked by 
TRACE algorithm can improve the quality of the event classification and therefore improve the 
statistical analysis under which circumstances dust events are to be expected. Also it provides 
information on dust formation areas, typical trajectories, and penetration depth into the core plasma 
regions. TRACE algorithm with 3D mode also aims to be coupled with transport simulation codes of 
dust particles in tokamaks such as DUSTT or DTOKS.  
At the present state it is possible to track dust particles for up to 15 ms. Preliminary estimations show 
that the velocity of large dust particles lies in the range of 30 to 100 m/s. In this contribution, we will 
present the 3D reconstruction procedure as well as most typical trajectories depending on the 
discharge conditions.  
 
[1] J. Winter, Plasma Phys. Control. Fusion 40, 1201 (1998) 
[2] Y. Zayachuk, F. Brochard, S. Bardin, J.L Briançon, R. Hugon, J. Bougdira, Automatic detection and 
tracking of dust particles in plasmas (available on arXiv: http://arxiv.org/abs/1010.3432) 
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The application of Resonant Magnetic Perturbation (RMP) is one tool to control the plasma edge 
transport [1]. In the future fusion device ITER for instance, RMPs are envisaged as one option to 
mitigate high transient head loads to the target plates, as these might endanger the material integrity of 
the divertor [2].  
    During RMP application, the axis-symmetric plasma is transformed into a 3D scrape-off layer (SOL). 
Here, the unperturbed plasma boundary, with short connection lengths (less than one poloidal turn, 
where one turn corresponds to ~ 30 m in TEXTOR), is embedded in a region with long stochastic field 
lines (one to 6 poloidal turns), reaching into the main plasma [2]. One key question of RMP application 
is the influence of this perturbed 3D boundary on the plasma-wall interaction processes such as the 
erosion, deposition and fuel retention.  
    In this study the effects of RMP on local material migration and deposition at the tokamak TEXTOR 
are shown. Dedicated experiments with three sets of spherical test limiters at two toroidal and poloidal 
positions in the plasma, with and without the application of RMP were performed. Methane 13CH4 was 
injected through a hole in each of the graphite limiter. The injected methane was doted with 13C to 
distinguish the deposited carbon from the plasma background from injected material in post mortem 
analysis. 
     2D cameras with narrowband interference filters revealed a tilting of the light emission flags (C+, C2+) 
of carbon ions by 90 degree when a stochastic finger touches the limiter [3]. Comparative modeling with 
the ERO code [4,5] provides substantial evidence that the tilting is caused by an increase of the radial 
electric field (Er) (and an increase in a corresponding ErxB drift) due to RMP application. 
    To enable this direct comparison between the experiment and ERO modelling an extended set of 
suited diagnostics was applied: An infrared camera, pyrometers and spectrometers provided a large 
data base for evaluation at the limiter position. Electron temperature and density were measured 
upstream, i.e. away from the test limiter by means of helium beam emission spectroscopy. After the 
exposure the test limiters were analysed by colorimetry, nuclear reaction analysis, and secondary ion 
mass spectroscopy in order to obtain information on the layer properties and pattern.  
   In particular these post mortem analyses show that the effect of the higher Er on the ions is not as 
strongly reflected in the 13C deposition pattern and deposition efficiency. ERO analysis reveals that this 
is due to molecular ions of type 13CHx

+ (x=1-4) which are the dominant species being deposited. These 
are deposited very close to the injection hole and therefore have a minor effect on the tilting. Overall, 
the amount and shape of the deposited 13C from the local injecting shows only minor changes in the 
RMP case compared to the no-RMP case.  
 

[1] O. Schmitz et al., Journal of Nuclear Materials 363-365 (2007), doi: 10.1016/j.jnucmat.2007.01.067  
[2] T. Evans et al., Nucl. Fusion 45 (2005) 595-607, doi: 10.1088/0029-5515/45/7/007  
[3] R. Laengner et al., Journal of Nuclear Materials (2013), doi: 10.1016/j.jnucmat.2013.01.126 
[4] A. Kirschner et al., Nucl. Fusion 40 (2000) 989, doi: 10.1088/0029-5515/40/5/311 
[5] A. Kirschner et al, Journal of Nuclear Materials (2013), doi: 10.1016/j.jnucmat.2013.01.153 
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Accumulation of radioactive fuel in redeposited first wall materials in any D-T fusion experiment is a 
limiting factor for device availability. Laser ablation was suggested as an efficient method for in situ 
removal of these thick fuel reach layers [1]. We applied the method to clean thick (40-60 um) a-C:D 
codeposits from ALT-II limiter blade from TEXTOR tokamak aiming to characterize the ejecta formed 
during ablation and measure amount of fuel carried by these particles. 
 
Ablation was accomplished by ~3.5 ns, 0.5 J Nd:YAG laser pulses in either vacuum or O2 atmosphere 
at different pressures. The release of dust during ablation was observed by fast CCD camera with 
shortest integration time of 10 us. Fast camera tracking of the process provided estimates of population 
and  velocity up to 100 m/s for larger dust particles. At the same experiment the dust particles were 
caught by ultra light Si aerogel collectors placed in front of ablation target. SEM analysis of aerogel 
surfaces verified the speed estimates, provided trapped particles size distribution and particle yield 
during ablation.  
 
D/C atomic concentration ratio was measured with 3He ion beam NRA method [2] in deposited layers 
before ablation and with micro ion beam in individual particles on aerogel collectors. This indicated that 
most of D was thermally released during ablation, leaving no more than 5% of its original amount in the 
particles.  
Effect of ablation conditions on acceleration of ejected particles, their population, composition and D 
content is the main subject of the paper.  
 
[1] W.M. Shu, Y. Kawakubo, M.F. Nishi, Appl. Phys. A76 (2003) 421 
[2] H. Bergsåker, B. Emmoth, P. Petersson et al., J. Nucl. Mat., 362, 215 (2007) 
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For steady state (magnetic) thermonuclear fusion devices which need large power exhaust capability 
and have to withstand heat fluxes in the range 10-20 MW.m−2, advanced Plasma Facing Components 
(PFCs) have been developed. The important role of PFCs for operating tokamaks, requests to verify 
their manufacturing quality before mounting. The infrared facility named SATIR, operating in Cadarache 
(France) was developed to assess quantitatively the heat transfer capability of PFCs. During the last 
decade, SATIR method has been intensively used and recognized as a reliable and suitable non-
destructive examination technique for actively cooled components with CFC armour (finger elements of 
Tore Supra limiter [1], target components of W7-X divertor [2], vertical target qualification prototypes of 
ITER divertor [3]). 
Current tokamaks developments implement metallic armour materials for first wall (Be) and divertor 
(W); their low emissivity (ε~0.1-0.4) cause several difficulties for infrared thermography control. The 
usability of SATIR method enabled to apply this technique on around 300 surfaces of actively cooled 
PFCs with W armour material (elementary monoblocks, small-scale and medium-scale components).  
In this paper we focus on the applicability and reliability of SATIR as a functional non-destructive 
examination method for actively cooled components, from CFC armour material of ITER, W7X and Tore 
Supra components toward W armour material of prototypical components of ITER divertor. This 
upgrade has been possible with the recent implementation of an advanced infrared data processing for 
low emissivity materials [4].  During the test, the surface temperature measurement is obtained through 
the evaluation of the emissivity of each Picture Element for each image of the infrared film. Also, due to 
the low emissivity of the targets, parasitic reflections from the surrounding are calculated and taken into 
account. Results of non-destructive examinations performed with SATIR and with ultrasonic testing 
show a satisfying agreement and complementarity.  
Finally, we show that the maximum acceptable defect size required by ITER specifications for W 
armour material ITER divertor (45° for steady state heat flux at 10 MWm-2) is fulfilled by SATIR method. 
SATIR can hence be applied as a cost effective control technique at the final stage of series production, 
typically, as reception test. 
 
[1] M. Lipa, Fusion Science and Technology, Volumes 56 (2009) 
[2] M. Missirlian, Phys. Script.T128 (2007) 
[3] A. Durocher, Fusion Engineering and Design, Volume 84 (2009) 
[4] N. Vignal, Fusion Engineering and Design submitted in SOFT conference in 2011 
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It has been known that retention of hydrogen isotopes in W significantly increases with irradiation with 
high energy neutrons [1] and ions [2] around room temperature. Influence of irradiation temperature, 
however, has not been fully understood. Effects of transmutation elements have not been clarified, 
either. The objectives of the present study are to examine the influences of irradiation temperature and 
presence of Re on deuterium retention in ion-irradiated W. 
 
Specimens used were plates of pure W and W-5%Re alloy. These specimens were irradiated with 20 
MeV W ions to 0.5 dpa at room temperature and 873 K. High dose irradiation to 50 dpa was also 
carried out for W-5%Re alloy with 4.8 MeV W ions at 573 K. The irradiated specimens were exposed to 
D2 gas at 0.1 MPa and 673–973 K. The concentration of trapped D and detrapping behaviour were 
examined by techniques of nuclear reaction analysis (NRA) and thermal desorption spectroscopy 
(TDS), respectively. 
 
Fig. 1 shows D concentration at damage 
peak measured by NRA. The concentration 
of trapped D decreased with increasing 
irradiation temperature, and the difference 
between room temperature and 873 K was a 
factor of 2–3 for both W and W-5%Re alloy. 
Under the same irradiation conditions, the D 
concentration in  W-5%Re alloy was lower 
than that in W, and the extent of difference 
tended to increase with increasing exposure 
temperature. In TDS measurements, 
significant D release from     W-5% Re alloy 
started at around 700 K, while that from W 
begun at around 850 K. These observations 
suggested that both trap density and the 
activation energy for detrapping were 
reduced by the presence of Re. 

[1] Y. Hatano et al., Retention of hydrogen 
isotopes in neutron-irradiated tungsten, 
Mater. Trans., in press 

[2] J. Roth and K. Schmid, Hydrogen in tungsten as plasma-facing material, Phys. Scr., T145, 014031 
(2011) 
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In ITER, the most crucial element of each optical system is the first mirror in the optical path, which 
serves to guide light into the mirror labyrinth leading to the diagnostic outside the neutron shielding. 
Being close to the plasma, the first mirrors may be subject to erosion and/or deposition, depending on 
their exact location in the machine. Both erosion and deposition will affect the reflectivity of the mirror 
surface, compromising the measurements. Two possible cleaning techniques to maintain the optical 
performance of mirrors subject to deposition are plasma cleaning and laser cleaning, both of which are 
currently under investigation.  
This paper presents the results that have been obtained so far using a new laser ablation setup that 
has been constructed especially for the purpose of investigating the potential of laser cleaning as a 
means of cleaning ITER first mirrors [1]. A laser system providing tuneable radiation between 210 and 
2300 nm at 20 Hz, with a 5 ns pulse length was used. Due to health and safety issues associated with 
the JET samples, a vacuum system was constructed to contain the samples for the entire duration of 
the experiment. A set of seven polycrystalline mirror samples retrieved from the JET tokamak have 
been cleaned in vacuum. The samples were exposed between 2008-2009 as part of the second phase 
of a comprehensive first mirror test and contain a mixture of carbon, beryllium and tritium [2]. 
Additionally, three molybdenum mirrors coated in PISCES-B in a deuterium plasma with beryllium 
layers (130 nm) were cleaned as well. The results are quite positive, most mirrors showing a substantial 
increase of the specular reflectivity after cleaning. The ones that do not appear to have been damaged 
already prior to cleaning. Removing highly reflecting beryllium coatings proved to be less successful, 
but a badly reflecting beryllium layer was successfully removed. 
 
This work, supported by the European Communities under the contract of Association between 
EURATOM/CRPP, was carried out within the framework of the European Fusion Development 
Agreement.  
 
[1] M Wisse, L. Marot, B. Eren, et al., Laser damage threshold of ITER first mirrors and first results of 
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Tungsten is considered as plasma facing candidate material for application in fusion reactor. The 
consequences of durable work under fusion plasma attack will tell on tungsten surface and structure 
modification that would cause changes in its physical properties (erosion, thermal conductivity) and on 
gas inventory (tritium) in the material. Increase of neutron fluence during a long-term reactor operation 
( 1026 n/m2) will give rise to structure defects accumulation at a high level that would probably influence 
the material response to the plasma impact. To study the effect experimentally, we have produced high-
level damage in tungsten and subjected the damaged material to steady-state plasma [1, 2]. 
Tungsten W 99.95 wt% was studied in this work. Production of radiation damage was obtained by 
irradiation of tungsten samples with fast helium ions He2+ accelerated to 3.5-4 MeV and with carbon 
ions C3+ at energy of 10 MeV to ion fluence of 1021-1023 ion/m2. The primary damage reached in the 
surface layer of the material fell in the interval from 1 to several hundreds displacements per atom (dpa) 
thus covering the whole range supposed to be of interest for fusion research. Depth of the damaged 
layer was 3.5-6 µm. Exposure of the irradiated tungsten to steady-state deuterium plasma has been 
performed on the LENTA linear plasma simulator providing plasma flux on the sample surface of 1021-
1022 ion/m2s so that  D-ion fluence reached 1025-1026 ion/m2 in these experiments. Tungsten surface 
modification of the damaged material has been studied and morphology changes due to the radiation 
damage have been observed by SEM. Erosion of the damaged layer has been studied by sequential 
plasma exposures and important structure damage observed. Gas uptake in tungsten after plasma 
action has been analyzed by nuclear reaction methods; the accumulated helium and the retained 
deuterium profiles have been measured (ERDA, Nuclear BackScattering). The influence of helium (up 
to 6-8 % in the surface layer) on deuterium retention was found; increased deuterium uptake was also 
found in the layer of maximal damage.       
 
[1] B.Khripunov, V. Gureev, V. Koidan et al., Physica scripta, T145 (2011) 014052 
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The degradation of tungsten surfaces loaded by short e-beam pulses is explored via thermo-
mechanical finite-element simulations. Up to 1000 load cycles are simulated taking into account the 
temperature dependent thermo-elastic and thermo-plastic material parameters for the structural 
mechanical model. The temporal analysis of stress and strain at the surface as a function of heat flux 
reveals the key degradation mechanisms.  
The thermal stresses during a heating and cooling cycle lead to compressive and tensile plastic strain 
near the surface. Depending on the heat flux i.e. the surface temperature 4 characteristic deformation 
patterns are identified: 1. no plastic strain at all, 2. saturating compressive plastic strain cycles, 3. 
compressive and tensile plastic strain within a cycle, and 4. accumulation of plastic strain leading to a 
progressive swelling of the tungsten surface (= ratcheting). Subsequently, fractures/cracking may occur, 
either due to fatigue for the  plastic flow/reflow cycles or due to ductile rupture at the elongation limit 
during  ratcheting. In addition, residual tensile stresses may occur for higher thermal loads, persisting 
after pulse operation at the corresponding lower  temperatures and  leading to brittle fracture.  
Good quantitative agreement to experimental observations [1] is obtained by using a 2 layer model with 
a 50% reduced yield stress in a 100m surface layer as compared to the bulk. This ad-hoc assumption 
is consistent with microstructural considerations taking into account the prominent single crystal 
behaviour of the surface region with mechanically unbalanced tungsten grains. It also depicts the limits 
of a planar structural mechanical model in accurately predicting a damage-free design.  
 
 [1] Th. Loewenhoff,  A. Bürger, J. Linke, et al., Phys. Scr. 2011 014057 doi:10.1088/0031-
8949/2011/T145/014057 
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Beryllium, a low Z metal, is selected as a plasma-facing material for the first wall armour in ITER [1]. In 
spite of good thermo-mechanical properties giving the capability to handle a few MW/m2, beryllium has 
a low meting point of 1560 K and a high vapour pressure 5 Pa at the melting point. Under melt events, 
liquid beryllium can be moved by gravity, surface tension, plasma pressure and Lorentz forces acting 
conjointly. The liquid metal motion causes an enhanced erosion of the wall component and can reduce 
the power handling capability because shape alteration leads to hot spot formation. The ITER-Like Wall 
(ILW) recently installed in JET comprises solid beryllium limiters with a power handling of 4 – 6 MW/m2 
and a combination of bulk tungsten and tungsten-coated carbon fibre composite divertor tiles without 
active cooling [2]. ILW provides a unique opportunity to study Be power handling at the limit to get 
experience with beryllium melt events, which is necessary for controllable operation of future fusion 
devices.  
A beryllium power handling experiment performed in limiter configuration with 5 MW NBI input power 
over 10 s was carried in JET in order to verify the design values of the poloidal limiters [3]. Accidently, a 
local beryllium melt event, melt layer motion against gravity and splashing were observed over a period 
of 0.5 s. The current density on the beryllium surface should exceed 6 kA/m2 to balance the gravity 
force. The Lorentz force caused by interaction of the thermo-electron current with the local toroidal 
magnetic field of 2.7 T exceeds the gravity force only at temperatures about 100 K below the boiling 
point. The thermo-electron emission current from pure beryllium at the melting point is not sufficient to 
explain the observed liquid beryllium motion. The observed motion can be caused by the current due to 
secondary electron emission. For electron temperatures above 40 eV, the secondary emission from 
beryllium δSEE >1 [4] and its current could be sufficient to move liquid beryllium under certain conditions. 
 

[1] H. Bolt et al, J. Nucl. Mater. 307–311 (2002) 43–52 

[2] G F Matthews et al, Phys. Scr. T145 (2011) 014001; doi:10.1088/0031-8949/2011/T145/014001 

[3] I. Nunes, P. de Vries, P. Lomas, J. Fusion Eng. Des. 82 (2007) 1846–1853; 
doi:10.1016/j.fusengdes.2007.04.047 
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Information about crystalline boron carbide coating behavior under high power density plasma 
irradiation is needed to make definite conclusion about possibility of its application as the removable 
protecting coating of ITER divertor.  
The experiments were performed to investigate the influence of QSPA-T pulse plasma irradiation on 
stechiometric and nonsthechiometric B4C coating. The duration of the rectangular plasma pulses was 
0.5 ms with 5-10 min interval between pulses. The power density of the middle part of the plasma 
stream was 1 GW/m2. 
The coating was deposited on fine grain MPG-8 type graphite. The graphite surface was not 
microscopically flat, thus the thickness of the coating varies from 20 to 40 μm on different parts of the 
surface. The electron microscope investigation showed that the coating was composed of two layers: 
the uniform dense layer (8-12 μm) adjoining to graphite and the porous upper level consisting of 
chaotically oriented micro crystals. 
The paper describes modification of the relief, structure and composition of the coating due to plasma 
pulses irradiation.  
Nonstechiometric B4C coating (boron deficiency) lost boron under irradiation and quickly eroded. Under 
irradiation with 1 GW/m2 pulses the coating surface temperature was shown to elevate up to 3000-3200 
K because of low MPG-8 thermal conductivity and the coating melted. After 15 pulses of this power 
density the coating disappeared from significant part of irradiated surface area.  
The stechiometric coating transferred in different way. The chaotically oriented micro crystals of the 
upper part of the coating modified in the smooth intact layer comprising practically merged micro 
crystals with rare cracks and porous, and the uniform dense coating was formed. The structure, relief of 
the coating, middle dimensions and concentration of the porous and cracks did not change after 15 
pulses even at the areas subjected to 1 GWatt/m2 irradiation. The coating kept stechiometric structure. 
The evidence of coating melting was not detected. The erosion rate of the coating in dependence on 
irradiation power density and temperature are presented and discussed.  
Conclusion is made that crystalline stechiometric boron carbide coating is perspective as the removable 
protecting coating of ITER divertor. The program of subsequent tests of  B4C coating in QSPA-T plasma 
accelerator is presented. 
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This paper presents the gas chromatographic (GC) and residual gas analyser (RGA) results of the first 
JET cryopump regeneration with the ITER-Like-Wall (ILW). Nitrogen (N) seeding experiments [1,2] 
were carried out to study power radiation in the scrape-off-layer and to assess whether the existing JET 
analytical systems were capable of studying the effects of N on the exhaust e.g. formation of N- 
derivates such as ammonia. 
In order to investigate these aspects the JET Pumped Divertor cryopump, consisting of two panels, a 
liquid helium (LHe) panel and a liquid nitrogen (LN2) panel, was regenerated to ambient temperature at 
the end of the experimental campaign. The released gas was pumped and analysed with a GC and 
RGA in the Active Gas Handling System (AGHS). In addition, three RGAs located at different positions 
along the pumping route to the AGHS were employed to follow the released gas.  
The GC analyses have shown that the gas regenerated from LHe panel mainly consisted of hydrogen 
isotopes (99%) as expected and the gas from the LN2 panel  consisted of 13.2% N2, 1.8% CQ4 
(Q=H,D,T) and 10.5% long-chain hydrocarbons (HC), which represents a total reduction of HC by a 
factor of 5 compared with the carbon wall [3]. Note that this was the first complete cryopanel 
regeneration since the installation of the ILW, therefore HC could have originated from the installation 
and initial clean-up as well as from operations. A reduced carbon level has been seen during the 
campaign’s plasma operation. The RGA closest to the LN2 panel showed the most dominant signal in 
the 17-24 AMU mass range which can indicate the presence of water, ammonia and also methane. The 
signals of all employed RGAs were widely populated up to mass 100 AMU which indicates the 
presence of long-chain HC which is confirmed by the GC analyses. An observed RGA signal at mass 
21 AMU could indicate the formation of ammonia (15ND3) following a 15N2 seeding experiment, but more 
data are needed to confirm the preliminary results.   
 
[1] M. Oberkofler, D. Douai, S. Brezinsek et al. Journal of Nuclear Materials (2013)  
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Presently, solid W is considered as the preferred plasma facing material (PFM) due to its low physical 
sputtering, high thermal performance at elevated temperatures, and high neutron fluence tolerant 
properties. Unfortunately, the commonly proposed W-alloy surfaces could suffer radiation damage from 
implantation of alpha particles and experience at high surface temperature, blistering at the first wall 
and the formation of submicron W-fuzz at the divertor. W-fuzz formation has been observed and can be 
generated in linear machines such as PISCES in the US and NAGIS in Japan, at surface temperature 
around 900-1400 K. With the possible formation of the W-fuzz, the basic concern is enhanced erosion 
and W-dust formation, and the possible transport of W particles into the plasma core, which could then 
dilute the DT fuel reducing the plasma reactivity and possibly causing disruption. To understand the 
impact of W-fuzz in tokamak, we exposed a button of W-fuzz, prepared by PISCES laboratory, using 
the Divertor Material Exposure System (DiMES) sample module at the lower divertor of DIII-D. The 
button was exposed to three vertical displacement events (VDEs) with a heat load of about 20 MW/m2 
for ~4 ms. The surprising result was that after the VDE exposures we found that most of the W-fuzz 
was intact except where arcs had occurred, and along the arc tracks the W-fuzz was removed. As can 
be noted from the top of the DiMES sample, most of the arc tracks were initiated at the DiMES graphite 
sample holder surface. This paper is an account of the VDE experiment and the subsequent analysis of 
the W-fuzz button at General Atomics, PISCES laboratory and PSI Science Center. 
 
This work was supported in part by the US Department of Energy under DE-FC02-04ER54698, DE-
FG02-07ER54917, and DE-SC00-02060. 
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Due to their interesting properties copper-based materials have been considered appropriate heat sinks 
for first wall panels in nuclear fusion devices [1]. The reinforcement of a copper matrix with 
nanodiamond enables to increase the strength and thermal stability [2] of copper improving the 
performance demanded for long-term application in nuclear fusion devices. A microstructure refined to 
the nanometer scale improves mechanical strength. However, ultra-fine grain metals exhibit low thermal 
stability, even at moderate temperatures [3], requiring the presence of particle dispersions to delay 
coarsening by grain boundary pinning. In addition, the concept of a composite can be applied in the 
context of nanostructured materials where, in the case of diamond dispersions in metals, thermal 
stabilization and reinforcing effects can be combined with the high thermal conductivity of the carbon 
phase [4]. 
 
High-energy milling is a powder metallurgy process extensively employed to produce nanostructured 
materials as well as fine particle dispersions in metallic matrices [5]. Multiscale diamond dispersions 
have been suggested for optimal thermal conductivity vs strength and thermal stability [6,7] and suitable 
processing conditions for the dispersion of nanodiamond (nD) and microdiamond (D) in copper have 
been previously established [2,5,6].  
 
The present work investigates the microstructures of Cu-10at.%nD and Cu-10at.%nD-10at.%D 
nanostructured composites consolidated by spark plasma sintering. The microhardness variation 
between the as-milled and consolidated materials has been established as well as the densification 
attained with the consolidation processes. 
 
[1] R. Andreani, M. Gasparotto, Fusion Eng. Des. 61/62 27 (2002) 
[2] D. Nunes, V. Livramento, R. Mateus et al., Mater. Sci. Eng. A 528 8610 (2011) 
[3] B.F. Decker, D. Harker, Trans. AIME 188 887 (1950) 
[4] K. Yoshida, H. Morigami, Microelectronics Reliability 44 303 (2004) 
[5] C. Suryanarayana, Prog. Mater. Sci. 46 1 (2001) 
[6] D. Nunes, V.  Livramento, H. Fernandes et al., Mater. Sci. Forum 730-732 925 (2013) 
[7] D. Nunes, V. Livramento, N. Shohoji et al., Physica Scripta T145 014069 (2011) 
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 In-situ TEM observation of the formation of fuzzy structures on tungsten 
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Tungsten (W) nano-structures, so called fuzz, induced by He plasma exposure, have been observed in 
linear plasma devices [1-2] and in a tokamak environment of Alcator C-Mod [3]. Recently, its formation 
and growth conditions have been identified, and both positive and negative aspects of fuzz as a 
plasma-facing surface have been revealed. To investigate the formation process, post-mortem 
transmission electron microscope (TEM) observations with focused ion beam milling were previously 
performed [4]. In this study, in-situ TEM observations during He+ ion irradiation and annealing are 
conducted to examine the formation mechanisms of fuzz in more detail. 
 
The irradiation with 3 keV-He+ (~5x1017 m-2s-1) from 773 K to 1273 K is found to cause high density 
helium bubbles with various sizes depending on the temperature, but to show no significant change in 
the surface structure. On the other hand, under the irradiation at a higher temperature of 1473 K, which 
approximately corresponds to the re-crystallization temperature of pure-W, active migration of helium 
bubbles and associated surface morphology changes are clearly observed with in-situ TEM 
measurements. Fissures first appear from thin areas created around bubbles, and spread with time at 
this high temperature. As the fissures increase, resultant residues form branching thin fiber structures. 
This structural change can be probably caused by the surface diffusion of W atoms under the control of 
the surface tension. It should be noted that the similar morphology change is also observed under the 
post-annealing around 1473 K for a sample pre-irradiated by He+ at lower tempetratures. This result 
indicates that the simultaneous effect of the He+ irradiation and high temperature annealing is not 
always necessary for the formation of fuzzy structures.  
 
[1] S. Takamura, N. Ohno, D. Nishijima, S. Kajita, Plasma Fusion Res. 1, 051 (2006). 
[2] M.J. Baldwin, R.P. Doerner, Nucl. Fusion 48, 035001 (2008). 
[3] G.M. Wright, D. Brunner, M.J. Baldwin et al., Nucl. Fusion 52, 042003 (2012). 
[4] S. Kajita, N. Yoshida, R. Yoshihara, N. Ohno, et al., J. Nucl. Mater. 418, 152 (2011). 
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Tungsten (W) is one of candidates for plasma-facing materials (PFMs) in future fusion reactors. 
However, it is difficult to use W for armor tiles due to the high ductile-to-brittle-transition temperature. 
Therefore, the W coating by vacuum plasma spraying (VPS) technology is thought in the future fusion 
reactors. However, impurities and intrinsic defects were introduced during VPS process. Hydrogen 
isotopes will be irradiated into the PFMs during the plasma operation, and trapped both by the 
impurities and by the defects. Moreover, it is expected that the PFMs are exposed to high heat load 
during the plasma operation. It is necessary to clarify the hydrogen isotope retention behavior in the 
heated VPS-W for tritium recycling in the fusion reactors, because the amount and the chemical states 
of impurities as well as defects in VPS-W changed by heat load. In this study, the effects of temperature 
on the chemical states of the impurities and defects and consequently on the deuterium retention 
behavior in VPS-W were elucidated. 
Two kinds of the samples with different sample pretreatment were prepared. One was only polished to 
the roughness of less than ~1m. The other was preheated in a vacuum at 1173 K for 30 min after 
polishing. Thereafter, 3 keV deuterium ion (D2

+) implantation was performed for both samples. The flux 
and fluence of D2

+ implantation were fixed to 1.0×1018 D+ m-2 s-1 and 1.0×1022 D+ m-2, respectively. The 
deuterium retention and the surface chemical states of the samples were evaluated by the thermal 
desorption spectroscopy (TDS) and X-ray photoelectron spectroscopy (XPS). 
XPS analyses show that carbon and oxygen were existed as impurities in the VPS-W samples, and 
their amounts were decreased by the preheating. The D2 TDS spectrum for the non-preheated sample 
showed that two deuterium desorption stages were observed in the temperature regions of 400 - 700 K 
and 900 - 1100 K. It was thought that the former stage corresponded to the desorption of deuterium 
trapped by the defects, and the latter was that trapped by the impurities. Most of deuterium trapped by 
the impurities was reduced by preheating, although the retention of deuterium trapped by defects was 
increased. The total deuterium retention for the preheated VPS-W was larger than that for the non-
preheated VPS-W. These results suggest that deuterium was preferentially trapped by the impurities to 
form stable C-D or O-D bonds in VPS-W. 
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 Hydrogen solubility of FLiNaK in hydrogen plasma  
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Hydrogen solubility of FLiNaK (LiF 46.5 mol% + NaF 11.5% + KF 42 mol%) is investigated during 
hydrogen plasma interaction. To calculate tritium retention of molten slat liquid wall in a fusion device, 
we measured the hydrogen solubility of FLiNaK.  
Hydrogen outgassing of molten FLiNaK is measured by the RGA after interaction with hydrogen 
plasma. Hydrogen partial pressure of the RGA was calibrated with an H2 mass flow controller of 5sccm. 
Hydrogen plasma is generated by the 500W ECR source. The molten FLiNaK is contained by a heated 
crucible with diameter of 46mm and depth of 40mm. By measuring the hydrogen ion density near the 
surface of FLiNaK, we evaluated the dose of hydrogen to FLiNaK and calculated the retention 
percentage with measured outgassing amount of hydrogen. Based on the experiments, we predicted 
tritium retention in a liquid wall fusion device.   
 
*Corresponding author: tel.: +82 63 440 4232, e-mail: yschoi@nfri.re.kr (Y.S. Choi) 
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We developed a flowing molten salt system for plasma interaction experiments. The flowing system 
called PLAMIS, stands for PLAsma Material Interaction System.  PLAMIS are equipped with a liquid 
flowing system which can heat flowing liquid over 500 °C. Molten FLiNaK (LiF 46.5 mol% + NaF 11.5% 
+ KF 42 mol%) is supplyed to the plasma interaction region with maximum speed of 10 m/s. The 
plasma interaction region is tilted towards the plasma beam and could simulate slanted magnetic field 
of the divertor surface.  
Presently, the plasma source of PLAMIS uses an ECR source with 2 kW power. We plan to develpe 
and install 40kW DC source during the second half year.  
First experimental results of PLAMIS and the 40 KW DC source design will be presented in this 
presentation.  
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The electron beam facility (KoHLT-EB; Korea Heat Load Test facility – Electron Beam) was constructed 
with the electron gun (Max. 800 kW from Von Ardenne, Germany) for a high heat flux with a 300 kW 
mid-frequency power supply, maximum accelerating voltage of 60 kV, which is capable of continuous 
operation, and the pulsed operation of a cyclic heat load and controllable heat load, where the 
allowable target dimension is 70 cm × 50 cm in a cylindrical vacuum chamber about 140 cm diameter, 
250 cm length. This facility has a cooling system for a high-temperature targets and a decontamination 
system for beryllium handling. The specifications of KoHLT-EB were fixed after the first commissioning 
stage on November 2012 and additional commissioning test up to Max. 300 kW electric powers are 
scheduled to start in the early of 2013. For this commissioning, the auxiliary utilities and test spaces 
were constructed and equipped, and test plan will be developed to evaluate the electron beam system 
for additional commissioning. This facility needs a cooling system for a high-temperature target and 
decontamination system for beryllium filtration. We have selected the power supply and an electron gun 
according to the maker’s specifications and the extension of power supply up to 800 kW will be 
scheduled in the next upgrade period of our institute. This machine will be utilized for a cyclic heat flux 
test of plasma facing components. Several facilities are now operating in EU FZJ (JUDITH-2; 200 kW) 
[1], US SNL (EB-1200; 1,200 kW) [2], and RF Efremov institute (TSEFEY; 200 kW, IDTF; 800 kW) [3]. 
Each facility is dedicated to unique targets of their own purposes in each country. KoHLT-EB was 
constructed to carry out the qualification test of ITER blanket first wall and the performance test of 
plasma facing components and ITER test blanket module (including FW and thermo-hydraulic test). 
This electron beam system will be utilized to test the performance of each material, with an extreme 
heat flux above 20 MW/m2 at 50 mm x 150 mm surface area in industrial areas such as nuclear 
engineering, the aerospace industry, high-tech materials, and defence industry. 
 
[1] Patrick Majerus, et al., Fusion Eng. Des. 75–79, 365 (2005) 
[2] J. M. McDonald, et al., Fusion Eng. Des. 83, 1087 (2008) 
[3] G. M. Kalinin, et al., J. Nucl. Mater. 386–388, 927 (2009) 
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Experimental study of tungsten irradiation by a hot plasma stream at the exit unit of the multiple-mirror 
trap GOL-3 was carried out. Targets were irradiated in the magnetic field 0.1 T with plasma loads on 
surface 1 MJ/m2 per shot with sets of 10 repetitive irradiations. In the exit unit of the GOL-3 the plasma 
stream consists of sub-keV plasma and fast electrons with wide spectrum (up to 1 MeV) [1]. Duration of 
the irradiation by fast electrons is ~10 μs, plasma irradiation is ~1 ms. 
 
Previously we demonstrated that the damage of a tungsten surface in these conditions is similar to the 
damage from a plasma gun [2]. In the presented experiments tungsten samples were preheated up to 
500° C that should emulate a first wall heating by a steady plasma flux from a confinement zone. 
 
Modification of targets surfaces after the irradiation was studied by SEM. Formation of major crack 
networks on a tungsten surface with typical cell sizes of ~1 mm was previously demonstrated at room 
temperature, but at the preheated targets these crack networks are absent. Bubbles demonstrated 
opposite behaviour: they are formed on preheated surfaces and absent at room temperature. 
Orientation of major crack nets correlates with the direction of machining of samples. Formation of 
craters caused by dust particle impacts was demonstrated, chemical composition of dust at holder and 
target surfaces was studied. 
 
The work was financially supported by Russian Ministry of Education and Science, RFBR grant 12-02-
31907, Presidium RAS Project 30. 
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Information about interaction of deuterium with irradiation damages and trapping or de-trapping 
phenomena are very important not only in relevance to swelling problems in nuclear materials but also 
in fuel retention problems in a fusion reactor. 
In the present work, as a basic research, correlation between thermal desorption spectroscopy (TDS) of 
deuterium and microstructure change in Fe-9Cr-2W irradiated with low energy deuterium ions has been 
rigorously studied.  
The specimen of Fe-9Ce-2W ferritic alloy was irradiated with 5 keV deuterium ions at room temperature 
by using an ion accelerator-TEM system which allows in-situ irradiation and microstructure observation 
of the irradiated specimen. TDS was performed by using a quadrupole mass spectrometer during 
heating up of the specimen at a constant heating rate from room temperature to 1300K. 
It was found that most of deuterium atoms irradiated into the specimen are released at temperatures 
around 400 K – 500 K, depending on the heating rates between 1.5 - 20 K/min. The temperature of 
TDS peak did not depend on the irradiation doses in the range from 2.0x1019 to 2.0x1021 ions/m2. At the 
same temperature range, dislocation loops formed by the irradiation disappeared. While, formation of 
bubbles was a little and then the amount of released deuterium associated with disappearance of 
bubbles at temperatures around 650 K - 850 K was very small. These results suggest that most of 
deuterium was trapped at dislocation loops and de-trapped at a temperature range from 400 K to 450 
K.  Dependence of a peak shift of TDS on the heating rate yielded the binding energy of deuterium to 
the dislocation loop to be 0.63 eV.  
Most of deuterium was released as D2 gas. However, HDO and D2O were also detected in the same 
temperature range.  Total amount of deuterium retained in the specimen decreased with the increase of 
the fluence from ~1019 to ~1021 ions/m2. 
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The International Thermonuclear Experimental Reactor (ITER) will be a step in the demonstration of the 
scientific and technological feasibility of producing energy using a fusion reaction [1]. The divertor is a 
critical component, will be subjected to intense particle bombardment (neutron, He, H...), high heat 
fluxes, and operating temperatures between 780K and 1780K. Tungsten was chosen for the plasma 
facing components in the divertor region of ITER, because this material has low sputtering erosion, 
good thermal conductivity as well as high melting point [2]. Particle bombardment creates atomic 
displacement and damage in material. This why, it is very interesting to study the He and H interaction 
with the irradiation-induced defects. 
 
Firstly, polycrystalline tungsten samples were implanted with 60 keV 4He at different fluences (1014 cm-2 
and 1015 cm-2) to study the vacancy defects in a presence of He. Secondly, tungsten samples from 
EFDA irradiated with 20 MeV W ions at different fluences induce damage dose of 0.25, 1 and 12 dpa 
(as calculated by using SRIM), in region probed by positron (0-700nm), have been performed to 
simulate the neutron bombardment. 
The nature, concentration and evolution of vacancy defects as a function of temperature (423 K – 2173 
K) has been studied by using the Slow Positron Beam coupled to Doppler Broadening spectrometer of 
the CEMHTI laboratory (Orleans, France), to probe vacancy defects in the first µm under the surface of 
the sample.   
 
After irradiation the measurements show that in the He implanted samples, defects with smaller free 
volumes than tungsten monovacancies are detected and the signal is attributed to nHe.mV complexes. 
In the W implanted samples at different dose of 0.25, 1 and 12 dpa, PAS results show the creation of 
vacancy clusters. After annealing, the defect distribution evolves with temperature depending on the He 
concentration and on the damage dose. 
 

[1] Bolt, H., et al., Plasma facing and high heat flux materials – needs for ITER and beyond. Journal of 
Nuclear Materials, 2002. 307–311, Part 1(0): p. 43-52. 

[2] Causey, R., et al., Tritium retention in tungsten exposed to intense fluxes of 100 eV tritons. Journal 
of Nuclear Materials, 1999. 266-269(0): p. 467-471. 
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Great attention has been paid on dust issues in recent years. Dust grains widely exist in edge plasma 
and the amount is quite large in fusion devices. Study on dust issues covers a large range of subjects, 
including the mechanism of dust generation, transport and migration of dust grains, thermal and 
electromagnetic behaviour of dust grains in plasma environment, safety issues, etc [1]. All metal 
plasma-facing materials (tungsten and beryllium) will be used in ITER and DEMO. However, our 
knowledge about metal dust is quite limited although some researches about tungsten have been 
performed [2]. The research on interactions between dust and the surface of these plasma-facing 
materials (PFMs) is also deficient [3].  
In the present research, classical molecular dynamics is used to simulate the deposition and damage 
on first wall/divertor by tungsten clusters using LAMMPS code. The force between atoms is described 
by EAM potential combined with ZBL repulsive potential for large and small distance respectively. The 
size of tungsten cluster is randomly selected in the range of 10 to 500 atoms. The dropping point is 
chosen in the whole range of PFMs surface equal probability. The velocity of dust grains follows 
Maxwellian distribution and the average velocity is computed according to OML theory in different 
plasma environment. The temperature of dust grains is stochastically selected between home 
temperature and melting point of tungsten. The temperature of PFMs is about 500K according to EAST 
experimental results. So in this simulation, initial and boundary temperature of PFMs is set 500K. 
Simulations are performed on the deposition and damage on PFMs by dust particles in different 
impacting energy and impacting angle cases. In low energy case, dust grains tend to stick on the PFMs 
and accumulate to form a thin film on the surface. Meanwhile dust particles will destroy the surface of 
PFMs and generates a mixing layer containing both dust and PFMs atoms. For low impacting angles, 
the damage range increases with growing of angle; but in high angle case, the damage is negligible. 
The evolutions of temperature, energy and structure of PFMs with time are also investigated in the 
simulation.  
 
[1]. S. I. Krasheninnikov, R. D. Smirnov, D. L. Rudakov, Plasma Phys. Controlled Fusion, 53, (2011), 
083001 (54pp) 
[2]. A. Litnovsky, D. Rudakow, S. Bozhenkov, et al. J. Nucl. Mater. In Press. (2013) 
[3]. G. J. Niu, X. C. Li, Q. Xu, et al. 22nd International Toki Conference, (2012) 
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Erosion of plasma facing materials (PFMs) in fusion reactor under transient events is one of the 
important ITER problems. Current experimental data are insufficient to predict the properties of the 
erosion products, significant part of them will be formed during transient events (Edge-Localized-Modes 
(ELMs) and disruptions). ELMs simulation experiments are held on a plasma accelerator QSPA-T to the 
study the formation of PFMs erosion products [1]. Parameters of the plasma heat loads in QSPA-T are 
close to the conditions of transient events which are expected in ITER. Heat load on the target varies in 
the range of 0.2 - 5 MJ/m2 with 0.5 ms pulse duration; measured deposition rate of products is in the 
range of 1 - 102 µm/s, which is much higher than for stationary processes. 
As a result of irradiation of tungsten and graphite-based materials (by hydrogen plasma flow) deposited 
W and C-H films were obtained respectively. The films have developed surface at the micro and macro 
level with typical structure size of 100 nm and 10 µm respectively. Present paper focuses on the 
properties of deposited erosion products and on its changes caused by the photonic radiation heat 
loads which are typical for the ITER mitigated disruption. Obtained W and C-H films repeatedly exposed 
by radiation produced during braking of hydrogen plasma flow on a solid target. The radiation energy 
density on the surface of the irradiated film was in the range of 0.03 - 0.5 MJ/m2, typical for mitigated 
disruptions expected in ITER. Porous C-H film is redeposited in the form of compact film during 
irradiation. Change of the initial C-H films and redeposition were observed even when the radiation 
energy density was 0.03 MJ/m2. Graphitization of initial C-H films takes place under 0.1 MJ/m2 radiation 
energy density indicating a decrease in the ratio H / (H + C); redeposited films have lower content of 
hydrogen isotopes than initial. W films also redeposited under radiation energy density 0.1 MJ/m2, 
although such energy density is 20 times lower than the evaporation threshold of the pure tungsten.  
Investigation of the initial and irradiated films produced by X-ray structure analysis, ellipsometry, 
electron microscopy and thermal desorption analysis. 
This work was performed partially under government contracts № H.4a.52.90.11.1002 from 15.02.2011 
and № H.4a.52.90.12.1007 from 13.03.2012 with the State Atomic Energy Corporation ROSATOM. 
 
[1] N. Klimov, et al., J. Nucl. Mater. 390–391 (2009), 721-726. 
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 Ceramic Coatings as Tritium Permeation Barriers on Eurofer97 
 

A. Houben*, F. Koch, and Ch. Linsmeier 

 
Max-Planck-Institut für Plasmaphysik, EURATOM Association, 85748 Garching, Germany 

 
Reduced activation ferritic/martensitic steels, such as Eurofer97, are candidates for wall materials used 
in DEMO. In order to reduce fuel loss and due to safety issues, tritium accumulation into reactor walls 
and permeation through walls have to be prevented. Therefore, the development of tritium permeation 
barriers (TPB) is crucial for a safe reactor operation. 
 
Thin oxide coatings, such as Al2O3 and Er2O3, are promising candidates for TPB, due to their high 
thermal stability and corrosion resistivity, and their reasonable hydrogen permeation reduction factors. 
Their hydrogen permeation reduction factors are in the range of one to three orders of magnitude [1,2], 
as determined in gas-driven deuterium permeation experiments. Furthermore, the thermal expansion 
coefficients of these oxides and steels are comparable and prevent strain in and cracking of the TPB 
coatings on Eurofer97.       
 
Er2O3 can occur with different crystal structures. Depending on the deposition temperature, the sample 
bias, and deposition method, Er2O3 coatings crystallize in the cubic (C-phase) or monoclinic structure 
(B-phase) or a mixture of both [3]. Since the hydrogen permeability of Er2O3 is strongly dependent on 
the crystal structure and the quality of the coating, single phase Er2O3 coatings with high quality are 
necessary for investigation of the permeability.     
 
Two physical vapour deposition techniques, magnetron sputtering and filtered arc deposition, were 
used to coat Eurofer97 substrates with Er2O3. These samples were investigated by X-ray diffraction, 
gas-driven deuterium permeation experiments and microscopy. The permeability of Er2O3 coating is 
also comparable to other oxide coatings on Eurofer97. 
 
[1] F. Koch et al., J. Nucl. Mater 329-333, 1403 (2004) 
[2] T. Chikada et al., Fusion Eng. Des. 84, 590 (2009) 
[3] C. Adelhelm et al., Scr. Mater. 61, 789 (2009) 
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 Transient impurity events in JET with the new ITER-like walland their impact 
on plasma operation 
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The understanding of dust and particle production and control in future tokamaks such as ITER is a 
major concern not only for safety and for diagnostic interpretation [1, 2, 3], but also for reliable plasma 
operation. Depending on their composition and size, if dust particles reach the plasma core they can 
perturb it with intense radiation spikes which may even lead to MARFES and subsequently to 
disruptions [4]. This contribution reports on such transient impurity events (TIE, sometimes also called 
UFOs) in JET from the installation of the new ITER-like wall. A statistical analysis of their occurrence in 
the flat-top phase of plasma discharges in the 20112012 campaigns C28-C30 is presented. A total of 
1108 events have been detected in approximately 2800 discharges. Their composition has been 
examined through the use UV spectroscopy and ~60% of all events could be tracked back to tungsten, 
~20% to nickel, iron or chromium (Inconel or steel) and ~20% to lighter impurities not distinguishable 
through UV spectroscopy (i.e. beryllium or carbon). Their occurrence has been correlated with plasma 
geometry, position of the inner and outer divertor strike point, heating schemes and ELMs. No TIE-
induced disruptions (as reported in [4]) have occurred during the flat-top of plasma discharges since the 
installation of the ITER-like wall, but and increase in event frequency has been observed in the 
discharges following a disruption. The amount of dust mobilized by the disruptions has been 
quantitatively analysed using the high resolution Thompson scattering (HRTS) diagnostic and 
correlated with visual studies on divertor tiles. Comparing the HRTS results with those obtained with the 
full-C wall, the amount of dust produced with the ITER-like wall is found to be about an order of 
magnitude lower. Since most of the disruptions move to the top of the machine, the dust detected is 
most probably related to the destruction of main chamber Be deposits and may not directly relate to the 
production of tungsten TIEs. Redistribution of particles onto more accessible areas may nonetheless 
lead to a higher number of TIEs in discharges following a disruption. 
 
[1] J. Roth et al., Journal of Nuclear Materials 390, 1 (2009) 
[2] N. Endstrasser et al., Phys. Scripta T145, 014021 (2011) 
[3] E. Fortuna-Zalesna et al., Materials Challenges and Testing for Supply of Energy and Resources, 
Springer pp 3-11 (2012) 
[4] A. Ekedahl et al., Journal of Nuclear Materials 390, 860 (2009) 
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 Erosion of DEMO First Wall W Armour under Runaway Electron Impact 
 

B. Bazyleva,*, Yu. Igitkhanova, and G. Saibeneb 
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Barcelona 08019,Spain 
 

The performance of functional and structural materials in fusion reactor DEMO has been recognized as 
fundamental issue affecting the ultimate technological and economic feasibility. In this work we analyse 
the impact of runaway electrons (RE) on the first wall W/EUROFER sandwich type blanket module. The 
expected energy density to the armour surface could exceed 70 MJ/m2 with the timescale up to 0.5sec 
(for slow RE losses) which is much higher than expected in ITER [1]. Therefore, the RE could pose a 
severe tread for plasma facing (PF) components in fusion reactor DEMO causing a melt-erosion and 
thermal restriction of the first wall. The tungsten armour damage is numerically investigated by using 
the codes ENDEP and MEMOS [2].To minimize the RE impact the armour wetted area is varied by 
changing the inclination and height of the «roof» type armour surface. Calculations show the distribution 
of energy and the evolution of temperature in the bulk of W armour as well as the consequent surface 
melting for different values of wetted area. An expected level of erosion for optimal inclination and 
technically acceptable shape of the considered sandwich type blanket module is estimated. 
 
[1] Yuri Igitkhanov, et. al., presented in the ANS 20th Topical Meeting on the Technology of Fusion 
Energy, TOFE, Nashville, 2012 manuscript number: FUSENGDES-D-12-00604 
[2]  B. Bazylev et.al, J. Nucl. Mater. http://dx.doi.org/10.1016/j.jnucmat.2013.01.035 
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 High Heat Flux Test Facility HELCZA for testing of plasma-facing 
components 

 

R. Vsolak, S. Entler*  
 

Research Centre Rez Ltd., Husinec – Rez 130, 250 68 Rez, Czech Republic 
 

In frame of the ITER project, Research Centre Rez has carried out a number of testing and R@D 
activities in support of the development of the ITER plasma facing components and follow-up blanket. 
These contributions cover variety facilities, namely: BESTH device, TW3 rig, HTHL loop, PbLi rig, 
MeLiLo loop, COLONRI loop or CALLISTO loop. Two new facilities are under construction within the 
framework Sustainable Energy project SUSEN: the 14 MeV neutron generator for material testing and 
the High Heat Flux Test Facility HELCZA.  
The HELCZA (High Energy Load Czech Assembly) is designed for cyclic stress induced by heat flux 
with power density up to 40GW/m

2

 of plasma-facing components like first wall panels, divertor arrays 
and faraday screen modules. It provides possibility to test modules with size up to 2m

2 

in parts with 
surface heat load about 20MW/m

2

. The HELCZA is equipped with an IVC-TF interface with cooling 
connections, which allows programmable rotation of modules during testing, handling equipment up to 
modules weight of 3 tons and complete beryllium controlled area.  
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 Post-mortem analyses of selected samples from the JET divertor tiles 
exposed in 2007-2009 
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Mixed materials, produced during fusion plasma operation, have been identified as a major topic of 
concern for ITER. Plasma wall interaction will generate wall material erosion, and mixed materials such 
as carbides and beryllides are expected to be formed. The properties of these mixed materials were 
studied by collecting compositional information from post mortem tiles used in the JET machine. 
Methods addressing the properties of deposited mixed layers, such as morphology and chemical 
states, were used to study selected samples from the JET divertor tiles exposed to the plasma 
experiments. The results obtained using scanning electron microscopy (SEM), X-ray diffractometry 
(XRD and GXRD), X-ray  photoelectron spectroscopy (XPS) and combined absorption/fluorescence X-
ray (XRTF) technique were compared with those obtained by secondary ion mass spectrometry (SIMS).  
Altogether 19 samples, originating from the inboard divertor tiles  exposed in 2007-2009 and 2004-2009 
were analyzed. Particular attention was paid to C, Be, BeO, Cr, Fe, Ni, Cu, BeNi phases on the 
samples. Due to the specific history of the experiments the layered structure of the deposited films was 
highlighted. Some compounds as BeO, BeNi were identified only by grazing incidence X-ray diffraction 
(GXRD), suggesting the formation of the particular phase having taken place on the upper part of the 
deposits. The XRD and XPS analysis of the samples showed that the plasma significantly changes the 
phase structure of the wall material, producing new compounds which affect, e.g., the sputtering rates 
and fuel retention. The Cr, Fe, Ni, Cu impurities were identified and quantified using XRTF technique up 
to a space resolution of 20 µm. Additionally, various surface properties (erosion, redeposition) were 
correlated with the morphology of the DMS780 CFC (such as fiber bundles orientation, porosity 
and  inclusions) using microradiographies recorded at 50 microns space resolution. The analyzed 
mixed materials had a high Be/C ratio near the bottom of the tiles while they were also enriched in Cr, 
Fe and Ni from the Inconel present in the JET vessel wall and from internal metal fittings, bolts etc. The 
poloidal variation of the Be/C ratio and the formation of BeO, BeC, BeNi compounds due to the high 
energy particles (neutrals, ions, photons) produced by the plasma was observed. 
 
Acknowledgements: This work, supported by the European Communities under the contract of 
Association between EURATOM/MEdC, was carried out within the framework of the European Fusion 
Development Agreement. The views and opinions expressed herein do not necessarily reflect those of 
the European Commission. 
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 Reduced Deuterium Retention due to Noble Gas Pre-Irradiation 
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Tungsten (W) is deemed as the most promising plasma facing material candidate due to its good 
thermal property and low sputtering erosion. However, the blistering and retention of hydrogen (H) 
isotopes in W remains a key issue that needs to be investigated. Blistering and deuterium (D) retention 
is suppressed in W by the presence of helium (He), as was reported by several groups. Here, 
sequential irradiations of tungsten surfaces by noble gas (neon (Ne) or argon (Ar)) plasmas and D 
plasmas were performed in the Magnum-PSI linear plasma device to study the effect of noble gas 
presence in the near-surface. Further, a first-principle method was used to understand the physical 
origin of the interactions between noble gas (He, Ne, Ar) and D in W in terms of optimal charge density 
by calculating the energetics and diffusion properties. 
In the experiments, the D fluences and the surface temperature of polycrystalline W are fixed at 
1x1025/m2 200 oC respectively. The Ne ion fluence was set to either 5x1024/m2 or 1x1025/m2. Deuterium 
retention has been studied by thermal desorption spectroscopy (TDS). Retention of D in W is strongly 
decreased with increasing Ne fluence. Up to 92% reduction in the total amount of D retained is found 
with Ne fluence being 1x1025/m2 compared to the D plasma exposure only. The desorption peak of D2 in 
presence of Ne moves to higher temperature (760 K and 820 K) as compared with the case of the D 
presence only (580 K). In the case of argon pre-exposure, the decrease in D retention is only about 
25%. 
By first-principles calculations, a strong attraction is found between D and He/Ne/Ar in W, caused by 
the charge density redistribution in the presence of noble gas element, which drives D segregation 
towards noble gas atom. This can block the permeation of D into deeper bulk and thus suppress D 
retention. Moreover, He/Ne/Ar, due to their closed-shell structures energetically prefers to occupy the 
vacancy center, which can block D2 formation at the vacancy center. The latter can be considered as a 
preliminary nucleation of D bubbles. 
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In this paper, we present the results of the analysis of samples taken from the surface of a graphite 
limiter tile from the COMPASS tokamak. The samples were taken from three different areas on the tile, 
based on visual estimation of a-C:H deposit thickness. Samples were analysed by AES depth profiling, 
XPS and SEM. The thickness of the boronization layer, and the a-C:H layer deposited over it was 
determined by the evolution of the boron concentration in the AES depth profiles. The total thickness of 
the deposited layers was found to be approximately 300 nm. XPS analysis showed that the surface 
concentration of boron was approximately 20 at % in all samples. 
The samples were processed by fuel removal by neutral plasma radicals at conditions which yield a 10 
nm/s removal rate for pure a-C:H. XPS analyses showed no significant reduction of the boron surface 
concentration, however AES depth profiling showed the reduction of thickness by 150 nm to 300 nm. 
These results indicate that the COMPASS deposits are chemically much more resistive than pure 
(laboratory prepared) a-C:H layers. SEM imaging revealed that processing resulted in the formation of 
porous structures on the sample surfaces. 
 
*Corresponding author: tel.: +386 1 477 3405, e-mail: miran.mozetic@ijs.si (M. Mozetič) 

 The Micro-Mechanical Properties of Ion Irradiated Tungsten 
 

J. Gibsona,*, D.E.J Armstronga, and S. Robertsa 

 
aOxford University, Department of Materials, Oxford OX1 3PH, United Kingdom  

 
Tungsten is a leading candidate for the plasma facing components of future fusion reactors. The rate of 
degradation in its mechanical properties under neutron irradiation and helium implantation from the 
plasma is an important factor in determining the commercial viability of a fusion reactor. In this work, a 
fusion neutron spectrum has been simulated using ion-irradiation and the mechanical properties 
extracted from the damaged layer using micro-mechanical tests. 
 
Samples of pure tungsten were irradiated at JANNUS, Saclay, France using a 3 MV Pelletron 
accelerator for the tungsten-ion implantation and a 2.5 MV single ended Van de Graaff accelerator for 
the helium-ion implantation. Dual ion implantation was done simultaneously. A series of degrader foils 
were used to generate a damage profile that is flat to a depth of 2.5μm, and tails off until a depth of 
3.5μm. Implantations took place at 800°C, measured using a thermocouple mounted near to the 
specimens, and confirmed using an IR camera. A dose of 5x1014 W12+ ions/cm2 and 1.22x1016 He+ 
ions/cm2 was implanted, corresponding to a damage level of approximately 2.5 dpa at a dose rate of 
8.7x10-5 dpa/s. Approximately 2000 appm of He was implanted. 
 
A focussed ion beam was used to machine cantilevers, 30μm long and 2μm deep,  with a triangular 
cross section, into unimplanted and both single and dual ion implanted pure tungsten. These 
cantilevers were tested using a nanoindenter and mechanical properties extracted with the use of finite 
element modelling. CSM nanoindentation was also carried out in the material. 
 
In the virgin material, an elastic modulus of 395 GPa is measured, and a yield stress of 3.0 GPa. These 
values demonstrate the applicability of using micro-mechanics to extract mechanical property data 
applicable to bulk materials, subject to size-effects. After implantation, elastic modulus values increase 
by ~20% after implantation but values of yield stress are unchanged. An increase in indentation 
hardness is seen, rising from 7.2 GPa in the unimplanted material to 8.6 GPa in self-ion implanted 
material and 9.1 GPa in dual-beam irradiated material.  
 
The difference in mechanical response between the nanoindentation and micro-cantilever testing is 
currently being investigated, but is thought to be due to the difference between plasticity controlled by 
dislocation nucleation (cantilever testing) and dislocation propagation (nanoindentation). 
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H. Bergsåkera,* , I. Bykova , P. Peterssona, G. Possnertb , J. Likonenc , S. 
Koivurantac, J. P. Coadc, A. M. Widdowsond and JET EFDA contributorse 

 
JET-EFDA, Culham Science Centre, Abingdon, OX14 3DB, UK 

aDepartment for Fusion Plasma Physics, Association EURATOM-VR, School of Electrical Engineering, 
Royal Institute of Technology, S-10405 Stockholm, Sweden 

bUppsala Universitet, Tandem Laboratory, Association EURATOM-VR, S-75105 Uppsala, Sweden 
cVTT, Association Euratom-Tekes, PO Box 1000, FI-02044 VTT, Finland 

dEURATOM/CCFE Fusion Association, Culham Science Centre, Abingdon, OX14 3DB, UK 
eSee the Appendix of F. Romanelli et al., Proceedings of the 24th IAEA Fusion Energy Conference 

2012, San Diego, US 
 
The deposited layers at divertor surfaces in JET with carbon wall have been studied post mortem using 
optical microscopy, scanning electron microscopy (SEM) and micro ion beam analysis (µ-IBA) methods. 
The layers were formed during plasma operations over different periods through 1998-2009 and 
alternatingly show lamellar, columnar and globular structure with scale lengths ranging from  ̴ 100 nm 
to  ̴ 100 µm. The main constituent of the layers is carbon. Inclusions of beryllium, Inconel components 
and deuterium are all microscopically non-uniformly distributed in the layers, both in the direction 
perpendicular to the surface and in the lateral directions. Trapped deuterium is predominantly found in 
remote areas on the horizontal bottom divertor tiles and in regions with locally enhanced deuterium 
concentration on the vertical tiles. Pockets with enhanced deuterium concentration are found in the 
carbon fibre composite (CFC) substrate. Areas with dimensions of about 100 µm with enhanced 
deuterium concentration, lower metal content and modified structural appearance are also found inside 
the deposited layers. The inhomogenous fuel trapping is tentatively explained with co-deposition in 
partly protected pits in the substrate and by incorporation of dust particles in the growing layers. 
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 Performance of HHF-induced recrystallized W exposed  
to ELM-like transient loads 
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Tungsten (W) has been chosen as divertor PFM for ITER. W-PFMs are expected to be exposed to 
complex heat flux loads, such as disruptions (20–100 MJ m−2, 0.1–10 ms), vertical displacement events 
(VDEs, ~60 MJ m−2,100–300 ms), edge-localized modes (ELMs, ~1–3 MJ m−2, 0.1–1 ms). The high 
energy deposited in short periods on W leads to very high surface temperatures and subsequently 
causes strong recrystallization and grain growth which can result in significant property degradation [1]. 
The degraded recrystallized W-PFMs will experience high heat loads in subsequent operations. 
Therefore, it is very important to assess the performance of the recrystallized W material under 
additional thermal loads.  
 
In this work, rolled W samples were loaded with low level VDEs HHF loads (<34 MJ m−2) in the high 
heat flux test facility GLADIS at IPP-Garching and resulted in recrystallized W with different grain sizes. 
Thereafter, the samples were polished by electro-polishing and mechanical polishing methods. The 
polished recrystallized W samples with average grain size ranging from 25 μm to 100 μm were exposed 
to ELM-like thermal loads in the high power electron beam test facility JUDITH 1 at Forschungszentrum 
Juelich. The testing conditions were 100 pulses with the duration of 1 ms and absorbed power densities 
of 0.38 and 1.14 GW m−2, respectively. The base temperatures of the testing were room temperature 
(RT) and 400 °C. For comparison, rolled W was exposed at the same conditions for a reference.  
 
Distinct ripple patterns (roughening) were observed on the HHF-induced recrystallized W surfaces 
which were tested with the base temperature of 400 °C. A slightly worse situation was found on the 
sample which was loaded with a higher power density. The roughness of the surfaces depended most 
on the base temperature, followed by the power density, and least on the grain size. The direction of 
the ripple patterns were found to be highly related to the grain orientation. The underlying mechanisms 
were tentatively discussed based on the theory of plastic deformation. Cracking only occurred on the 
recrystallized sample, which was prepared by mechanical polishing, with heat load of 1.14 GW m−2 at 
RT.  The results indicated that the recrystallized W had reduced cracking threshold and increased 
ductile-to-brittle transition temperature (DBTT), and moreover, electro-polishing was an effective 
approach to promote the crack resistance of W-PFMs.  
 
[1] G. Pintsuk, I. Uytdenhouwen, Int. J. Refract. Met. Hard Mater. 28, 661 (2010) 
 
*Corresponding author: tel.: +86 10 62772852, e-mail: liuw@mail.tsinghua.edu.cn (W. Liu) 

A129 A130 



 

105 

 EAST/MAPES Material Migration Experiment 
 

W. R. Wamplera,*, R. A. Pittsb, S. Carpentier-Chouchanac, P. C. Stangebyd , 
F. Dinge, H. M. Maoe, W. Z. Wange, J. P. Qiane, X. Gonge, and G.-N. Luoe  

 
aSandia National Laboratories, Albuquerque, New Mexico USA 87185 

bITER Organization, Route de Vinon sur Verdon, 13115 St Paul-lez-Durance, France 

cL.T. Calcoli-SOGETI consortium, Le Millienium-C, 13857 Aix-en-Provence, France 
dUniversity of Toronto Institute for Aerospace Studies, Toronto, M3H 5T6, Canada 

eInstitute of Plasma Physics Chinese Academy of Sciences,Hefei, Anhui 230088, China 
 

This paper describes measurements of erosion and deposition of material exposed to plasma in the 
EAST tokamak. The experiment was motivated by a concern about steady state erosion/redeposition in 
ITER where beryllium eroded from first-wall panels of blanket modules near the secondary X-point 
region at the top of the main chamber may redeposit locally along with tritium. Co-deposited tritium at 
this location will be harder to remove than in the divertor due to the lower baking temperature and 
because component replacement is more difficult.  Excessive tritium retention could hinder ITER 
operation due to limits on the in-vessel tritium inventory and erosion may reduce component lifetime. 
 
Simulations using the LIM-DIVIMP and ERO codes are being used to assess the magnitude and 
distribution of erosion and deposition and hence the expected tritium retention in ITER for realistic first-
wall panel shapes [1,2]. The experiment described here was designed as a controlled benchmark to 
reduce uncertainty in these simulations, exposing a scaled down, ITER-like first wall surface profile to 
the EAST edge plasma, and using surface analysis to map the erosion-redeposition patterns. The 
experiment measured erosion and deposition of carbon, as a low-Z proxy for Be and used helium 
plasma to reduce chemical erosion, thus simplifying the interpretation.  A toroidally shaped assembly of 
12 tiles was used to approximate the ITER first-wall panel profile.  The tiles were fabricated from 
molybdenum at ASIPP, and a layer of carbon was deposited at Sandia National Laboratories.  The tile 
assembly was positioned 3 cm outside the last-closed flux surface at the outer midplane using the 
EAST Material and Plasma Evaluation System (MAPES) [3] for a total exposure time of about 120 
seconds.  Langmuir probes and thermocouples embedded in the MAPES head provided information on 
the local plasma conditions for simulations. Erosion and deposition of carbon was determined by 
measuring the thickness of the carbon film before and after plasma exposure using backscattering 
spectroscopy with 1.5 MeV protons at Sandia.  The erosion was largest in the region of furthest 
insertion into the plasma where about one third of the film (5 x1018 atoms/cm2) was eroded.  Nowhere 
was there net deposition greater than the detection limit of the measurement (3 x1017 atoms/cm2). 
These measurements provide input data against which LIM/ERO simulations will be tested. 
 
Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000. 
 
[1] S. Carpentier, et. al., J.Nucl. Mater 415 (2011) S165. 
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The lifetime of Plasma Facing Components (PFCs) can severely hamper the availability of a future 
fusion power plant. Current solid PFCs such as Beryllium (1st wall) and Tungsten (divertor) suffer from 
erosion by plasma and impurity ions, decreased heat conductivity due to neutron irradiation, cracking 
and thermal fatigue. The steady state power exhaust of actively cooled PFCs is limited to 3-10 MW/m2, 

depending on cooling concept and neutron damage . In addition transient heat loads (~GW/m2) can 
cause severe melting of PFCs and hence material loss by splashing and evaporation. Solid PFCs 
require rather thick armour in front of any cooling system, decreasing the amount of heat to be handled. 
The use of liquid metals can ameliorate several of these issues. Firstly, liquid metals can be 
replenished should erosion or transients cause material loss, secondly, due to the liquid state, the 
material is immune to cracking or fatigue. Thirdly and most importantly, lower thickness required allows 
higher heat fluxes to be handled. Even when considering similar steady state heat load performance 
clear benefits are self-healing after transient damage.  However, limitations on the performance of liquid 
metals are set by MHD stability, material loss, vapour-pressure and fuel retention as well as 
compatibility with substrate materials. Here work shall be presented establishing candidate materials 
next to Lithium 
This contribution starts from the existing knowledge on capabilities and potential limitations of candidate 
liquid materials, such as Lithium [1] and other alternatives [2] such as Gallium, Tin and Al with a special 
emphasis on the heat exhaust capability, temperature limits and fuel retention. The analysis is done 
under the premise of heat conduction through the liquid to a cooled substrate, the so-called Capillary-
Porous-System(CPS), which is the presently most-developed solution combining active cooling and a 
stabilizing substrate mesh with liquid metal replenishment by capillary action.  
Utilizing liquid metals as part of high heat-flux components establishes two major interdependent 
limitations. The maximum heat flux at a given operating point (T[K]) for each material is quite different 
q(Tin) >> q(Li) and gives different evaporation rates (T), material loss and plasma impact. Re-
deposition of material has been seen in the laboratory with Lithium [3] and can change the final surface 
temperature limits set for each material. Fuel retention is an issue as of yet unresolved especially for 
the hydride forming Lithium potentially leading to a similar co-deposition issue as carbon, tin may 
resolve this issue with no stable hydrides above room temperature. 
Experiments have been done on the material compatibility of steel and high Z materials (Mo, W) with 
Tin, Ga and Al. As a result of this the combination of Tin embedded in a Mo mesh and a TZM substrate 
has been selected to perform test experiments in Magnum PSI and PSI-2, concentrating on material 
erosion, heat exhaust and fuel retention issues. Modelling of transients by means of the RACLETTE 
Code will be compared to the experiment. 
 

[1] Lyublinski, I. E. & Vertkov, A. V. Experience and technical issues of liquid lithium application as 
plasma facing material in tokamaks Fusion Engineering and Design, 2010, 85, 924 - 929 
[2] Preliminary concept studies of alternative concepts for heat removal in future fusion reactors based 
on moving or liquid targets, or hybrid systems of it , EFDA_D_2LCG6W v 1.1 
[3] M. Jaworski et al. Possible Technical Solution for a Liquid Divertor in DEMO, EFPW 2012 
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 Synthesis and Plasma Interaction of Model Mixed Materials for Fusion 
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Jean-Baptiste Clément, 93430 Villetaneuse, France 
 
A low-temperature high-density plasma reactor has been developed to simulate some of the 
plasma/surface processes that can occur under the divertor and in the far scrape-off layer (SOL) 
regions of tokamaks, with an emphasis on mixed (W-Be-C) materials dust formation. This CASIMIR II 
(Chemical Ablation, Sputtering, Ionization, Multi-wall Interaction and Redeposition) device [1] is 
envisioned as an ITER divertor dome simulator. 
In order to predict the behavior of these dusts, whose composition are expected to be in the W-rich 
region of the W-Be-C phase diagram, artificial powders were prepared using high-energy planetary ball-
milling [2], first under argon to force the implantation of the doping elements, C or Mg, the latter being 
used as a Be-like element due to Be toxicity, then under ethanol to reduce more efficiently the particle 
sizes. 
Particle characterization was then performed using X-ray diffraction. Variation of the lattice parameter is 
carefully determined using Rietveld refinement. It increases when the doping element is in an interstitial 
site, or decreases if it replaces a lattice tungsten atom. In addition, particle specific surface areas were 
measured using the BET method and then the average particle size was determined by both this 
method and XRD. Then, a quantitative analysis is conducted by Electron Probe Microanalysis (EPMA) 
which agrees with the results obtained by XRD on the distribution of doping elements in the tungsten. 
Mainly, the objective is to explore and understand effects due to sputtering and material migration of 
these mixed material compounds exposed to a deuterium plasma in the CASIMIR II device. Thus, the 
exposed samples are biased to increase sputtering yields and measurements from in-situ mass 
spectrometry are undertaken to identify and study the erosion products. 
 
We complete this study with ex-situ characterizations by Scanning Electron Microscopy (SEM) to 
characterize the changes in morphology and structure after exposure of the mixed materials samples, 
Atomic Force Microscopy (AFM) to obtain the surface topography and roughness of the target, and X-
Ray Diffraction (XRD) to analyze the amorphous or crystalline nature of the material. 
 
[1] G. Lombardi, et al., J. Nucl. Mater. 390-391 (2009) 
[2] C. Suryanarayana, Progress in Materials Science 46 (2001)  
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 Study of deuterium retention on tungsten  
by temperature programmed desorption 
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Tritium retention is one of the most critical issues for plasma facing materials in fusion devices. 
Tungsten is the candidate material for ITER in the divertor region, where plasma facing components are 
bombarded with high energy particle fluxes up to 1024 m-2.s-1 and heat fluxes up to 10 MW [1]. Tungsten 
must provide high temperature resistance with minimum erosion as compared to carbon based 
materials. 
 
The retention of low energy and high fluence deuterium ions in tungsten has been studied in several 
publications [e.g. 2-4]. However, hydrogen trapping properties in tungsten are still not completely 
understood. To this end, an ultrahigh vacuum temperature programmed desorption [TPD] set up named 
CAMITER has been developed at PIIM laboratory to study deuterium retention and remission in 
tungsten. 
 
The mass spectrometer used to detect desorbing deuterium is mounted in a separately pumped stage 
and is connected to the sample chamber via a molybdenum tube with a 2 mm diameter aperture 
positioned in front of the tungsten surface. This design ensures that only species of interest desorbing 
from the sample are detected and allows a quantitative measurement of retention. Two ion guns 
mounted in the vacuum chamber whose beams have been restricted to the sample surface only, enable 
co-bombardment with different species having distinct kinetic energies ranging from 0.5 keV to 5 keV. 
Auger electron spectrometer is used as surface analyzing technique. 
 
Deuterium retention in polycrystalline tungsten sample is studied as function of low D ion fluences, up 
to 1020 ions.m-2, and ion energy up to 5 keV by means of thermal desorption spectroscopy. Samples 
with mirror like surfaces were obtained after mechanic and electrolytic polishing. Surface morphology 
was studied before and after TPD experiment with scanning electron microscopy and atomic force 
microscopy. In situ preparation of tungsten samples was characterized by surface sensitive techniques 
and samples with sub-monolayer contamination were successfully prepared. 
 
[1] R. Toschi, P. Barabaschi, D. Campbell, F. Elio, D. Maisonnier, and D. Ward, Fusion Eng. Des. 56–
57, 163 (2001). 
[2] A.A. Haasz, J.W. Davis, M. Poon, R.G. Macaulay-Newcombe, J. Nucl. Mater. 258–263, 889–895 
(1998). 
[3] Z. Tian , J.W. Davis, A.A. Haasz. J. Nucl. Mater. 399, 101-107 (2010). 
[4]. O.V. Ogorodnikova, J. Roth, M. Mayer, J. Appl Phys 103, 034902 (2008) 
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 Deuterium Retention in Tungsten exposed to FN-II  Plasmas 
 

G.Ramosa,*, F. Castillob , and J.J.E. Herrerab,  
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Tungsten and tungsten-based materials are one of the main candidates  for plasma-facing components 
in a future fusion power plant [1,2]. The retention and diffusion of deuterium and helium in these 
materials are of great relevance. Many of these studies are performed using ion beams [3], while only a 
few use plasma simulators [4,5] The use of small fusion devices including coaxial plasma-guns for the 
research of the interactions of deuterium/helium plasmas with plasma facing materials is little explored 
[6,7]. Tungsten polycrystalline samples exposed to deuterium FN-II [8] plasmas at room temperature 
show an affected layer of typically ~220 nm according to SEM cross-section analysis and a deuterium 
retention ratio of D/W ~0.2 up to a depth of 250 nm, according to NRA analysis.  
 
[1] M. Kaufmann, R. Neu, Fusion Engineering and Design 82, 521(2007) 
[2] M. Rieth, Journal of Nuclear Materials 432 (2013) 482–500 
[3] A. Debelle, et.al, Nuclear Instruments and Methods in Physics Research B 268, 223 (2010) 
[4] M.J. Baldwin, R.P. Doerner, Journal of Nuclear Materials 404, 165 (2010) 
[5] M.J. Baldwin, T.C. Lynch, R.P. Doerner, and J.H. Yu, Journal of Nuclear Materials 415 (2011) 

S104–S107 
[6] I.Sakuma, K.Shoda, D.lwamoto, Y.Kikuchi, N.Fukumoto and M.Nagata, 2011 IEEEINPSS 24th 

Symposium on Fusion Engineering 
[7] G. Ramos, 20th International Conference on Plasma Surface Interactions in Controlled Fusion 

Devices, Aachen, Germany, May 21-25, 2012. 
[8] F. Castillo, et al., Plasma Phys. Control. Fusion 45, 289 (2003) 
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As a material for plasma-facing components in future fusion reactors, tungsten (W) will be subjected to 
intensive fluxes of energetic deuterium (D) and tritium (T) as well as 14 MeV neutrons (n). Neutron 
irradiation generates displacements in the bulk of W and creates thus defects at which hydrogen 
isotopes can be trapped]. These processes lead to concerns about tritium inventory in the n-irradiated 
W after long-term D-T plasma exposure. One of the ways to investigate the influence of n-produced 
defects on the hydrogen isotope inventory is to simulate displacement damage in tungsten using 
irradiation with MeV-range W ions.  
 
In this novel studies, W samples were irradiated with W ions of either 13 or 20 MeV at temperatures in 
the range from 300 to 1000 K. As a result, the near-surface layer of the samples was damaged up to 
0.5 displacements per atom at the damage peak situated at a depth of either 1.05 μm (13 MeV W ions) 
or 1.35 µm (20 MeV W ions). The damaged W samples were exposed to D2 gas at a temperature of 
673 K and a pressure of 100 kPa for 10 h. Deuterium depth profiles in these sample were determined 
by the D(3He,p)4He nuclear reaction at a 3He energy varied from 0.69 to 4.0 MeV allowing determination 
of the D concentration up to a depth of 6 μm. In addition, X-ray diffraction measurements were 
performed to analyze the change in lattice parameter of W.  
 
It has been shown that D concentration in the damage zone decreases with the increasing W-ion 
implantation temperature above 300 K. No serious lattice expansion was observed for the 
damaged W samples. The obtained results are discussed based on NRA, XRD, TDS, and PALS 
results. 
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Investigation of deuterium dynamic behaviors in beryllium and molybdenum 
by in-situ low energy D(d,p)T reaction analysis  
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Beryllium (Be) and molybdenum (Mo) are important candidates of plasma-facing materials. The 
accumulation and retention of deuterium (D) and tritium (T) in Be and Mo etc. materials are essential 
subject in fusion material study. The in-situ analysis is necessary for understanding the dynamic 
processes of D accumulation and retention in Be and Mo, since plasma implantation, D trapping in 
defects and diffusion occur simultaneously. In this work, the deuterium ion (D+ 

3 ) implantation and in-situ 
D(d,p)T reaction analysis were used to study the D kinetic behaviors. A dynamic equilibrium of D 
concentration has been reached by long term D+ 

3  implantation in both materials. D+ 
3  beam with the 

energy of 20 keV/D and flux of 3.0×1014 D/cm2·s was implanted into metal foils constantly until 
achieving the saturation state, whereby the proton yield was recorded as a function of fluence. 75 keV 
deuteron beam (d+) with a current of 0.6 μA and charge of 0.2 mC was used to monitor the target 
alternatively with the low energy D+ 

3  implantation at several fluencies. The retention of D in targets was 
also measured by D-D reaction analysis of 75 keV d+ versus storage time after implantation termination. 
For the Be target, the atomic ratio of D to Be (nD/nBe) reached to a saturation of 23±2 at.%, while the 
implantation fluence exceed ~1019 D/cm2 in target temperature range of 300-340 K, and for Mo target, 
the atomic ratio (nD/nMo) reached to a saturation of 33±2 at.%, while the implantation fluence exceed 
1.3×1018D/cm2. With further implantation, the saturation ratio decreased slightly in both targets. D atoms 
were either in trapped state or mobile state in targets. In the early implantation period, D accumulated in 
the target. While the implantation flux and diffusion reach to an equilibrium after a critic fluence, the 
maximum D concentrations in Be and Mo were reached. By further implantation, the radiation defects 
increased. and which enhanced the diffusion of mobile D and reduced the trapping capacity of target, 
thus, the maximum D-concentration decreased gradually with the implantation fluence. From the 
decrease of proton yield monitored by 75 keV/D d+ beam after implantation, the mobile D ratios are 
derived as ~8% and ~30% in Be and Mo targets, respectively. 
 
*Corresponding author: tel.: +86 931 8913547, e-mail: tswang@lzu.edu.cn (T.S. Wang) 
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Tungsten is a leading candidate material for the diverter in ITER and other future nuclear fusion 
reactors. However, exposure to helium plasma bombardment in linear devices like Pisces have 
demonstrated that surface defects and bubbles form even at modest ion energies, and in some cases 
“fuzz” and “coral” like surface features exist after a few hours of exposure.  We present the results of 
atomistic molecular dynamics simulations that demonstrate a number of sub-surface, atomistic 
processes responsible for initial surface roughening leading to “fuzz” formation in tungsten exposed to 
low-energy He plasmas. Implanted helium in tungsten is quite mobile and has a strong thermodynamic 
driving force to cluster. Small helium clusters up to seven to eight helium atoms are also mobile, until a 
trap mutation process creates a vacant lattice site and tungsten self-interstitial (Frenkel pair), which 
greatly reduces cluster mobility. MD simulations of two different single crystal orientations, as well as a 
∑5 grain boundary, clearly demonstrate surface roughening resulting from individual tungsten ad-atoms 
and ad-atom “islands” when tungsten self-interstitial atoms (SIA) or prismatic loops annihilate at the 
surface, and the bursting of over-pressurized helium bubbles. A cyclic process of repeated trap 
mutation, SIA trapping or binding at the bubble periphery, and ultimate self-organization into a prismatic 
<111> dislocation loop is observed during bubble growth that drives significant surface roughening. 
These phenomena, in combination with the the bursting and cratering of over-pressurized gas bubbles, 
represent a likely sequence of events leading to macroscopic surface evolution in plasma-facing 
tungsten components. 
 
*Corresponding author: e-mail: njuslin@gmail.com (N. Juslin) 
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 Evaluation of W-based plasma facing material sintered by resistance 
sintered under ultra-high pressure method 
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Owing to the high melting point, low tritium retention and low sputtering yield,  tungsten (W) is presently 
a promising candidate for the plasma facing materials in fusion devices. However, W also has some 
drawbacks, for instance, the high ductile to brittle transition temperature causing low temperature 
brittleness which are needed if active water cooling is used, the low re-crystallization temperature 
reducing the upper temperature limit, and the thermal mismatch with the copper alloy resulting in the 
thermal stress concentration at interfaces. To fabricate the high performance W-based plasma facing 
material, a kind of sintering method, namely resistance sintered under ultra-high pressure (RSUHP) 
method has been developed. Several kinds of W-based plasma facing materials, i.e. W/Cu FGM, ultra 
fine-grained W-1wt%TiC and W-1wt%La2O3 have been fabricated. Their behaviors under edge plasma 
in the scrapped-off layer (SOL) of the HT-7 tokamak and transient heat flux simulated by high-intensity 
pulsed ion beam (HIPIB) have been tested and evaluated.  
 
After several hundreds shots of plasma loading, W/Cu FGM shows no detaching found at the graded 
interface corners where the thermal stress concentration is expected. However, the brittle W layer 
develops the macroscopic cracks which can run over the whole W layer and may result in the 
exfoliation of W layer. It is also shows that the doping of TiC in W matrix can enhance the plasma 
resistance capacity under low temperature, while, unfortunately, the doping of La2O3 caused more 
serious damages than pure W.  
 
Transient heat flux test shows the premature melting of the secondary phase particles,i.e. La2O3 and 
TiC due to the lower melting point of secondary phase than W matrix, and also of the composite due to 
the decreasing thermal conductivity of composite, increasing the surface roughness.  
 
* Corresponding author: Tel: +86-551-65593515; E-mail: jlch@ipp.ac.cn 
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To investigate the influences of doped La2O3 particles on the properties of the W-based plasma facing 
material, ultra-fine grained W-1wt%La2O3 composites without grain growth during sintering process 
have been successfully fabricated using resistance sintered under ultra-high pressure (RSUHP) 
method. Its relative density, micro-hardness, microstructure and thermal conductivity have been 
analyzed and compared to the pure W sintered under the same conditions. Also, its behaviors under 
edge plasma loading in the scrapped-off layer (SOL) of the HT-7 tokamak and transient heat flux 
simulated by high-intensity pulsed ion beam (HIPIB) have been tested and evaluated.  
 
In contrast to the pure W with the same crystal size, the W-1wt%La2O3 exhibits a lower density, a higher 
vicker micro hardness and a lower thermal conductivity. Furthermore, the W-1wt%La2O3 composite 
shows more severe damages, i.e. brittle cracks and crack-induced exfoliation compared to pure W with 
only brittle cracks, under limiter plasma loading in the HT-7 tokamak. And, it also shows the premature 
melting of La2O3 particle and also of  composite under transient heat flux loading, causing the surface 
roughness. 
 
All these results show that, however, without fine grain strengthening effect, the doped La2O3 particles 
decrease the plasma resistance of the composites under fusion related loading conditions. The positive 
effect of increasing re-crystallization temperature is unclear and needs further investigation combining 
with the components structure as well as the cooling conditions. Thus the optimization on the 
composition content and particle size of doped La2O3 particles combining with the sintering parameters 
is essential to minimize the decreasing effects of La2O3 particles and to obtain the maximum fine grain 
strengthening. 
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It is of great importance to develop ductile tungsten under fusion environments (high heat flux and high 
neutron fluence). Toughened, Fine-Grained, Recrystallized tungsten with TiC or TaC dispersoids 
(TFGR-W TiC or TaC)  is one of the promising candidates for fusion use[1]. This material shows room 
temperature ductility and higher recrystallization temperature than common pure tungsten. However, 
performance in edge plasma environment such as erosion and surface modification by high heat and 
particle flux exposure is not well known yet. 
 
In this study, two TFGR-W specimens (TFGR W1.1TiC and TFGR W3.3TaC) were simultaneously 
exposed to TEXTOR edge plasmas with a limiter lock system to observe their responses under actual 
tokamak edge plasma environment. The specimens were exposed to thirty one identical ohmic 
discharges. Surface temperature measured by 2-D IR thermometer increased with time and reached 
roughly 1900 °C. Impurity release from the specimens was measured by spectroscopy. Surface 
morphology and microstructure after the plasma exposure were observed by SEM (Scanning Electron 
Microscope) and TEM (Transmission Electron Microscope) with the help of FIB (Focused Ion Beam) 
used for thinning the samples for TEM.  
 
Spectroscopic observation (Ti line: 399.9 nm) showed erosion of Ti from TFGR-W1.1TiC sharply 
increased as the temperature exceeded roughly 1600 °C. Release of Ti, however, decreased as the 
exposure continued. TEM observation showed some of TiC dispersoids on the plasma facing surface 
disappeared or was partly eroded. Top surfaces of partly-eroded TiC dispersoids were also covered by 
some deposits, though no deposits were found on tungsten. In addition, TiC dispersoids in the bulk 
were intact and the microstructure of TFGR-W 1.1TiC did not change significantly. These could be the 
reasons for the decrease in Ti erosion after several discharges. These results also indicate TFGR-
W1.1TiC could be more reliable than common pure W if it is used around 1900 °C. Under this 
temperature condition, grain growth should be significant for pure W. Erosion enhancement of Ti over 
1600 °C could be due to thermal decomposition of TiC, enhanced by plasma exposure. The 
comparison between results of TFGR-W 1.1TiC and 3.3TaC will be provided. 
 
[1] H. Kurishita, et al., J. Nucl. Mater., 398 (2010) 87-92. 
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by spark plasma sintering 
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Due to its favorable high temperature properties, tungsten is a very essential material to be used in 
extreme environment, for example, as plasma facing materials in fusion reactor. However, its high 
melting temperature requires high sintering temperature for producing a bulk W material which will 
induce significant grain growth, and it has a high Ductile-Brittle Transition Temperature which leads to 
brittleness at room temperature[1]. To improve such negative properties, a fine-grain (or nano grain) 
structure formation with high density is very effective. Spark plasma sintering is a novel processing 
technique with a high potential to process bulk nanomaterials with good interparticle bonding. The 
external field application is capable to induce fast densification and reasonable control of grain growth 
during sintering of nanocrystalline powders[2]. In the present study, W powders with average particle 
size of 50 nm were consolidated by spark plasma sintering at the temperature range of 1273 K to 1973 
K under the compaction pressure of 50 MPa during the sintering time of 0 to 5 min. It is find that the 
oxidation during mold feeding of W nano powders shows significant detrimental on densification and 
grain control during spark plasma sintering. The relative density of the fabricated pure fine grained 
tungsten at optimum sintering parameters reached 98 % in the absence of any sintering additives or a 
grain growth inhibitor. The average particle size on the fracture surface is ~4 μm, while the average 
grain size is ~ 60 nm calculated by Scherrer formula according to XRD tests. The micro hardness and 
bending strength reached 520 HV and 1075 MPa respectively, which is much higher than the 
commercial sintered pure W. 
 
[1] H. Kurihita, S. Matsuo, H. Arakawa, et al: Mater. Sci. Engineering. A Vol. 477(2008), p. 162 
[2] J. R. Groza and A. Zavaliangos: Rev. Adv. Mater. Sci. Vol. 5 (2003), p. 24 
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The plasma-facing walls of the next-generation fusion reactors will be exposed to high fluxes of 
neutrons and plasma-particles and will operate at high temperatures for thermodynamic efficiency. An 
LDRD project to establish a coordinated experimental and theoretical effort studying plasma-material 
interactions under such extreme con-ditions has recently been initiated at ORNL. To this end we have 
been studying the evolution dynamics of vacancies and interstitials to high dpa doses of tungsten sur-
faces bombarded by self-atoms, in preparation for simulations of plasma-surface interactions (erosion, 
hydrogen and helium uptake and fuzz formation (see abstract by Meyer et al.) and recycling) occurring 
in tungsten walls damaged by energetic neutrons.  
We use the classical molecular dynamics (MD) simulation code LAMMPS to follow the evolution of the 
creation and recombination of Frenkel pairs under self-atom impact. A free surface of the simulation cell 
containing 26,000 atoms of a bcc(111) tungsten crystal , with 2D periodic boundary conditions, was 
bombarded at random positions  by 1 keV normal incidence tungsten atoms. The primary damage was 
produced in displacement cascades by the recoil of primary knock-on atoms and consists of point 
defects, which eventually cluster. The primary number of vacancies and interstitials in tungsten, as well 
as their residual number upon recombination, evolve with time and depend on the temperature of the 
surface, the impact energy, and the model parameters of the MD potentials. We applied several 
hundred impacts in sequence, allowing about 
10 ps for a cascade free evolution and 5 ps for 
relaxation upon each impact. The deposited 
energy per impact was removed by a Langevin 
thermostat before the next impact. Fig. 1 shows 
a sample of the residual defect evolution after 
the cascade evolution and recombination 
(shown in inset for the first 10 impacts) for the 
first 240 impacts, using the bond-order potential 
for tungsten [1]. We will present the residual 
damage upon cumulative bombardment for 
both 400K and 1000K surface tempera-tures, 
the sputtering for impact energies of 1keV and 
10 keV.  
 
 [1] N Juslin, P. Erhart, P. Traskelin et al, J. 
Appl. Phys. 98, 123520 (2005). 
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A new coordinated experimental and theoretical effort has been initiated at ORNL to study plasma-
material interactions under the extreme conditions of high-radiation da-mage and high temperature 
projected for next-generation fusion reactors. On the ex-perimental side we have focused on improved 
understanding of the interactions of low energy He ions with hot tungsten surfaces. In particular, we 
have been exploring the initial phases of W nano-fuzz growth [1,2] in the threshold flux and fluence reg-
ions, both for virgin W surfaces and W surfaces pre-damaged by 9-30 keV-energy W self-ions with 
damage doses in excess of 100 dpa. Our studies were enabled by a recently installed deceleration 
module capable of using the full He-ion intensity ex-tracted from our ECR ion source, with which low-
energy He ion fluxes in excess of 1020m-2s-1 can be obtained. We report on measurements of 
interactions of low-energy (50 – 12,000 eV) He ions with polished tungsten surfaces heated to ~1250K 
perfor-med at the ORNL Multicharged Ion Research Facility (MIRF). Exposure times were as long as 22 
hrs, corresponding to total fluences of ~5x1024m-2. Surface morpholo-gy changes, as well as bubble, 
blister, and pinhole formation were investigated as function of flux and total fluence (i.e. irradiation 
time), for both virgin and pre-damaged W-targets. At low accumulated fluences, small surface-grain 
features and near-surface He bubbles are observed, which extend to depths of 100 to 200 nm, as 
determined by FIB/SEM cross section scans. With increasing fluence, coral-like and ridge-like surface 
structures are observed, with great grain-to-grain variability, together with blisters and pinholes, whose 
density and size increases with increasing fluence. At the largest fluences, individual grain 
characteristics disappear, and the entire surface assumes a frothy appearance in FIB/SEM, with a 
multitude of near-surface bubbles with a broad range of sizes, and disordered whisker growth, while in 
SEM imaging the surface is indistinguishable from nano-fuzz produced on linear plasma devices. These 
features are evident at progressively lower fluences as the He-ion energy is increased, particularly 
above 1 keV, where the He beam serves not only to load the near-surface region with He to saturation, 
but also produces significant near-surface damage, creating effective He trap sites that can enhance 
the near-surface He saturation density, and impede He diffusion into the bulk. A parallel theoretical 
activity (see abstract by Krstic et al.) that is currently studying damage creation in hot W by energetic 
self-atoms is planned to carry out simulations of such He-atom W interactions to elucidate the 
underlying fundamental interactions. 
*Research sponsored by the LDRD Program of Oak Ridge National Laboratory, managed by UT-
Battelle, LLC, for the U.S. Department of Energy, and the ORNL SHaRE User program. 
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and R.P. Doerner, Nucl. Fusion 48, 035001 (2008). 
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 Molecular dynamics simulation of carbon allotropes under hydrogen 
bombardment  

 
Hiroaki Nakamuraa,b,*, Atsushi M. Itoa, Sachiro Yonemurab,**, Seiki Saitob, 

 Arimichi Takayamaa 

 
aFundamental Physics Simulation Research Division, National Institute for Fusion Science,Toki,  

Gifu 509-5292, Japan 
bDepartment of Energy Engineering and Science, Graduate School of Engineering, Nagoya University, 

Nagoya 464-8603, bNational Institute for Fusion Science, 322-6 Oroshi, Toki, Japan 
 
The divertor plate of nuclear fusion reactor is the main place contacting on plasma. Therefore, its 
surface is damaged by exposure to hydrogen plasma. Carbon materials are regarded as candidate 
materials of the divertor plate because they have high thermal shock resistance, high melting points 
and low-Z material. It is important to investigate the hydrogen isotope effect on carbon materials 
because D-T fusion reactor is used for nuclear fusion. Nowadays tungsten becomes more popular than 
carbon because its high melting point.  
 We, as the first step to reveal the material properties under the plasma bombardment, developed 
(classical) molecular dynamics (MD) simulation of interaction between hydrogen and  carbon materials 
has been developed using a modified Brenner reactive empirical bond order (REBO) potential[1,2,3]. 
In this paper, we observe the sputtering between hydrogen isotope and carbon materials by MD 
simulation. Hydrogen atoms are injected onto carbon allotropes by different injection energy and 
isotopes. We observe time and flux dependences of sputtered carbon atoms. As the carbon allotropes, 
we choose graphene, graphite with different surfaces, diamond and amorphous carbon. We, also, 
compare the properties of these allotropes under hydrogen bombardment, typically sputtering 
behaviors. 
 
[1] D.W.Brenner, et. al., J. Phys. Condens. Matter, 14, 783 (2002). 
[2] A. Ito, H. Nakamura and A. Takayama, J.Phys. Soc. Jpn, 77, 114602 (2008). 
[3] A. Ito and H. Nakamura: Comm. Comput. Phys., 4, 592 (2008). 
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The erosion of plasma facing materials in magnetically confined fusion devices is a key issue with 
respect to: Component lifetime by erosion owing to the edge plasma and plasma contamination by 
eroded material. In addition, safe management and accounting of tritium in ITER and future fusion 
power reactors will be crucial for the reliable operation of the reactors. ITER will be operated with 
mixtures of deuterium and tritium and therefore tritium retention in plasma-facing components must be 
as low as possible as it may lead to an unacceptable inventory of radioactive tritium. Determination of 
deuterium retention in plasma-facing components by post-mortem analysis is crucial for the 
assessment of the overall fuel inventory. 
 
In the 2007-2009 experimental campaign JET operated with the MkII-HD divertor made of carbon fibre 
composite (CFC). The deuterium inventory in co-deposits and bulk material in inner and outer louvre 
area of the divertor and inner, outer and upper wall components of the vacuum vessel exposed in 2007-
2009 has been determined using Ion Beam Analysis (IBA), Secondary Ion Mass Spectrometry (SIMS) 
and optical microscopy. IBA analyses give quantitative deuterium/carbon ratio near the surface region 
(up to depth ~7 μm) whereas SIMS provides information from greater depths. 
 
Deuterium retention in divertor tiles has been determined earlier [1]. In this paper, deuterium retention 
has been determined in inner and outer louvre area of the divertor and inner, outer and upper wall 
components of the vacuum vessel. Approximately 20 g of the deuterium is retained in inner and outer 
louvre area of the divertor which correspond ~30 % of the retained deuterium. Approximately 5 g of the 
deuterium is retained in inner, outer and upper wall components which correspond ~8 % of the retained 
deuterium. During the 2007-2009 campaign the total deuterium input was ~2333 g. These results are 
the final piece for determining the poloidal distribution of deuterium with the CFC wall at JET.   
 
 
[1] S. Koivuranta, J. Likonen, A. Hakola, et al., ”Post-mortem measurements on fuel retention at JET in 
2007-2009 experimental campaign”, J. Nucl. Mater. (2013), 
http://dx.doi.org/10.1016/j.jnucmat.2013.01.156.  
 
*Corresponding author: Tel.: +358 20 722 5091; fax: +358 20 722 6390.  
E-mail address: seppo.koivuranta@vtt.fi 

A146 A147 



 

113 

 Surface analysis strategy for the ITER-like Wall at JET 
 

J. Likonena,*, A. Hakolaa, S. Koivurantaa, E. Alvesb, A. Baron-Wiechecc, S. 
Brezinsekd,  J.P. Coada, G.F.Matthewsc, P. Peterssone, M. Rubele, A. Widdowsonc   

and JET-EFDA contributors** 
 

JET-EFDA, Culham Science Centre, OX14 3DB, Abingdon, UK 
aAssociation EURATOM-TEKES, VTT, PO Box 1000, 02044 VTT, Espoo, Finland 

bITN/IST, Lisbon, Portugal 
cEURATOM/CCFE Fusion Association, Culham Science Centre, Abingdon, OX14 3DB, UK 

dAssociation EURATOM-Forschungszentrum Jülich, IPP, D-52425, Jülich, Germany 
eAlfvén Laboratory, KTH, Association EURATOM-VR, 100 44 Stockholm, Sweden 

 

JET operated with an all-carbon wall until October 2009 and during the shutdown in 2009-2011 all the 
carbon-based plasma facing components were replaced with the ITER-like wall (ILW) [1]. For the ILW, 
divertor tiles are made of W-coated carbon fibre composites (CFC), except the load bearing tiles in the 
outer divertor which are made of solid W. Limiters in the main chamber are manufactured from solid Be. 
Tiles not in direct plasma contact are made of Be-coated Inconel; protection tiles in the main chamber 
such as the neutral-beam shinethrough tiles are made of W-coated CFC. During the plasma operations 
in 2011-2012 several marker tiles for erosion/deposition studies were present in the divertor and at 
various locations in the main chamber. The main aims of the ILW experiment are to demonstrate the 
plasma compatibility with the metallic wall and the reduction in the fuel retention [2]. C levels in the 
plasma were dropped by a factor ten which will likely have severe impact on the erosion and deposition 
pattern [3]. 
During the last two weeks of operations in July 2012, a period with repetition of the same type of H-
mode plasmas in deuterium was performed. Aim of the campaign was to study material migration and 
fuel retention under typical H-mode plasma conditions with the ILW. In order to accumulate a significant 
divertor fluence of 5.25×1026 −2, 151 identical discharges (Bt = 2.0 T, Ip = 2.0 MA, Paux = 12 MW) were 
executed. 15N2 was injected prior to repeat discharges to mark the start of the experiment. A strategy for 
post-mortem analyses of the marker coated tiles will be presented in this paper. Main analysis 
techniques of the divertor and main wall tiles are Rutherford backscattering (RBS), nuclear resonance 
analysis (NRA) and secondary ion mass spectrometry (SIMS) that will provide information on material 
migration, erosion/deposition and finally on fuel retention. A set of independent D/T depth profile 
measurement techniques has been developed and inter-calibrated such as Nuclear Microprobe, 
Accelerator Mass Spectroscopy (AMS) and Full Combustion (FC) to study the fuel retention 
mechanisms. In parallel, the formation and the structure of mixed Be/W layers will be investigated using 
X-ray based techniques such as X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). 
In order to provide information on the beryllium migration in JET with ITER-like wall, an isotopic marker 
experiment with 10Be enriched inner wall guard limiter (IWGL) tile has been performed. Several IWGL 
and divertor tiles will be analysed for 10Be using AMS. 
 

[1] G.F. Matthews, M Beurskens, S Brezinsek et al, Phys. Scr 01 4080 (2011) 
[2] G.F. Matthews, J. Nucl. Mater., 10.1016/j.jnucmat.2013.01.282 
[3] S. Brezinsek, S. Jachmich, M.F. Stamp et a, J. Nucl. Mater., 10.1016/j.jnucmat.2013.01.122 
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    Hydrogen isotope exchange has been investigated as one of the most important methods to reduce 
tritium inventory in plasma-facing components. However, the mechanism of hydrogen isotope exchange 
has not been fully understood yet. In order to investigate the hydrogen isotope exchange phenomena, 
we have measured variation of deuterium retention in graphite and metals by hydrogen plasma 
exposure using a device of “Plasma Surface Dynamics with Ion Beam Analysis” (PS-DIBA), which 
makes it possible to carry out in-situ ion beam analysis of deuterium retention under high flux plasma 
exposure[1].  
    PS-DIBA is composed of a high flux plasma generator and Van de Graaff accelerator. D(3He,p)α 
nuclear reaction analysis (NRA) was used to measure retained deuterium. 5 mm thick isotropic graphite 
ETU-10 (IBIDEN CO., LTD) was held on a sample manipulator. The sample temperature was controlled 
by air cooling during plasma exposure. Without plasma exposure, the sample temperature was kept 
constant by electron beam heating with an uncertainty less than 5 K.  
    Figure 1 shows the time evolution of deuterium retention in graphite. In hatched regions, the sample 
was irradiated by deuterium (D) or hydrogen (H) plasma at a sample temperature of 350 K, and in other 
regions, the sample temperature was also kept at 350 K by electron beam heating. D incident ion 
energy was 33 eV, and D ion flux was 8.7×1018 
cm-2s-1. It was observed that D retention was 
saturated in 30 min after D plasma exposure 
started, and dramatically decreased after 
terminating of D plasma exposure. This drop 
corresponds to dynamic retention[2]. After that, 
H plasma was irradiated and D retention 
exponentially decreased in time. We also 
conducted the hydrogen isotope exchange 
experiments in different H fluxes. It indicates 
that D retention decreases more rapidly with 
higher H plasma flux. 
      After H plasma exposure, it was observed 
that D retention during D plasma exposure 
was enhanced compared with that before H 
plasma exposure. After plasma exposure 
termination, D retention (static retention) level 
was the same as that before H plasma 
exposure. This phenomenon was also 
observed in different H fluxes experiments.  
 
[1] M. Yamagiwa, Y. Nakamura, N. 
Matsunami, N. Ohno, et al. , Phys. Scr. T145 (2011) 014032. 
[2] Y. Nakamura, M. Yamagiwa,  T. Kaneko, N. Matsunami, N. Ohno, et al. , to be published in J. Nucl. 
Mater. 
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Fig. 1: Time evolution of deuterium retention in 
graphite. 
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Hydrogen assisted formation of voids and growth of hydrogen bubbles in solid metals is an important 
issue with the technological application, especially for materials which are exposed to fusion plasma 
conditions. Blistering on W surfaces after exposure to energetic deuterium (D) ions is well documented 
[1, 2]. Most studies, however, were conducted with particle fluxes much lower than what is expected in 
the ITER divertor where the plasma intersects the solid surfaces (up to 1024 D m−2s−1) [3]. An 
investigation was carried out on Pilot-PSI by low energy (38 eV) D plasma with fluxes of 1024 D m−2s−1 
[4, 5], and nanostructures were found on W surfaces after exposure to D plasma, together with blisters 
up to elevated temperatures. In this contribution, we discuss the temperature dependence of surface 
morphology changes, with a focus on blistering, of W exposed to high flux plasmas relevant to ITER-
divertor conditions. 
Surface morphology of pure tungsten was examined after exposure to a low-energy (38 eV), high-flux 
(~1-2×1024 m-2s-1) D plasma with ion fluence of 5-7×1026 m-2 at various temperatures, using the Pilot-
PSI linear plasma device. Low dome blisters with irregular shapes were observed after exposure to D 
plasma with surface temperature lower than 600K. The blister size was in the range of 0.1-1.6 μm, with 
the most likely size in the range of 0.3-0.4 μm. With higher surface temperatures of 723K and 923K, 
much more blisters with high dome and a circular shape appeared. At 723K, most blisters were in the 
size range 0.2-0.3μm, while up to 96% of blisters had sizes lower than 0.6μm. In parallel, nanostructure 
formation was observed at elevated surface temperature. Pyramid-like structures were observed on W 
surfaces after exposure at 723K. Tendril-like structures were found on W surface after exposure at 
923K. A growth of nanostructures with the increase of surface temperature was found, with a consistent 
dependence on grain orientations. The possible formation mechanism was discussed based on the 
effect of high particle flux. 
 
[1] V. Philipps, J. Nucl. Mater. 415 (2011) S2 
[2] V. Kh. Alimov, W.M. Shu, J. Roth, et al. J. Nucl. Mater. 417 (2011) 572 
[3] Kukushkin A.S., Pacher H.D., Kotov V., Pacher G.W., Reiter D., Fus. Eng. Des., 86 (2011) 2865 
[4] H.Y. Xu, W Liu, G. De. Temmerman, et al.  submitted to Nucl. Fusion 
[5] G. De. Temmerman, et al, this conference 
 
* Corresponding author: tel.: +86 10 62772852, e-mail: liuw@mail.tsinghua.edu.cn (W. Liu) 

 In situ characterization of hydrogen containing layers in TEXTOR by Laser 
Induced Ablation Spectroscopy (LIAS) 

 
N. Giersea,*, S. Brezinseka, J. W. Coenena, T. F. Giesenb, A. Hubera, A. Kirschnera, 
M. Koltunova, A. Krämer-Fleckena, M. Laengnera, L. Marotc, E. Meyerc, S. Möllera, 

V. Philippsa, A. Pospieszczyka, O. Schmitza, B. Schweera, G. Sergienkoa, R. 
Steinerc, H. Stoschusd, M. Z. Tokara, M. Zlobinskia, U. Samma  

and the TEXTOR team 

 
aInstitute of Energy and Climate Research – Plasma Physics, Forschungszentrum Jülich GmbH, 

Association EURATOM-FZJ, Partner in the Trilateral Euregio Cluster, Jülich, Germany 
bLaborastrophysik, Universität Kassel, Heinrich-Plett-Straße 40, 34132 Kassel, Germanyc 

Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland 
dOak Ridge Institute for Science and Education, Oak Ridge, Tennessee 37830, USA 

 
Methods to characterize in situ the material deposition and fuel retention on the wall in fusion devices 
are urgently needed for ITER and future fusion devices. Laser-based methods are promising 
candidates and investigated for first wall characterization in fusion devices and developed at the 
TEXTOR tokamak [1,2,3]. 
In laser-induced ablation spectroscopy (LIAS), the material is ablated by intense laser radiation in 
presence of the plasma tokamak discharge. The light emitted by ablated particles entering the plasma 
edge is observed by spectroscopy which provides information on the ablated layer composition and in 
multiple-pulse mode on the thickness, with material dependent removal rates of 0.3-0.5 µm per laser 
pulse. 
Ablated materials investigated are fine grain graphite (EK98), a-C:D layers with D/C ratio between 0.5-
0.6 and thicknesses of 0.1-1.1 µm and mixed W/C/Al/D2 layers. The amount of material ablated, 
including the fuel in form of deuterium, was determined ex situ by surface profilometry, electron probe 
micro analysis (EPMA), and nuclear reaction analysis (NRA). 
Experiments were carried out for 1 MW NBI heated discharges with plasma parameters Ip=350 kA, 
Bt=2.25 T, ne=3.0*1019 m-3. The samples were placed about 4 cm behind the last closed flux surface 
(LCFS) at r=50.0 cm. 
Polychromator measurements of in high temporal resolution (500 kHz) have been carried out, showing 
a clear dependence of the CII, 426.7 nm emission duration on the ablated material: While LIAS light 
from ablation of fine grain graphite is observed for ≈175 µs, mixed layers lead to light emissions lasting 
up to 900 µs and multiple structures in the temporal profile. 
For a-C:D layers a calibration of the amount of photons emitted per ablated carbon atom has been 
achieved that can be described by a linear fit for layer thicknesses between 0.2 and 0.8 µm for the 514 
nm CII transition. 
The result show that LIAS is a promising method to characterize in situ the material deposition and the 
fuel content on the first wall of ITER and future fusion devices. 
 
[1] M. Zlobinski et al, Fus. Eng. Des. 86 (2011) 1332-1335, doi: 10.1016/j.fusengdes.2011.02.030 
[2] N. Gierse et al, Physica Scripta Vol. T145 DOI: 10.1088/0031-8949/2011/T145/014026 
[3] Q. Xiao et al, SOFT Conference 2012, Liege, to be published in Fusion Engineering and Design 
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One severe problem for operation of ITER are large power loads during intense transient events such 
as bursts of Edge Localised Modes (ELMs) which can seriously limit the lifetime of the divertor. Energy 
densities up to 10 MJm−2 are predicted for unmitigated type I ELMs [1] in the baseline scenario of ITER 
operation. To prevent unacceptable erosion, cracks, melting and other damages of divertor targets, the 
energy loss per single ELM should be restricted to ∆WELM~1 MJ, which corresponds to ~3% of the plasma 
stored energy, and to an energy density load of 0.5 MJm−2. 
Simulation of heat and particle loads of such ELMs in laboratory devices is mandatory to determine the 
impact on plasma-facing materials and the underlying physical processes. Beside electron beam 
irradiation like in the JUDITH facility [2] and plasma exposure in linear plasmas such as GOL-3 [3], high 
energy laser can be used to simulate the effect of ELMs-like heat loads under laboratory conditions. 
The penetration depth of the heat flux induced by the laser beam is negligible, as expected in fusion 
devices, whereas the electrons deposit the energy several micrometres deep, depending on the 
plasma-facing material. To clarify these questions, a laser system has been integrated in the PSI-2 
linear laboratory facility, a Nd:YAG laser capable of delivering up to 40J of energy per pulse at a 
wavelength of 1064 nm with a pulse duration of 1ms (LAS). With a laser spot size of 3mm (spot area 
about 0.07 cm2) and repetition rates of 0.5-10Hz we would get energy densities of up to 1 MJm−2 (with 
due consideration of the laser beam power attenuation in the transport line and of the reflection on the 
exposure area). The present laser system can thus simulate transient heat loads with ITER-like energy 
densities.  
Investigation of the influence of the power density on the W material modifications in the range from 
0.2MW/m2 to 1MW/m2 at LAS=1ms will be presented. Additionally, the impact of the frequency of the 
transient heat loads in the frequency range 0.5Hz-10Hz and of the number of cycles (100-1000 pulses) 
on the tungsten surface at different base temperatures will be discussed. In parallel, strong 
modifications of the surface morphology can occur during bombardment by low energy plasma ions that 
might affect the material damage threshold. First experiments with ELM-like heat loads on W samples 
pre-loaded with D and with simultaneous loading of the material surface with D and pulsed thermal 
loads in the PSI-2 linear facility will be presented.  
 
[1] A. Loarte et al,  Phys. Scr. T128 (2007) 222-228 
[2] R. Duwe et al., 1995 Proc. 18th Symp. on Fusion Technology (SOFT 1994) (Karlsruhe, Germany, 
22–26 August 1994) Fusion Technol. 355–358 
[3] A.Burdakov, et al., Fusion Science and Technology, 51 /2T (2007) 106-111. 
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Accurate diagnostic of divertor heat flux is essential for steady state operation of future magnetic 
confinement fusion devices, such as ITER. The thermal response of plasma facing components in 
different plasma regions has been investigated using a new infrared (IR) thermography system in the 
EAST Tokamak, which can measure the surface temperature on the upper and lower divertor, guard 
limiter of the lower hybrid waves (LHW) antenna and the movable limiter simultaneously [1]. Heat fluxes 
on divertor are calculated from the surface temperature of target plates taking into account the influence 
of impurity-deposited surface layers on tiles, using a 2-D heat flux calculation code based on finite 
difference methods named DFLUX which assumes toroidal symmetry in power load.  
 
With some augmented capabilities and control tools, EAST has recently demonstrated long pulse 
divertor operation over 400s fully driven by LHCD, and further extended the H-mode plasmas over 30s. 
This paper will be presented the recent progress focusing on both temperature measurement and heat 
flux calculation on the divertor for long pulse operations in EAST. The oscillation of the temperature 
between the upper and lower divertor shows in the 400s long pulse discharge with sinusoidal variation 
of the Drsep, and the highest temperature appears on the guard limiter of the LHW antenna.  
 
Five Helical Radiation Belts (HRBs) have been observed in the SOL during the application of LHCD in 
both L-mode and H-mode plasmas on EAST, which are separated from the middle plane along the 
toroidal field [2]. The numbers of HRBs are coincident with the five grills on LHW antenna. A typical 
example was validated by two tangential visible images from different sides of the EAST torus in LHCD 
Helium plasma. The position of striated heat flux move towards the outer strike points with increased 
plasma current [2]. The heat flux at the strike point was evidently reduced during Ar gas puffing, but the 
striated heat flux was increased.  
 
Furthermore, a new supersonic molecule beam injection (SMBI) system and a new CW pellet injection 
system have been implemented for density maintenance and control of Edge Localized Modes (ELM). 
The surface temperature on divertor plates was reduced during SMBI by IR measurement. It is more 
interesting that the heat flux was oscillated between outer strike points and striated heat flux, which will 
be firstly presented in this paper.  
 
[1] K.F. Gan, to be submitted to Rev. Sci. Instrum. (2013) 
[2] K.F. Gan, et al., J. Nucl. Mater. 2013, 10.1016/j.jnucmat.2013.01.069 
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 Tungsten grades under fusion relevant transient heat loads 
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Tungsten is one of the most promising candidate materials for an application as plasma facing material 
(PFM) in future thermonuclear fusion devices. Especially in the divertor region PFM will be exposed to 
very severe environmental conditions. Beside high hydrogen, helium and neutron fluxes, steady state 
heat loads will be around 5 MW/m² - 10 MW/m² and in some parts of the divertor even 20 MW/m² for 
short periods. These steady state heat loads are accompanied by transient events such as edge 
localised modes (ELMs), vertical displacement events (VDEs) and plasma disruptions which deposit 
very high heat loads of up to several MJ/m² on the PFMs. Important properties which enable tungsten 
to withstand such environmental conditions are its high melting point, high thermal conductivity and low 
erosion rate. Nevertheless there are some drawbacks such as the poor mechanical properties at low 
temperatures and the high atomic number. 
 
On the basis of these loading conditions one serious concern about today’s available tungsten grades 
is their behaviour under high transient heat loads. During transient heat loads such as ELMs thermal 
stresses are induced in the material which cause severe damages like surface modifications and crack 
formation. In order to qualify tungsten based materials as PFM it is important to understand the 
mechanisms as well as the influence of certain material properties on the thermal shock behaviour of 
tungsten. 
 
Therefore the microstructures as well as the thermal and mechanical properties of several tungsten 
grades, e.g. pure tungsten and tungsten tantalum alloys, in the stress relieved and recrystallised state 
were characterised. All tungsten grades were exposed to 100 ELM like transient heat loads in the 
electron beam device JUDITH 1 (Juelich Divertor Test Facility in Hot Cells) with power densities of up to 
1.5 GW/m² and at varying base temperatures between RT and 600 °C. The obtained results enabled us 
to define damage and cracking thresholds for each tungsten grade. An analysis and comparison of the 
obtained thermal shock responses in combination with the differences in their material properties 
indicate the important parameters which influence the thermal shock behaviour of tungsten. The 
mechanical strength of tungsten has an influence on the threshold value below which the material can 
withstand the thermal stresses without any visible damage formation. The thermal conductivity and the 
grain structure dominantly affect crack formation and propagation through the material. 
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Tungsten is currently selected as a plasma facing material (PFM) for the divertor region of ITER due to 
its excellent thermal properties, low solubility for hydrogen isotopes and low sputtering yield. Strong 
morphology changes can occur on tungsten during bombardment by energetic particles even when the 
incident particle energy is below the threshold for displacement damage or physical sputtering. Blister 
formation has been widely observed for deuterium ion bombardment of tungsten surfaces. In case of 
helium ion irradiation, the development of nanoscopic filamentary structures (or „fuzz“) has been shown 
both in linear plasma devices and tokamaks. Of particular concern for the ITER tungsten divertor is how 
those effects will develop under the extremely high-expected fluences (> 1029m-2) and how they will 
affect the divertor power handling. 
 
When comparing surface modifications obtained in different experiments, the ion fluence (i.e. total 
number of particles impinging per unit surface area) is typically the value of choice. This makes the 
implicit assumption that the incoming particle flux does not play a role in the observed surface 
modifications. In the case of low-energy helium irradiation, however, it is known that the formation of the 
nanostructured layer depends on the incoming helium ion flux and that for fluxes higher than 7x1021m-

2s-1, the nanostructure development is only dependent on the exposure time [1]. The question of how 
the particle flux affects the observed morphology changes caused by deuterium irradiation is however 
not yet resolved. In this work, it will be shown that increasing the ion flux towards the values expected in 
the ITER divertor leads to the appearance of a new-type of surface modifications on tungsten.  
 
Experiments were performed in the Pilot-PSI linear plasma device, which is uniquely capable of 
producing ion fluxes in excess of 1025m-2s-1. The development of nanometric structures such as ripples 
and voids has been observed for the first time when the deuterium ion flux was higher than 1024m-2s-1 
and appears linked to the formation of small (10-20nm) voids in the near-surface. The influence of the 
ion flux and fluence, ion energy and surface temperature has been studied using high-resolution 
microscopy. In contrast with blistering, the nanostructure formation was observed up to high 
temperatures (>973K) and was accompanied by the formation of cracks/holes on the surface. 
Therefore, the occurrence of such effects in the high heat flux area of the ITER divertor raises concerns 
about their implications for the material lifetime and power handling capabilities.  
 
[1] M.J. Baldwin et al, J. Nucl. Mater., 390-391 (2009) 
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Tungsten is considered to be a candidate for plasma facing materials (PFMs) in ITER due to the high 
conductivity and high melting point. During the plasma operations, carbon will be mixed into the plasma 
as an impurity and bombarded on tungsten, which leads to the formation of tungsten-carbon (W-C) 
mixed layer and affects on the hydrogen isotope recycling behavior. It is well known that the formation 
of deposition and mixed layer will enhance the hydrogen isotope retention in PFMs during D-T fusion 
operation. In addition, the chemical sputtering and release of hydrocarbons will be also induced. 
Therefore, estimation of hydrocarbon formation is one of the critical issues for the development of the 
fusion devices. In this study, the effect of carbon implantation for dynamic deuterium recycling including 
retention and sputtering was investigated using in-situ sputtered particle measurement. 
 
W and Highly Oriented Pyrolytic Graphite (HOPG) were used as samples and preheated in a vacuum at 
1173 K for 60 min. Thereafter, the 10 keV C+ was implanted into tungsten with a flux of 1.0 × 1017 C+ m-

2 s-1 and a fluence of 1.0 × 1021 C+ m-2. The 3.0 keV H2
+ implantation was performed for both sample 

with a flux of 1.0 × 1018 H+ m-2 s-1 and a fluence of 1.0 × 1022 H+ m-2. The in-situ measurement of 
sputtered particles from these sample was carried out by QMS during H2

+ implantation at 673 K.  
 
Major hydrocarbon species sputtered by C+ implanted tungsten was found to be CH3. The sputtering 
rate of CH3 was come to constant as the hydrogen ion fluence increased. It was suggested that the 
chemical states of carbon on the sample surface and the amount of hydrogen retained in sample were 
correlated with CH3 release behavior. On the other hand, major hydrocarbon species sputtered from 
HOPG was CH4. It was reported that C-D bond was formed on deuterium implanted HOPG and r D2 
and CD4 were released. However, by the deuterium implantation to C+ irradiated W, C-D bond was 
hardly formed and deuterium was retained in irradiation defects. These results indicated that the 
chemical form of sputtering particles was controlled by the amount of C-H bond and affected to 
hydrogen isotope dynamic retention.  
 
*Yasuhisa Oya: Tel.: +81 54 238 4803,  e-mail: syoya@ipc.shizuoka.ac.jp 
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The target of this study is to evaluate the mechanical behaviour of W-based alloys, processed by hot 
isostatic pressing (HIP), was evaluated and compared with pure-W. Mechanical strength, yield strength 
and fracture toughness were obtained by performing three point bending (TPB) tests both in oxidation 
and vacuum atmospheres in a temperature range from -196, immersion test in liquid nitrogen, to 
1200 ºC. 
 
Vickers microhardness tests and dynamic modulus by Impulse Excitation Technique (IET) were 
performed. Moreover, in order to check the size effect in hardness and elastic modulus, 
nanoindentation tests have been carried out, but the results revealed no significant differences. 
Additionally the relative density of the samples was calculated in order to have a quantitative idea of the 
porosity of the alloy.  
 
Finally, the microstructure and the fracture surfaces of the tested materials were analyzed by Field 
Emission Scanning Electron Microscopy (FESEM). This way it was possible to determine the 
relationship between the macroscopic mechanical properties and the micromechanisms of failure 
involved depending on the temperature and the oxides formed. 
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The reference ITER divertor strategy foresees CFC armour at the high heat flux (HHF) regions of the 
vertical targets in non-active (H, He) phases, then tungsten (W) armour in nuclear (DD and DT) phase. 
This strategy, which poses the lowest physics risks, requires the start of the manufacturing of the 2nd 
divertor set already during the construction phase of ITER. However, If only a single divertor could be 
installed from the start and survive well into the nuclear phase, substantial cost reductions could be 
achieved and would allow to learn on how to operate with a W divertor already during the non-nuclear 
phase. As a consequence, in September 2011, IO proposed to study the possibility to start operation 
with a full W armored divertor with the objective to take a decision on the final material choice by the 
end of 2013. This period of 2 years, would enable the development of a full-W divertor design, the 
investigation of further several physics R&D aspects associated with the use of W and the completion 
of the technology qualification. To this aim, a full-W divertor qualification program has been defined by 
the IO in agreement with the procuring Domestic Agencies.  
The program consists of two steps: (1) technology development and validation and (2) full-scale 
prototype demonstration. In the first, the performance of joining technologies is to be demonstrated 
using of small-scale W monoblock mock-ups under cyclic surface heat fluxes and W monoblock joint 
under cyclic tensile test. This step will provide feedback for the final design of the full W divertor. In the 
second, the manufacturing feasibility of a full-scale Plasma-Facing Unit (PFU) prototype and conformity 
with the ITER procurement quality requirements is to be demonstrated.  
Both the Japanese and European Domestic Agencies (JADA, EUDA) are responsible for the 
qualification of W monoblock technology. Considerable R&D within the EU-DA has yielded very 
promising performance under cyclic surface heat flux to 20 MWm-2. In the frame of qualification 
program, small scale mock-ups have been manufactured in both DAs and are to be tested under high 
heat flux beginning from early 2013 in the ITER Divertor Test Facility (IDTF) provided by the Russian 
Federation DA. Tests of full-scale PFUs will also be performed at the IDTF. This paper will describe the 
qualification program in detail and will report on the progress of technology R&D in the DAs. 
 
*Corresponding author: tel.: +33 4 4217 6933, e-mail: takeshi.hirai@iter.org (T. Hirai) 
 

 Deuterium retention in beryllium under high heat plasma loads  
in QSPA-Be facility  

 
Yu.M. Gasparyana,*, V.S. Efimova, A.A. Mednikova, Yu.V. Borisyuka, A.A. Pisareva, 

I.B. Kupriyanovb, G.N. Nikolaevb, L.A. Kurbatovab 
 

aNational Research Nuclear University “MEPHI”, Moscow, Russia 

bAA Bochvar High Technology Research Institute of Inorganic Materials, Moscow, Russia 
 

Beryllium will be used as the plasma facing material for the ITER first wall. Low cyclic heat loads 
(normal events) and high transient heat loads will lead to erosion of beryllium tiles, formation of 
beryllium dust, and hydrogen isotopes retention both in the tiles and in the dust. 
This work is devoted to investigation of deuterium retention in beryllium during high heat load tests in 
QSPA-Be facility. 
The QSPA-Be plasma gun facility [1], which is a quasi-stationary plasma accelerator, provides 
hydrogen (or deuterium) plasma heat loads to simulate ITER-relevant transient loads (ELMs and 
disruptions).  
Berillium samples were irradiated by ten impulses of deuterium plasma with the energy of 1 MJ/m2 and 
pulse duration of 0.5 ms. The upper layer of the sample was melted, and some material was transfered 
from the center to the outer regions of the target (outside the plasma beam) where Be drops were found 
after plasma impact. These drops were investigated by means of the secondary electron microscopy 
and thermal desorption analyses. 
Deuterium release from the drops was measured in a UHV thermal desorption stand. Several masses 
(including HD, D2, HDO, D2O) were monitored by quadrupole mass-spectrometer during linear heating 
with the ramp of 0.5 - 2 K/s up to the temperature of 1350 K.  
It was observed that the main part of deuterium desorbs in the high temperature region (900-1300 K). 
Deuterium release at so high temperatures was not observed in ion beam experiments [2]. This is partly 
due to very high temperature at the top of the surface during the impulse. It may be connected also with 
oxidation of the drops. Strong changes in TDS spectra were observed in [3] in the case of oxidation of 
beryllium. 
 
[1]  D.V. Kovalenko, N.S. Klimov, V.L. Podkovyrov, et al. Phys. Scr. T145 (2011) 014065. 
[2] M. Oberkofler, M. Reinelt, S. Lindig, Ch. Linsmeier, Nuclear Instruments and Methods in Physics 
Research B 267 (2009) 718–722 
[3] M. Oberkofler, Ch. Linsmeier, Journal of Nuclear Materials 415 (2011) S724 – S727. 
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We have investigated a separation of deuterium/ helium mixture sheet plasma by divertor target of 
hydrogen storage material for a fuel cycle which is designed to handle considerable flow rates of tritium 
with high flexibility and reliability. In general, fuel is exhausted by cryo pumps, after that, fuels is 
separated by tritium plant building. However, this fuel cycle expects that tritium plant building is to be 
extensive and cryo pumps, chamber, piping wall is exposed neutron, these facility is activated. 
Therefore, we proposed a separation on divertor region by using hydrogen storage material. 
In this study, we have proposed fuel particles recovering on divertor with titanium as a hydrogen 
storage material by using divertor simulator TPD-SheetIV via deuterium/helium mixed plasma. Titanium 
storage character as a basic experiment is investigated at surface temperature around 600K. A sample 
surface temperature is measured by radiation thermometer. Retention property of deuterium after the 
irradiation is examined with a TDS. 
As a result, the TDS measurement shows that deuterium is retained and helium is not retained in 
sample is irradiated by deuterium/helium mixed plasma. Therefore, Titanium as a hydrogen storage 
material expect to be possible to use separating and recovering fuel particles on divertor. 
 
*Corresponding author: tel.: +81 463 58 1211, e-mail: tone@keyaki.cc.u-tokai.ac.jp  
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Tungsten is proposed to use as a material for some divertor components in future fusion reactors, in 
particular, DEMO reactor. Divertor is the most energy-strained component of the fusion facility, which 
defines safety of facility’s operation. Operation conditions of the divertor assume simultaneous impact 
of hydrogen isotopes and neutrons, so it is necessary to have experimental data on the parameters of 
such interaction. The present paper shows the results of thermo-desorption experiments to study 
influence of reactor irradiation on hydrogen isotope interaction with tungsten. 
Reactor studies on saturation of tungsten samples with deuterium were carried out at the reactor power 
of 2 and 4 MW during 30 minutes under temperatures of 850, 900 and 950oC and deuterium pressure 
of 105 Pa. Thermo-desorption experiments with tungsten samples saturated under reactor irradiation 
were carried out for the heating rate of 5, 10 or 15oC/min. Then the deuterium gas release was 
compared for annealed and unannealed samples. It showed significantly greater amount of deuterium 
was saturated in the unannealed sample than annealed one. There were defined the effective 
constants of deuterium solubility in the tungsten samples saturated under reactor irradiation. It was 
showed that all the criteria features typical for diffusion mechanism of gas release can be observed for 
the samples of the annealed batch. All the obtained parameters of hydrogen isotope interaction with 
tungsten agree within an order of magnitude with the reference data.  
There were observed the effects of reactor irradiation on deuterium solubility in tungsten. In particular, it 
was recorded that deuterium volume solubility rises under reactor irradiation (dose effect of solubility 
dependence on reactor irradiation power), and sorption capacity of the tungsten surface decreases 
significantly (the dose effect was observed for this as well). It was showed that this effect can be 
completely caused by carbon behaviour in tungsten, namely: decrease of sorption capacity of tungsten 
surface under irradiation is resulted from decrease of carbon concentration on the tungsten surface due 
to radiation-stimulated dissolution in the sample’s bulk. At the same time dissolved carbon remains at 
the boundaries of grains in metal’s bulk and rises bulk sorption capacity of the sample in turn increasing 
equilibrium solubility of deuterium in tungsten.  
The discovered influence of reactor irradiation on deuterium solubility in tungsten is very important for 
estimation of tritium accumulation in the components of fusion reactors and allows to workout optimal 
operation modes for preparation and further de-tritization of the fusion reactor’s components and units, 
which contain tungsten. 
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Following the end of the first JET ITER-Like Wall (ILW) campaigns a set of tiles has been removed from 
the main chamber and the divertor. This paper reports on one aspect of the post-mortem analysis 
programme of the tiles removed; to assess the amount of material eroded from the main chamber and 
deposited in the divertor. To make this assessment, the surface profiles of the tiles were measured 
before and after exposure in JET. In addition, the change in mass of the ILW tiles was measured and 
dust collected from the divertor for assessing material migration. By combining the profiler data with tile 
and dust mass results and comparing differences in the before and after exposure data, the extent of 
erosion and deposition is evaluated. Initial observations suggest reduced erosion in the main chamber 
leading to reduced deposition in the divertor. For example, the amount of dust observed in the divertor 
is estimated to be at least an order of magnitude less than the 300 g of carbon dust and flakes from the 
last carbon wall operations and deposits in the divertor are visibly thinner than seen for the carbon 
operations. Further, initial surface profiling results on beryllium upper dump plate tiles show that the 
erosion due to plasma interactions is minimal (i.e. <10 µm the limit of reproducibility for the profiler 
technique) across most of the tile surface.  However, the main source of erosion is likely to be due to 
melting along the dump plate apex, this local erosion mechanism cannot be accurately quantified using 
present grid based profiling technique and this is where precision weighing of the tiles is particularly 
valuable. 
 
Inspection of the main chamber tiles reveals a similar pattern of erosion and deposition on the inner and 
outer limiters to those observed for the carbon wall although the properties and composition of the 
layers are clearly different.  Further profiler results evaluating the extent of erosion and deposition from 
the main chamber and the divertor will be presented and compared with data from the carbon wall. 
Comparisons will be made by normalising results to the exposure times for the limiter and divertor 
phases.  
 
This work, part-funded by the European Communities under the contract of Association between 
EURATOM/CCFE was carried out within the framework of the European Fusion Development 
Agreement. The views and opinions expressed herein do not necessarily reflect those of the European 
Commission. 
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Interaction of hydrogen isotopes with the first wall surface is one of the key problems in ITER mainly 
due to the tritium accumulation issue [1,2]. The sputtered beryllium and tungsten atoms will be present 
in the scrape-off layer (SOL) of this tokamak. The re-deposition of these impurities on the first wall will 
lead to the tritium inventory in the co-deposition process [3]. Topological inhomogeneity of the tile 
surface may result in the formation of local re-deposition zones of Be impurities. On a macro scale 
these zones are formed due to the curved structure of the tile [4]. Influence of the dust particles of Be 
and W, as well as pits on the first wall surface on the tritium accumulation was considered in [5]. In the 
present work we take into account the surface roughness being formed during the mechanical polishing 
of the tiles. 
 
In order to study surface modification under high fluence irradiation we use computer code SCATTER, 
based on binary collision model, which allows to model erosion and transformation of the surface relief 
under ion bombardment [5]. 
 
Results of modelling of erosion and deposition for the rough beryllium surface under high fluence 
irradiation with D, T charge exchange neutrals and SOL plasma are presented. The model of the 
surface roughness includes a triangle profile with the period of 20 µm corresponding to the mechanical 
treatment of Be tiles. The energy and angle distributions of the impinging particles are taken from the 
code B2-EIRENE for various zones of the first wall in ITER (modelling case #1639) [6,7]. After a certain 
doze of irradiation the microrelief is smoothed and the following process corresponds to the case of a 
flat surface. If the fraction of the incoming Be impurity flux is raised from 3% to 5% with respect to the 
full flux of impinging particles, transition from the erosion to deposition occurs. The major difference of 
the rough surface from the flat one is that even in the erosion-dominated mode the tritium inventory 
may be present due to the local Be re-deposition zones. As a consequence the tritium accumulation is 
doze-dependent, the corresponding results for various Be impurity fluxes are shown. No significant 
differences are observed in the midplane (high field side vs. low field side). However, in the case of the 
upper port tritium inventory is more intensive owing to the source of the low energy neutrals (gas puffing 
system). 
 
[1] R. Causey, J. Brooks, G. Federici, Fusion Eng. Des. 61-62 (2002) 525. 
[2] J. Roth et al., Plasma Phys. Controlled Fusion 50 (2008) 103001. 
[3] R.P. Doerner et al., Nucl. Fusion 49 (2009) 035002. 
[4] S. Carpentier et al., J. Nucl. Mater. 415 (2011) S165. 
[5] V.A. Kurnaev, D.K. Kogut, N.N. Trifonov, J. Nucl. Mater. 415 (2011) S1119. 
[6] V. Kotov et al., J. Nucl. Mater. 390-391 (2009) 528. 
[7] A.S. Kukushkin et al., Nucl. Fusion 49 (2009) 075008. 
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 Experimental observations of condensation mechanisms of lithium vapour 
in surfaces above the melting point. 

 
C. Sandoval-Rios, J. Gurrola-Gonzalez, M. Nieto-Perez*, R. Avalos-Zuñiga 
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Lithium is one of the leading candidates for liquid plasma facing components (PFCs), given the 
mounting evidence of the benefit of having lithium wall conditioning. The problems associated with 
lithium handling and its behaviour within a fusion reactor environment are many, ranging from material 
compatibility to MHD behaviour. Multiple research groups have started to work on lithium technology in 
order to make lithium PFCs a reality, such as the experimental programs in the NSTX and LTX 
spherical tokamaks in Princeton, FT-U in Italy, T-11 in Russia and HT-1 in China [1-3]. There is, 
however, a great need of auxiliary data regarding lithium behaviour as a liquid in contact with the 
plasma and the reactor surfaces. 
 
To contribute to the better understanding of lithium behaviour relevant to fusion reactors, a facility to 
study condensation of lithium vapour in surfaces with temperatures above the melting point has been 
designed and constructed [4]. In particular, condensation on downward facing surfaces, where gravity is 
a destabilizing force and the condensate is subject to Rayleigh-Taylor instability, can lead to different 
condensation regimes such as film-wise or drop-wise condensation. This problem has been extensively 
studied for common industrial applications, but very little information is available for vapours of alkali 
metals, and lithium in particular. In this work we will present the initial results of exposing different 
metallic and carbon surfaces to a known flux of lithium vapour generated by a thermal evaporator, the 
condensing surfaces are held above 180 °C, so the condensed phase will be liquid. An IR camera 
looking into the substrate through a ZnSe window allows monitoring its temperature, so initial estimates 
of the condensation rate as well as the condensation mechanisms can be obtained from both the visual 
inspection and the changes in heat removal from the substrate. The effect of the type of surface and its 
surface finish on the condensation mechanics is also discussed in this paper. 
 
[1] G.Z. Zuo, J.S Hu, J.G. Li, et al., J. Nucl. Mater. 415, S1062 (2011)  
[2] S. Mirnov, J. Nucl. Mater. 390–391, 876 (2009) 
[3] R. Majeski, H. Kugel, R. Kaita et al., Fus. Eng. Des. 85, 1283 (2010) 
[4] M. Nieto-Perez, G. Ramos et al. IEEE Trans. Plasma Sci. 40, 1484 (2012)  
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Tungsten (W), due to its favorable properties, is the best candidates for plasma facing components 
(PFCs) in a fusion reactor. A full-W divertor could be chosen for ITER even for the non-active phase 
and will be the exclusively used for the activated D-D and D-T operation phase [1]. EAST will also 
upgrade its upper divertor into actively-cooled W/Cu PFCs during 2013 and become a full tungsten first 
wall device in the future. These W PFCs of the main chamber and the divertor armor will be castellated 
to withstand intense heat fluxes. The results of recent research clearly show that fuel accumulation in 
the gaps of castellated structures may be significant and much less efficiently removed than at plasma 
exposed surfaces, which will be detrimental to the operation with long pulse and high performance 
plasmas and also bring about a grave safety issue for ITER. The discrepancy between experimental 
data and simulation results suggests more efforts should be made for the understanding of the 
depositing processes in gaps, especially on the bottom [2]. During 2012 EAST campaign, tungsten 
castellation with different gap widths, gap depths and special-shaped cross-sections were installed in 
EAST divertor and exposed for the whole campaign. The XPS, SIMS and SEM were used to 
characterize the composition, distribution and morphology of deposits in the gap. The relation between 
the deuterium retention and main deposits (carbon, lithium and tungsten) were discussed. A direct 
comparison between different kinds of gaps was made to investigate the effects of gap geometry on 
impurity deposition and deuterium inventory along the gap. The obtained deposition patterns in gaps 
provided a benchmark to the simulation of deposition in the gaps by the EDDY code, which is in turn 
promote the understanding of underlying mechanism and the optimization of castellation structure not 
only for EAST, but also for ITER. 
 
[1] ITER full-W divertor: design status & context of request for input from ITPA, R. A. Pitts, 17th ITPA 

meeting on SOL/divertor physics, San Diego USA, October 15-17, 2012 
[2] A. Litnovsky, V. Philipps, P. Wienhold, et al., J. Nucl. Mater. s289, 415 (2011) 
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 Estimation of heat flux on Plasma Facing Components from temperature 
measurement by Inverse Heat Conduction Method  
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Plasma-facing materials and components in all tokamaks experience high heat fluxes during plasma 
operations. The estimation of surface heat flux is an important consideration in the design and 
operation of future devices. Due to the inaccessibility to the surface of the PFCs indirect methods are 
used to estimation the surface temperature.  Surface temperature measurement by Infrared 
Thermography is the common technique of surface temperatures of plasma facing materials, which 
gives only the qualitative indicator of the heat flux of the PFC. Temperature measurement by this 
technique, is highly dependent on the surface conditions of the plasma facing materials. Change in 
surface condition may lead to the incorrect estimation of the heat flux. Accurate measurement of 
surface temperature is essential in this method to correct estimation of the heat flux. Inverse Heat 
Conduction Problems (IHCP) is one of the indirect methods to derive surface heat flux and temperature 
from the temperature history measured at a set of discrete points in the interior of the body. In the 
present work, the IHCP method is extended to 2D rectangular geometry. The details of the heat flux 
estimation by IHCP method and comparison of some of its with ANSYS for simplified geometry are 
presented in this paper. 
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In a high performance plasma for high power and long pulse operation, such as in JT-60SA or ITER, a 
distinct corner (V-shape) formed by the bottom part of the divertor chamber with the target was 
proposed for high gas conductance between the divertor legs. Recently, the closed helical divertor 
(CHD) in the large helical device (LHD) was planned to achieve control of active neutral particles to 
improve plasma confinement and sustain high performance long pulse discharges. Therefore, a divertor 
target geometry that is compatible with the high performance plasma is one of the key significant issues 
for detached plasma.  
Experimental simulations of both the effects of the leg length of the V-shaped target on the formation of 
detached hydrogen sheet plasma in a linear divertor plasma simulator, TPD-Sheet IV [1], are presented 
in this report. TPD-SheetIV was constructed to investigate edge plasma physics in fusion research. The 
effect of the divertor leg length of the V-shaped target is investigated with changing the contact gas flow 
rate. The divertor leg length of the V-shaped target is used for the accumulation of neutrals particles 
near the target plate. Measurements of the electron density ne, and the electron temperature Te, were 
conducted in a hydrogen detached plasma with a hydrogen gas puff. The emission intensities of the 
Balmer series spectra were observed using a spectrometer and a photomultiplier. The ionization and 
recombination events are discussed using the collisional-radiative (CR) model.  
 
[1] A.Tonegawa, J.Nucl.Mater.,313-316 (2003)1046.  
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deuterium retention in tungsten 
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Due to it´s good thermal properties and low sputtering yield tungsten was proposed as divertor material 
for ITER and future fusion reactors. During plasma operation the divertor materials will be subjected to 
high fluencies of fusion neutrons, which create collision cascades in the material and lead to additional 
defect production, transmutation reactions and formation of He bubbles in the bulk. Neutron 
bombardment results in the  formation of additional trap sites for tritium used as fuel for the D-T 
reaction. Since tritium is a radioactive material, the influence of n bombardment on tritium retention in 
divertor materials is a very important safety issue for fusion devices. 
 
In this study 20 MeV W ions were used as a proxy for neutrons [1]. W samples produced by Plansee 
(Austria) were recrystallized at 2000 K for 10 min and then implanted with W ions up to a damage level 
of 0.89 dpa at the tandem accelerator (IPP, Garching). These samples were subsequently isochronally 
and isothermally annealed in vacuum, the annealing temperature was varied from 300 to 1200 K, the 
time of annealing was in the range from 60 to 2*104 seconds [2].  After annealing the damaged area (~ 
2.3 µm in depth) of the samples was saturated with deuterium using low energy (3-5 eV/D) deuterium 
implantation in the PlaQ plasma device (IPP, Garching). The samples temperature during D loading 
was 400 K. The amount of retained deuterium and it’s depth profiles up to a depth of ~ 7µm were 
measured by nuclear reaction analysis (NRA) using the D(3He,p)4He  nuclear reaction. Because the 
actual damage profile cannot be measured directly, the deuterium depth profiles obtained by NRA were 
used as estimates of the damage profile. The surface morphology of the samples before and after 
deuterium implantation was investigated using scanning electron microscopy. 
 
The effect of annealing after the implantation with W ions on the deuterium retention in the samples 
was observed. In the temperature region between 300 and 700 K the annealing curves show only a 
relatively small change, the effect starts to become significant at ~ 800 K – the amount of retained 
deuterium in the damage peak is 2 times smaller at this temperature compared to a non-annealed 
sample. Up to the highest annealing temperature - 1200 K – a slight decrease of the deuterium amount 
in the damage peak was observed, but even at the maximum annealing temperature it is still higher 
than for an undamaged sample. This indicates that even after annealing at 1200 K some damage is still 
present in the sample. Since the most significant change was observed at 800 K, isothermal annealing 
was performed at this temperature. By comparing the annealing curves at different temperatures and 
the time dependency at 800 K the probable mechanism of damage annealing was estimated. 
 
[1] O.V. Ogorodnikova et all., J. Nucl. Mater. 661-666 (2011) 415 
[2] L.K. Keys et all., J. Nucl. Mater. 260-280 (1970) 34 
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One of the challenges in the design of the future nuclear power plant is to develop materials capable to 
resist the hostile environment of a fusion reactor. Because of their properties, tungsten is one of the 
most attractive materials proposed as plasma facing material (PFM) in nuclear fusion reactors [1]. 
However, some limitations have been identified that have to be defeated in order to fulfil specifications i. 
e the light species retention. Light species (mainly H, D, T and He), which are present in the plasma in 
magnetic confinement fusion and which result from the explosion in inertial confinement fusion, are 
implanted in PFM, notably degrading its properties [2-4].  
 
In this work we focus on the study of H behaviour in nanoestructured W (NW) coatings as compared to 
the massive (MW) counterpart. For this purpose resonant nuclear reaction (RNRA) experiments are 
carried out by using the 1H(15N,αγ)12C nuclear reaction in NW and MW samples implanted with (i) H at 
an energy of 170 keV, (ii) sequentially implanted with C (665 keV) and H (170 keV) and co-implanted 
with C (665 keV) and H (170 keV). Implantations were carried out at a fluence of 5x1016 cm-2 and at two 
different temperatures RT and 400ºC. RNRA data evidence that the H concentration for samples 
implanted only with H is higher for NW than for MW, and it becomes comparable for both kind of 
samples after sequential implantation with C and H. Increasing the temperature during irradiation up to 
400ºC leads H to completely out diffuse in NW as well as, in MW samples. The role of microstructure 
and radiation-induced damage on light species behaviour is discussed. 
 

 [1] H. Bolt, V. Batrabash, W. Krauss, J. Linke, R. Neu, S. Suzuki, N. Yoshida, ASDEX Upgrade team, 
J. Nucl. Mater. 329-333, 66 (2005)  
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Tungsten is the prime candidate material for plasma facing components of future fusion devices. 
Plasma spraying, with its ability to coat large areas, including non-planar surfaces, with significant 
thickness, is a prospective fabrication technology for components subject to moderate heat loads, e.g. 
the first wall of DEMO. The functionality of such coatings is critically dependent on their adhesion to the 
underlying material. This in turn, is influenced by a variety of processing-related factors, chief among 
them being the state of the interface. 
In this study, the effects of two factors – surface roughness and the presence of thin interlayer – were 
investigated. Two different levels of roughness of steel substrates were induced by grit blasting, and 
two thin interlayers – Ti and W – were applied by physical vapour deposition prior to plasma spraying W 
by a WSP torch. Coating adhesion was determined by a shear adhesion test. Structure of the coatings 
and the interface, as well as the characteristics of the fractured surfaces, were observed by SEM. 
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 Tungsten erosion and dust formation in plasmas 
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The erosion of tungsten plasma-facing components (PFCs) in ITER is an important issue and evaluate 
the eroded part which will end in dust is necessary for safety reasons. Studies of their formation in 
laboratory, especially in the presence of “impurities” might help in this domain since it was shown in 
ASDEX-Upgrade that these impurities could dominate the W divertor sputtering [1]. Indeed, if the 
tungsten is difficult to sputter using hydrogen isotopes, the sputtering threshold is low for radiating 
gases used to cool edge plasmas (Ar, Ne… N2) as well as for oxygen (O), which is present in the native 
W. However, the concomitant incorporation of some of these impurities (N, O) reduces the W sputtering 
rate [2,3] so that the interplay between erosion/incorporation can lead to a constant evolution of W-
based mixed materials.  
The aim of our laboratory studies is mainly to show that the erosion of W-based material can lead to the 
formation of fine particles in plasmas. Preliminary results were obtained in classic argon plasmas. The 
discharges were produced between a negatively biased tungsten cathode and a grounded anode. We 
show that the oxidation of the W cathode, which occurs at a base vacuum of ~ 10-7 mbar inhibits 
sputtering at low input particle fluxes (energy and density). By increasing the input fluxes, the sputtering 
gets more efficient and leads to nucleation in the plasma volume. A growth law as a function of time 
was obtained from the nanoparticle size measurement. Structural analyses by high-resolution 
transmission electron microscopy show that these particles are mainly formed by tungsten crystallites of 
2-3nm. The presence of oxygen, revealed by low-energy electron spectroscopy can be homogeneous 
(oxide layer) or inhomogeneous. Our results also show that plasma after plasma, the W target oxidation 
remains due to the device base vacuum.  
 

[1] A. Kallenbach, P. T. Lang, R. Dux, C. Fuchs, A. Herrman, H. Meister, V. Mertens, R. Neu, T. 
Pütterich, T. Zehetbauer and the ASDEX Upgrade Team, J. Nucl. Mater. 337, 732 (2005)]. 

[2] K. Schmid,  A. Manhard,  Ch.  Linsmeier,  A.  Wiltner,  T.  Schwartz-Selinger,  

W. Jacob, Nuclear Fusion 50, 025006 (2010) 
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Plasma Facing Components of fusion reactors are exposed to extremely high heat loads. Therefore the 
wall components of ITER are subdivided into single cells, forming so-called castellated structures. 
Those cells should minimize the evolution of eddy currents and the crack formation of wall materials. 
However, impurities and fuel can be transported into the gaps of castellated structures. This material 
migration produces mixed layers containing fuel (deuterium and tritium) co-deposited with wall material 
elements. Due to the mixing of beryllium and tungsten, the total amount of fuel retained in the divertor 
may increase by a factor of 3 in mixed Be/W deposits as compared to pure beryllium exposed at ITER-
relevant fluences and followed by baking at 350°C [1]. Therefore the cleaning option via baking may not 
be sufficient enough to remove fuel from mixed layers in gaps, leading to a safety issue for ITER. 
A possibility to enhance the lifetime of the components is supposed by shaping the castellated 
structures in order to mitigate particle transport [2, 3] and provide a better power handling. 
Predictive modelling of deposition patterns within the castellation of different geometries was done with 
the Monte Carlo Code 3D-GAPS [4]. Results show a suppression of particle transport in favour of a 
non-rectangular tile geometry [5]. 
For validation, experiments at TEXTOR were performed, which enabled the simultaneous exposure of 
castellated tungsten structures with a conventional, rectangular geometry and an optimized geometry 
under the same condition. This allowed a direct experimental comparison of the conventional and 
optimized geometry of the castellation. 
The post-mortem surface analysis of the exposed W-tiles was performed by Electron Probe Micro 
Analysis, which measured the carbon deposition along poloidal gaps. These measurements showed a 
suppression of carbon deposits up to a factor of 2 in favour of the optimized geometry. Results from 
modelling compared with experimental deposition patterns on W-castellation show comparable 
tendencies. 
 
[1] K. Sugiyama et al., J. Nucl. Mater. 415, S731-S734 (2011), doi: 10.1016/j.jnucmat.2010.09.043 
[2] A. Litnovsky et al, J. Nucl. Mater. 390-391 (2009) 556-559 
[3] A. Litnovsky et al., J. Nucl. Mater. (2011), doi: 10.1016/j.jnucmat.2010.12.018  
[4] D. Matveev et al.,  Plasma Physics and Controlled Fusion 52 (2010) 075007   
[5] A. Litnovsky et al., J. Nucl. Mater.  386-388 (2009) 809-812 
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The key problem of optical diagnostics design and operation in ITER is a deposition of materials 
sputtered from the wall and the divertor plates on the diagnostic mirrors that can lead to loss of mirrors' 
reflectivity. 
In this work the results of protection methods investigation for H-alpha ITER diagnostics mirrors are 
presented. Two models of first mirror assembly (FMA) were used in experiments. The first one was the 
scaled model of H-alpha diagnostics FMA with small entrance pupil (4 mm in diameter) and two mirrors 
inside. The second model contained one mirror, replaceable diaphragms and there were means to feed 
the portion of working gas through the model to increase the pressure inside. 
Exposure of the FMAs was carried out in magnetron facility. The cathode of the magnetron was made 
of pure aluminum as beryllium proxy. In the experiments the models were placed opposite to the 
cathode. Flux of sputtered aluminum atoms on the front side of the models was about 1015 cm-2·s-1. 
Working gas was the mixture of argon (40%) and deuterium (60%), the pressure in vacuum chamber 
was 0.25 Pa. Exposure lasted for 3 hours (100 ITER pulses). 
As a result, the small pupil decreased the atom flux and film growth rate by more than an order of 
magnitude in comparison with the reference mirror exposed in the same conditions without any 
protection. Gas pressure elevation inside the FMA almost stopped film growth due to scattering of 
incoming aluminum atoms. Reflectance of the mirrors in the first model decreased by 5-10% in visible 
wavelength range that was caused by the thin aluminum film deposited on the mirrors. The reference 
mirror was covered with opaque white thick (≥1 μm) friable aluminum film. 
The results show that small entrance pupil and gas pressure increase allow to increase the lifetime of 
ITER diagnostics mirrors. 
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ITER First Wall (FW) panels are a layered structure made of the 3 following materials: 316L(N) 
austenitic stainless steel, CuCrZr alloy and beryllium. Two Hot isostatic pressing (HIP) cycles are 
included in the reference fabrication route to bond these materials together for the Normal heat Flux 
(NHF) design supplied by the European Union (EU). To improve this fabrication route, several studies 
have been done in the past. These studies have demonstrated the possibility to fabricate mock-ups with 
dissimilar CuCrZr/316LN joint and similar CuCrZr/CuCrZr and 316LN/316LN joints in one HIP cycle at 
1040°C. These joining conditions ensure acceptable mechanical properties of the three types of joints 
without reducing significantly the mechanical properties of 316L(N). To obtain good mechanical 
properties for the CuCrZr, these joints are then submitted to a solution annealing treatment at 980°C 
followed by a rapid gas quench. The last step of the manufacturing is a HIP cycle at 580°C, which is 
done to over-age the CuCrZr alloy and, especially, to join a Be armour layer to the panel. This 
reference fabrication route ensures sufficiently good mechanical properties to the materials and joints, 
which fulfil the ITER mechanical specifications, but results often in a coarse grain size for the CuCrZr 
alloy, which is not favourable, in particular, for the thermal creep properties of the FW panels. 
 
To limit the abnormal grain growth of CuCrZr and make the ITER FW fabrication route more reliable, a 
study has started in 2010 in the EU in the frame of an ITER task agreement. Two material fabrication 
approaches have been investigated. The first one was dedicated to the fabrication of wrought CuCrZr 
alloy in close collaboration with an Industrial copper alloys manufacturer. Two CuCrZr alloy 
manufacturing processes with respectively low and high strain rate and several chemical concentrations 
have been investigated. The results show that the combination of one manufacturing process and 
chemical concentration range, close to the ITER specifications, enable the fabrication of a CuCrZr alloy 
with limited grain growth after the reference fabrication route. The second approach investigated was 
the manufacturing of CuCrZr alloy using powder metallurgy (PM) route and HIP consolidation.  
  
This paper presents the main mechanical and microstructural results associated with the two CuCrZr 
approaches mentioned above. The mechanical properties of wrought CuCrZr, PM CuCrZr and joints 
(wrought CuCrZr/wrought CuCrZr, wrought CuCrZr/PM CuCrZr, wrought CuCrZr/316L(N) and PM 
CuCrZr/316L(N))are also presented. 
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Understanding the performance of plasma facing materials (PFMs) during reactor operation depends 
on several factors such as dynamic material composition of plasma facing components (PFCs), 
presence of gases from chamber environment and from gas injection system, and impurities 
accompanying the DT flux to PFCs. The interplay of these effects can add significant complexity to 
understanding the effects of core plasma particles impacts on PFC surfaces, materials lifetime, fuel 
particle recycling, and overall plasma performance. This is an important area for the successful 
operation of the tokamaks and requires comprehensive integration of various effects and the interplay 
of all physical processes involved. This should include simultaneous modelling of multiple ion species, 
their penetration and mixing, scattering/reflection, physical and chemical sputtering, i.e., dynamic 
surface evolution/modification and potential compounds formation. Integrated modelling should also 
consider thermal diffusion and segregation processes and recombination/desorption of species in this 
multi-component surface composition. 
 
We upgraded our Monte Carlo ITMC-DYN simulation package that includes detail physics of above 
described processes in self-consistent matter. We then studied related processes in near surface layers 
of PFCs following ions and impurity deposition during steady-state reactor operation and during 
transient events. We analyzed the effect of self-consistent simulation on PFMs erosion and 
composition, formation and build up of impurity layer, and the effect on hydrogen isotopes diffusion and 
recycling. Our results show that minute amount of impurities significantly affect PFMs surface erosion 
and hydrogen isotope retention in both ITER and NSTX machines. 
 
Carbon concentration of even as low as 1% in edge plasma in ITER environment will result in carbon 
deposition mixed layer on tungsten surface with concentration up to 50% or more that could prevent 
deuterium motion and desorption from the surface, penetration to the bulk, trapping, bubbles growth, 
and blister formation.    
 
Formation of Lithium compounds, oxide or hydroxide, on liquid lithium divertor (LLD) surface in NSTX, 
can significantly reduce deuterium diffusion to the bulk, that results in rapid increase of concentration 
near the surface and, therefore, increase of deuterium desorption. However, an increase of carbon 
concentration in edge plasma from 1% to 3% and the resulting increase of its near surface 
concentration on LLD prevents hydrogen diffusion to the surface and leads to up to 30% decrease in 
recombination and desorption rate.  
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Fuzzy nano-structures on tungsten surfaces are generated by the bombardment of helium ions. This 
phenomenon was found from the experimental researches [1,2] for the interaction between plasma and 
the inside walls of the nuclear fusion reactors. The tungsten nano-structure is also interesting for 
plasma application. The formation process of the tungsten nano-structure is as follows: first the nano-
scale bubbles, which are called helium bubble, are created in a surface, and next fuzzy fibers which are 
sub-micro meter in diameter grow perpendicularly to the surface. This process differs from the 
deposition, in which source atoms are supplied as injected molecules onto surface, and the processing, 
in which the injected particles scrape the surface along a mask film. In the formation process of the 
tungsten nano-structure, injected helium ions are not source and the surface is not scraped. Our 
purpose is to clarify the mechanisms of formation of the tungsten nano-structure. We consider that the 
formation process of the tungsten nano-structure should be classified into three step processes which 
are the penetration of helium, the diffusion and aggregation of helium, and the growth to the fuzzy 
nano-structure. We had investigated these three step processes by using binary collision approximation 
(BCA) [3], and density functional theory (DFT) [4], and molecular dynamics (MD), respectively.  
As the third step process, we should treat the dynamics in sub-micro meter scale for the growth from 
the bubble structure to the fuzzy nano-structure within surface region. We have tackled to reproduce 
the growth to the fuzzy nano-structure by MD. As an important preparation for this purpose, we made 
the potential model for tungsten and noble gas system using the downfolding method [5]. In the 
downfolding method, the parameters in the function of potential model were optimized to reduce the 
difference between the energy of potential model and that calculated by DFT. By this way, the potential 
model for tungsten-helium-argon system was developed in this paper. Moreover, as one case of growth 
of the fuzzy nano-structure, we examined Krasheninnikov’s model [6], in which the growth of the fuzzy 
structure was explained by the viscosity of metal in a macroscopic viewpoint, by using MD simulation. 
 
[1] S. Takamura, et al., Plasma Fusion Res.: Rapid Communications, 1 (2006) 051. 
[2] S. Kajita, et al., Nucl. Fusion, 47 (2007) 1358. 
[3] S. Saito, et al., J. Nucl. Mater. in Pless. 
[4] A. Takayama, et al., Jpn. J. Appl. Phys., in Press. 
[5] Y. Yoshimoto, J. Chem. Phys., 125, (2006) 184103. 
[6] S. I. Krasheninnikov, Phys. Scr. T145 (2011) 014040. 
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Tungsten is a candidate material for the divertor in fusion reactors. The divertor will be subject to 
intense, low energy (1-100 eV) hydrogen isotope and helium bombardment from the plasma. He and H 
in a material can cause changes in thermal and mechanical properties, such as swelling, ductile to 
brittle transition temperature, bubble formation and nanofuzz formation. Fuel retention, in particular of 
tritium, is a serious issue. Molecular dynamics is a valuable tool to study the energetics and structures 
of H and He clusters and many radiation damage phenomena that happen on short time and length 
scales, up to nanoseconds and millions of atoms. 
 
Using molecular dynamics simulations, we have studied the effect of hydrogen binding to bubbles and 
defects on hydrogen retention and hydrogen diffusion. Hydrogen introduced inside the bubbles or in the 
W matrix diffuse towards the edge of the bubbles and stay bound around the first atomic layer of the 
surrounding W matrix. Helium, on the other hand, stays strongly bound within the bubble. By comparing 
the energetics and positions of hydrogen defects in the tungsten matrix, near the edge of the bubble 
and inside the bubble, we note that the edge is about 1 eV more favourable than the ground state 
position in the matrix. 
 
A bubble near the surface can burst, expelling the gas atoms, depending on bubble pressure and 
distance to surface. As the hydrogen is preferentially bound to the edge of the bubble, a significant 
amount of the hydrogen is retained in the surface, while the helium is expelled and a crater is formed. 
By implanting H and He in surfaces, we can study both surface roughening and the different roles of 
hydrogen and helium during plasma exposure. 
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During normal operation in the tokamak experiment ITER, currently under construction in Cadarache, 
France, transient events (type I edge localized modes, ELMs) can occur which result in strong but brief 
heat loads on plasma facing materials (PFM). These ELM heat loads have power densities in the range 
of GW/m2 for 0.2 – 0.5 ms. The divertor, which is the most severely loaded part of the inner vessel, has 
to withstand additional steady heat loads of up to 10 MW/m2 and so called slow transients of up to 
20 MW/m² for up to 10 seconds. The armour material currently foreseen for the divertor region of ITER 
is tungsten, which is likely to recrystallise at the temperatures occurring during these slow transients. 
Therefore it is necessary to investigate the effects of transient heat loads on recrystallised tungsten to 
assess the operational limits under which the divertor can be operated for several thousand ITER 
discharges. Each discharge performed (in ELMy mode) can be accompanied by thousands of ELM 
loads, meaning more than 106 transient events during divertor lifetime are expected. 
 
The electron beam device JUDITH 2 in Forschungszentrum Jülich was used to simulate these heat 
load conditions on recrystallised double forged tungsten (Plansee AG). The pre-recrystallised state of 
this material and its performance under transient heat loads were described in [1, 2]. Recrystallisation 
was done by the manufacturer at 1600 °C for one hour. The high heat flux testing was performed on 
12 × 12 × 5 mm3 samples that were brazed to an actively cooled copper substrate. Two base 
temperature states of about 700 °C and 1200 °C were achieved during electron beam loading. 
Additionally 104 – 106 transient heat load pulses (0.5 ms duration) of 0.14 – 0.55 GW/m2 were applied. 
 
The experiments prove that due to the degradation of mechanical properties the damage threshold of 
the recrystallised material is lower than before recrystallisation [2]. Even for the least severe conditions 
(105 pulses at 0.14 GW/m2 at 700 °C) strong roughening and single cracks were found. At moderate 
conditions (0.27 GW/m2 at 700 °C) roughening was more pronounced and a crack network formed, 
while the cracks width increased significantly at highest power densities (0.55 GW/m2 at 700 °C). Tests 
at a base temperature of 1200 °C showed similar results. 
 

[1] G. Pintsuk, A. Prokhodtseva and I. Uytdenhouwen, Thermal shock characterization of tungsten 
deformed in two orthogonal directions, Journal of Nuclear Materials, (2011), 417, 481-486 

[2] Th. Loewenhoff, J. Linke, G. Pintsuk and C. Thomser, Tungsten and CFC degradation under 
combined high cycle transient and steady state heat loads, Fusion Engineering and Design, (2012), 87, 
1201-1205 
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Tungsten (W) has a unique combination of properties, with good thermal conductivity and high melting 
point, combined with resistance to erosion and low neutron activation, and as such is a candidate 
material for plasma-facing components[1]. However, the brittleness of tungsten poses a problem, and in 
addition little is currently know regarding radiation embrittlement from long-term effects of high neutron 
doses. The nature of defect structures formed in cascades constitutes a key factor determining micro 
structural evolution of the material, and is crucial for predicting  the performance of components during 
the lifetime of the reactor. 
 
The high-energy neutrons produced by the D-T fusion plasma give rise to primary recoils with energies 
of the order of hundreds of keV. Recently, experiments of in-situ self-ion irradiation of W at 150 keV 
have shown the occurrence of novel cascade damage from single ion impacts[2]. These experiments 
offer a unique opportunity for direct comparison of cascade simulations to experiment. For this purpose 
we have performed MD simulations of 150 keV collision cascades in W, comparing the predictions of a 
number of different inter-atomic potentials. 
 
Electronic effects in the form of electronic stopping of ions  were included in the simulations through the 
use of a friction term, which is applied to all atoms above a certain energy threshold. A threshold is 
necessary to avoid quenching of all thermal modes, but the choice of threshold varies in the literature, 
and has often been more or less arbitrary. These simulations show that in W, even at 150 keV, there is 
no break-up into subcascades, contrary to the well studied behaviour in Fe. Due to the high energy of 
atoms confined in the dense liquid area, the degree of clustering of both vacancies and interstitials in 
the final damage configurations was found to be highly dependent on the choice of electronic stopping 
threshold.  
 
The simulations predict both ½<111> and <100> type loops, in striking agreement with the recent 
experiments. This forces reconsideration of earlier understanding, which has held that only ½<111> 
type loops form in W under irradiation[3]. The precise nature of damage structures, in addition to 
damage numbers, provides improved input for kinetic monte carlo and rate equation models aimed 
towards predicting defect evolution in tungsten. 
 
[1] M. Rieth et al., J. Nucl. Mat. 417 (2011) 463-467 
[2] X. Yi et al., Philos. Mag. (2012)  DOI:10.1080/14786435.2012.754110 
[3] M.R. Gilbert et al., J. Phys.: Condens. Matter 20 (2008) 345214 
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Current fusion reactor designs focus on the use of multiple materials for the inner plasma facing 
components. Erosion by sputtering and subsequent redeposition will cause these materials to mix 
during the reactor's life-time, resulting in new materials with potentially unexpected behavior. Significant 
sputtering yields are observed for certain materials, most notably in carbon-based materials, at 
energies well below the threshold for physical sputtering. In this region, where the energy of the incident 
ions is comparable to the strength of chemical bonds, chemical effects can be expected to contribute to 
material erosion. This is a critical issue already during the developmental phases of the ITER fusion 
reactor,  where ions with kinetic energies of the order of 1 – 100 eV will interact with complex Be/W/C-
based material surfaces. 
 
Erosion of carbon-based materials at these energies has been observed in numerous experiments, and 
has been shown by molecular dynamics (MD) simulations to occur through the process of swift 
chemical sputtering (SCS). Hydrocarbon chemistry plays a crucial role in SCS of carbon, which can be 
seen by comparing the predictions of different interaction models, i.e. inter-atomic potentials. The  
Brenner hydrocarbon potential[1] is an extension of a Tersoff-type bond-order potential specifically 
developed for hydrocarbon systems. It takes into account bond conjugation in carbon chains, providing 
a chemically motivated description of the C-H bonding behavior for different molecular configurations. 
Using this potential, it has been shown that terminating methyl-like groups on the surface are the 
precursors to sputtered CHx molecules[2]. 
 
Tersoff type potentials can successfully describe both covalent and metallic bonds within the same 
formalism, facilitating the construction of a potential for the Be-C-H system. In compounds with BeC 
and BeC2 stoichiometry, this potential successfully predicts the formation of areas of Be2C, the only 
known mixed phase in the Be-C phase diagram, interspersed with areas of amorphous C. However, for 
a complete picture of SCS of Be-C compounds, it is necessary to take into account the special bonding 
behavior of carbon. To enable this, we have combined the Brenner hydrocarbon potential with the 
potential for Be-C-H, allowing investigation of the effect of carbon chemistry on the complete ternary 
system. We present the results from MD simulations of consecutive bombardment by incident 
deuterium ions at energies from 10 to 100 eV on BexCy compounds, and show that hydrocarbon 
sputtering is strongly suppressed in areas where Be2C has formed, due to the absence of carbon 
chains within the material.  
 
[1] D. Brenner, Phys. Rev. B 42 (1990) 9458 
[2] E. Salonen et al.,  Phys. Rev. B 63 (2001) 195415 
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Materials used for nuclear applications must be capable to withstand extreme environmental conditions: 
high temperature (up to 3200°C), particle fluxes (up to 20 MW/m2) and neutron irradiation (30 dpa/year). 
Tungsten alloys have and low sputtering rate, high melting temperature and low vapour pressure at 
high temperatures [1,2,3] Main problems connected with design and application of Tungsten and its 
alloys are connected with their high brittleness, high (DBTT) Ductile-Brittle Transition Temperature, low 
recrystallization temperature, temperature limit for radiation-induced embrittlement and fabrication 
procedures [2-4]. There are several W based alloys designed for fusion applications with the main aim 
of ductility improvement [5]. One of the candidates are W alloys strengthened by addition of TiC 
particles. Microstructure control of the W based alloys is very important, anisotropy in the material 
morphology may lead for some alloys to decreasing mechanical properties, tendency of crack 
formation, etc. [5].  
In the presented work determination of microstructural parameters for a W-1.1%TiC alloy was 
performed. The microstructure was investigated by means of light microscopy (LM), scanning- and 
transmission electron microscopy (SEM, TEM) as well as FIB-SEM tomography. The performed 
investigation allowed for determination chemical composition of strengthening particles, identified 
mostly as TiC (by means of Energy-Dispersive X-ray Spectroscopy (EDS) and Selected Area Electron 
Diffraction (SAED)). Some of the dispersoids were identified as TiO2. Application of SEM-FIB 
tomography technique allowed for modelling microstructure of the alloy (morphology of pores and the 
strengthening particles with respect to its chemical composition) and revealed fine grained 
microstructure with high number of dispersoids, about 3.5% with mean diameter of 33 nm.  
Detailed characterization of the microstructure will contribute to understand and model material 
behaviour in operational condition.  
 
[1] N. Baluc, Plasma Phys. Control. Fusion, 48 165 (2006)  
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[4] M. Rieth, S.L. Dudarev, S.M. Gonzalez et al., J. Nucl. Mater., 432, 428 (2013) 
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 Status of the TSEFEY-M high-heat-flux test facility. 
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For the period from 2009 to 2013, various mock-ups with different armor (tungsten, CFC and beryllium) 
were subjected to high heat flux tests on the TSEFEY-M test facility. The surface heat load density 
amounted to 20 MW/m2. The following parameters were measured during the tests: absorbed power, 
surface temperature distribution, coolant parameters and water coolant quality. The testing procedure is 
presented in the report. 
The TSEFEY-M testing facility was essentially updated with the aim of carrying out the above tests. 
New 200kW electron beam system of Von Ardenne manufacture was installed. The closed water 
cooling loop for the mock-ups was put into operation, the coolant parameters of which correspond to 
the ITER divertor and FW cooling requirements ( maximum water temperature in the loop is 170C; 
pressure is 42 bar.). A new target device with a carrying capacity up to 300 kg intended for selection of 
the mock-ups position, adjustment and fixation of masks, coolant delivery to the mock-ups and 
connection of the diagnostic channels to the mock-ups was manufactured and installed. To perform the 
heat testing of mock-ups armored with beryllium the special ventilation system of the vacuum chamber 
was manufactured and installed. Three infrared imagers and optical two-color pyrometers are used to 
measure the surface temperature. The technical description is presented in the report. 
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Tungsten (W) is foreseen as the divertor material in ITER due to its low sputtering yield, high melting 
point and low tritium inventory. Hydrogen-ion irradiation in W shows the formation of sub-micron sized 
cracks within grains or at grain boundaries [1]. Microscopic analysis of these cracks reveals that their 
patterns of deformation exhibit a strong dependence on crystallographic orientation [2]. Crystal plasticity 
studies using nano-indentation methods on single crystal tungsten show that the variation of pile-up due 
to indentation depends strongly on the crystallographic orientation. Additionally, the onset of plastic 
deformation and the critical shear stress reduces significantly due to the hydrogen ion irradiation [3]. 
Finite element methods (FEM) are used to model such systems, have the limitation of taking into 
account the effects of hydrogen induced lattice defects. Molecular dynamics (MD) simulations on the 
other hand have been known to provide an atomic-level description of stress and strain in solids. They 
provided considerable insight into the  deformation mechanisms of many FCC materials. 
 
We use MD simulations to study the plasticity of single crystal W and the influence of hydrogen in 
activated slip systems and yield stress using nano-indentation. A hard, spherical W indenter is pushed 
into single crystal W lattices of (111) and (110) and (100) orientations. Both W-W and W-H interactions 
are modelled using embedded atom potential implemented in the large scale atomic/molecular 
massively parallel simulator (LAMMPS) [4,5]. The stress fields are computed using both equilibrium and 
time dependent calculations. The virial stress [6] and strain obtained from the MD simulations are 
benchmarked against FEM calculations for well-known problems such as a thin W plate (30 nm x30 nm 
x 1.5 nm, (111) orientation) with a circular hole in the middle for a uniaxially applied load, stress 
distribution at the interface of W and hydrogen-rich tungsten interlayer etc. The indentation simulations 
on single crystal W are validated against FEM calculations. In the MD simulations, we observe that in a 
hydrogen implanted W-lattice, the indentation simulations show a lower threshold for the atomistic pile-
up and plastic deformation than the pure single crystal of the corresponding orientation. We show how 
the stress profiles are different in both the cases and try to explain the observed lowering of the 
threshold of plasticity using the modifed stress fields due to the implanted hydrogen.   
 
[1]  S. Lindig, M. Balden, V.K. Alimov, et al., Phys. Scr., T138, 5 (2009) 
[2]  M. Balden, S. Lindig, A. Manhard, et al., J. Nucl. Mater., 414,  69-72 (2011). 
[2] W. Yao, Ph.D thesis submitted to university of Ulm (2012) and references therein 
[4] http://lammps.sandia.gov,  
[5] X.W Zhou et.al, Acta mater. 49, 4005–4015 (2001) 
[6] S. J. Plimpton, W. Mattson, J Chem Phys, 131, 154107 (2009) and ref  therein  
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Thin tungsten coatings (a few tens of microns) are presently used in JET and Asdex tokamak as 
plasma facing materials. While thick coatings (200μ – some mm) have shown so far not to be suitable 
for withstanding the high power loads expected  on divertor targets, they represent a viable solution for 
the manufacture of the plasma facing First Wall (FW) material in future devices. Their capability in 
limiting erosion by sputtering and the lower heat loads to be withstood guarantee a long time life to this 
FW solution.     
Among the techniques able to deposit thick W coatings, plasma spray is probably the simplest and the 
most attractive from the economical point of view. In the frame of the ENEA programme for the 
optimization of these coatings, a 4 mm thick tungsten layer has been deposited by high pressure 
plasma spray on a finned tube made of martensitic stainless steel, simulating an element of FW. The 
tube was provided with Swagelock connectors at the end to be actively cooled during deposition and 
heat load tests. A thin bond coat of AlSi, already tested in previous depositions, and two layers with 
different mixture of stainless steel and  tungsten was applied before depositing the thick (about 4.5 mm) 
layer of pure tungsten. During the deposition gas argon cooling of the substrate was used. The coating 
obtained was well bonded to the substrate with no external cracks. The density of the W coating was 
about 92% of the theoretical one. 
To assess the heat transfer capability between the cooling channel and the coated surface the sample 
was tested in the Station d’Acquisition et Traitement InfraRouge, SATIR (CEA, Cadarache), a reliable 
and suitable infrared thermography test bed to detect cooling defaults on PFCs, based on a thermal 
solicitation of the component through a fast temperature variation (105 to 10°C in few ms) in the cooling 
channel. The SATIR test show that the thermal response is uniform with locally only slight delays which 
can be included in the uncertainties range of the SATIR measurement. 
Besides SATIR ones, results from other diagnostics, including SEM, EDX, high temperature X-ray 
diffractometry and micro-indentation will be discussed. High heat flux test  by e-beam and subsequent 
new SATIR test are foreseen. 
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Deuterium uptake and retention properties in tungsten are important for controlling the in-vessel tritium 
inventory and the particle density during plasma operation. The details of diffusion, trapping and de-
trapping processes of hydrogen in tungsten are still insufficiently understood. In order to resolve the 
contributions of defects structures like dislocations, grain boundaries, vacancies, pores and blisters to 
hydrogen trapping methods which provide microscopic lateral and depth resolution are needed but still 
not available.  
So far at the Munich microprobe SNAKE we were using coincident proton-proton scattering as a unique 
method for sensitive hydrogen microscopy in three dimensions [1,2]. However, the interpretation of the 
3-dimensional hydrogen distribution is more problematic due to the contribution of intrinsic hydrogen 
present already after material manufacture and a hydrogen-containing surface layer due to coverage by 
water and hydrocarbons. Detection of deuterium is therefore highly wishful. At the same setup we are 
now able to use a microbeam of 17 MeV deuterons and use the detector setup for coincident deuteron-
deuteron scattering analysis.  
Depth resolution is mainly limited by detector energy resolution and energy loss straggling and we 
achieved about 2 µm in total. This is demonstrated using a 15 µm thick Aluminium foil covered by a-
C:D-layers that have been deposited at the KESCABO facility (IPP, Garching) in a CD4 plasma 
discharge from both sides. Simultaneously a 2000 mesh gold grid was deposited for testing the lateral 
resolution of the coincident deuteron-deuteron analysis. On a scanning area of (50x50) µm a resolution 
of 2 µm was achieved on routine beam focusing procedure. The thickness of the a-C:D layer of about 
150 nm (5.4 ּ◌1017 D/cm2)  was determined using nuclear reaction analysis at the tandem accelerator 
(IPP, Garching). With this reference we are able to quantify our system despite of the lack of cross-
section data for deuteron-deuteron scattering. 
As a first application we analysed a 25 µm thick tungsten foil implanted with 2.0·1020 D/cm2 of 200 keV 
deuterium ions. We analyse a clear deuterium signal from the implanted side and are able to image the 
distribution of deuterium.   
 
[1] K. Peeper et al., J. Nucl. Mater. (2013), http://dx.doi.org/10.1016/j.jnucmat.2013.01.192 (in press) 
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Injected and intrinsic dust and atomic impurity fluxes of C, Mo, W and stainless steel components were 
collected by Si surface probes in the scrape-off-layer (SOL) of TEXTOR. Collection was done in the 
outer mid plane in either toroidal or poloidal direction during the flat top phase of similar NBI heated 
discharges, accompanied with externally triggered injection of either W or C dust. The dust injection, 
with initial radial velocity about 1 m/s, occurred during the flat top phase of discharges from the top of 
the machine toroidally 120° away from the collectors. Post mortem analyses of the collectors include 
SEM with X-ray spectroscopy and micro ion beam analysis (µ-IBA) with 3He beam. We compare 
deposition fluxes of atomic impurities, intrinsic and injected dust particles to the Si probes with the data 
previously obtained with Si aerogel surface probes under similar discharge conditions, when collection 
was performed only in the toroidal directions [1-3]. Injected dust can reach the point of collection by 
transport in the SOL, including bouncing at the walls. Dust particles can also migrate if they come to 
rest after one plasma discharge and are mobilized again in subsequent discharges, as shown in [3] for 
spherical carbon dust. Up to at least 100 tungsten particles or particle agglomerates per cm2 per 
second were collected during discharge flat tops with dust injection, showing that W dust too can be 
transported / migrate long distances. This is in contrast with the previous study, where dust was 
passively injected during the start up phase [3]. A significant number of collected W particles showed 
signs of partial melting and some had picked up flakes of carbon as evidence of inelastic collisions with 
PFC surfaces.  
 
[1] S. Ratynskaia, H. Bergsåker, B. Emmoth et al., Nucl. Fusion, 47(2009)122001 
[2] H. Bergsåker, S. Ratynskaia, A. Litnovsky et al., J. Nucl. Mater 415(2011)S1089-S1093 
[3] I. Bykov, H. Bergsåker, S. Ratynskaia et al., J.Nucl. Mater., In press,  
doi: 10.1016/j.jnucmat.2013.01.144 
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The sheath power and Sheath Power Transmission Factor (SPTF) at the divertor of DIII-D is examined 
using experimental data collected from an embedded array of fast thermocouples (TC) and Langmuir 
probe (LP) array as well as the unique capabilities of the Divertor Material Evaluation System (DiMES) 
platform for the purpose of better understanding the behavior of the SPTF profile near the strike point.  
The DIII-D tokamak utilizes carefully aligned graphite tiles in the divertor to more uniformly distribute the 
heat flux. This heat flux on DIII-D has been inferred from temperature profiles from the embedded TC 
array.  The LP measurements may be used to calculate heat flux by using plasma sheath theory, which 
specifies the SPTF. 
 
The SPTF is theoretically predicted to be roughly 7 throughout the divertor region for cases of negligible 
non-ambipolar current.  Recent comparisons made between the heat flux from the TC array and the LP 
array have demonstrated a SPTF closely matching the value of 7 predicted by theory [1].  The initial 
heat flux results obtained from the embedded TC temperature profiles were created using 1-D heat 
conduction theory.  This limits analsyis to fixed strike point shots with stationary conditions and neglects 
the contribution from heat flow parallel to the tile surface and the temperature dependence of graphite 
thermal properties. More advanced 2-D modeling is presented that accounts for the conduction of heat 
radially along the tile.  The newly inferred heat flux data is compared to LP data to more thoroughly 
investigate whether the experimental measurements match the SPTF values predicted by plasma 
sheath theory at the divertor of DIII-D and allow analysis of a wider variety of shots and operating 
parameters. 
 
Experimental results are also presented from a diagnostic head with three different LP designs that was 
installed on the Divertor Materials Evaluation (DiMES) retractable platform: a standard domed probe, an 
elevated domed probe, and a planar probe oriented perpendicular to the magnetic field lines.  The ratio 
between the collected currents of the DiMES perpendicular planar probe, which provides a reference 
projected area, and the flush mounted domed probe has been used to examine if the projected area 
calculations of the domed probes in the divertor are correct.  An accurate measurement of the LP 
collection area is essential to properly estimate ion current density and the SPTF at the divertor 
surfaces. 
 
[1] D.C. Donovan, D. Buchenauer, J. Watkins, et al., J. Nucl. Mater., Proceedings of 20th PSI 
Conference (To be published 2013) 
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Tungsten is considered on of the best candidates as a plasma facing component (PFC) in the divertor 
region in the International Thermonuclear Experimental Reactor (ITER) [1]. Recently an all-metal ITER 
is being considered and thus the viability of tungsten is critical [2].  However, severe morphology 
changes such as cavities, blisters, bubbles and nanostructure formation are expected to take place as a 
result of high fluence exposure to burning tokamak fusion plasmas. [3]. Increasing defect sinks in the 
tungsten microstructure by increasing the grain boundary area through the formation of ultrafine and 
nanocrystalline grain tungsten is one of the possible solutions to mitigate the irradiation damage. 
 
In this work a detailed irradiation study was performed on ultrafine grained tungsten materials prepared 
by Severe Plastic Deformation (SPD) techniques [4]. The irradiations were performed with in-situ 
facilties at Purdue University and in the Dutch Institute for Fundamental Energy Research (DIFFER). 
The samples were irradiated with helium at different temperatures (200-950 °C), fluxes (1x10^14-
1x10^20 cm-2 s-1), and fluences (1x10^16-1x10^23 cm-2). Scanning Electron Microscopy (SEM) and 
Transmission Electron Microscopy (TEM) studies were performed on the samples after irradiation. 
Several phenomena such as bubble, pores and nanostructure formation as well as recrystallization and 
grain boundary grooving were observed. Differences between SPD  and commercial samples regarding 
the response to helium irradiation are discussed. Specifically, this work will show a direct comparison of 
irraditaion tolerance between ultrafine grain tungten and commercial tungsten samples as disscussed in 
Kajita, Shin, et al. Nucl. Fusion 49.9 (2009). Conclusions are presented regarding grain size refinement 
and irradiation tolerance of these materials to helium irradiation. 
 
[1] Lipschultz B, et al. Nucl. Fusion 47 (2007) 1189–1205. 
[2] J.N. Brooks, et al. Nucl. Fusion 49 (2009) 035007. 
[3] Zinkle SJ, Ghoniem NM. Fus. Eng. Design, 51-52 (2000) 55.  
[4] El-Atwani et al., Materials Science and Engineering A 528 (2011) 5670–5677 
[5] Kajita, Shin, et al. Nucl. Fusion 49.9 (2009): 095005. 
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Plasma- beam simulator with a longitudinal magnetic field for tests of PFC at the KTM tokamak for 
material science research in Kazakhstan is put into operation. Beam-plasma discharge (BPD) is the 
convenient tool for the preliminary tests of PFMs at large and independently controlled heat and particle 
flux densities. Direct heating of materials with an electron beam in a high vacuum may be controlled in 
a wide range of full power (30 kW) and power density up to 100MW/m2 in both steady state and pulsed 
modes. Helium and hydrogen ion flux densities up 1022 m-2s-1 to the W, Mo and C targets at total flux ~ 
1018 s-1 are obtained (increase up to ~ 3 · 1022 m-2s-1 is planned). The cooling system of the collector is 
designed for heat removal of up to 3 kW in steady-state operation. Both noble and active gases like 
hydrogen and oxygen are used. 
 
The three-phase scanning system of electron beam over test material surface is developed. Permanent 
additional magnetization of the scanning system coils allows combining beam center positioning with 
elliptic or circular scanning of the beam over collector. This system allows increasing significantly the 
total power flux as well as experiment with gas ions saturation of material and subsequent thermal 
desorption measurements.   
 
 All-metal vacuum system of the simulator pumped with turbo-molecular pumps allows quickly (30 min.) 
evacuation of target chamber (without chamber baking) to the residual gas pressure is ~ 10-6Pa. 
The first experiments on walls conditioning in oxygen plasma demonstrated very high efficiency of the 
preliminary deposited hydrocarbon films removal. Experiments with helium plasma demonstrated 
tungsten fuzz generation at the collector surface. 
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The control of the radioactive inventory in the vacuum vessel of ITER is a main safety issue. The 
sources are found in the tritium deposits on plasma-facing components and on remote areas or in the 
accumulation of dust. Several strategies may be applied to trace the dust and tritium inventory in the 
machine. Beside other techniques, the use of collectors in form of removable samples had to be 
evaluated since it provides a reliable way to follow the history of the deposits and check critical areas. 
So-called removable samples can be occasionally taken out of the torus or exchanged with remote 
handling. Installed in representative places, they will provide information about the dust and tritium 
distribution inside the vacuum vessel and contribute to the control of their inventory. 
Out of several concepts with about 30 different options, 4 types of probes were selected, either for the 
first wall (FW) or for the divertor region. The selection was, to some extent, supported by modelling on 
the basis of given impinging particle fluxes (~1.25×1023 s-1 and 0.15-1.0×1025 m-2s-1 D at the FW and in 
the divertor, respectively) and heat fluxes (in the order of 0.4 MW/m2 and 0.3 MW/m2) [1-4]. The acces-
sibility with remote handling (RH) and the technical feasibility of the concepts played a major role in the 
screening. The surface temperature of the samples may easily reach 300°C-600°C in spite of the 
proximity of active cooling lines.  
Many attractive items were dropped from the list for reasons of necessary clearance in the course of 
installation. Others are still considered too demanding, as is the RH removal of actively cooled FW 
beryllium fingers to monitor the erosion and locally close deposition in the middle of first wall panels 
(esp. blanket modules of the inner wall). The conceptual designs will be shown and the corresponding 
recommendations as to the priorities and appropriate locations will be discussed. Additional techniques, 
which are not strictly removable samples, are also recommended. 
 
This work was supported by the IO contract 11/4300 000 369 and follow-up activities 
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The behavior of the materials used in the fusion nuclear technology, namely beryllium, carbon and 
tungsten were exposed to the filamentary plasma produced by a terra-watt laser beam produced using 
the TEWALAS facility of the National Institute of Laser, Plasma and Radiation Physics (NILRP), 
Bucharest, Romania. These materials, proposed to cover the walls of the fusion device ITER 
(International Thermonuclear Experimental Reactor), are intensely bombarded by ionized particles, 
neutrons, photons and support the thermal action of the plasma. Beryllium, covering the most part of 
the first wall of the fusion device is influenced by the powerful thermal shocks and an intense 
bombardment of hydrogen isotopes ions and as a result is sputtered and transported toward the 
divertor tiles. Also, Be is bombarded by neutrons that change its network characteristics (become more 
brittle) as well as the adherence to the Inconel, carbon, and copper used to transmit the heat to the 
external circuit. Concerning tungsten, which are used to fabricate divertor tiles, is exposed to the high 
level of thermal shocks and is covered by the sputtered beryllium of the first wall of the fusion device 
and transported by an X point of the magnetic field. W has a high thermal resistance, a low sputtering 
yield and a quite high thermal conductivity. W is coated by carbon transported by plasma from the wall 
part protected with carbon fiber composite (CFC). W and C can form the tungsten carbide which lowers 
the resistance qualities to the plasma actions. 
 
The fusion plasma influence on these materials (Be, C, W), was simulated by the plasma produced in 
deuterium gas ( 102-104 Pa) in interaction with single or multiple ultra short pulsed laser beams using 
the TEWALAS facility. This is a multi-terawatt laser amplifier system, 0.025 - 360 x 10– 12 s pulse 
duration, up to 400 mJ pulse energy, 10 Hz maximum repetition rate, 1012 - 1014 W/cm2 power density. 
The laser pulses were programmed to have durations and power densities compared to the fusion 
plasma instabilities. The deuterium gas retained into the Be, C, W bulk materials and the influence of 
the laser produced plasma has been investigated by different techniques such as scanning electron 
microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. The 
characteristics of plasma produced by laser irradiation have been studied using optical emission 
spectroscopy and were correlated with the surface morphology and the structure of the studied 
materials. 
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Thin lithium (Li) films are applied to the walls of many current-generation tokamaks in order to mitigate 
impurity influx into the core and improve confinement.  Graphite is the planned initial plasma-facing 
component (PFC) for the NSTX-Upgrade (NSTX-U) experiment.  Among the graphite conditioning 
techniques planned for NSTX-U is the application of evaporative Li films, and it is crucial to plasma 
performance that the Li film does not fully erode until a fresh coating is applied.  The presence of 
carbon (C) and oxygen (O) in the Li film also compromises the effective Z of the plasma-facing surface.  
Thus understanding the compositional and spatial evolution of these films in the presence of plasma 
bombardment is of great importance.  The time evolution of Li coatings on the candidate NSTX-U PFCs 
TZM molybdenum, graphite, and tungsten are studied in Magnum-PSI [1], a linear plasma device 
capable of ion fluxes up to 1025 m-2s-1 at electron temperatures < 5 eV.  A series of 5 s exposures were 
run on bare samples of each substrate then repeated after an evaporation of 100 nm of Li. The 
temporal and spatial variation of neutral Li and O radiation were monitored using optical emission 
spectroscopy (OES) and a fast camera with a Li-I (671 nm) filter. 
 
An analytic/numerical model is in development to simulate the dominant mechanisms of mass loss 
(sputtering, evaporation, diffusion) and mass gain (re-deposition) of low-Z thin films in the presence of 
plasma bombardment. Effective ionization rates are calculated via the Atomic Data and Analysis 
Structure (ADAS) program indicating five orders of magnitude difference between lithium and oxygen 
ionization rates in a 1 eV, 1020 m-3 plasma typical of experiments in Magnum-PSI. The model predicts 
re-deposition fractions R > 0.95 for Li, whereas R < 0.4 for O in typical plasmas.  Characteristic decay 
times of O intensity from 1-3 s have been observed over a range of ionization mean free path (MFP) of 
0.1-100 m. Future experiments and model development are planned to more accurately characterize 
parameters required in the model and develop predictive capabilities for the NSTX-U divertor. 
 
[1] G. De Temmerman et al., Fus. Eng. Des., in press 
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The main plasma facing component (PFC) of the Tore Supra tokamak is the toroidal pump limiter (TPL) 
a castellated structure composed of Carbon Fibre Composite (CFC). PFC erosion and subsequent 
carbon deposit formation are well-known undesirable processes which lead to fuel retention due to the 
ability of carbon to bond with hydrogen isotopes. Considering the magnetic field ripple, ion flux onto the 
TPL surface is non uniform and there is a competition between erosion and deposition leading to either 
erosion or deposition dominated zones. 
As part of the Deuterium Inventory in Tore Supra project [1], the erosion and deposition regions of TPL 
have been mapped combining post-mortem analyses [2]. At microscopic scale the topology analyses of 
the tile surfaces has been performed using scanning electron (SEM) and atomic force (AFM) 
microscopies. 
In erosion zones, the tile surface is smooth and the composite structure of the TPL material with fibres 
and matrix is visible. A striation of the surface is observed. Its oblique orientation is remarkably 
symmetric depending on which side of the tangential point it stands (where the magnetic field is 
tangential to the TPL surface) [3]. At microscopic scale the topology analyses have previously shown 
sawtooth and ripple profiles on eroded CFC depending on the direction of profile line ( and //) with 
respect to the ion flux direction [3]. 
  
Both differential erosion rate and grazing incident ions induce surface profiles with shadowing effects. 
To insight this phenomenon we have performed both experimental and modelling investigations. First, 
laboratory D plasma exposures coupled to AFM analysis on fibre and matrix succeeded to estimate the 
differential fibre/matrix erosion rate of the CFC. The interpretation is the different microstructures of 
carbon which have been revealed by Raman and electron diffraction. Second, modelling of the 
sputtered carbon surface using continuous equation of the surface recession under erosion has been 
undertaken. By taking into account both grazing incidence and differential fibre/matrix erosion rate it 
succeeded to simulate the experimental measurements of ripple and sawtooth profiles. A parametric 
investigation dealing with the relative orientation of fibre staking compared to the ion flux direction is 
under investigation. The aim is to obtain from SEM and AFM images the real ion flux direction 
impacting the surface and then some magnetic sheath characteristics. 
 
[1] E. Tsitrone, C. Brosset, B. Pégourié, et al., Nuclear Fusion 49 (2009)  
[2] C. Martin, P. Languille, S. Panayotis, et al., J. Nucl. Mater. (2013), 
DOI :10.1016/j.jnucmat.2013.01.165 
[3] C. Martin, B. Pégourié, R. Ruffe, et al., Phys. Scr. T145 (2011) 014024 
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We report on measurements of net and gross erosion of molybdenum and tungsten in a tokamak 
divertor under controlled, well-diagnosed plasma conditions allowing comparison with modeling. Net 
erosion of high-Z plasma-facing surfaces in a tokamak is expected to be reduced by local redeposition 
due to sputtered atom collisions with the impinging plasma. A series of three experiments with 
molybdenum and one with tungsten have been performed in DIII-D using the Divertor Material 
Evaluation System (DiMES). DiMES samples featured thin (few tens of nm) 1 cm diameter films of Mo 
and W deposited on Si disks and installed in graphite holders. The samples were exposed near the 
attached outer strike point of lower single-null L-mode discharges. Post-exposure net erosion of metals 
was measured by comparing the film thickness measured by Rutherford backscattering (RBS) before 
and after the exposure. Gross erosion of Mo was estimated in-situ using a filtered camera. A new, non-
spectroscopic method for measuring gross erosion rates has been demonstrated, based on RBS 
measurement of the net erosion experienced by a very small auxilliary sample (1 mm diam.), where 
gross erosion is close to net erosion. RBS measurements of net erosion of the 1 cm Mo films in three 
consecutive experiments yielded rates of 0.4–0.7 nm/s, corresponding to about a factor of 2 reduction 
compared to gross erosion. For tungsten RBS measurements yield a net erosion rate of ~0.1 nm/s and 
gross erosion rate about a factor of 5 higher. The first experiment with Mo was modeled with the 
REDEP/WBC erosion/redeposition code package coupled to the ITMC-DYN mixed-material code, with 
plasma conditions supplied by the OEDGE code using plasma density and temperature profiles from 
the divertor Langmuir probes. The code-calculated net/gross erosion rate ratio of 0.46 is in good 
agreement with the experiment. The distribution of Mo re-deposited on the graphite holder was 
measured by RBS. As expected, Mo deposits were concentrated near the Mo-coated sample edge, 
with an e-folding length of ~2 mm. The total amount of Mo found on the holder was ~20% of the net 
amount of Mo eroded from the sample, consistent with ITMC-DYN modeling involving mixed materials 
effects including a high Mo re-sputtering rate due to shallow deposition and reduced binding energy of 
Mo/C relative to Mo/Mo. A similar re-deposition pattern was observed in W experiment, where more 
detailed analysis is underway. Overall, our results confirm strong reduction of net compared to gross 
erosion of high-Z materials in a tokamak divertor, which is encouraging for ITER. 
 
This work was supported in part by the US DOE under DE-FG02-07ER54917, DE-FC02-04ER54698, 
DE-AC04-94AL85000 and DE-AC52-07NA27344. 
 
*Corresponding author: tel.: +1 858 455 2895, e-mail: rudakov@fusion.gat.com  

 Plasma cleaning of diagnostic mirrors in ITER:  
implementation and first results on Al coating removal 

 
A.G. Razdobarina,*, E.E. Mukhina, V.V. Semenova, S. Yu. Tolstyakova, M.M. 

Kochergina, G.S. Kurskieva, S.V. Masyukevicha, I.M. Bukreeva, P.V. Chernakova, 
A.E. Gorodetskyb, V.L. Bukhovetsb, R. Kh. Zalavutdinovb, A.P. Zakharovb, I.I. 

Arkhipovb, A.S. Smirnovc, T.V. Chernoizumskajac,  
E.M. Khilkevitcha,c, and P. Andrewd  

 
aIoffe Physico-Technical Institute, St Petersburg,  Russian Federation 

bFrumkin Institute of Physical Chemistry and Electrochemistry, Moscow, Russian Federation  
cSaint-Petersburg State Polytechnic University, St Petersburg, Russian Federation  

dITER Organization, Cadarache, 13067 Saint-Paul-Lez-Durance, France 
 

Plasma cleaning is one of the most promising methods to recover the surface of diagnostic mirrors 
located inside the ITER vacuum chamber. It appears to be efficient for protection from hydrocarbon 
[1,2], metal and metal oxide depositions [3]. The implementation of cleaning discharge in ITER depends 
on location and material of the mirror to be recovered. It is also important whether the plasma treatment 
will be periodic or continuous. The latter is preferable for optics protection since it can prevent formation 
of persistent deposits. Otherwise one will have to deal with solid Be/W films requiring more destructive 
treatment, which may have a negative effect on the surface itself.  At the same time there is no 
guarantee that some accidental or unexpected events will not lead to deposition of metal films on 
optical surfaces. Therefore, plasma source should be designed so that it can be adjusted to remove 
solid metal and metal oxide films.    
     The strong magnetic field (up to 5 T) and ridged vacuum conditions impose restrictions on the 
design of plasma generator to be used in ITER. In the divertor region, with basic pressure of 1-10 Pa 
during ITER shots, we consider the capacitively coupled RF discharge to be the main candidate for 
plasma source. In the presentation the measured parameters of the RF cleaning discharge prototype 
are compared with the results of simulation with CFD-ACE code. The presented experiments on the 
removal of Al deposits from the mirror surface in D2 plasma have demonstrated feasibility of the plasma 
cleaning technique in ITER.  
 
[1] A.Litnovsky, M.Laengner, M.Matveeva, et al., Fus. Eng. Des. 86, 1780 (2011)  
[2] A.E. Gorodetskii, V.L. Bukhovets, R.Kh. Zalavutdinov, et al.,  
Prot Met Phys Chem Surf, 47, 540 (2011)  
[3] M. E. Day, M. Delfino, and S. Salimian J. Appl. Phys. 72, 5467 (1992)  
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In ITER, tritium retention in the tungsten divertor should be kept as low as possible for safety reasons 
and to prevent fuel-loss. Unfortunately, continuous bombardment with MeV range neutrons degrades 
material properties and introduces damage into the material. In this contribution we show the effect of 
radiation damage and its effect on the deuterium retention in tungsten exposed to high-flux, low 
temperature plasmas. 
 
Polycrystalline, annealed tungsten targets were pre-irradiated with 12.3 MeV W4+ ions to 0.45 dpa 
(displacements per atom) as proxy for neutron damage. Deuterium was implanted using high-flux 
plasmas in Pilot-PSI (>1024 m-2s-1) at surface temperatures up to 500 K. Under these conditions, a scan 
in D implantation fluence (up to 5·1027 m-2) was made by varying the exposure time in Pilot-PSI. The 
effect of the high flux exposure was investigated by comparing a sample exposed in Pilot-PSI and a 
sample exposed in PlaQ (1020 m-2s-1), both exposed to the same plasma fluence at similar surface 
temperature and D ion impact energy. To distinguish between the effects of pre-irradiation damage and 
D plasma induced damage, we compared our fluence scan to the results obtained for non-damaged 
tungsten targets. 
 
Deuterium retention was studied by nuclear reaction analysis (NRA) and by thermal desorption 
spectrometry (TDS). Saturation in deuterium retention was observed at very high plasma fluences of 
about 2·1027 m-2. The dominant trap source for deuterium is the damage created by MeV ions, which is 
only present in the first 1.5 μm below the surface. At such high fluences, all traps created by the 
tungsten pre-irradiation were occupied. From the depth profiles in NRA the diffusion of deuterium 
through this damaged region was monitored. Scanning electron microscopy revealed large blisters 
present at the surface. In the pre-irradiated targets a smaller number of blisters was found than in the 
non-damaged targets.  
 
The fluence dependence of the deuterium retention in tungsten will be presented in terms of variation of 
exposure time and flux. Here, the effects of pre-irradiation damage, plasma induced damage and pre-
existing defects will be discussed. 
 
*Corresponding author: tel.: +31 306096830, e-mail: m.h.j.thoen@differ.nl (M.H.J. ’t Hoen) 
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Material migration will occur due to extreme working conditions (high heat/power loads) followed by re-
deposition / co-deposition during the operation of ITER. As beryllium (Be) covers most of the plasma 
facing components (PFC), is expected to be the dominant material that will redeposit inside the 
machine along with nuclear fuel changing the properties and long term behaviour of various 
components of PFC. Therefore the quantity and properties of these redeposited layers, along with the 
quantity of nuclear fuel contained in them become of high importance.  
Deuterium doped films were deposited using thermionic vacuum arc (TVA) technology [1], using a 
classical TVA gun and a special design gas inlet that opens a 0.5 microns in diameter pin hole towards 
the samples at 1.5 cm distance from each substrate to be deposited. TVA deposition method has the 
advantage of providing on the samples that are prepared neutral as well as ionized beryllium atoms. 
The setup used for gaseous inclusions trapping allows each sample to be subject to a specific 
continuously deuterium atoms fluxes between 2E15 and 1E12 D/m2s. The beryllium deposition rate was 
kept constant at 0.5nm/s. This way, during a deposition process, samples are subject to constant 
beryllium atoms bombardment, while D is being trapped inside the film during the deposition at different 
flux for each sample. Four sets of Be-D co-deposited samples batches were prepared under these 
conditions, having different thicknesses of 100, 200, 500 and 1000nm respectively. 
The structure and morphology of the films were characterized using atomic force microscopy (AFM), 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and Rutherford 
backscattering spectrometry (RBS). 
The D amount co-deposited into the prepared was determined by Nuclear Reaction Analysis (NRA) 
using 3He ion beam by means of 4He (3He, α)p reaction with the 3He energy of 0.8 MeV. Thermal 
Desorption Spectroscopy (TDS) analyses were performed to correlate the influence of films thicknesses 
as well as gas flow on deuterium trapping mechanisms and release behavior with the films structure.  
 
[1] C. P. Lungu, I. Mustata, V. Zaroschi et al., Phys. Scr. T128 (2007) 157 
 
*Corresponding author: tel.: +40 21457 446, e-mail: corneliu.porosnicu@inflpr.ro (C. Porosnicu) 

A203 A204 



 

138 

 Ductile Phase Toughening in Tungsten-Copper Alloys  
at Elevated Temperatures 

 
G. R. Odettea, J. Heathcotea, F. W. Zoka, C. H. Henager-Jr.b, and R. J. Kurtzb,* 

 
aUC Santa Barbara, Santa Barbara, CA 

bPNNL, Richland, WA 99352 

 
The challenges for using Tungsten (W) as a plasma-facing material (PFM) for fusion reactor 
applications are well known, and include low intrinsic toughness, impurity effects, recrystallization, grain 
growth, radiation damage, surface erosion and instabilities, and irradiation embrittlement. W-alloys with 
improved toughness using elements, such as Re, are not attractive due to cost and irradiation-induced 
precipitation effects. W-composites are an option that is currently being explored in the US and in the 
EU by a variety of researchers. One promising approach to increasing fracture toughness of W 
composites is the use of embedded ductile phases, or ductile phase toughening (DPT), such as is 
manifested in commercial W-Cu heavy metal alloys. Cu does not have the required high-temperature 
strength for the demanding high heat flux application for PFMs, but can serve as a model alloy system 
to help develop understanding of the fracture behavior of DPT alloys that can guide development of 
high performance composites. 
 
We report on the fracture behavior of model W-Cu alloys** using both ambient and elevated 
temperature pre-cracked bend tests in order to explore the effects of matrix toughness and 
reinforcement strength, in this case both as a function of temperature and strain rate. At ambient 
temperature it is shown that large scale bridging zones form, resulting in resistance curves that 
increase the Kr(da) toughness by a up to a factor of 10 times more than for monolithic W. In this case 
the bridging mechanics can be fully described and modeled based on measured matrix toughness and 
load-displacement, P- curves as a function of crack extension, da [1]. The latter is monitored by digital 
image correlation (DIC) methods. Since, at this time, it was not possible to implement DIC to measure 
da for higher temperature tests in an inert /vacuum environment, measurements of P-are directly 
compared and analyzed in terms of the composite constituent properties, using a key-curve type 
procedure, including the effects of constraint on the reinforcement deformation. The analysis also 
includes pre and post mortem assessments of crack growth and characterization of the bridging zone 
topology. Note however, that while the bending P(stress)-(strain) curves are to some extent test 
specific, they are what is of direct interest, since they reflect the strength and ductility of the composite 
versus the brittle, linear elastic behavior of monolithic W. Combined with future detailed modeling, this 
test method will provide a new and generalized approach to a complete characterization of bridging 
mechanics that can be applied to general cracked body sizes and geometries for arbitrary composite 
systems. 
 
[1] G.R. Odette, B.L. Chao, J.W. Sheckherd, and G.E. Lucas, Acta Metallurgica et Materialia, 40, 2381 
(1992) 
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Operation under intense radiation damage and thermo-mechanical loads is common for both plasma 
facing components and targets for high power particle accelerators. Irradiation with high intensity 
pulsed heavy ion beams provides a unique tool for studying the contributions of the two mechanisms to 
material degradation. In-situ monitoring of fatigue response of graphite samples exposed to intense 3.6 
MeV/u 238U ion beam pulses has been performed at the M-branch facility, at the UNILAC accelerator at 
GSI. High density, isotropic graphite samples have been exposed to an increasing number of pulses up 
to 10000, with a thermal load of 1 MWm-2. IR monitoring of the graphite samples, using a high 
sensitivity cooled thermal camera, shows progressive increase of the temperature within the beam spot 
due to thermal conductivity degradation with dose accumulation. Finite element calculation of thermal 
stress waves amplitudes have been performed using the FEAP code. These simulations show that 
material failure starts at stress amplitudes lower than the mechanical strength of graphite due to 
additional stress concentrators induced by radiation damage and to fatigue induced by cyclic thermal 
loading. 
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 Development of Silicon Carbide Fiber Reinforced Tungsten Composites 
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Tungsten is a primary candidate material for divertor and first wall. A tungsten material is expected to 
be used at high temperature due to its extremely high melting point. However mechanical properties of 
tungsten degrade at high temperature due to recrystallization of pure tungsten above 1000C. Neutron 
irradiation also affects mechanical properties significantly. The objective of this work is to develop a 
tungsten material with ductile behaviour under high temperature neutron irradiation environment by 
reinforcement of silicon carbide fibers. Silicon carbide has very close coefficient of thermal expansion 
with tungsten. Silicon carbide fibers can be used at above 1000C under neutron irradiation. Silicon 
carbide was selected as reinforcement of tungsten to have ductility under the sever environment. 
 
Tungsten thin foils or tungsten powders were sintered with silicon carbide fibers by various conditions at 
1000~1800C and ~20MPa. Carbon coated fibers and non-coated fibers were used. Mechanical 
properties were characterized by tensile test. Microstructure was evaluated by FE-SEM. 
 
Very dense composites were fabricated in case of composites sintered with relatively small tungsten 
powders less than 1 um and reinforced with non-coated silicon carbide fibers, however pseudo-ductile 
fracture wasn’t observed. The composites showed pseudo-ductile fracture behavior by fiber pull-out in 
case of composites sintered with relatively large tungsten powders or tungsten thin foils, or composites 
reinforced with carbon coated silicon carbide fibers. The pseudo-ductile fracture behavior is 
independent of embrittlement of tungsten above recrystallization temperature or under neutron 
irradiation. The magnitude of tungsten can be reduced by replacing with silicon carbide fibers. 
 
*Corresponding author: tel.: +81 774 38 3461, e-mail: hinoki@iae.kyoto-u.ac.jp (T. Hinoki) 
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The NSTX-U device is currently undergoing a major upgrade including a doubling of plasma discharge 
current (from 1MA to 2MA), a doubling of central magnetic field (from 0.5T to 1T), and the quintupling of 
pulse length (from ~1s to 5s).  The available neutral beam heating is also doubling from 6MW to 12MW 
[1].  With a major radius of only 0.9m, very large power densities are potentially available for research 
on plasma-facing components as the nominal P/R ratio of the device will be ~21 MW/m and the nominal 
P/S ratio will be as high as 0.6 MW/m2.  This latter quantity is comparable to values anticipated in 
potential small-aspect ratio fusion nuclear science facilities with P/S ratios of ~0.7MW/m2[2].  This will 
make the NSTX-U uniquely capable of exploring conventional and innovative plasma-facing 
components suitable for next-step fusion experiments. 
 
Three main areas of research on materials and PFCs are planned for the NSTX-U from 2014 to 2018.  
These are to (i) understand lithium surface-science for long-pulse PFCs, (ii) unravel the physics of 
tokamak-induced material migration and evolution and (iii) to establish the science of continuous vapor-
shielding.  Initial operation in NSTX-U will utilize carbon PFCs with various combinations of boronization 
and lithium wall conditioning to optimize performance under the upgraded machine capabilities. 
Previously the confinement and overall plasma-performance of ~1 s discharges has been enhanced 
with lithium wall conditioning[3], and these effects will be tested with discharges of 5s or longer.  The 
migration of eroded material is a well-known issue facing present and future devices[4]. The high P/S 
ratio of NSTX-U will enhance erosion making it an ideal test-bed for wall erosion and material transport 
issues. Finally, liquid metal plasma-facing components (LM-PFCs) are a potentially attractive 
technology for future power reactors.  Examination of the state-of-the-art in cooling technologies 
indicates that thin-film LM-PFCs will likely operate at 700-800C – a temperature range where strong 
evaporation/erosion would be expected from liquid lithium surfaces.  This regime of operation may lead 
to novel divertor configurations where the incident heat flux to the PFC surface is mitigated by 
continuous vapor-shielding. 
 
The expected machine performance, PFC research plans and diagnostic systems planned for the next 
5-years of NSTX-U operation will be presented.  Supporting technologies currently under development 
and collaborative experiments in support of these research goals will also be described. 
 
[1] J.E. Menard, et al., Nucl. Fusion 52 (2012) 083015. 
[2] J.E. Menard, et al., Nucl. Fusion 51 (2011) 103014. 
[3] R. Maingi, et al., Nucl. Fusion 52 (2012) 083001. 
[4] P.C. Stangeby, J. Nucl. Mater. 415 (2011) S278-S283. 
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Increasingly, basic models such as density functional theory or molecular dynamics are being used to 
simulate different aspects of hydrogen recycling from plasma facing materials [1,2]. These models 
provide valuable insight into hydrogen diffusion, trapping, and recombination from surfaces, but their 
validation relies on knowledge of the detailed behavior of hydrogen at an atomic scale. Despite being 
the first wall material for ITER, basic single crystal beryllium surfaces have been studied only sparsely 
from an experimental standpoint. In a few prior cases researchers used electron spectroscopy to 
examine surface reconstruction or adsorption kinetics during exposure to a hydrogen atmosphere [3]. 
While valuable, these approaches lack the ability to directly detect the positioning of hydrogen on the 
surface. Ion beam techniques, such as low energy ion scattering (LEIS) and direct recoil spectroscopy 
(DRS), are two of the only experimental approaches capable of providing this information.  
 
In this study, we applied both LEIS and DRS to examine how hydrogen binds to the Be(0001) surface. 
Our measurements were performed using an angle-resolved ion energy spectrometer (ARIES) to probe 
the surface with low energy ions (500 eV - 3 keV He+ and Ne+.) We were able to obtain a “scattering 
maps” of the crystal surface [4], providing insight on how low energy ions are focused along open 
surface channels. Once we completed a characterization of the clean surface, we dosed the sample 
with atomic hydrogen using a heated tungsten capillary. A distinct signal associated with adsorbed 
hydrogen emerged that was consistent with hydrogen residing between atom rows on the surface. To 
aid in the interpretation of the experimental results, we developed a theoretical framework to simulate 
ion scattering at grazing incidence [5]. This approach allows enabled us to understand how the incident 
ions interacted with the surface hydrogen. For the purpose, we incorporated a simplified surface model 
into the Kalypso molecular dynamics code [6]. 
 
Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia 
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of 
Energy's National Nuclear Security Administration under contract DE-AC04-94AL85000. 
 
[1] A. Allouche, Phys. Rev. B, 78 (2008) 085429 
[2] R. Stumpf and P.J. Feibelman, Phys. Rev. B, 51 (1995) 13784 
[3] K. Pohl and E.W. Plummer, Phys. Rev. B, 59 (1999) R5324 
[4] R.D. Kolasinski, J.A. Whaley, and R. Bastasz, Phys. Rev. B, 79 (2009) 075416 
[5] R.D. Kolasinski, N.C. Bartelt, J.A. Whaley, and T.E. Felter, Phys. Rev. B 85 (2012) 115422. 
[6] M.A. Karolewski, Nucl. Instr. Meth. B, 230 (2005) 402. 
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Presently beryllium and its alloys are considered as a material for fusion reactor blanket and plasma 
facing first wall. The interaction of hydrogen and its isotopes with beryllium surfaces leads to a 
significant change of the surface properties of the material. However, this phenomenon is not yet well 
investigated in the literature. 
 
Static ab-initio calculations were performed for five various close-packed beryllium surfaces: basal, 
prismatic (I and II types), pyramidal (I and II types). In order to achieve the convergence of the results, 
different sizes of the simulation cell were used (72 - 128 atoms). The free surfaces were separated by a 
17-23Å thick vacuum region. The volume and the shape of the simulation cell were rigidly fixed during 
relaxation. The calculations have shown that the basal plane is the most energetically favorable. The 
energy of prismatic (type I) and pyramidal (type I) planes are almost equal and they are found to be the 
second energetically favorable planes in beryllium. The other planes have noticeably higher surface 
energies. Usually up to 5 outmost atomic layers are involved in surface relaxation. During relaxation the 
interlayer spacing near the free surfaces changes significantly (up to 25% with respect to ideal hcp 
lattice) near the free surface.  
 
The influence of the adsorbed hydrogen atoms on the beryllium surface energy was studied. Hydrogen 
atoms were placed in all nonequivalent positions on the various surfaces. Almost in all possible 
configurations the presence of the hydrogen atom leads to a noticeable reduction of the surface energy. 
The electron density of the obtained structures was also analyzed. No rearrangement of the surface 
structure containing a single atom of hydrogen was observed.  
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Due to low erosion yield and high melting temperature, tungsten (W) is a candidate material for plasma-
facing high heat-flux structures in future fusion reactors. In ITER, the total area of W tiles (baffle plates 
and domes of diverter) will be ≈100 m2, and it is likely that in future Be tiles of the first wall will be 
replaced by the tungsten ones [1]. Moreover, W is considered as one of candidate materials of first 
mirrors for optical diagnostic systems, if sputtering of mirror with charge exchange atoms will be high. 
Some characteristics of the W surface can be changed during plasma-mirror interaction, such as 
sorption capacity of deuterium and tritium, ability to reflect electromagnetic radiation emanating by 
plasma, surface roughness and the rate of sputtering by charge exchange atoms.  
 
The effects of neutron-induced damage on the retention of hydrogen isotopes have been simulated by 
irradiation of tungsten targets with 20 MeV W ions, e.g., [2,3].  In the present study, the effect of pre-
irradiation of W with 20 MeV W ions on the surface morphology of W as mirror due to sputtering is 
investigated. A development of the surface topography of W mirrors pre-damaged with 20 MeV W ions 
under long-term sputtering was examined by different methods. Three types of polycrystalline tungsten 
were used in this work: (i) ITER-grade tungsten produced by A.L.M.T. Corp., Japan, (ii) the W 
recrystallized at 2073 K for 1 hour after cutting and polishing (same producer), and (iii) ITER-grade 
tungsten produced by Plansee AG. The specimens were prepared as high optical quality mirrors to 
investigate a change of optical properties under surface sputtering. One side of specimens was 
irradiated with 20 MeV W ions to damage levels up to 3.0 dpa with the damage peak situated at a depth 
of 1.3 µm. The other side served as a reference surface. Both sides were sputtered with 600 eV Ar ions 
up to a depth of about 4 μm what significantly exceeds the depth of the damaged zone (2.4 μm). 
 
As follows from the obtained data, the damage produced by 20 MeV W ions in W mirror does not 
influence optical properties, surface topography, and sputtering yield. This observation gives a good 
reason to make an optimistic conclusion that the neutron irradiation, at least at the damage level would 
be achieved in ITER, has not to make an additional contribution in the processes developing under 
impact of charge exchange atoms only.  
 
1. O. Gruber, A.C.C. Sips, R. Dux et al. Nucl. Fusion 49, 115014 (9 pp) (2009) 
2. M. Fukumoto, H. Kashiwagi, Y. Ohtsuka et al. J. Nucl. Mater. 390–391, 572 (2009) 
3. O.V. Ogorodnikova, B. Tyburska, V.Kh. Alimov, K. Ertl, J. Nucl. Mater. 415, S661 (2011) 
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Tungsten (W) has a high melting point and low tritium retention, so that it is a candidate of plasma-
facing materials. In spite of these advantages, it is known that helium holes/bubbles [1] and fibreform 
nanostructure [2] are formed on tungsten surface by exposing to He plasma. In addition, it has also 
been revealed in recent years the nanostructure disappeared from the surface when the surface 
temperature was higher than 1300 K without He irradiation[3]. However, the changes in the inside of the 
nanostructures during annealing have not been fully understood yet. It is important to understand the 
shrinkage phenomenon that competes with nanostructure formation to make it clear the nanostructure 
formation mechanism. Therefore, this study investigates the changes of He bubbles in annealing 
process and the desorption behavior of He from the nanostructured W.  
 
 Powder metallurgy W disks (Nilaco. Co.) 5 mm in diameter, and the thickness was 0.2 mm were used 
for the sample. The polished sample was irradiated with He plasmas in the linear divertor plasma 
simulator NAGDIS (NAGoya DIvertor Simulator) - II.  The surface temperature of the samples was 
measured with a radiation thermometer. In order to control the incident ion energy to the samples, the 
samples were electrically biased. The sample was  exposed to He plasma at 1300 K with the He 
fluences of up to 1.5×1025 m-2. After the He irradiation, to reveal the thermal desorption behavior of the 
trapped He from the sample, thermal desorption spectroscopy (TDS) experiments were carried out in 
the temperature range of 773 K - 1273 K. The temperature was increased by 100 K from 773 K and 
kept in each temperature for 25 min. In order to observe the state of the He bubbles during the TDS, 
the cross-section surface was analyzed with transmission electron microscopy (TEM). The sample was 
prepared by focused ion beam (FIB) milling process, and the thickness of the sample was about 50 nm. 
  
Before annealing, the height of the structure formed on the surface was approximately 460 nm and 
there were He bubbles inside the structure. As increasing the temperature, the nanostructure layer was 
reintegrated to bulk material. Moreover, the structure changed drastically and most of the He bubbles 
disappeared at 1173 K. This result was consistent with the TDS result, in which the largest peak was 
observed at ~1173 K. However, the He bubble still remained in the bulk tungsten at above 1173 K. The 
results suggested that the temperature should be significantly higher than 1200 K to totally desorb He 
from W by annealing. 
 
[1] H. Iwakiri, K. Yasunaga, K. Morishita, et al.,  J. Nucl. Mater. 283-287, 1134 (2000). 
[2] S. Takamura, N. Ohno, D. Nishijima, et al.,  Plasma Fusion Res. 1, 051 (2006) 
[3] S. Kajita, N. Yoshida, R. Yoshihara, et al., J. Nucl. Mater. 421, 22-27 (2012). 
 
*Corresponding author: tel.: +81 52 789 5429, e-mail: yajima-miyuki10@ees.nagoya-u.ac.jp 

A212 A213 



 

142 

 Estimation of contribution of gaps to tritium retention in the divertor of ITER 
 

D. Matveeva,b,*, A. Kirschnera, D. Borodina, A. Litnovskya, M. Kommc,  
G. Van Oostb and U. Samma 

 
aInstitut für Energie- und Klimaforschung – Plasmaphysik (IEK-4), Forschungszentrum Jülich GmbH, 

EURATOM Association, Wilhelm-Johnen-Straße, 52425 Juelich, Germany 
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cInstitute of Plasma Physics AS CR, v.v.i., Za Slovankou 3, 182 00 Prague 8, Prague, Czech Republic 

 
Material life time and tritium retention issues are the most critical for the availability of future fusion 
devices such as ITER. Material erosion, migration, deposition and co-deposition have the strongest 
impact on the in-vessel retention of radioactive tritium, which must be limited and controlled due to 
safety reasons. Remote plasma-shadowed areas in the divertor and gaps in castellated plasma-facing 
components are identified as critical sites for co-deposition of fuel with plasma-facing materials (C, Be) 
eroded elsewhere in the device. The ITER divertor design consists of castellated plasma-facing 
surfaces with around 320,000 individual monoblocks with a spacing of ~1 mm and a gap depth reaching 
~30 mm [1]. The total area of plasma-shadowed surfaces hidden inside such gaps will exceed the area 
of plasma-exposed surfaces. No effective cleaning methods are available so far for the removal of the 
retained tritium from these remote locations. 
 
This contribution presents an estimation of the contribution of gaps to beryllium deposition and resulting 
tritium retention in the divertor of ITER based on the following considerations: 

– Ion flux distribution over plasma-facing surfaces (B2-EIRENE simulations [2]). 
– Be fraction in the total particle flux coming to divertor surfaces (calculations [3]). 
– Fraction of plasma ions entering the gaps (SPICE2 [4] simulations). 
– Probability for Be to be deposited inside the gaps (3D-GAPS [5] simulations). 
– Average amount of tritium retained in Be co-deposited layers (T/Be = 0.05 [6]). 

The effect of shaping of poloidal gaps on tritium retention is assessed. Simulations show about a factor 
15 smaller retention rates in shaped gaps compared to non-shaped ones. In total, gaps in the ITER 
divertor are estimated to contribute up to 0.5 mg T/s to tritium retention (non-shaped case), dominated 
by toroidal gaps. This amount corresponds to about 5000 ITER discharges before the safety limit of 
1 kg T is reached (T release during wall baking and retention at plasma-wetted and remote areas [7] 
excluded !). In the studied case, the poloidal gap shaping alone is not sufficient to decrease T retention 
in gaps significantly. Therefore, one should search for possible measures for simultaneous mitigation of 
T accumulation in toroidal gaps. 
 
[1] R.A. Pitts et al., J. Nucl. Mater. 415 (2011) S957-S964 
[2] Federici, G. et al.:, J. Nucl. Mater. 313-316 (2003) 11-22 
[3] Schmid, K., Nucl. Fusion 48 (2008) 105004 
[4] Dejarnac, R. and Gunn, J., J. Nucl. Mater. 363-365 (2007) 560-564 
[5] Matveev, D. et al., Plasma Phys Control. Fusion 52 (2010) 075007 
[6] Baldwin, M. et al., J. Nucl. Mater. 337-339 (2005) 590-594 
[7] Kirschner et al., Phys. Scripta T138 (2009) 014011 
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 On helium cluster evolution in tungsten 
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We analyze helium cluster dynamics in fuzz’s tendril and a half-space domain using the reaction-
diffusion model in a dilute approximation. Only helium self-trapping in large helium clusters was 
considered. Possible effects of pre-existing defects, which can alter helium trapping, were ignored here 
and will be analyzed separately. We show that the formation of helium clusters in the tendrils of radius Δ 
is governed by the parameter Γ Δ²/  (where  is the effective capture radius for the 
reaction → ; , Γ ,  are the implantation depth, flux, and diffusion coefficient of He). For 
typical fusion related experiments ~10 ≪ 1, which makes virtually impossible the formation of new 
large immobile helium clusters in the tendrils. The MD simulations of helium dynamics in tendrils may 
give bogus results since they usually use high helium flux corresponding to ≫ 1, which drastically 
changes the dynamics of helium clusters. Analysis of helium cluster dynamics in a half-space domain 
shows initial formation of large immobile helium clusters at the depth ,

/  (where ~ /  is 
the He density at the implantation region). These clusters play the role of the plug for farther penetration 
of helium. With time, this effective plug moves toward the surface and the density of helium atoms in 
the plug is rapidly increasing. As a result, already at the depth  of the order of the fraction of 

,
/ , helium density reaches the density of solid material, which breaks the applicability of a 

standard reaction-diffusion model. Averaged size of helium clusters at this moment is ~104. During 
further evolution entire layer at the depth ~  will be filled with densely packed with helium nano-
bubbles. These findings agree in a ballpark with existing experimental observations on the formation of 
the layer of nano-bubbles beneath the surface of the sample. Projecting the results of this analyzes on 
the fuzz formation mechanism we may conclude that the fuzz might be growing in two phases. The 
phase one is related to the bubble rapture within some part (or entire) layer of nano-bubbles forming the 
plug for helium penetration into the sample. In phase two, further evolution of fuzz may be associated 
with the helium flux induced growth and eventual rapture of relatively small, but immobile clusters at the 
tip of the tendrils, which were preformed in the plug but survived initial phase of fuzz formation. During 
the second phase of fuzz evolution the mass of the fuzz material should be remained more or less 
constant. 
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Lungu C. P.  A020, A093, A124*, A198*, A204
Lungu M.  A063, A124, A198
Lunt T.  A096
Luo G.‐N.  A021*, A036*, A082, A118*, A130, A132, A151, A156, 

A167*, I1 
Luo R.  A056*
Lyanzberg  D.  A041*
Ma Y. A143
Maddaluno  G.  A191*
Maffini  A.  A065*
Maggi C.  C18
Maier H.  A060, A064, I3*
Maingi  R.  A208
Makhlai  V. A.  A043*
Malykhin  S. V.  A043
Manhard  A.  A026*, A030, A031, A042, A052, A061, A090, A203 
Mansfield  D. K.  A005
Mao H. M.  A132, A167
Marandet  Y.  I2
Marcu A.  A198
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Name  First name  Contribution
Marenkov  E. D.  A014* 
Marin  A.  A198, A204 
Markelj  S.  A038*, A135 
Markina  E.  C7, A090, A171*, A192
Marot  L.  A065, A070, C12, A101*, A152
Marsen  S.  A121, I16 
Martin  C.  A077, A083, A135, A200*
Martin‐Rojo  A. B.  A028, A076 
Masyukevich  S. V.  A202 
Matějíček  J.  A173 
Mateus  R.  A084 
Mathys  D.  A070 
Matsumura  Y.  A162 
Matsunami  N.  A150 
Matsuo  S.  C1 
Matthews  G. F.  A060, C18*, A104, C17, A121, A149, A164, A217, I14, I12, 

I17 
Matveev  D.  A175, A214*, I16
Maya  P. N.  A190* 
Mayer  M.  C7*, A063, C9, C5, A090, A094, A171, A192, A203, I8
Mazul  I.  A188, I11 
Mednikov  A.  A161 
Medvedeva  A.  A114 
van der Meiden  H. J.  A199 
Meinander  A.  A088, A185*, A186*
Meisl  G.  A066* 
Mekler  K. I.  A114 
Mellet  N.  A200 
Menard  J.  A208 
Mera  S.  A162 
Merola  M.  A160, C14, I2
Merrill  B. J.  C15 
Mertens  P.  A104, A153, A197*, I14
Meyer  E.  A065, A070, A101, A152
Meyer  F. W.  A144, A145* 
Meyer‐III  H. M.  A145 
di Michiel  M.  I4 
Miettunen  J.  I16 
Minier  L.  A022 
Miorin  E.  A069 
Mirgorodsky  V.  I11 
Missirlian  M.  A040, A099, A191, I2
Mitteau  R.  A075, A160, A178, A197, C14, I11, T2
Miura  R.  A110 
Miyamoto  M.  A109*, A115, A157
Mollard  P.  I2 
Möller  S.  A049, A097, A152, C11*

Name First name Contribution
Montanari  R.  A191
Moreau  P.  I2
Morgan  T. W C16*, A195
Moser L.  A070*
Moser M.  A192
Mourey  O.  A135
Moyer R. A.  A201
Mozetič  M.  A071, A076, A126
Mueller  G.  A053
Mukhammedzyanov T.  A176*
Mukhin  E.  A202
Müller H. W.  C5, A094, C13
Munnik  F.  A172
Muñoz  A.  A158
Mušálek  R.  A173
Nagasaka  T.  A110
Naimi F.  A022
Nakai K.  C1
Nakamura  H. A146*
Nakamura  Y.  A150
Nakano  T.  A057
Nardon  E.  I2
Neu R.  C5, A094
Neubauer  O.  A197
Nguyen  D.  A206
Nieto‐Perez  M.  A166*
Nikolaev  G. N.  A161
Nishijima  D.  A019*, C2, A046, A109, I5
Niu G.‐J. A118
Niu J.  A002
Nordlund  K.  A001, A088, A185, A186
Nunes D.  A108
Nunes I.  C18, I14
Nunes I.  A104
Nygren  R.  A194
Oberkofler  M.  A020, A066, A077, A106
Odette  G. R.  A205
Ogorodnikova  O. V.  A038, A048*, C9, A212
Oguri K.  A162
Ohno N.  A058, A150*, A213
Ohriner  E. K.  A008
Ohtsuka  Y.  A047, A095, C10
Okamoto  A.  A201
Okano H.  C1
Okuno K.  A110, A157
Ono K.  A115*, A157
Ono M.  A208
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Name  First name  Contribution
van Oost  G.  A018, A024, A037, A051, A052, A214
Orlovskiy  I.  A176 
Osiceanu  P.  A198, A204 
Ouaras  K.  A134* 
Ovchinnikov  I.  A188 
Oya  M.  A047*, A142 
Oya  Y.  A110, A157* 
Oyaidzu  M.  A068 
Oyarzabal  E.  A028, A076 
Palacios  T.  A158* 
Panayotis  S.  A083 
Panizo‐Laiz  M.  A172 
Pardanaud  C.  A077*, A083*
Paris  P.  A023, A093 
Parish  C. M.  A145 
Park  H. J.  A111, A112 
Parracho  A.  A106 
Pascal  J. Y.  A009, A083 
Passoni  M.  A065, A089 
Pastor  J. Y.  A158, A172 
Patil  Y.  A017 
Peeper  K.  A192 
Pégourié  B.  A009, A083*, A174, A200, I2
Pelicon  P.  A038 
Peng  L. J.  A036 
Perlado  J. M.  A172 
Petersson  P.  A049, C12, A098, A129, A149, C11, A193, I8*, T3
Petrov  V.  A102 
Petrov  Y. V.  A043 
Pezzoli  A.  A089 
Philipps  V.  A059, A104, A133, A142, A152, A153, A175, A197, I16, I17*
Piip  K.  A023* 
Pintsuk  G.  A022, A024, C12, A153, I13*
Pisarev  A.  A014, A090, A161
Pitcher  S.  A197 
Pitts  R. A.  A082, A132, A160, C13, A197, C14, I2, T2
Podkovirov  V. L.  A119 
Polosatkin  S. V.  A114 
Ponkratov  Y.  A163 
Porosnicu  C.  A020, A124, A198, A204*
Pospieszczyk  A.  A152 
Possnert  G.  A129, A193, I8
Postupaev  V.  A114 
Potzel  S.  C13 
Primaux  F.  A178 
Primc  G.  A071, A126 
Pugachov  A. T.  A043 

Name First name Contribution
Putric A.  A105
Putrik A.  C9, A119*
Qian J. P.  A132
Qin S. G.  A021, A036
Qiu H. X.  A013
Qu D.  A050
Raffray  R.  A075, A197, I11, T2
Rais B.  A069*
Räisänen  I.  A059
Ramos G.  A136*
Rasinski  M.  A025
Ratynskaia  S.  A193
Razdobarin  A. G.  A202*
Reddy D. C. A168
Redolfi  M.  A134
Reichart  P.  A192
Reichle  R.  A070
Reinhart  M.  A153
Reiter D.  C13
Ren J.  A003, A011
Van Renterghem W.  A044*
Riccardi  B.  A160
Riccardo  V.  A104, I14
Richou M.  A022, A040, A099*, I2
Riesch J.  I4*
Rieth M.  I10
Rimini F. G.  C18
Roberts  S. G.  C3, A127
Rohde V.  A025, C5, A094, A096, I8
Roubin  P.  A077, A083, A135, A200
Rubel M.  A049, C12, A101, A147, A149, A217, I8, T3* 
Rudakov  D. L.  A107, A194, A201*
Rulev R.  A188, I11
Ruset C.  A060, A063, I14
Ruzic D. N.  A011, A091*
Ryazanov  A. I.  A092*, A102
Ryzhkov  I. V.  A212
S Z.  A011
Sabau A. S.  A008*
Sabot R.  I2
Sadakov  S.  A197
Sadowski  M. J.  A043
Sagara A.  A109, A157
Saibene  G.  A122
Saidi O.  A135*
de Saint‐Aubin  G.  A063
Saito S. A146, A182
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Name  First name  Contribution
Sakamoto  T.  C1 
Salasca  S.  I2 
Samaille  F.  I2 
Samm  U.  A097, A104, A152, A153, A175, C11, A197, A214
Sandoval‐Rios  C.  A166 
Saravanan  K.  A172 
Sato  K. N.  A162, A169 
Sato  M.  A110*, A157 
Scheel  M.  I4 
Schmid  K.  A026, A066, C13, I5
Schmitz  O.  A097, A152, A175
Scholten  J.  A199 
Schultheis  L.  A103* 
Schuurmans  J.  A037 
Schwarz‐Selinger  T.  C6*, C2, A038, A042, A046, C7, A062, A171, A192
Schweer  B.  A152, A153 
Sefta  F.  A139, A183 
Semenov  E. A.  A092, A102 
Semenov  V.  A202 
Semichev  D.  I11 
Sergienko  G.  A104*, A133, A152, A153
Serishkin  S.  A176 
Serruys  Y.  A117 
Sertoli  M.  A121* 
Sestak  D.  A126 
Shalpegin  A. V.  A096* 
Sheng  H.  A004 
Shi  Y. L.  A021, A036 
Shigin  P. A.  A119 
Shimada  M.  C15 
Shimada  M.  A197 
Shimoda  K.  A207 
Shin  K. I. A113 
Shoshin  A.  A114*, A153 
Shtan  A. F.  A212 
Shu  W.  A160 
Shu  X. Y.  A013 
Sidibe  M.  A117* 
Sieglin  B.  A064, A121, I14, I12
Siemroth  P.  A067 
Siljegovic  M.  A042 
Sima  A.  A063 
Sinitsky  S. L.  A114 
Sips  G.  C18 
Sirinelli  A.  A104 
Sizyuk  T.  A180*, A201 
Skinner  C. H.  A029*, A208 

Name First name Contribution
Skladnik‐Sadowska E.  A043
Skoryk O.  A212
Smirnov  A. S.  A202
Smirnov  R. D.  A012, A014
Smith R.  A106
Snead L. L.  A008, I10*
Sokolov  I.  A196
Solodovchenko  S. I.  A212
Song J. P.  A021
Soreau  T.  A178
Spitsyn  A. V.  C9*
Stamp M. F.  I16
Stangeby  P. C.  A132, C13, A201, C14
Steiner  R.  A070, A101, A152
Stepanov  N.  A188
Steudel  I.  A153
Stöckel  J.  A126
Stolyarova  V.  A102
Stoschus  H.  A152
Stotler D. P.  A199, A208
Strohmeyer  G.  A133
Stüber M.  A050
Sugihara  M.  A160, C14
Sugiyama  K.  A048, A068, C5*, A090, A093, A094, A100, A204 
Sun L. A002
Sun Z.  A003, A005
Sun Z. C.  A056
Suzuki S.  A160
Tabares  F. L.  A098
Tabarés  F. L.  A028*, A071, A076
Tafalla D.  A028
Taguchi  T.  A157
Takagi I.  A100
Takagi M.  A150
Takayama  A. A146, A182
Takida T.  C1
Tamain  P.  I2
Tan J. A143
Tanabe  T.  C4
Tanaka  S.  A162, A169
Tang J.  A013*
Taylor C. N.  C15*
Tazhibayeva  I.  A163*
Tejado E.  A172
De Temmerman  G.  A023, A060, A076, A125, C16, A133, A151, A156*, A195, 

A199, A203, A208 
Terentyev  D.  A018, A051
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Name  First name  Contribution
Tiseanu  I.  A063, A124 
Tobengauz  A.  A176 
Toda  K.  A110 
Tokar  M. Z.  A152 
Tokitani  M.  A213 
Tokunaga  T.  A110 
Tolstyakov  S. Y.  A202 
Tomut  M.  A206 
Tonegawa  A.  A162*, A169*
Torikai  Y.  C1, A095, A142
von Toussaint  U.  C8*, A190, T1
Trautmann  C.  A206 
Travère  J. M.  I2 
Trifonov  N.  A165 
Trocelier  P.  A117 
Tsitrone  E.  I2* 
Tulenbergenov  T.  A196 
Tulubaev  E.  A163 
Tyburska‐Püschel  B.  A137* 
Uccello  A.  A065 
Uchimura  H.  A157 
Ueda  Y.  A047, A057, C1, A095, A142*, C10
Ulrich  S.  A050 
Unezhev  V.  A102 
Ungureanu  G. R.  A198 
Unterberg  B.  A133, A153 
Ursescu  D.  A198 
Uytdenhouwen  I.  A004, A037, A044, A052, A155
Valcárcel  D. F.  I14 
Vandermeulen  W.  A004* 
Varju  J.  A126 
Vartanian  S.  I17 
Vasilyev  A.  A114 
Vaßen  R.  A050 
Vavpetič  P.  A038 
Veshchev  E.  A197 
Vignal  N.  A040, A099, A191
Vilémová  M.  A173* 
Vizgalov  I.  A196 
Vladimirov  P. V.  A211 
Voitsenya  V. S.  A212* 
Volodin  A.  A188 
Vrel  D.  A134 
de Vries  P.  C18, A121 
Vsolak  R.  A123 
Vukolov  K.  A176 
Wall  D.  A107 

Name First name Contribution
Wampler  W. R.  A132*, A201, A209
Wang B.  A125
Wang H. Y.  A003
Wang J.  A086
Wang P.  A030, A031
Wang Q.  A138
Wang T. J.  A021, A036
Wang T. S.  A138*
Wang W. Z.  A132
Wang Y. A080
Watanabe  H.  C1, A100, A110
Watanabe  T.  A109
Watkins  J.  A194
Watkins  J. G.  A201
Wauters  T.  A049
Weber T.  A050*
Wegener  T.  A133
Weisenburger  A.  A053
Whaley  J. A.  A209
Widdowson  A.  A060, C12, A101, C17, A129, A147, A149, A164, A217* 
Wienhold  P.  A175
Wilson  J.  I14
Wirth B. D.  A139, A183
Wirtz M.  A024, A043, A130, A153, A155*, A187
Wisse M.  A070, A101
Wong C. P. C.  A107, A194, A201
Wright  G.  A107
Wu J.  A167
Wu X. M.  A007*
Wu Y.  A002
Wurster  S.  I4
Xie C. Y.  A021, A167
Xu B.  A206
Xu H. Y.  A130, A151, A156, A203
Xu Q. A118, A167
Xu W.  A091
Xu X.  A138
Xu Y.  A021
Xu Z. Y.  A081
Xue J. A080
Yajima M.  A058, A213*
Yamagiwa  M.  A150
Yamanishi  T.  A068
Yan S. A080*
Yang D.  A002
Yang J.  A013
Yang Q.  A002



 

152 

Name  First name  Contribution
Yao  D. I1 
Yaroshevskaya  A.  A105, A119 
Ye  C.  A007 
Yonemura  S. A146 
Yoon  J.‐S. A113 
Yoshida  N.  C1, A100, A109, A110, A142, A157, A213
Yoshimoto  Y. A182 
You  J.‐H.  A010, A190, I4
Yu  J. H.  A033*, C2 
Yu  Y.  A021 
Yuan  Y.  A130, A151, A156
Zacchia  F.  A075, A178 
Zagorksi  R.  I2 
Zakharov  A. P.  A202 
Zakharov  L. E.  A011 
Zalavutdinov  R. K.  A202 
Zaplotnik  R.  A071*, A126 
Zastrow  K. ‐D.  I14 
Zatekin  V.  A102 
Zaurbekova  Z.  A163 
Zayachuk  Y.  A004, A018, A052*
Zgardzinska  B.  A137 
Zhang  B.  A154 
Zhang  B. A080 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Name First name Contribution
Zhang S.  A138
Zhang Y.  A125
Zhao J. T.  A138
Zhao P.  A010*, A016
Zhao S. X.  A036
Zheng X. W.  A003
Zhitluchin  A. M. A105, A119
Zhou H. B.  A125
Zhou Y. L.  A086
Zhou Y. S.  A138
Zhou Z.  A024, A050, A140, A141, A143*
Zhu D. H.  A140, A141*
Zhu X. P.  A140, A141
Zhu Y. A080
Zhuge L. J.  A007
Zhurkin  E.  A018
Zibrov M.  A090*
Zimin A.  A176
Zlobinski  M.  A152, A153
Zok F. W.  A205
Zoomers  R. G.  A156
Zuev V.  A196
Zuo G. Z.  A005, A011
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Annex A: Jülich Research Centre Site Map 
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Annex B: Organized Transport

Tuesday, 14 May 2013 
 
08:00 h Youth Hostel Aachen, Maria-Theresia-Allee 260 
08:15 h Hotel ibis Hauptbahnhof, Zollernstrasse 2  
~9:00 h Forschungszentrum Jülich 
 
08:15 h Hotel ibis Marschiertor, Friedland Strasse 6-8 
~9:00 h Forschungszentrum Jülich 
 
08:05 h Hotel Mercure, Peterstraße 1 
08:15 h Hotel Novotel, Peterstraße 66 
~9:00 h Forschungszentrum Jülich 
 
Return  
 
18:15 h Forschungszentrum Jülich 
~19:00 h Hotel ibis Hauptbahnhof, Zollernstrasse 2  
~19:15 h Youth Hostel Aachen, Maria-Theresia-Allee 260  
 
18:15 h Forschungszentrum Jülich 
~19:00 h  Hotel ibis Marschiertor, Friedland Strasse 6-8 
 
18:15 h Forschungszentrum Jülich 
~19:00 h Hotel Novotel, Peterstraße 66 
~19:15 h Hotel Mercure, Peterstraße 1 
 

Wednesday, 15 May 2013 
 
08:00 h  Youth Hostel Aachen, Maria-Theresia-Allee 260 
08:15 h  Hotel ibis Hauptbahnhof, Zollernstrasse 2  
~9:00 h  Forschungszentrum Jülich 
 
08:15 h Hotel ibis Marschiertor, Friedland Strasse 6-8 
~9:00 h Forschungszentrum Jülich 
 
08:05 h Hotel Mercure, Peterstraße 1 
08:15 h Hotel Novotel, Peterstraße 66 
~9:00 h Forschungszentrum Jülich 
 
Return  
 
17:00 h Forschungszentrum Jülich  
~17:45 h Hotel ibis Hauptbahnhof, Zollernstrasse 2   
~18:00 h Youth Hostel Aachen, Maria-Theresia-Allee 260  
 
17:00 h  Forschungszentrum Jülich  
~17:45 h  Hotel ibis Marschiertor, Friedland Strasse 6-8 
   
17:00 h  Forschungszentrum Jülich 
~17:45 h Hotel Novotel, Peterstraße 66 
~18:00 h Hotel Mercure, Peterstraße 1 
 



 

155 

Thursday, 16 May 2013 
 
08:00 h  Youth Hostel Aachen, Maria-Theresia-Allee 260 
08:15 h  Hotel ibis Hauptbahnhof, Zollernstrasse 2  
~9:00 h  Forschungszentrum Jülich 
 
08:15 h Hotel ibis Marschiertor, Friedland Strasse 6-8 
~9:00 h Forschungszentrum Jülich 
 
08:05 h Hotel Mercure, Peterstraße 1 
08:15 h Hotel Novotel, Peterstraße 66 
~9:00 h Forschungszentrum Jülich 
 
Return  
 
17:45 h Forschungszentrum Jülich  
~18:30 h Hotel ibis Hauptbahnhof, Zollernstrasse 2   
~18:45 h Youth Hostel Aachen, Maria-Theresia-Allee 260  
 
17:45 h  Forschungszentrum Jülich  
~18:30 h  Hotel ibis Marschiertor, Friedland Strasse 6-8 
  
17:45 h  Forschungszentrum Jülich 
~18:30 h Hotel Novotel, Peterstraße 66 
~18:45 h Hotel Mercure, Peterstraße 1 

Friday 17 May 2013 
 
08:00 h  Youth Hostel Aachen, Maria-Theresia-Allee 260 
08:15 h  Hotel ibis Hauptbahnhof, Zollernstrasse 2  
~9:00 h  Forschungszentrum Jülich 
 
08:15 h Hotel ibis Marschiertor, Friedland Strasse 6-8 
~9:00 h Forschungszentrum Jülich 
 
08:05 h Hotel Mercure, Peterstraße 1 
08:15 h Hotel Novotel, Peterstraße 66 
~9:00 h Forschungszentrum Jülich 
 
Return  
 
14:00 h Forschungszentrum Jülich  
 Bahnhof Düren  
 Aachen 
 
14:00 h  Forschungszentrum Jülich  

Düsseldorf Airport 
   
16:00 h  Forschungszentrum Jülich 

Bahnhof Düren 
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Annex C: How to get to the site by public transportation 

By train 
From Aachen to Jülich and vice versa: 
Take the train from Aachen to Düren's main train station (Hauptbahnhof). Then take the local train (called ‘Rurtalbahn’) to Jülich and get out at the 
"Forschungszentrum" stop. From here, you need to keep right and walk towards the main road before turning right towards the Research Centre. The main 
entrance of the Research Centre can be reached in about 20 minutes by foot. 
 
From Cologne/Bonn Airport to Jülich: 
From the railway station at the airport, take the S13 or a regional express 
to Cologne central station (Köln Hauptbahnhof) and then continue with the 
S12 or a regional express to Düren. Continue from Düren as described in 
"From Aachen". 
 
From Düsseldorf International Airport to Jülich: 
From the railway station at the airport, travel to Cologne central station 
(Köln Hauptbahnhof) and then continue on to Düren. Some trains go 
directly to Düren whereas other connections involve a change at Cologne 
main train station. Continue from Düren as described in "From Aachen". 

From Cologne/Bonn Airport to Aachen: 
From the railway station at the airport, take the S13, a regional 
express (RE) or an intercity express (ICE) to Cologne central station (Köln 
Hauptbahnhof) and then continue with a regional express to Aachen main 
train station (Aachen Hbf). 
 
From Düsseldorf International Airport to Aachen: 
From the railway station at the airport, travel to Cologne central station 
(Köln Hbf) and then continue on to Aachen. Some trains go directly to 
Aachen whereas other connections involve a change at Cologne main train 
station.

 
By bus 
From Aachen to Jülich and vice versa: 
The SB11 bus line (see next page) connects the Research Centre to the local public transport system. Commuters from Aachen travelling to the Research 
Centre have 17 options every day of reaching their destination and 16 in the other direction to get back to Aachen. 
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Annex D: Aachen City Information 
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Peterstrasse 1

52062 Aachen

Jugendherberge Aachen

Euregionales Jugendgästehaus

Maria-Theresia-Allee 260

52074 Aachen
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City centre of Aachen 
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Annex E: Organ concert in the cathedral Aachen 

List of compositions 
 
Charles John Stanley Voluntary op.7 
(1712 – 1786) 

Johann Pachelbel Arietta 
(1653 – 1706) 

Johann Sebastian Bach Präludium und Fuge h-Moll BWV 544 
(1685 – 1750) 

César Franck Cantabile 
(1822 – 1890) 

Simon Preston Alleluyas 
(*1938) 

Norbert Richtsteig Toccata (Improvisation) 
(*1948)  

 

Norbert Richtsteig, church music director 
 
Norbert Richtsteig was born in 1948 in Rheinberg on the Lower Rhine and 
grew up in Kamp-Lintfort. He comes from a family of organists. At the age 
of eight, he was already standing in for his father as organist. 
 
 Studied church music at Kirchenmusikschule St.-Gregorius-Haus in 

Aachen 

 Student of cathedral organist Herbert Voß in Aachen 

 Organist and choir director at Heilig Kreuz church in Aachen from 
1967 to 1969 

 Final degree with A examination (distinction in improvisation) in 1969 

 Additional studies under Prof. Michael Schneider in Cologne 

 Interpretation courses with André Isoire, Peter Planyavsky, Ludger 
Lohmann and others 

 Lecturer for organ improvisation and in classical organ works at 
Katholische Hochschule für Kirchenmusik St.-Gregorius in Aachen 
for many years (formerly Kirchenmusikschule St.-Gregorius-Haus) 

 Cathedral organist at Aachen Cathedral from 1987 to 2013 

 Appointment as Episcopal Church Music Director by Heinrich 
Mussinghoff, Bishop of Aachen, in 2007 

 Organ concerts in Germany and abroad 

 Radio recitals 

 Numerous CD recordings (classical works and improvisation) 



 

162 

Publication Details 
Cover picture: Re-solidified melt on a tungsten limiter formed after high heat-flux exposures (for 5 seconds at 20 MW/m²) in the TEXTOR edge-plasma 
Published by: Forschungszentrum Jülich GmbH | 52425 Jülich | E-Mail: pfmc-14@fz-juelich.de Printed by: Forschungszentrum Jülich GmbH | Print run: 250 
 
 


